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Abstract

The electron transport mechanisms in MOCVD-grown GaN films have been investigated. 

Mobilities, carrier concentrations and resistivities were assessed by means of the temperature 

dependent Hall Effect, Differential Hall Effect, and resistivity measurements from 10 - 600 K. 

Unintentionally-doped and Si-doped films all showed «-type conduction with 300 K carrier 

densities and mobilities ranging from SxlO’*̂ - 6x l0 ’* cm'^ and 50 - 600 cm^ A^s respectively.

The experimental findings cannot be analysed by assuming single carrier transport. A parallel 

conducting channel affects the bulk electron concentration and mobility from low temperature 

to high temperature. The electron concentration shows a minimum as the temperature is 

decreased and then starts increasing until it reaches a saturation point below 40 K, with 

mobilities decreasing faster than predicted by scattering theory. The behaviour of the 

experimental data over the entire temperature range could be satisfactorily accounted for on the 

basis of simultaneous conduction by two kinds of carriers (of the same type) in different energy 

bands and with different mobilities. These two bands have been taken as the conduction band 

and a donor impurity band. Using a two-band analysis in conjunction with Fermi-Dirac statistics 

our Hall data were successfully analysed and correct values of bulk electron concentration and 

mobility have been obtained with the corrected 300 K mobility being always higher than the 

uncorrected one.

In an attempt to identify the effect of the interface region, we undertook plasma etching 

experiments, combined with the Hall effect, to isolate the interfacial region from the rest of the 

epilayer. Our results showed that multiple parallel conduction paths were present in the set of 

samples studied, and were associated with shallow impurity bands in the Si-doped region of the 

epilayer and/or in the oxygen-doped defective interfacial region. By applying a Differential Hall 

analysis we have managed to study the spatial distribution of electrons and deconvolve the 

properties of each of these channels. This allowed values of donor and acceptor concentrations 

as well as activation energies to be derived from the theoretical fitting of mobility and carrier 

concentration data.
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Chapter 1

Introduction

The family of III-V compound semiconductors has found a wide range of technologically 

important applications in recent decays, but material of a quality suitable for devices must be 

synthesised in the laboratory. One of the first reports of such a synthesis and an understanding 

that the III-V compounds do indeed have semiconducting properties similar to those of the 

conventional semiconductor silicon was by H. Welker in 1952 while at Siemens in Germany. 

This kind of development is typical in the natural sciences when researchers continue to find 

new and promising results. Nevertheless, until about 1966 there remained the serious suspicion 

that the compound semiconductors would not prove to exhibit the necessary degree of 

stoichiometry needed for serious applications in microelectronics and optoelectronics. This 

potentially destructive issue was dispensed masterfully around 1966 by C. M. Wolfe and G. E 

Stillman then at MIT's Lincoln Laboratories where they showed that gallium arsenide (GaAs) 

could be synthesised with electrically-active impurity concentrations as low as a few parts per 

billion, well beyond what would be necessary for practical applications in industry.

Since then, the development of microelectronics/semiconductor technology can be considered 

as one of man’s most important developments. Not only has this technology developed into one 

of the leading industries in the world, driving the economies of many nations, it has had an 

immense impact on the way people work, live and play. From computer processors to cell 

phones, the products created from this technology have revolutionised how people live. 

Currently, silicon technology is the oldest and most refined; however, it is not the only 

semiconductor technology in use today. Other semiconductors material classes such as SiGe-, 

GaAs- and phosphide-based semiconductors are finding applications in current devices.
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Semiconducting lasers on the basis of GaAs and indium phosphide (InP) emit light in the red- 

infrared spectrum. These lasers have found many applications ranging from data storage on 

compact discs (CD) and data transmission via optical fibres to medical diagnostics and surgery. 

Also, blue and green lasers and laser diodes (LDs) are highly desirable. With their shorter 

wavelengths they would allow to reduce the storage space on CDs because storage capacity 

increases quadratically, ideally, as the probe wavelength is reduced. Moreover, blue and green 

lasers are also expected to be employed in medical diagnostics: the red background colour of 

blood floated tissue makes the use of the available red laser light rather difficult whereas green 

or blue light would be much easier to recognise. In terms of market value, a very important by

product related to the development of semiconducting lasers is light emitting diodes (LEDs). 

Due to their high luminescence efficiency, quick response time and long lifetime, LEDs are an 

attractive alternative to conventional sources of light: LEDs consume 10% of the energy of 

conventional light bulbs and have -10^ times longer lifetimes. As blue and green belong to the 

three primary colours (red, green, blue), blue and green LEDs are required to reproduce the full 

colour spectrum and achieve white light.

Having these applications in mind, many semiconductor companies started research for 

materials which can provide blue and green light. For a review see the textbook by Nakamura 

and Fasol [1]. Light emission in the blue spectrum requires band gaps of ~3 eV. Only materials 

with direct band gaps are suitable to produce bright light because indirect band gaps require also 

phonons for optical transitions which reduce the luminescence efficiency. During the 80's, it 

was thought that lattice-matched substrates were essential to grow materials in a stress-free 

manner. Figure 1.1 shows the band gaps of compound semiconductors in dependence on the 

lattice constant. With direct band gaps between ~2.0 and ~4.5 eV and lattice constants similar to 

that of GaAs, II-VI compounds (not shown here) were the favourite materials for a long time. 

However, although high quality II-VI materials were grown with densities of crystal defects 

below - 10"̂ cm'^, these state-of-the-art materials still show severe stability problems and 

degrade within hours thus making commercial applications impossible. It is generally thought 

that the rapid degradation is due to crystal defects because II-VI materials are very weakly 

bonded so that one defect can cause the propagation of other defects leading to failure of the 

devices even if the density of defects was low at the beginning. Another wide band material is 

SiC. However, SiC has an indirect band gap leading to very little brightness. Despite their poor 

performance, 6H-SiC blue LEDs have been commercialised for a long time because no 

alternative existed [2].
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FIG. 1.1 Plot of bandgap energy against lattice constants a, for nitride semiconductors, substrates 

commonly used for nitride growth and other conventional semiconductors. The small size of the Nitrogen 

atom results in the nitrides having lattice constants significantly smaller than other semiconductors.

The remaining material group in Fig. 1.1 are group Ill-nitrides, in particular GaN which under 

standard growth conditions crystallises in the wurtzite phase (a-GaN). Group Ill-nitrides, 

namely gallium nitride (GaN), aluminium nitride (AIN) and indium nitride (InN) form a 

continuous alloy material system whose direct bandgaps range from 1.9 eV for InN, to 3.4 eV 

for GaN, to 6.2 eV for AIN. Thus the III-V nitrides can be used in combination to engineer the 

electronic and some physical properties o f the semiconductor around a specific device design, 

rather than designing a device around the semiconductor.

However, until recently p-type doping o f GaN could not be achieved, so that efficiently working 

devices which require p-n  junctions could not be produced. This doping problem was overcome 

by Amano et al. [3] and Nakamura et al. [4] so that the GaN-InN system has already had a 

significant impact regarding the commercial development and sales o f optoelectronic devices 

including LEDs, Laser Diodes and photodetectors. By alloying InN and GaN to form In^Ga^xN, 

the band gap o f the resulting InGaN can possibly be engineered between 1.89 to 3.4 eV, which 

is the energy range for visible (1.89 eV is 656 nm-orange), and ultraviolet light. Potentially the 

LEDs fabricated from these materials would be able to emit light in any colour o f the visible 

spectrum. Thus, one material class can be used for all LED applications, which could reduce 

processing costs. In addition, as a result o f the lower running costs and longer lifetimes o f

10
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LEDs, the replacement of incandescent bulbs in traffic lights is well underway in Japan, and 

New Hampshire has announced its intention to be first in the U.S. in this regard.

The GaN-AlN material system is being extensively investigated for applications for high-power, 

high-frequency and high-temperature microelectronic devices including field effect transistors 

(FETs). Alloying GaN with AIN to form AlxGai.xN, semiconductors with band gaps ranging 

from 3.4 to 6.2 eV can be fabricated. As in the case of the InGaN, the Ga to A1 ratio in the 

material controls the band gap energy. This flexibility and applicability in the materials are what 

engineers and scientists are trying to exploit for future applications. Significant progress has 

been made regarding Ill-nitride microelectronic devices, however, continued research is 

required to achieve commercial viability. High electron mobility transistors (HEMTs) currently 

comprise the bulk of microelectronic research. These devices take advantage of the thermal, 

electronic and piezoelectronic properties of GaN and AlGaN and perform in environments not 

covered by current technology. Further advances, including novel material fabrication 

techniques discussed in chapter 2 , have already increased the capabilities of Ill-nitride 

optoelectronic devices, and these techniques will likely have the same positive effect on the 

microelectronic devices.

As usually happens in every new semiconductor material that is explored, significant difficulties 

exist in obtaining high quality samples at the beginning. The long-standing problem of GaN 

growth is the lack of a suitably adapted substrate. Most of the GaN (also InGaN and AlGaN) 

material used so far for device development consists of epitaxial growth on sapphire. Because of 

the large lattice mismatch (14%) between GaN and sapphire, a thin, highly dislocated region is 

generated at the layer/substrate interface to relieve the strain. The fabrication of light emitting 

devices based on these poor quality epilayers was obviously impossible. In part, this problem 

was overcome by Akasaki et al. [5] in 1989 who demonstrated that GaN growth on top of an 

AIN buffer layer reduces significantly the defect density.

The first step in the fabrication of semiconductor based devices is the optimisation of the grown 

material referring to optical, electrical and crystalline quality. Accordingly, the unifying theme 

of this dissertation is the study of the transport properties of GaN by means of temperature 

dependent Hall characterisation and the development of the structure and quality of the material, 

with correlation to the transport properties.

Transport measurements undertaken in «-GaN materials in an effort to gain insight into impurity 

and defect characteristics (including their depth profiles) and related scattering events always 

resulted in anomalous behaviour which is generally attributed to a parallel conducting channel

11
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along with the conduction band electrons. In GaN grown on foreign substrates such as sapphire, 

regardless of the growth method, there exist an ~ 0.2  pm region at the interface that is highly 

doped and exhibits nearly temperature independent carrier transport. Such layer complicates 

efforts, which utilise temperature activated processes occurring in the film to extract useful 

information such as accurate electrically active impurity concentrations and donor activation 

energies in n-type samples. Furthermore, the performance of an AlGaN/GaN HEMT is 

considerably reduced if there are more conducting paths (e.g. via the GaN buffer layer) than 

solely through the active layer of the two-dimensional electron gas (2DEG) [6]. The mobility 

and sheet carrier density of the 2DEG of such HEMT will be affected, the former being 

underestimated while the latter overestimated, leading to complicated characterisation of this 

device and sometimes to erroneous results.

Thus the correct understanding and/or elimination of this parallel conducting channel are a 

necessity for a proper realisation of any GaN-based electronic device and the main focus of this 

work will be within this frame.

Extraction of the parallel conduction effect from a carrier transport perspective has been dealt 

with in a variety of ways including detailed Hall measurements at high magnetic fields, 

differential Hall measurements involving sequential etching and measurements, and theoretical 

modelling.

1.1 Outline of this thesis

This chapter has introduced Ill-nitride semiconductors as a research topic, and has described the 

development of the Ill-nitrides during recent years and the evolution of the device technology 

with emphasis on the transport properties. These topics will be expanded in the bulk of this 

dissertation which is organised as follows:

Chapter 2 forms the foundation of the dissertation by introducing the particulars of the GaN 

crystal and band structure. Next, an account of the known physical properties of GaN is 

presented along with possible applications which show why Ill-nitride semiconductors have 

emerged as important materials. Because of a large mismatch in the lattice constants and 

thermal expansion coefficients of the GaN epilayers and the substrates, the epilayers are 

strained. Hence, the advantages and disadvantages of common substrates that have been used 

for GaN growth are given. Crystal growth techniques that are being used for GaN epitaxy as 

well as the resulting material properties are described. Issues such as dislocations and defect 

distributions, and their effect on the transport properties, are also addressed.

12
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The theory relevant to electron transport measurements in semiconductors, (i.e., the theory 

behind the Hall-effect) is summarised in Chapter 3. The basic carrier transport phenomena 

including the effects of temperature and doping in semiconductors are also given or derived in 

this chapter, with particular emphasis on carrier statistics and scattering processes.

Chapter 4 describes the measurement setups, with brief coverage of the standard cryogenic 

systems used for the variable temperature Hall-effect experiments and a description of the 

measurement electronics. In addition, details of the samples studied such as layer structure, 

ohmic contacts and general processing are addressed.

Chapter 5 is the backbone of this thesis since it contains the basic subject of discussion. It 

introduces in detail the metal-insulator transition and the parallel conduction effect, due to an 

impurity band, in disordered semiconductors. We then report on the first experimental results of 

GaN and mainly on carrier transport and the parameters that govern it, such as doping, carrier 

concentrations and mobilities. In order to explain the experimental results we develop two 

transport models based on impurity band conduction which are used throughout this thesis. 

Currently very little is known about the spatial variation of GaN electrical properties and 

conventional transport measurements such as Hall-effect and capacitance-voltage 

measurements do not work well because of the large changes in carrier density and mobility 

across different regions. Spatially resolved techniques are needed to separate contributions from 

different regions in order to understand the origins of different electrical behaviours. One such 

technique is the “differentiall Hall-effect measurement” which is described in Chapter 6 and 

then applied to an unintenionally doped GaN sample, with a presentation and analysis of the 

results.

Chapter 7 continues the investigation on the spatial distribution of carriers in heavily doped n- 

GaN and the results are analysed and discussed within the framework of an impurity band in the 

bulk doped region and a conducting interface.

The final results Chapter, 8 , deals with two high quality lightly doped GaN layers where the 

effect of impurity band conduction in the doped region has been eliminated while the interface 

is still conducting but its effect on the overall transport properties is insignificant.

Finally, Chapter 9, ties together the results of this research in the context of other experiments, 

reiterates the conclusions of this work and suggests future avenues of investigation.

It is worth noting that the experiments described in this thesis were performed in the order of 

which they are presented, giving at the same time a historical perspective while the clarity of the 

thesis is reserved. Despite the frequent use of ‘we’ throughout this thesis, the present author did

13
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the majority of the experimental and analysis effort on all of the experiments described in this 

dissertation, with the exception of the etching which was done by Kevin Lee, and of the 

microscopy experiments, which were done in collaboration with Cambridge and Ghent 

Universities.
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Chapter 2

Physical Properties of GaN

This chapter presents a brief overview of the progress made in GaN technology and 

development including an outline of major issues such as growth, doping, electrical transport, 

etc. that have challenged researchers recently. Although many GaN-based devices with 

outstanding properties have been fabricated, the physical properties of nitrides have not by any 

means yet been fully understood, and as such, the scientific understanding necessary to 

routinely reproduce these results and advance device performance is currently lacking in many 

critical areas. One of those is the reduction and identification of trap densities which is among 

the highest priorities of researchers and the progress towards this will be reviewed in detail.

The first section discusses the basic material parameters and characteristics of GaN as an 

introductory guide to the sections that will follow. These include the growth techniques, the 

current status of identifying the n-type background conductivity along with the importance of 

dislocations and finally the transport properties of GaN. A review of the physical properties of 

GaN and other group-III nitride semiconductors up to 1994 was edited by Edgar [1] and for a 

comprehensive recent review of the growth, characterisation, and various properties of nitride 

materials, we refer the reader to the article by Jain et a/. [2].

2.1 Crystal structure and Material properties

GaN usually crystallises in the wurtzite lattice (also known as hexagonal or a-GaN). However, 

under certain conditions (see Fig. 2.1), zinc-blende GaN (sometimes referred to as cubic or b- 

GaN) can also be grown on zinc-blende substrates. Also under very high pressure, GaN and 

other nitrides experience a phase transition to the rocksalt lattice structure [3]. However, most of 

the research going on is on the wurtzite structure since it is the thermodynamically stable phase 

at ambient conditions.

The wurtzite (or a-GaN) GaN crystal consists of two interpenetrating hexagonal close-packed 

lattices, one having a group-III element atom (Ga) and the other a group-V element atom (N).

15
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[0001]
A

V J

V A

a

(a)
a
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FIG. 2.1 Schematic illustration of (a) the zinc-blende structure and (b) the wurtzite structure. Larger and 

smaller spheres represent cations (Ga) and anions (N) respectively (after [4]).

Every atom is tetragonally co-ordinated with four atoms o f the opposite species, with an almost 

identical nearest neighbour positions. A wurtzite (WZ) crystal is characterised by two lattice 

constants a and c as shown in Fig. 2.1(b). A major difference between zinc blende and wurtzite 

structures is that the in-plane behaviour o f the bands in a wurtzite crystal is different from the 

behaviour along the {0001} axis (the c axis). Many measurements [5-7] o f the GaN lattice 

constant have been made and the community has settled on the lattice constant values o f a = 

3.189 Â and c = 5.185 Â which were first reported by Maruska and Tietjen [8]. Apart from the 

lattice constants a o f the basal hexagon, and c of the hexagonal prism the WZ structure o f GaN 

is also described by an internal parameter ii, defined as the anion-cation bond length along the 

c-axis. Unlike most III-V compounds in GaN, there is a very large difference between the 

covalent radii of the two host atoms (Ga: 1.26 Â, N: 0.75 Â) [9]. Also, the electro-negativities 

o f the constituent elements are very different: 1.8 for Ga and 3.0 for N and this difference 

induces a large ionic character and can cause problems when attempting to theoretically study 

the effect o f charged defects [10].

Hexagonal GaN is always grown with either [0001] or [000 Ï] orientations, normal to the surface 

o f the film, where the atoms are arranged in bi-layers consisting o f two closely spaced 

hexagonal layers, one with cations and the other with anions, so that the bilayers have polar 

faces. Figure 2.1(b) illustrates the atomic arrangement o f Ga-face grown GaN. The [0001] 

orientation is known as Ga-face, while the [000Î] orientation is known as N-face. Note that 

polarity is a bulk property, not a surface property.
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2. Physical Properties of GaN

Thus, one can imagine a situation where the nitrogen face of GaN would be covered with a 

monolayer of gallium, but the orientation of the crystal is unchanged. Being non-centro- 

symmetric (no inversion symmetry), GaN exhibits large piezoelectric effects when under stress 

along the c-direction [11]. What is not as appreciated is the spontaneous polarisation, caused at 

surfaces or hetero-interfaces, by the ionicity and uniaxial nature of the wurtzite structure. That 

is, the dimensions of the unit cell in WZ GaN depart from the expected c : a ratio of VS/3 

found in a perfect hexagonal-close-packed structure, and because of the ionic nature of the Ga- 

N bond, and the lack of inversion symmetry, this results in a net dipole moment across the cell, 

giving rise to spontaneous polarisation [12]. These polarisation effects due to hetero-interfaces 

in an ionic crystal, misfit and thermal strain, anisotropy, and temperature gradients 

(pyroelectricity) have important ramifications in electronic devices, particularly in modulation 

doped FETs [13, 14]. For example, the electric field caused by polarisation effects can increase 

or decrease interfacial free carrier concentrations and have an effect on the transport properties 

of GaN [15-18].
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FIG. 2.2 Band structure for GaN in wurtzite phase (after [19]).

The discrete energy levels that can be occupied in crystal structures form the well-known 

conduction and valence bands. These bands are separated from each other by a finite energy 

gap, which is different at different points in the first Brillouin zone.
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The smallest separation between the minimum in the conduction band and the maximum in the 

valence band, in k-space, is referred to as the energy gap. Many groups [1, 4, 20, 21] have 

performed first principles band structure calculations of GaN and an example is illustrated in 

Fig. 2.2. It is seen that GaN has a direct bandgap at the F point, since the minima and maxima of 

the two bands occur at this point. The bottom of the conduction band in GaN is well 

approximated by a parabolic dispersion relation, although slight anisotropy (resulting from the 

reduced lattice symmetry) is not ruled out by Suzuki et a/. [22]. Note that in low field carrier 

transport, which is the principal interest in this work, we are mainly interested at the F point.

The GaN band structure calculations of Chen et al. [21], performed within the local density 

functional framework, predicted a direct bandgap of 3.4 eV and lattice constants and electron 

effective masses which were close to the experimental values.

Table 2.1 reviews some of the most important properties of wurtzite GaN that are useful for 

transport studies and device applications. As seen GaN has excellent material, optical and 

electrical properties, the respective parameters being informative in determining the utility and 

applicability of GaN to devices. Some of these applications are presented next.

a) Thermal

GaN exhibits a high value of thermal conductivity, making it highly efficient at heat conduction, 

with a high rate of heat transfer. Thus it is convenient for heat sinks for high power 

semiconductor devices. The nitrides have good thermal conductivity [23] and as discussed by 

Binari and Dietrich [24], Ill-nitride devices can work not only at much higher temperatures than 

conventional semiconductors but also in hostile environments. The fact that the nitrides can 

stand higher temperatures (7) makes some device processing easier. However, at higher 

temperatures, the vapor pressure of N2 in contact with GaN is high and at T  -900 °C, GaN is 

prone to preferential loss of N2. Therefore any device processing at such high temperatures 

should be conducted under N2 rich conditions to prevent loss.
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Property Value Units

Static Dielectric Constant 10 Dimensionless

High Frequency Dielectric Constant 5.35 Dimensionless

Electron Saturation Velocity 2.5x10^ cm /s

Peak Velocity 3.1x10" cm /s

Peak Velocity Field 150 kV/cm

Electron Mobility 1000 cm" / Vs

Hole Mobility 30 cm" / Vs

Hole Lifetime ~ 7 ns

Electric Breakdown Field >5x10^ V /cm

Band Gap Energy at 7’= 300 K 3.4 eV

Deformation Potential 8.3 eV

Polar Optical Phonon Energy 91.2 meV

Lattice Constant, a 3.189 A

Lattice Constant, c 5.185 A

Electron Effective Mass 0.20  ±0.02 Dimensionless

Hole Effective Mass 0.7 ±0.1 Dimensionless

Melting Point >1700 °C

Density 6.15 g/cm"

Thermal Conductivity at 300 K 1.5 W/cmK

Refractive Index at 366 nm 2.67 Dimensionless

Thermal Expansion Coefficient 5.59x10'^ K*

Longitudinal Sound Velocity 6.56x10^ cm /s

Transverse Sound Velocity 2 .6 8 x 10^ cm /s

Table 2.1: Material properties of wurtzite (hexagonal) GaN.
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b) Electronic

GaN exhibits a high breakdown field [25-27] which is 10 times that of GaAs and a respectable 

electron mobility o f /j,= 1300 cm^/Vs at room temperature. The values for electron mobility are 

high enough to make GaN and GaN-based heterostructures attractive for applications in 

microwave and millimetre wave devices, which may operate in a wide temperature range 

because of the wide energy gap and good thermal conductivity.

Its high saturation velocity (2.5x10^ cm/s) can lead to the design of fast devices with lower 

source and drain parasitic series resistances, and higher maximum frequency of operation, and 

together with the good electron mobility to a higher cutoff frequency. One reason for the keen 

interest in such devices besides the high breakdown and robust nature of the material, is the 

extremely large charge density of the 2-Dimensional Electron Gas (2DEG) formed at the 

AlGaN/GaN interface. The charge density is formed even without modulation doping in the 

AlGaN, with the source of the charge believed to be surface donor(s) [14]. The large 2DEG is 

enabled by polarisation-induced charge at the AlGaN/GaN interface as we described previously. 

Recently reported AlGaN transistors have demonstrated outstanding characteristics, such as 

high maximum current, transconductance, breakdown voltages, and reasonably high cutoff 

frequencies. GaN-based FETs were fabricated in 1993 by Khan et al. [28] with reasonable 

characteristics (transconductance of 23 mS/mm and high breakdown voltage of 120 V). Since 

then rapid improvements were made in the performance of the FETs and MODFETs with 

transconductances of 240 mS/mm, and fcutoff ~ 50 GHz have been achieved which are discussed 

elsewhere [24]. Furthermore, MiSFETs, MOSFETs and MESFETs with respectable 

performance comparable to early SiC devices have been demonstrated operating at temperatures 

up to 550 °C. Drain-Source currents o f -150 mA and transconductances as large as 40 mS/mm 

have been reported by Eastman et al. [29]. Other groups have also reported on the superior 

performance of GaN-based MODFETs on SiC and sapphire substrates with respect to 

competing materials, particularly at X-band (10 GHz) and higher frequencies [30-32]. 

Applications include use in amplifiers operative at high temperature and in unfriendly 

environments as well as in low-cost compact amplifiers for earthbound and space applications.
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c) Optical and optoelectronic

Si and conventional III-V semiconductors are not suitable for designing and fabricating 

optoelectronic devices in the violet and blue region of the spectrum since their band gaps are not 

sufficiently large. By mid 1990s so much knowledge and experience in GaN technology had 

accumulated that the progress in designing and fabricating such devices became very rapid. 

Akasaki and co-workers [33] had already made the first blue p-n  junction GaN LED in 1989. 

InN and AIN can be alloyed with GaN which allows tuning of the band-gaps and emission 

wavelengths. As a result, in the mid 1990s, Nakamura and his colleagues at Nichia Laboratories 

brought the blue and green LEDs to a level where they could be commercialized [34, 35]. 

Nakamura and co-workers reported the blue laser diode in 1996 [36, 37], which was followed 

by rapid improvements in the performance of the lasers. Akasaki et al. [38] fabricated a laser 

diode emitting at 376 nm also in 1996. These devices are essential for full-color displays and 

pickup heads in high-definition digital-versatile-disk (HD-DVD) systems, as well as for laser 

printers, as previously discussed.

Another successful application of GaN is photodetection in the ultraviolet (UV) region of the 

spectrum. Si has a narrow bandgap (1.1 eV) and therefore requires filtering to operate as a UV 

detector. In contrast the bandgap of AlGaN can be tailored between 3.4 and 6.2 eV. This 

provides an obvious advantage over Si, as filtering can be bulky and/or expensive. The 

robustness of AlGaN also offers the potential for stable device operation in hostile 

environments. SiC, although similar in robustness to GaN, has a bandgap of 2.9 eV, narrower 

than GaN, and no potential to tailor the bandgap through alloying. Therefore SiC detectors 

would also require filtering for many UV applications. The AhGax-iN system has enabled the 

development of UV detectors with a cut-off wavelength tunable from 366 nm to 200 nm (deep 

UV) [39, 40]. Such UV detectors would be applicable to space communications, ozone layer 

monitoring, flame detection [41] and to protect aircraft against hostile missile threats.

d) Acoustic

The acoustic properties of AIN have been explored, since there is a trend towards higher 

frequency bands for communication systems, such as mobile telephones and broadcasting 

satellites. Many components, such as filters, duplexers and resonators, must also conform with 

these high frequencies and AIN surface acoustic wave (SAW) devices are good candidates for 

these frequencies, due to their high surface wave velocity. Kline and Lakin [42] have carried out 

extensive studies of AIN for bulk acoustic wave resonators and filters and have demonstrated a 

1-2 GHz acoustic resonator device.
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2.2 Growth of GaN

Several attempts were made to synthesise GaN crystals during the periods 1930-1960, but good 

quality crystals of reasonable size could not be grown. Juza and Hahn [43] managed to 

synthesise small needles of GaN, in 1940, by passing ammonia over hot gallium and so did 

Grimmeiss et al. in 1959 [44]. The first systematic effort to grow InN, GaN and AIN by 

chemical vapor deposition or sputtering processes took place in the 1970s in order to 

characterise the optical and structural properties of thin films. It was Maruska and Tie^en [8] 

who deposited the first large area GaN layers on sapphire in 1969 by chemical vapor deposition 

(CVD) method. The growth rates were quite large (0.5 pm/min) which allowed extremely thick 

films to be deposited. However, GaN grown by vapour transport had very high background n- 

type carrier concentrations, typically ~ 10 '  ̂cm'^.

Since then many crystal growth techniques and different substrates have been tried in an effort 

to grow high quality III-V nitride thin films and in recent times, workers have taken advantage 

of the newer MOCVD and MBE growth techniques which have yielded greatly improved film 

quality. Hence, a general development of the nitride growth methods and the relative merits of 

the two techniques will be briefly described in this section.

2.2.1 Substrates

Probably what has hindered nitride researchers most in their quest for improved material quality 

is the lack of a suitable substrate material that is both lattice matched and thermally matched to 

GaN. One particular difficulty in the growth of GaN thin films is the unavailability of 

sufficiently large (>1 cm) single crystals for use as substrates for homoépitaxial growth. Efforts 

are ongoing to grow bulk GaN crystals for substrates, but at present researchers have no choice 

but to grow nitrides heteroepitaxially. Many different substrates have been tried, and the 

community has come to favour basal plane sapphire as the substrate of choice because of its 

relatively close lattice-match at reasonable cost. Silicon Carbide (SiC) is more closely matched, 

however is very costly. Thus to this date, hétéroépitaxial growth is a practical necessity and the 

choice of substrate is critical, with sapphire and SiC substrates dominating the hétéroépitaxial 

growth of group Ill-nitrides. However, substrates like SiC, MgO and ZnO, which have superior 

thermal and lattice matches to the nitrides, are increasingly available and should become 

popular in the near future.
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• Sapphire (AI2O3): Sapphire, an insulator, is the most extensively used substrate for 

Ill-nitride growth due to its adequate (although incomplete) thermal and chemical stability 

at high growth temperatures, its wide availability at low cost, hexagonal symmetry, ease of 

handling and simple pre-growth cleaning requirements. The quality of GaN grown on 

sapphire under different orientations has been studied [45] and the preferred crystal 

orientations are on the c-plane with GaN [0001] / AI2O3 [0001] and on the a-plane. In 

general the quality of the films grown on any plane is poor (e.g. dislocations, defects, strain 

fields) due to the large mismatch in the lattice constants (-14%) and coefficients of thermal 

expansion of GaN and sapphire [46, 47]. Amano and Akasaki and co-workers [48] made 

consistent growth of single crystal epitaxial GaN a reality with development of a two-layer 

deposition process. They first deposited a thin AIN nucléation layer at reduced 

temperatures, and then grew the epitaxial GaN on top. That opened the gate for the initial 

rush of GaN development in the early 90s, and nucléation layers, such as GaN [49], AIN 

[50] or ZnO [51] are now used extensively. Despite the large generation of dislocations in 

the material to accommodate the lattice mismatch, much progress was made in device 

development in all areas. Sapphire has the advantage of being transparent up to 8.8 eV 

which is useful for the fabrication of LEDs and other optical applications where light needs 

to pass through the substrate. In addition, sapphire substrates are of interest for the 

fabrication of surface acoustic wave devices (AIN/AI2O3 heterostructures) because of their 

high resistivity and the large acoustic wave velocity. However to achieve the true potential 

of GaN and its alloys, the dislocations with their detrimental effects on device performance, 

must be eliminated.

• Silicon Carbide (6H SiC): Use of a silicon carbide substrate has also been investigated 

with the premise that the improved properties due to the closer lattice (3.5%) and thermal 

match will, in certain applications, justify the high cost of the substrate. This appears well 

founded in the case of high electron mobility transistors (HEMTs), where superior 

properties are consistently obtained on SiC, due not only to the better GaN epitaxial 

material but also to the better thermal conductivity of the SiC substrate [45, 52]. However, 

due to the high price and the low availability of 6H SiC, most groups use the less expensive 

sapphire for the growth of wurtzite-type nitrides.
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• ELOG substrate: The advent of Epitaxial Lateral Overgrowth (ELOG) heralded a new era 

of improvement for this material system in reducing threading dislocation densities [53-55]. 

In ELOG, the GaN thin film with a high density of dislocations grown on a sapphire 

substrate is masked with SiO] strips. From the openings between the Si02  strips, a GaN 

layer is re-grown first vertically and then laterally over the Si02  strips until the lateral 

growth fronts coalesce to form a continuous layer. As a result, the dislocation density in the 

portion of the thin films grown laterally over the Si02  strips is reduced dramatically [54]. 

Selective epitaxy of GaN using Si02  masks had already been investigated for growth of 

pyramidal arrays for field emitters. Then in 1997 several groups reported on the reduced 

dislocation density in material grown laterally across the mask from the mask openings [55, 

56]. The revelation that this overgrown material was virtually dislocation-free spurred an 

explosion of research into optimisation and utilisation of the ELOG technique. Nakamura et 

a l, the first researchers to obtain commercially viable blue laser diodes using GaN-based 

materials, increased the lifetime of continuous wave operation of the laser to over 10,000 

hours by using ELOG substrates [57]. Kozodoy et a l were the first to demonstrate a side- 

by-side comparison of devices; GaN p-n diodes on dislocated and ELOG GaN from the 

same wafer [58]. The leakage current was dramatically reduced for the diodes on ELOG 

with reduced threading dislocations. Since ELOG involves a processing step and at least 

one re-growth step, it is therefore not the ultimate solution for the future of commercial 

GaN devices. Instead it is a stepping-stone, a simulation of when, ultimately, there will be a 

bulk GaN substrate. Ideally the approach to minimize defect generation at the interface 

would be to use a GaN substrate [57, 59]. Currently, this goal does seem obtainable, 

through the use of single crystal GaN wafers grown using either high pressure growth from 

the melt [59], or by Hydride Vapor Phase Epitaxy (HYPE) on SiC [60], or sapphire 

substrates [57, 61]. However there is a long way to go yet and a recent review on ELOG is 

given by Hiramatsu [62].

Currently, there are various techniques for synthesising both n- and p-type GaN thin films. The 

most common are Metal-Organic Chemical Vapor Deposition (MOCVD), Hydride Vapor Phase 

Epitaxy (HVPE) and Molecular Beam Epitaxy (MBE). Each of these techniques has their strong 

and weak points but they all lead to high quality GaN films that are of suitable quality for 

device and research purposes.
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2.2.2 Metal Organic Chemical Vapor Deposition (MOCVD) Growth

In the past few years, Metal organic Chemical Vapor Deposition (MOCVD) has become the 

most widely used growth method for Ill-nitrides and has emerged as the leading candidate for 

commercial GaN device applications because of the large scale manufacturing potential.

It involves introducing high purity ammonia and complex metal-organic compounds containing 

gallium into a reactor which contains heated (R.F. coil or resistance heated) substrates. The 

organometallic group III sources are either liquids, such as trimethylgallium (TMGa) for the 

gallium source and trimethylaluminum (TMAl) for the aluminium source, or solids such as 

trimethylindium (TMIn). These are stored in bubblers through which a carrier gas flows 

(hydrogen) [63, 64]. The gaseous metal-organic compounds and NH3 are thermally cracked 

close to the substrates to deposit the nitride layers. An in-depth review can be found in [65]. 

Until 1983, hexagonal GaN grown by MOCVD was deposited directly on sapphire substrates, 

which had only moderate success. The epilayers were often cracked after post growth cooling as 

a result of thermal strain [66]. Since then, much progress has been made on the optimisation of 

the initial growth conditions, by introducing an initial buffer layer, on sapphire substrates. 

Yoshida et al. [67] reported a substantial improvement in GaN/sapphire when the epitaxy was 

initiated with an AIN buffer layer. Amano and co-workers [48, 68 , 69] have employed low 

temperature AIN buffer layers and studied in detail their role in the quality of the GaN layers 

grown. Amano et al. observed that, grown at low temperature (600 °C), the 50 nm thick AIN is 

initially amorphous, and during subsequent growth the buffer layer converts to single crystal. In 

their GaN grown with AIN buffer layers, a two orders of magnitude decrease in the background 

carrier concentration was accompanied by a factor of ten mobility increase. As a result, the AIN 

buffer layer was quickly adopted by most workers in the field.

The successful concept of low-temperature nucléation or the use of a buffer layer was also used 

by Nakamura [49, 70], who grew GaN of equal or better quality by using a low temperature 

GaN buffer layer instead. Kuznia et al. [71] have compared both low temperature GaN and AIN 

buffer layers in an effort to determine which is superior. Low energy electron diffraction 

patterns confirmed that non-crystalline buffer layers convert to single crystals when actual 

growth conditions were simulated by a 1000 °C anneal. GaN film quality was observed to be a 

strong function of buffer layer thickness, with optimal thicknesses of 250 Â and 500 Â for GaN 

and AIN buffer layers, respectively. Both low-temperature GaN and AIN buffer layers improved 

the bulk GaN quality with AIN buffer layers providing slightly superior results in this study. 

Excellent uniformity in layer thickness, composition and carrier concentration are all achieved 

over a large area wafer using the MOCVD growth technique. This technique also easily lends
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itself to the growth of abrupt heterointerfaces. From a manufacturing/mass production 

perspective, MOCVD offers high throughput while retaining the other desirable properties 

thereby making it a very promising choice. A main disadvantage of the MOVPE approach is the 

high substrate temperature necessary to thermally dissociate the NH3. Due to thermal mismatch 

with all available substrates, post-growth cooling introduces significant amounts of strain and 

defects in the GaN film. In addition, the high growth temperatures may encourage other 

undesirable effects such as dopant and group-III metal desorption, segregation and diffusion.

2.2.3 Molecular Beam Epitaxy (MBE) Growth

Until recently, most of the GaN devices were grown using the MOCVD method, and the 

development of MBE method has been slow. Recently, however, in an effort to reduce substrate 

temperatures, many groups have begun exploring an MBE approach in which the reactive 

nitrogen is supplied by microwave plasma excitation [72-74]. This has been made possible by 

the commercial development of compact electron cyclotron resonance (ECR) sources and good 

quality epilayers can now be grown.

This method involves molecular beams which are produced by evaporation or sublimation from 

heated liquids or solids contained in crucibles. At the pressures used in MBE equipment, 

collision free beams from various sources interact chemically on the substrate to form an 

epitaxial film. MBE requires conventional ultra high vacuum (UHV) techniques and, in 

addition, the pressure in the system has to be low enough (-10 '” Torr) to ensure that no gas 

phase collisions occur. Thus gas-phase reactions, which can occur in MOCVD, are completely 

avoided and the process is determined entirely by heterogeneous reactions on the substrate 

surface.

For GaN growth, the substrate is held at a relatively low temperature (-700-800 ®C) compared 

to MOCVD. Despite being stable at low temperatures, ammonia (NH3), is the most common 

nitrogen source. Until recently, the growth rate of GaN by MBE was small (< 0.4 pm/h), 

because the fraction of ammonia that decomposes at these temperatures is small. The difficulty 

of low nitrogen incorporation using NH3 can be overcome by using a reactive species of N2 

obtained by ECR which was demonstrated by Moustakas et al. [75, 76], or by radio frequency 

(R.F.) plasmas [77], with growth rates of 0.3-0.6 pm/h.

However, later growth of GaN using NH3 as the nitrogen source has been optimised and growth 

rates of 1-2 pm/h have been achieved [78, 79]. In addition the quality and morphology of nitride 

films can now be monitored in-situ during MBE growth using Reflection High Energy Electron 

Diffraction (RHEED) [78]. Despite the need for a sophisticated setup, the versatility offered by
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the MBE technique renders it attractive for many applications. It offers precise control of film 

thickness, composition and doping and AlGaN/GaN heterojunctions with abrupt interfaces are 

readily obtained.

MOCVD and MBE processes have the advantage of enabling both n-type and />-type device 

fabrication by doping. Plasma-assisted MBE has the advantage of excellent process control, the 

absence of hydrogen transport gas and a relatively low growth temperature, which is extremely 

important for the growth of In-containing alloys with high indium concentrations.

MOCVD, especially in combination with the lateral overgrowth technique, produces GaN films 

of the highest reported quality to date. The dislocation density can be reduced to mid-10  ̂cm'^, 

and the background electron concentration to lO'^ cm'^. This is one explanation, why most of 

the Group Ill-nitride devices are fabricated by MOCVD.

2.3 TV-type doping and the effect of dislocations in GaN

Conductivity control through doping is an obvious prerequisite for the development of high 

performance devices in a new materials system. As such, the control of the electrical properties 

of GaN is a hot research topic, which is still in a primitive stage and remains the foremost 

obstacle hindering device efforts. Unintentionally doped GaN has in all cases interpreted as 

being «-type with the best samples still showing an apparent electron concentration of 5xlO’̂  

cm'^ [80]. No impurity has been shown to be present in sufficient quantity to account for the 

carriers, so researchers have attributed the background to native defects and the following 

sections review the current status of defects in GaN.

2.3.1 Impurities, doping and the background electron concentration in GaN

Under the conditions that are normally used to produce GaN single crystals of good structural 

quality on either sapphire or SiC, by MBE or MOCVD, the crystal obtained is always weakly n- 

type. Both native defects and residual impurities have been investigated for explaining this 

behaviour. Carbon and oxygen are the most common impurities in III-V semiconductors. 

During the synthesis process, the precursors themselves can be contaminated and metal-organic 

precursors in the MOCVD growth intrinsically contain carbon. In the case of group-III nitrides, 

the ammonia purity is another critical issue as water is a significant impurity. Water and oxygen 

present as impurities in the metal-organic precursors (TMGa, TMAl and NH3) and gases can 

enter the system through leaks, or during wafer loading [81]. The sapphire substrate (AI2O3) is 

another source of oxygen because water is formed during the pre-treatment of sapphire in 

hydrogen.

27



2. Physical Properties of GaN

Therefore, carbon and oxygen impurities in group-III nitrides have been associated with both 

deep and shallow levels. It is well known that as-grown GaN always exhibits «-type 

conductivity with carrier concentrations around ~ 10 ’̂  - lO'^ cm'^ and the source of this «-type 

background carrier concentration is a subject of much debate [82]. In the particularly early 

forms of GaN films, the high background conductivity had been attributed to native defects such 

as nitrogen vacancies. Maruska and Tietjen [8] argued that autodoping is due to native defects, 

probably N vacancies, because impurity concentration in their samples was at least two orders 

of magnitude lower than electron concentration. Since then, the attribution of the “unintentional 

«-type doping in GaN to N vacancies” became a status quo, because there has not been an 

unequivocal experiment to support or discount it.

Recently, Kim et al. [82] grew GaN films by reactive MBE, and Hall effect and secondary ion 

mass spectroscopy (SIMS) data were utilized in an effort to ascertain whether the background 

electron concentration is of impurity origin (Si, 0%, H) or native defect (N2) origin. Their data 

appear to support the N vacancy as a possible cause of auto-«-type doping seen in undoped 

GaN. On the other hand, Neugebauer and Van de Walle [10] suggested that the formation of N 

vacancies in «-type material is highly improbable based on their first-principle calculations, and 

is too energy costly. Consequently, the N vacancy arguments were found to be the less likely 

cause for unintentional «-type doping. Instead, contaminants such as silicon or oxygen were 

suggested as possible sources for autodoping because of their lower formation energies. 

Although possible that the conductivity is due to nitrogen vacancies [83, 84], there is also a 

great deal of support for the view that it is in fact due to impurities such as oxygen [85-88]. 

Oxygen is believed to be a shallow donor in GaN, with a transition to a DX-like state-in which a 

deep centre incorporating a donor atom together with another constituent, forms a complex 

under hydrostatic pressure or with increasing A1 content [89-91]. Recent experimental [92, 93] 

and theoretical [10] works suggested that oxygen at a nitrogen site (On) is the main cause of 

unintentional «-type conductivity in GaN.

The dominant unintentional impurity resulting in acceptor levels in GaN is generally held to be 

carbon. Carbon, when sitting on a nitrogen site (C n ) is a shallow acceptor. This configuration is 

energetically favoured over incorporation in a Ga site according to theoretical calculations due 

to the large differences in the atomic radii [94]. Cn is generally assumed to be the dominant 

form of carbon impurity, although some calculations by Boguslawski [95] suggest that carbon is 

an amphoteric impurity in both GaN and AIN, and can also lead to self-compensation under 

certain conditions, due to the formation of Cn - Cca pairs [96]. Experimental findings have 

implied a link between carbon impurities and the yellow luminescence commonly observed in
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GaN, which has been attributed to a transition from a shallow donor to a deep acceptor {Eq - 860 

meV) [97, 98]. Circumstantial evidence for this comes from the fact that there is little photo

luminescence at this wavelength in GaN grown by HVPE, which employs carbon-free 

precursors (Ga, NH3 and HCL) [99].

As is generally known, Silicon (Si) is a shallow donor in GaN and is commonly used as an n- 

type dopant. It can act as a donor or acceptor in classical III-V semiconductors, depending on at 

which site it is substituted (for a group III or group V element, respectively). In GaN, Si mainly 

effectively substitutes for Ga atoms [100] due the low covalent radii difference between Si and 

Ga when compared with the difference from nitrogen. The most popular Si doping sources in 

MOCVD growth are silane (SiH^) and disilane (Si2He) and controllable doping of n-type GaN 

grown by MOVPE using SiH4 has been demonstrated over a wide range of concentrations [100-

102]. Gotz et al. [103] reported the activation energy of the Si donors to be 12-17 meV for 

doped samples in the range of 8xlO'^- 6x l0 ’  ̂ cm'^. In addition another deeper donor was also 

observed in Si-doped GaN with an activation energy of ~34 meV and they suggested that the 

deeper donor possibly results from O substituting for nitrogen (O n ). Interestingly, similar 

activation energies (15-30 meV) for unintentionally doped samples have been reported [104], 

which suggests that Si or O could be present in those samples due to the quartz chamber during 

the growth process at 1000 °C. Like any dopant in III-Vs, Si also suffers from compensation 

effects, which again have been linked to the residual impurities C and O [95].

Several SIMS studies have observed large concentrations of Si and O in unintentionally doped 

GaN [103, 105-108]. Di Forte-Poisson et al. [107] proposed that the electron concentration is 

directly proportional to the amount of oxygen incorporated up to a concentration level of 3xlO’̂  

cm" .̂ Therefore, it can be tentatively believed that O substituting for N would lead to simple 

shallow donors in GaN. Intentionally oxygen-doped GaN, grown by MOVPE, was first obtained 

by Chung and Gershenzon [88]. Their data showed that the electron concentrations varied from 

the mid-range of lO’̂  to a low-10̂ ° cm'^. In some later studies, the electrical properties of both 

unintentionally and intentionally O-doped «-type GaN were reported [107, 109, 110]. In 

contrast to the conclusion of Chung and Gershenzon, O donors are shallow, with thermal 

ionisation energies ranging from 2 to 29 meV, which were determined by temperature- 

dependent Hall-effect measurements. Recently, Korotkov and Wessels reported that oxygen is a 

simple donor in GaN and the donor activation energy is around 27 meV [111]. In the light of 

these reports, it appears that the activation energy of O in GaN is similar to that of Si [103, 109-

113].
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2.3.2 Dislocations in GaN

Threading dislocations (TDs), with which this section is concerned, are linear lattice 

deformations, the two basic geometries o f which are edge and screw dislocations, formed by 

application o f a shear stress to the lattice. Edge dislocations occur when a partial plane o f atoms 

is inserted into or removed from the crystal, thus displacing the atomic planes on either side 

[114]. Screw dislocations occur when part of two adjacent lattice planes are shifted laterally 

with respect to each other. In many cases dislocation lines can have a mixed edge and screw 

character.

In previous sections we have seen that sapphire substrates are used to grow device quality WZ- 

GaN with the MOCVD technique. In this case, growth proceeds along the c-axis. The large 

lattice misfit between GaN and the sapphire substrate o f 14% results in dislocation tangles near 

the interface. In addition to these geometric misfit dislocations which have dislocation lines in 

the basal plane, also isolated threading dislocations with dislocation lines parallel to c and 

Burgers vectors c, a and c-^a persist beyond the interface [115-117] as shown in Fig. 2.3. Since 

many of them penetrate the entire epilayer from the substrate to the surface thereof, these are 

called threading dislocations.

surface

D=3,10 cm  ̂
(t=l//m)

D=5,10 cnr 
{t=0.7/vm)

D=10*cni^

g = 0 0 0 2

FIG. 2.3 Typical TEM image showing the density of threading dislocations in a HVPE GaN layer [118].
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Due to the lattice mismatch between GaN and sapphire, true progress in epitaxial growth of 

GaN was not obtained until the two-step growth initiation was involved as described previously. 

When utilising a nucléation layer between the substrate and the epitaxial layer, the nucléation 

layer determines the occurrence of dislocations in the epitaxial crystal [119, 120]. Furthermore, 

it is the nature of the nucléation layer after it is annealed during the temperature ramp, which 

determines the growth of the high temperature GaN layer [121]. If nucléation conditions result 

(after deposition and heating to overlayer growth temperature) in large, sparse islands which 

coalesce to form the epitaxial film, much of the stacking disorder manifests itself in dislocations 

along the basal plane which propagate laterally [122]. Threading dislocations are also formed, 

some of which (of mixed character) are within the islands, and some of which (mostly pure 

edge) are formed at the coalescence boundary of the islands. On the other hand, with a very 

dense nucléation layer involving little lateral overgrowth for coalescence, the epitaxial layer 

contains a huge pure edge threading dislocation density formed at the nucléation layer grain 

boundaries [123].

An unexpected finding regarding dislocations in GaN based devices [124, 125] is that, despite 

of their high density (typically - 10* cm" )̂ and the fact that they cross the active region of the 

devices (starting typically -0.5 pm above interface) these TDs in GaN do not lead to a 

pronounced reduction in the device-lifetime of the light-emitting diodes [126] or blue lasers

[127] as opposed to GaAs [124]. In the past, this fact has led many researchers to speculate that 

these dislocations are not associated with electronic states within the band gap. However, 

several recent theoretical predictions and experimental observations indicate that dislocations 

are indeed associated with states within the band gap. Early theoretical calculations by Eisner

[128] indicated that pure edge TDs showed no deep levels. Subsequent theoretical studies [129] 

indicated that gallium vacancy-oxygen impurity (Vca-ON) clusters are stably trapped at the 

dislocation core and these complexes can give rise to deep single and double acceptor levels. In 

view of the driving force for the complex formation, an impurity is most likely to form a stable 

complex with a Vca and a donor, which sits as a next neighbour of Voa since a negatively 

charged Voa acceptor and a positively charged donor attract each other and gain energy by 

forming a complex [10, 130]. In the light of these findings, Neugebauer and Van de Walle 

suggested that Si and O form the complexes -Sig, and -0% It was suggested that 

these deep acceptors were associated with the yellow level commonly observed in undoped and 

«-type GaN.

In addition, Wright et a l showed using density functional theory that edge dislocations have 

states in the band gap [131, 132]. Cathodoluminescence studies in combination with atomic
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FIG. 2.4 Current transport in HVPE GaN which shows the possible scatterers and defects, as well as the 

conducting interface (after [118]).

force microscopy shows that TDs act as non-radiative recombination centres [133]. Because 

TDs manifest as deep levels, they can compensate the dominant background impurity, i.e. they 

act as electron traps in //-type GaN and hole traps in /?-type GaN [134]. Recently, both scanning 

capacitance microscopy [135] and scanning Kelvin probe microscopy [136, 137] experiments in 

unintentionally doped /z-type GaN, showed that TDs were indeed sites o f negative charge 

accumulation. Depending on the charge-state o f the associated deep levels, the dislocation 

related traps can form a line o f charge and hence affect the transport properties in GaN as we 

shall see in section 3.4.2. Additionally, compensation o f donors in GaN:Si has been shown to 

decrease with decreasing edge-type dislocation density [138]. The spacing o f traps along the 

TDs is determined by the c-lattice constant o f hexagonal GaN (5.185 A). If  there exists a trap 

site at every atomic plane, this leads to an equivalent trap density o f 2 x l0 '^  cm“  ̂ for a 

dislocation density o f 10’° cm'^ (for more details refer to section 3.4.2). Leung et al. [139] 

calculated the charge accumulation on TD related trapping sites as a function o f the TD density 

and the background donor concentration and considered Coulomb interactions between TDs and 

dopants. It was found that for small doping densities all dopants are ionised and depleted by 

charge transfer to the dislocation defect sites. As dopant density increases, the dislocation sites 

become charged. The crossover is found to occur at a dopant concentration approximately equal 

to the volume concentration o f dislocation related trap sites i.e. a donor density o f 2x10^ cm'^ 

for a dislocation density o f 10  ̂cm'^. Thus dislocation density variation is a major parameter that 

influences the conductivity o f undoped and doped GaN layers. In view o f the above, the 

situation in GaN regarding the various donors and acceptors expected in the bulk region and at 

the interface was proposed by Look [118] and is schematically depicted in Fig. 2.4.
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2.4 Electrical Properties of /i-GaN

So far we have seen that GaN has some excellent properties which make it be one of the most 

technologically and scientifically valuable materials. In most cases the performance of a 

semiconductor device is strongly correlated to the transport parameters of the semiconductor. In 

the light of this, key factors such as structural quality, doping level and the presence of defects 

need to be studied thoroughly in order to understand the transport characteristics of GaN. In 

addition, samples described in the results Chapters (5 and onwards) seem to show a form of 

multiple carrier conduction, and various investigations into GaN films with similar behaviour 

have been carried out by several groups. Accordingly, this section is devoted to the electrical 

transport in GaN.

2.4.1 Transport properties

Carrier mobility is a function of temperature, electric field, doping concentration, and material 

quality of a semiconductor. Many groups [49, 61, 70, 140-142] have reported the electrical 

characteristics of unintentionally doped GaN. Their measurements have varied widely, 

reflecting the crystal quality and purity of their material.

The electron velocity dependence on applied field and low field dependence of electron 

mobility for GaN was first calculated by Littlejohn et al. in 1975 [143]. Littlejohn included 

electron scattering from acoustic phonons, polar optical phonons, ionized impurities, and 

piezoelectric charge and predicted a peak in the electron drift velocity of 2 x 10  ̂cm/s at a field of 

10̂  V/cm. Gelmont et al. [144] further expanded Littlejohn’s work to include the effect of upper 

valleys in the conduction band, and account for intervalley scattering using a conduction band 

valley separation of 1.5 eV. They predicted a peak electron velocity at 300 K of 2.7x10^ cm/s 

(Fig. 2.5) for an electron concentration of lO'^ cm'^ and a field of 150 kV/cm. When the electron 

concentration increases to lO’̂  cm'^ the peak value is reduced to 1.9x10^ cm/s, and the electric 

field is shifted to 100 kV/cm.

33



2. Physical Properties of GaN

4

n  «  10 cm
3

2

1 n »  10^® cm*®

0
100 200  

ELECTRIC FIELD ( kVfcm)

300

FIG. 2.5 The Velocity-Field characteristics of wurtzite GaN calculated at different concentrations (after 

[144]).

A very thorough theoretical treatment of the effect of ionised impurity scattering, polar optical 

scattering, piezoelectric scattering, and acoustic scattering on electron transport in bulk GaN and 

AlGaN/GaN heterostructures is given by Shur et al. [145]. Figure 2.6 shows the results of Shur 

for the electron mobility in bulk GaN as limited by polar optical, piezoelectric, and acoustic 

scattering versus temperature. Polar optical scattering is seen to play a dominant role at 

temperatures greater than 200 K due to the large optical phonon energy of GaN, while acoustic, 

and specifically piezoelectric scattering, dominates at lower temperatures. This arises from the 

high piezoelectric constant of GaN [146]. Moreover, they suggested that piezoelectric scattering 

is acting more heavily upon the mobility for low carrier concentration (~10*̂  cm'^) samples than 

for higher concentrations, due to screening effects.
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FIG. 2.6 Contributions to electron mobility in GaN from polar optical, piezoelectric, and acoustic 

scattering, as a function of temperature (after [145]).

Figure 2.7 shows the Hall mobility of «-type GaN as a function of the electron concentration 

measured at room temperature as compiled by Rode and Gaskill [147] from various sources. 

The experimental electron mobility is around 500 cm^A^s at lO’  ̂ cm'^ and decreases with 

increase of the carrier concentration and goes down to about 100 cm W s for a carrier 

concentration of IxlO'^ cm'^. The reason for the decrease of the electron mobility is that the 

probability of ionised Si impurity scattering increases with increase of the electron 

concentration (i.e., Si concentration). In addition, it can be seen that light Si-doping can enhance 

the Hall mobility, as shown in Fig. 2.7. It is also apparent that all experimental results remain 

about a factor of two below the theoretical maximum mobility, suggesting the presence of 

compensation in these samples. The small spread in values from various sources is probably due 

to insufficient growth optimisation, differences in Hall measurement techniques, variations in 

the substrates and buffer layers used, and differences in the growth temperature.

Interestingly, the data from unintentionally doped samples (open circles) are not much different 

from those intentionally doped samples (closed circles), implying that the magnitude of 

compensation and the density of scattering centres for intentionally doped samples are 

essentially the same as that from unintentionally doped samples.
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FIG. 2.7 A survey of 300 K GaN electron Hall mobility values as reported by various authors (after 

[147]). Samples were grown by MBE and MOVPE, with and without AIN or GaN buffer layers, and are 

unintentionally doped (open symbols) and Si or Ge doped (closed symbols). The theoretical curve is 

calculated for uncompensated «-type GaN and is plotted in terms of the ftee-electron concentration n.

As is generally known, Hall mobility strongly depends on grown-in defects. The defects can be 

compensatory and reduce the Hall mobility due to the scattering effect. For highly compensated 

undoped GaN films, the Hall mobility decreases with decreasing temperature. In a moderately 

doped semiconductor, mobility first increases and reaches a maximum as the temperature 

decreases; this corresponds to the lattice scattering limitation as we shall see in section 3.4. 

Improved room temperature mobilities were reported by Nakamura et al. [100] of 600 cm^/Vs at 

a carrier concentration of 5x10’̂  cm'^ and in another study [148], demonstrated a 300 K value of 

electron mobility of 900 cm^/V sa t a carrier concentration of 3x lO’̂  cm'^ which was the highest 

and most cited mobility value of the decade (1990s). However, recently, a marked improvement 

in electron mobility, has been realised by two types of GaN growth; (1) HVPE on AI2O3, with 

subsequent separation of the GaN from the AI2O3 [61, 140, 149, 150] and (2) MBE on templates 

consisting of MOCVD on AI2O3 [151]. Each of these techniques has produced a sample with a 

300 K mobility of close to 1200 cm^/Vs, a world’s record for bulk (three-dimensional) 

conduction in «-GaN. Practical damage free separation techniques [152] are now available to 

remove the sapphire substrate and obtain a free standing GaN quasi-bulk material which can 

then be used as a template for homoépitaxial growth.

36



2. Physical Properties of GaN

The recent work of Look and Sizelove [153] in collaboration with researchers from Samsung 

Electronics [140] has demonstrated thick (-220 |im) freestanding n-GaN films with a 

dislocation density near the upper (Ga) surface sometimes below 10̂  cm'^ [154]. These films 

showed excellent electrical properties, with a 300 K electron concentration of -6x10^ cm'^, and 

a record mobility as high as 1245 cm W s at 300 K and 7400 cm^/Vs at 48 K [153]. The removal 

of an extra 30 pm from the back-side (interface region) of those samples yielded an 8% increase 

in the mobility which was attributed to the removal of a heavily doped and defective interface 

region. Then they fitted the temperature-dependent mobility n  and carrier concentration n to get 

accurate values of donor concentration No (= 6.7xl0'^ cm'^), acceptor concentration Na (= 

1.7xl0’  ̂ cm'^), and donor activation energy Ed (= 25.7 meV). These values {No , Na) are 

claimed to be the smallest ever obtained in GaN and Ed the largest activation energy, very close 

to that predicted by the hydrogenic donor model for GaN.

2.4.2 Parallel Conduction

Early reports on the temperature dependence of the carrier density and the mobility in GaN 

grown by various methods, showed an anomalous behaviour. The electron concentration shows 

a minimum as the temperature is decreased and then starts increasing, and the mobilities 

decrease faster than predicted by scattering theory. Those experimental findings could not be 

analysed by assuming single carrier transport and currently three possible mechanisms have 

been introduced to explain this phenomenon (see chapter 5). The first process [155-158] is the 

simultaneous conduction in the conduction band and in a shallow impurity band of the bulk 

layer. A second possible mechanism that has also been proposed for GaN [159-161] is 

conduction in the conduction band and in a thin degenerate layer at the GaN/sapphire interface 

and recently a process involving parallel conduction in the two bands of the bulk layer and the 

interface layer was also proposed [162].

The situation for GaN has been analysed first, in detail, by Molnar et al [155] who used a 

standard two-band model to interpret their Hall and resistivity data. They attributed these 

observations to the mixed electron transport in the conduction and impurity bands, and 

concluded that conduction through the impurity band becomes dominant at temperatures below 

40 K, with the measured electron mobility dropping to values of order 20 cm^/Vs, characteristic 

of thermally activated hopping conduction in this band. The secondary conduction could be 

either diffusive or via hopping, and thus its mobility is expected to be much smaller than that of 

the conduction band. This behaviour makes the analysis of Hall-effect data even more difficult 

and Molnar et al. analysed their results using a simple two-band model, and a portion of such
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FIG. 2.8 Temperature dependence of (left), rimeas, and and (right), /̂ meas, and (after Molnar et 

al. [155]).

analysis will be given later in section 5.4. From their analysis, they extracted the net total carrier 

concentration N j = 5.8xlO'^ cm'^ and a donor activation energy of Ed = 19 meV. Figure 2.8 

shows their calculated values of conduction band mobility jHc and concentration ric, and of defect 

band mobility jUd and concentration rid, compared with the measured values of mobility jimeas and 

concentration n,„eas-

In HVPE GaN grown samples on sapphire, after a few microns of growth, excellent quality may 

be obtained [163]. However, the interface region is known to be highly defected, and highly 

conductive, and will thus have a strong influence on the measured electrical properties [159]. 

This layer can be dealt with by either assuming a two-layer conduction in the modelling 

calculations [153, 164] or by removing the interface region by etching [153]. However, more 

accurate results can be obtained by extending the two-layer approach to successive Hall 

measurements at each etch step of a depth-profiling experiment [161, 165], as will be discussed 

in chapter 6. In the last five years, several schemes have been proposed to study the bulk 

electrical properties independently of the interface properties. The first model by Look and 

Molnar [159], treated a thin (2000-3000 Â) interface region as a well-defined temperature 

independent degenerate gas, in a HVPE grown GaN on sapphire. A two-layer Hall analysis was 

then employed to determine the electron concentration of the layer away from the interface. The 

corrected carrier concentration and mobility in the -20 pm thick HVPE layer, i.e. the mobility 

for the portion of the layer excluding the interfacial region, are shown in Fig. 2.9, against their 

temperature dependencies, where the corrected data are also plotted.
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FIG. 2.9 Uncorrected carrier concentration data (left) and Hall mobility data (right) (squares) and their fit 

(solid line), and corrected data (triangles) and their fit (dashed line) against temperature (after [159]).

It is apparent that the raw data give a completely misleading picture, while the corrected data 

are very reasonable even though underlying assumptions were not well tested and supported in 

this work. In order to determine the acceptor concentration Na they fitted the measured mobility 

fj, by calculating the Boltzmann transport equation taking into account all the relevant relaxation 

times due to various scattering events. Then they used semiconductor statistics to fit the 

experimental data n, which are also shown in Fig. 2.9. Moreover the same author, in a recent 

paper [156], supports the idea of impurity band conduction in a similar set of HVPE grown 

samples. In this case they applied the same model as before except for the assumption that the 

low temperature carrier density data represent the acceptor concentration Na (or the empty states 

in the impurity band) which may be thought of as the carriers responsible for the conduction. 

The magnetic-field dependencies of the conductivity and Hall coefficient can also be used to 

deal with multi-layer conduction. However, very high magnetic fields (> 10 T) are needed for 

an accurate determination of the mobility and carrier concentration or very high mobility 

samples (>1000 cm^/Vs) [61, 166].
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FIG. 2.10 Effective electron concentration vs reciprocal temperature (a) and effective electron mobility vs 

temperature (b), as determined from Hall-effect measurements under the assumption of uniform film 

properties (after [167]).

Gotz et al. [167] have investigated the effect of the layer thickness d on the Hall mobility and 

electron concentration in GaN. Two types of HVPE grown layers on sapphire substrates were 

investigated. In one type, the sapphire substrate was pretreated with zinc oxide (ZnO) and in the 

other type, it was pretreated with gallium chloride (GaCl). They found that the general 

behaviour was the same in both cases: the mobility increased and the carrier concentration 

decreased as the thickness d of the epilayers increased. The temperature variation of electron 

concentration and mobility are shown in Fig. 2.10 for the case of ZnO pre-treated GaN. A 

detailed modelling of the Hall-effect measurements was done. The model of Look and Molnar 

[159] mentioned above could be fitted with the results obtained with the sample grown on the 

GaCl treated substrate. The results obtained with the ZnO pretreated substrate did not agree with 

this model and they demonstrated that for ZnO pre-treated sapphire the Hall-effect data clearly 

indicated a continuous reduction of the defect density with increasing film thickness. This could 

then explain the fact that thicker films exhibit higher mobilities and lower carrier densities, by 

allowing more freedom for stacking faults and dislocations to appear, thereby relaxing strain 

and thus improving the material quality.
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Another unusual observation, concerns the mobility reduction in GaN films when the electron 

concentration decreases to less than 1x10*  ̂cm'^ and has been discussed by Moustakas [76] and 

Bougrioua [168]. It was assumed that if the concentration of conduction donors is lower than 

that of deep defects (especially for unintentionally doped GaN), the material will be fully 

compensated, with its Fermi level pinned by these defects. In such a material, transport is 

dominated by hopping in the compensating centres leading to low Hall mobility. When the 

concentration of the shallow donor centres becomes smaller than that of the deep compensating 

defects, the material becomes highly resistive and transport is dominated by electron hopping 

through the deep compensating centres. Thus, Si doping above this critical point can be 

expected to increase the electron concentration in the conduction band, resulting in increased 

screening, leading to enhancement of the Hall mobility.

2.4.3 Mobility and dislocations.

The concept of carrier scattering by charged dislocation lines have also received a great deal of 

attention in GaN research. Keller [169] observed an inverse correlation between electron Hall 

mobility and dislocation density. The effect of dislocation density on electron mobility has been 

theoretically modelled by Look [156, 170] and Weimann [171] and Ng [172]. The results of 

Weimann and Ng demonstrated that dislocation scattering must be included in mobility analysis 

when TD density is > 10* cm'^. Look and Sizelove [156] rigorously calculated the scattering 

resulting from the potential due to vertical line charge within the framework of the Boltzmann 

transport equation for two sets of samples with well characterised microstructures. They were 

able to obtain excellent fits for both the temperature dependence of the carrier concentration and 

mobility for both samples with no arbitrary fitting parameters, the only adjustable fitting 

parameters were the donor concentration, activation energy and the TD density, all of which are 

known within reasonable bounds. The fitted TD density for the first sample (‘sample A’) was in 

the range 4-8x10* cm‘̂ , depending on details for the screening, whereas the measured TD 

density was 4x10* cm"̂ . For the second sample, the fitted TD density was in the range 2- 

3.5xlO’° cm^, whereas the experimentally observed TD density was 2x10^® cm'^ (note that the 

TD densities were determined by plan-view TEM). It is important to emphasise that Look and 

Sizelove modelled the TD as having one acceptor state per unit c-axis along the TD, in 

accordance with the model of [132]. However, as we shall see in section 3.4.2, it seems unlikely 

that each TD line would be fully decorated with oxygen for the range of TD densities and 

growth techniques. Finally they concluded that dislocation related scattering is dominant below 

a certain electron concentration, while above that value of n, ionised impurity scattering is more
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important. This explained the reason that mobility in some GaN epilayer samples displayed a 

maximum with respect to electron concentration. The increase of mobility with increased free 

electron concentration with a maximum near lO'^ cm'^ is due to increased screening of the 

charged dislocation potential. The work of Ng et al. in n-type Si-doped GaN, found that the 

room temperature mobilities as a function of net carrier concentration follow a family of bell

shaped curves as shown in Fig. 2.11. They postulated that in the low carrier concentration 

regime (< 5xlO’  ̂ cm'^), the decrease in mobility with decreasing carrier concentration is 

attributed to strong dislocation scattering whereas above that critical carrier concentration, the 

mobility is mainly limited by ionised impurity scattering.
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FIG. 2.11 Electron mobility vs net carrier concentration of «-GaN films (After Ref. [172]). The curves in 

the low carrier concentration regions are theoretical curves fitted to the dislocation model with the 

indicated dislocation densities. The dislocation densities of samples A and B were measured by TEM and 

found to be 8x10^ and 2xl0 '° cm'^ respectively.

In summary, we have presented and reviewed some important material properties of GaN, with 

particular emphasis on the electronic transport properties. The current status of research 

regarding those properties implies that there is a wide variation in carrier concentration and 

mobility in GaN, which reflects the crystal quality and purity of the materials. On top of that, 

the unusual behaviour of those two parameters still remains controversial at to the origin of the 

parallel conducting channel and most of the ongoing work will be centred around this issue.
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Chapter 3

Low-fîeld carrier transport in 
semiconductors

“I  understand what an equation means 

i f  I  have a way offiguring out 

the characteristics o f its solution 

without actually solving it. ” 

- Paul A. M, Dirac

Electron transport in semiconductors is usually studied in the presence of various external forces 

such as electric fields with or without magnetic fields, high-frequency electromagnetic fields 

with or without a direct current (DC) magnetic field, temperature gradients or electron density 

gradients. Some of these studies are aimed at the discovery of new phenomena with possible 

practical applications (Fractional Quantum Hall Effect, Bose-Einstein Condensation), but a 

majority of them are used for characterising the materials. This chapter will discuss the transport 

coefficients related to electron transport caused by a small DC electric field and we shall also 

consider the effect of a DC magnetic field. The theory of the Hall effect is also reviewed since it 

is the main characterisation method used here. In addition, the importance of various scattering 

mechanisms will be discussed and their corresponding limiting mobility expressions will be 

calculated at all temperatures of interest. The coefficients related to electron transport under 

these conditions are drift mobility. Hall mobility, free carrier concentrations, impurity 

concentrations and their activation energies. The Hall mobility and the free carrier concentration 

are determined experimentally (Hall effect), but by also discussing the calculation of the free 

carrier densities and the Fermi level in thermal equilibrium we can relate these parameters to the 

more fundamental quantities of interest, such as the impurity concentrations and impurity 

activation energies. Thus, solutions for non-degenerately and degenerately doped GaN are
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provided. By studying these various coefficients it is possible to determine the suitability of 

GaN for applications in a particular device.

3.1 Carrier transport phenomena

3.1.1 Drift Velocity and Mobility

At the turn of this century Drude developed a theory of carrier motion that can, if we apply the 

effective masses of the carriers, be used to describe the behaviour of carriers in semiconductors. 

An outline of this theory, so-called relaxation time approximation, will be given here since the 

description of the behaviour of the mobility as a function of temperature and other factors will 

be based on it.

At a finite temperature, both types of carriers, electrons and holes in a semiconductor are 

constantly in motion. As they move, they undergo collisions (or scattering) now and then with 

ionised impurities and lattice vibrations (see section 3.4). As a result of collisions, the carrier 

velocity changes. Some collisions (e.g. due to ionised impurities) change only the direction of 

the carrier wavevector without changing its magnitude. Some other collisions (e.g. lattice 

vibrations) may change both magnitude and direction. At any given time, the velocities of the 

carriers are distributed completely randomly in all directions. The magnitudes of velocities are 

distributed according to Fermi-Dirac statistics or in a simpler approximation according to 

Maxwell-Boltzmann statistics. Since the thermal motion is randomly distributed in all 

directions, there is no net current in thermal equilibrium and the net velocity averaged over all 

the electrons is zero. When an electric field is applied, the trajectories that result from the 

Brownian motion are shifted with the field and a net motion of the carriers with (holes) or 

against (electrons) the field results. In the presence of a field the energy of the electrons moving 

against the applied field is increased, while the energy of those moving with the field is reduced. 

The electrons are accelerated by the force due to the electric field (Newton’s law). Of course, 

they can not continue to accelerate indefinitely and sooner or later, they will undergo a collision. 

Since the collisions are randomising, the electrons will restart with a completely random 

velocity, to be accelerated by the electric field all over again. As a result of the repeated 

acceleration and randomising collisions, the average motion of the electrons over a period of 

time appears to be the same as if they were moving with a constant velocity in the opposite 

direction of the field. This net motion due to the electric field is called the “drift” motion and is 

superimposed over the random thermal motion. We now analyse the carrier motion considering 

only the net movement without the random motion.
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3. Low-field carrier transport in semiconductors

Applying Newton's second law for an electron moving in an electric field E, we state that the 

acceleration of the carriers is proportional to the applied force:

F -  m a  = m*  ̂  ̂ (3.1)

where v is the average velocity that the electron has gained from rest at time t, and m is its 

effective mass. The applied force consists of the electrostatic force minus the force due to the 

loss of momentum at the time of scattering, divided by the average time between scattering 

events < r>

F = (3.2)
v)

The relaxation time can be thought of a characteristic timescale over which the electron loses all 

memory of its previous state - effectively the time between scattering events.

Combining the above relations yields the equation of motion for an electron with an average 

velocity <v>,

= (3.3)
dt ( t)

We now consider only the steady state situation (equilibrium) in which the electron has already 

accelerated and has reached a constant average velocity. Under such conditions, the solution of 

Eq. 3.3 is,

(3.4)
m

This is the drift velocity and is proportional to the electric field and average time between 

scattering events and inversely proportional to the mass of a carrier. The factor which multiplies 

the electric field in the above equation, is defined as the carrier mobility,

„  = #  (3.5)
m

and is simply the average drift velocity per unit electric field.
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3. Low-field carrier transport in semiconductors

Thus in terms of mobility:

V, =jÆ

The linear relation between Vd and fi is valid only at low electric fields. This relation is derived 

by assuming that the collision time r  is independent of electric field. At higher electric fields the 

energy distribution of electrons and their average carrier velocity will be increased as well. 

When the electron energy increases beyond the optical phonon energy, the probability of 

emitting an optical phonon increases abruptly (larger scattering activity). This mechanism 

causes the carrier velocity to saturate with increasing electric field. The maximum obtainable 

velocity is called the peak velocity and differs for different semiconductors. In Fig. 3.1 the 

velocity versus electric field has been plotted for GaN at a donor concentration of IxlO’  ̂ cm'^. 

The peak velocity is relatively high compared to common semiconductors, at = 3.1x10^ cm/s 

and occurs at a field o iE =  150 kV/cm. The velocity saturates at a value of Vdsat ~ 2.5x10^ cm/s.

8
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140 kV/cm

4 kV/cm InN

GaAs, GaN
,710

450 kV/cmAIN

,610
10 100 1000

Electric Field [kV/cmJ

FIG. 3.1 The Velocity-Field characteristics associated with wurtzite GaN, InN, AIN, and zinc blende 

GaAs [1]. In all cases, the temperature is set to 300 K and the doping concentration to 10̂  ̂ cm" .̂ The 

critical fields at which the peak drift velocity is achieved for each V-E characteristic are clearly marked; 

140 kV/cm for GaN, 65 kV/cm for InN, 450 kV/cm for AIN, and 4 kV/cm for GaAs.
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3. Low-field carrier transport in semiconductors

The net drift motion of the free electrons (n) produces an electric current density, J  of:

q^nlt)
3 = -(q n )y ,= ^— ^ E  (3.7)

m

but fi*om Ohm’s law the conductivity is given by:

(T = qnjj (3.8)

and we can combine those two equations to define the electrical conductivity as the 

proportionality constant between the applied electric field E and the induced current density J  ,

J  = cjE (3.9)

The resistivity is related to the conductivity cr, by an inverse proportionality and is expressed as:

p  = — = -----  (3.10)
cr qnju

Conductivity measurements provide only the carrier density-mobility product as seen form 

above, and the separation of these two important physical quantities is prominent in 

understanding the transport properties in a specific material. The Hall effect provides a way of 

measuring the majority carrier concentration independently and in combination with the 

resistivity measurements, the carrier mobility can be also obtained. Hence the next section 

describes the theory of the Hall Effect and its measurement geometry used in this work.
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3.2 The Hall Effect

The importance of the Hall effect is underscored by the need to determine accurately carrier 

density, electrical resistivity, and the mobility of carriers in semiconductors. The Hall effect 

provides a relatively simple method for doing this. Because of its simplicity, low cost, and fast 

turnaround time, it is an indispensable characterisation technique in the semiconductor industry 

and in research laboratories and is used routinely for testing the electrical properties and quality 

of almost all of the semiconductor materials used by industry. Furthermore, two recent Nobel 

prizes (1985, 1998) are based upon the Hall effect. The following sections will present an 

introductory description of the Hall measurement technique, covering basic principles, and the 

practicalities of the measurement will be covered in Chapter 4.

3.2.1 Hall Effect Theory

The classical Hall effect was discovered by Edwin H. Hall in 1879. He observed that when a 

current-carrying thin metal plate was subjected to an applied perpendicular magnetic field, a 

small transverse voltage appeared across the metal plate. The basic physical principle 

underlying the Hall effect is the Lorentz force. When an electron moves along a direction 

perpendicular to an applied magnetic field, it experiences a force acting normal to both 

directions and moves in response to this force. For an n-type, bar-shaped semiconductor shown 

in Fig.3.2, the carriers are predominately electrons of bulk density n. Assume that a constant 

current Ix flows along the x-axis from left to right in the presence of a z-directed magnetic field. 

As shown in Fig. 3.2, the electrons move in the x-direction. The magnetic field causes a force to 

act on the mobile particles in a direction dictated by the right hand rule. As a result there is a 

force, Fy along the positive y-direction, which moves the electrons on the right side of the 

sample. This charge separation causes an electric field Ey in the y-direction, which continues to 

built up until the force on the electrons balances out the Lorentz force. As a result there is a 

voltage across the sample, which can be measured with a high impedance voltmeter. This 

voltage, Vh , is called the Hall voltage and is defined as negative for electrons.

To calculate the Hall field, we first calculate the Lorentz force acting on the fi-ee electrons :

F = ^(E + vxB)  (3.11)
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Lorentz Force: 
F = -qv xB

B

I w  w V v=  - V h

FIG. 3.2 The Hall Effect in a «-type sample. The current flows in the x-direction, the magnetic field is in 

the z-direction and the Hall voltage is developed in the y-direction; fV and d are the width and height of 

the sample respectively.

We now assume that the carriers can only flow along the .v-direction and label their velocity v̂ . 

The Lorentz force then becomes,

(3 . 12)

Since the carriers only flow along the %-direction, the net force (steady state) must be zero along 

the y  and z-direction. As a result, the electric field is zero along the z direction and.

( 3 . 13)

which provides a relation between the electric field along the y-direction and the applied 

magnetic field, which can also be rewritten as a function o f the current density, using (Eq. 

(3.7)),

(pi
(3 . 14)

This electric field is called the Hall field. The Hall coefficient, Rm, i s  defined as the Hall field 

divided by the applied current density and magnetic field:

55
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and finally the Hall electron concentration can be found from the above equation which in terms 

of the applied current and the measured Hall voltage Vh is given by:

In order to measure the carrier mobility, a further measurement is required -  that of the 

resistivity at zero magnetic field. It is usually determined by use of the Van der Pauw (VDP) 

technique (see next section) and since the resistivity involves both carrier density and mobility, 

one can determine the Hall mobility from Eq. (3.10), where p  = {qnfJ)'\ Thus the Hall mobility 

Ph , is given by.

—  = (3.17)
P (r)

In deriving the expression for Rh above, we assumed that the scattering mechanisms are energy 

independent. Under normal conditions, the above quantity differs from the drift mobility p, by a 

factor rn , the Hall scattering factor

r* = (3.18)

which is a complicated function of the energy distribution of electrons and also depends on the 

scattering mechanisms in the semiconductor, and generally lies between 1 and 2. Because the 

Hall factors for each individual scattering mechanism are unknown in GaN, they are often set to 

unity for convenience and we also employ this assumption in our analysis. However a detailed 

discussion about its significance in GaN and attempts to calculate are given in references [2, 3]. 

Practical units for the measured quantities are B  in Tesla (T), sample current Ix in milliamps 

(mA) and Hh and pn in cm'^ and cvciN s respectively. Frequently a thin layer of semiconductor 

material, when its thickness is not known, is characterised by its sheet resistivity {p^ = p / d )  

and sheet carrier density (n^^ - n ^ d )  in units of Q/ (ohms per square) and cm'^ respectively. 

Those notations will be used extensively throughout this work since as mentioned in section
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2.4.2, GaN can have more than one conduction path and hence estimating the conducting 

thickness becomes difficult.

3.2.2 Van der Pauw method

Semiconductor samples are usually small and thin plates o f differing shape, so it is necessary to 

find a way to inject current and measure the Hall field using top-side contacts. For quantitative 

results, it is necessary to use a 4-terminal approach: current is passed along the sample between 

two contacts, and the voltage across two other contacts is measured. This method removes the 

contribution o f contact resistance from the overall resistance measurement. The simplest 

arrangement for performing this measurement is the Van der Pauw method [4] which has 

nowadays become the standard method for Hall effect measurements, primarily because it can 

be used in samples o f arbitrary shape and because fewer geometrical measurements o f the 

sample are needed. The requirements for the validity o f the method are that the sample be flat, 

homogeneous, singularly connected (i.e. having no holes) with point contacts well separated and 

placed on, or close to, the periphery. All that is necessary for the calculation of sheet resistivity 

and carrier concentration are four point contacts on the edge o f the surface (shown below). An 

additional measurement o f the sample's thickness allows the calculation o f volume resistivity 

and carrier concentration. These relaxed requirements on the sample's shape make fabrication 

and measurement very simple in comparison to the Hall bar techniques.

FIG. 3.3 Sample geometries for van der Pauw (VDP) resistivity and Hall effect measurements. The 

cloverleaf design (right) will have the lowest error due to its smaller effective contact size, but it is more 

difficult to fabricate than a square or rectangle (left). The contacts are made at the periphery and are 

numbered clockwise, in increasing order.
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On the other hand, the van der Pauw structure is more susceptible to errors caused by the finite 

size of the contacts than the Hall bar. The sample geometry of choice has a four-fold symmetry 

as shown in Fig. 3.3 employing the simple square piece or the clover-leaf shape which is less 

prone to geometrical effects.

Let Vki indicate a voltage measured across terminals k  and /, with k positive, while lÿ is a 

positive current which flows into terminal i and out of terminal j  = 1,2,3,4). In a similar 

fashion, let Ry ki indicate a resistance Rij\ki = Vki / / ÿ , with the voltage measured across terminals k 

and /, while a positive current flows into i and out of j.  Under these definitions it can be shown 

[4] that it is possible to measure the resistivity, p, at zero field (5=0), and the Hall carrier 

density (via Eq. (3.16)) from the following equations:

Ttd
P  —ln(2)

(  R +R ^
- ^ 12,34 ^  - ^ 23,41 jTCR) (3.19)

Of course, improvement and better accuracy of the resistivity measurement comprises the 

determination of a set of eight measurements by averaging over all four permutations of current 

and voltage probes.

The geometrical factor/ above is a function of the ratio of the two resistances Q, and its value is 

wl if the ratio of the resistances is close to unity (true for symmetrical samples like circles and 

squares),

Q = —1321 (or its inverse, whichever is > 1) (3.20)
^3.41

The relationship between/ and Q is expressed by the transcendental equation

Q + \ ln2 2 /
(3.21)

If each g  <10 (as is usually the case), then the above equation can be solved numerically by 

defining

l e + i .

and then making use of the approximation
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/  « 1 -  0.34657,4 -  0.09236/*" (3.23)

For comparison, the approximated and ex ac t/fu n ctio n  are plotted, in Fig. 3.4, as functions of 

the ratio g . We have used the approximated values o f the correction factor throughout our 

resistivity measurements.

0.9
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—S — fa p p r o x

0.0
10 100

Q ratio

FIG. 3.4 Hall geometrical factor. The approximation, Eq. (3.23), is good for almost square samples and 

contact patterns with ratios g < 1 0 .

The Hall coefficient is found by passing a current along one o f the sample diagonals, and 

measuring the voltage across the other diagonal. Voltages are measured twice and averaged over 

both current and magnetic field (in the negative z-direction) polarities, and the difference taken 

to cancel thermoelectric and other effects such as non-symmetric contact placement, sample 

shape, and sometimes non-uniform temperature.

(

h-B) A2 A4 7(_g)
(3.24)

The above eight measurements o f Hall voltages ^ 4.3,, AA2, AAw, A2.13

and determine the sample type (n or p) and the sheet carrier density /î /̂ s- If this sum is

negative (positive), the sample is /i-type (/?-type). This sequence o f measurements is redundant 

m that for a uniform sample, the average Hall voltage from each o f the two diagonal sets of 

contacts should be the same, thus a set o f four resistance measurements would be sufficient for 

the determination of an accurate Hall coefficient value.

The Hall mobility can be determined from the absolute value o f the Hall coefficient \Rh\ and the 

resistivity p, obtained in the VDP resistivity measurement, using Eq. (3.17).
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3. Low-field carrier transport in semiconductors

Van der Pauw's analysis of the resistivity and Hall effect in arbitrary structures assumed that the 

electrical connections to the sample were point-like.

In practice, this ideal can be difficult or impossible to achieve, especially for small samples. The 

finite-contact size corrections depend on the particular sample geometry, and the square sample 

geometry is particularly susceptible to contact-size error. A detailed discussion regarding results 

of both theoretical and experimental determinations of the correction factors for some of the 

most common geometries is given by D. C. Look [5]. A useful rule of thumb for keeping the 

errors as low as possible is that the side of a square contact (c) on a square sample should be 

less than 1/6* of the length of the sample side (1). Then, the resistivity correction factor for a 

square van der Pauw structure is roughly proportional to (c/1)  ̂ for both square and triangular 

contacts. At c/1 = 1/6, the error is 2% for identical square contacts, and <1% for identical 

triangular contacts [6]. The error in the measurement of Hall voltages is, unfortunately, much 

worse and is about 20% for square contacts.

3.3 Electron Statistics

To gain an understanding of the transport properties of semiconductors, insight into the energy 

distribution of charge carriers is necessitated. When Hall effect measurements are carried out at 

low temperatures it is possible to extract the values of the acceptor and donor concentrations as 

well as their thermal activation energies. The purpose of this section is to describe the statistics 

that govern the population of electrons and the technique for obtaining the impurity 

concentrations Na, Nd and the relative position of the Fermi level.

In an ideal semiconductor, in which all the electrons populate their lowest states, the valence 

band is full and no electrons occupy the conduction band. In principle, this situation only arises 

at the absolute zero (T= 0 K) of temperature. At realistic temperatures, thermal energy leads to 

the excitation of some electrons to the conduction band. Rudimentary analysis of the dynamics 

of carriers in solids (see Ashcroft [7] and Kittel [8]) leads to the result that under the influence 

of an external force, such as an electric field, carriers exhibit an apparent mass (used in section

3.1 for the definition of mobility), which differs from that of the free particle. This term is 

known as the effective mass m* of the carrier and embodies the way by which interaction with 

the lattice potential modifies the carrier motion. In quantitative terms, the effective mass is 

related to the energy and wave vector as:

2(&) = : ^ - r  (3 25)
2m
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and by differentiating twice with respect to the wave vector k, we obtain:

1 1 d^E
m dk^

(3.26)

which means that the effective mass is inversely proportional to the band curvature, i.e. a 

steeply curved band would have a small effective mass and inversely. Because of the anisotropy 

of the effective mass and the presence of multiple equivalent band minima, we define two types 

of effective mass, the effective mass for density of states calculations and the effective mass for 

conductivity calculations. Electrons in GaN have an isotropic effective mass of m*= O.llrrio so 

that the conductivity effective mass equals the density of states effective mass.

To gain greater insight into the behaviour of carriers in semiconductors, it is useful to determine 

the number N(E) of electrons having energy E. Before we can calculate this number of carriers, 

we have to find the number of available states at each energy and per unit volume. The 

minimum energy of the electron is the energy at the bottom of the conduction band Ec, so that 

the density of states for electrons, in a parabolic conduction band, which follows from a simple 

counting of states within spherical constant-energy surfaces, can be given by Blakemore [9] :

g(E)=  '
y

■yjE-E^ with E > Eg (3.27)

In GaN, the lowest conduction band at the zone centre (F-point) is approximately symmetric so 

we can adopt the above assumption.

While n is strongly dependent on the presence of impurities, as we shall investigate (see section 

3.3.3), we can first formulate generalised relationships which are applicable to all degrees of 

sample purity. The Fermi-Dirac distribution function, also called Fermi function, provides the 

probability of occupancy of energy levels by Fermions. Since electrons belong to the category 

of particles known as Fermions (half-integer spin particles), they obey the Pauli exclusion 

principle, which postulates that only one Fermion can occupy a single quantum state. Therefore, 

as electrons are added to an energy band, they will fill the available states in an energy band just 

like water fills a bucket. The states with the lowest energy are filled first, followed by the next 

higher ones. At absolute zero temperature (T = 0 K), the energy levels are all filled up to a 

maximum energy, which we call the Fermi level. No states above the Fermi level are filled. At 

higher temperature, one finds that the transition between completely filled states and completely
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empty states is gradual rather than abrupt. The Fermi function for such a quantum system is 

given by:

f { E )  =
1

1 + gexp
\  j

(3.28)

Here kg is the Boltzmann constant {kg = 1.3806x10'^^ J/K), Ep is the Fermi energy (or chemical 

potential) the energy where the chance of a state being occupied is one half at all temperatures 

and g  is the spin degeneracy factor which is equal to unity in the bands and 1/2 for donor levels, 

reflecting the fact that an unoccupied donor can receive only one electron, but of either spin (g 

can take other values for acceptor levels, usually g  = 4).

At r  = 0 K, the Fermi distribution gives f(E) = 1 for all states with E f >E and f(E) = 0 for E f 

<E. At E f = E, the average number of particles per quantum state is exactly 1/2 because of how 

the Fermi energy is defined and f(E) decreases exponentially for energies which are a few times 

larger than the Fermi energy. While at T = 0 K the Fermi function equals a step function, the 

transition is more gradual at finite temperatures and more so at higher temperatures as can be 

seen in Fig. 3.5 below.

E^ T =  0 K 
-T= 50 K 
T= 150 K

W 0.5

FIG. 3.5 Density distribution in Fermi-Dirac statistics/ ,  as a function of energy E, at absolute zero, and 

two higher temperatures.

If the Fermi level is sufficiently far from the conduction band minimum Ec to satisfy, 

Eç. -Ep. ^  2>kgT, then exp{(E -  E^) /k^T)  »  1, for conduction band energies Eq and we may 

approximate the Fermi function with the classical Maxwell-Boltzmann distribution as.

/ ( E )  «
1

exp
k j

k j
(3.29)
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This approximation is good for non-degenerate semiconductors as we shall see in the next 

section (3.2.1). Now the density of electrons N(E), in a semiconductor is simply the product of 

the density of states in the conduction band, g(E) and the Fermi-Dirac probability function,

(3.30)

As conduction arises from electrons in conduction band levels, the total carrier density n in the 

semiconductor is obtained by integrating N(E) over all possible states. For electrons in the 

conduction band the integral is taken from the bottom of the conduction band, labelled Eq, to the 

top of the conduction band:

top of Ef.

n{E,T)=  J g(E) f (E)dE (3.31)

However, the actual location of the top of the conduction band does not need to be known as the 

Fermi function goes to zero at higher energies, therefore the upper limit can therefore be 

replaced by infinity. Substituting the expressions (3.27) and (3.28) into Eq. (3.31) gives.

n{E) =
1 2m ( E - E J

1 + exp ^ E - E ^   ̂
k j

dE (3.32)

Nov/ by substituting, x = ^  and differentiating: dx = o d E -  k^Tdx

E — E
and by also letting: rj = —  , and substituting in the above integral,

kgT

(3.33)

we obtain

A' y

3 /2 1 / 2

Jl + exp(x-77)
dx

= 2
^ 2n:m*kgT^

FviiV) (3.34)
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where F 1 /2  (rj) is the Fermi-Dirac half integral and is equal to,

F,n(’l) = - r \ - , --------(----------------------------------------------(3.35)yjn J l  +  e x p ( x - 7 7 )

and the quantity,

= 4.983 xlO’̂ r ''"  cm -\ for GaN (with m*=0.22m J .  (3.36)N c = 2
V J

is referred to as the “effective density of states” at the conduction band edge (or the “quantum 

concentration” for conduction electrons).

3.3.1 Degenerate and Non-Degenerate Statistics

There are two quite distinct limits with different physical properties for electron statistics in 

semiconductors. The Fermi integral unfortunately cannot be evaluated analytically. We can deal 

with it either in the two limiting cases of the degenerate and non-degenerate limits, or we can 

work with numerical approximations that can handle all cases. Here we will discuss the limiting 

cases in detail.

If we have relatively few electrons in the material, such that the probability of occupation of any 

particular state in the conduction band at some finite temperature is much less than one, then we 

are in the classical limit, in which the Fermi-Dirac distribution behaves like the classical 

Maxwell-Boltzmann, Eq. (3.29), which leads to simple analytic expressions. In this case, the 

Fermi level is very negative, and the Fermi integral becomes,

^ / 2(^) ~ -^exp(Ty) exp(-x)d!% (3.37)
0

The above integral is a standard result [10] evaluating to:

fZ
exp(-x)d^ = ----  (3.38)

0 ^

which leads to the limiting approximation

^/z(77) «  exp(7/) «  exp
V J

(3.39)
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and from Eq. (3.34) we obtain the temperature dependence of the electron concentration relative 

to the position of the Fermi level:

k j
(3.40)

The Maxwell-Boltzmann approximation is valid in the limit of non-degenerate statistics, is 

useful (12% error [11]) for Fermi energies about kgT (77 <-l) below the bandgap energy, and 

becomes an accurate approximation from about IksT  below (see Fig. 3.6). In this case, the 

electron distribution is said to be “non-degenerate”.

If however, the occupation probability of some of the states in the conduction band approaches 

f(E) = 1, we cannot use the classical approximation, and must use the full Fermi-Dirac form for 

the occupation probabilities. If the Fermi energy rises many kgT above the bottom of the band, 

then the statistics are said to be degenerate. As temperature goes towards zero, the Fermi 

function tends towards being 1 up to the Fermi energy, and zero above, leading to, formally.

Ei'n) = —T=iri)
iyjTT

(3.41)

100

Ph

- >
degenerate

cd

g
intermediate

non
degenerate

0.001
4 2 0 4 6 82

Reduced Fermi Level, (r| = E -E / k T)
F c B

FIG. 3.6 Comparison of the exact value of the Fermi integral (solid line) for the “degenerate” (small 

dashed line) Eq. (3.41) and “non-degenerate” (Maxwell-Boltzmann) approximations, Eq. (3.39) (dashed 

line).
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As discussed below, the limit of low temperature is also essentially the limit at high densities, 

where ksT  becomes small compared to Ep. This formula is valid in the limit of degenerate 

statistics. Equation (3.41) and the exact value of the Fermi integral are compared in Fig. 3.6 

together with the Maxwell-Boltzmann approximation. The low temperature or high density 

approximation, Eq. (3.41), is useful for Fermi energies above about and becomes relatively 

accurate above about ôkgT.

Whether or not a given distribution is degenerate or non-degenerate depends not only on how 

many electrons are in the material, but also on the temperature. A density of lO'* cm'^ electrons 

will be found to be just at the edge of the non-degenerate limit for GaN at room temperature, but 

the same number of electrons will be in the degenerate limit at any temperatures below about 10 

K. At such low temperatures, the conduction band is filled up to an energy of about 17 meV 

above the bottom of the band, which is about 19^gT at 10 K, and hence the distribution is 

degenerate. Hence degenerate statistics are the limit of high densities or low temperatures, and 

conversely, non-degenerate statistics are the limit of low densities or high temperatures. Note in 

general that, if we fix the number of carriers, the Fermi level moves as we change the 

temperature. In the GaN example numbers above, it moved from about 23 meV below the 

conduction band to 17 meV into the conduction band as we cooled down (while holding the 

number of carriers constant).

Note, as a matter of terminology, that it is the statistics that are “degenerate”. This term is not to 

be confused with band or state degeneracy, which is when there is more than one quantum state 

with a given energy.

As a practical matter we can approximately define the transitions into the degenerate and non

degenerate limits in terms of where the Fermi level is relative to the band edge. If the Fermi 

level is > 2^gT below the conduction band edge, into the bandgap region, then the distribution of 

electrons is approximately non-degenerate. If the Fermi level is > above the conduction 

band edge into the conduction band, the distribution is approximately degenerate. The choices 

of these particular numbers of kpT to define the boundaries of degenerate and non-degenerate 

statistics is to some extent arbitrary, but these particular numbers correspond explicitly to the 

usefulness of these limits as mathematical approximations. We discuss these numerical 

approximations below.
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3.3.2 Calculations involving Fermi levels

Often when presented with a particular carrier density n, it is not clear initially whether the 

correct distribution is degenerate, non-degenerate, or somewhere in between. One good way to 

handle such problems is to guess the form of the answer, degenerate or non-degenerate, 

calculate the result, and see if it is self-consistent i.e., does the non-degenerate assumption result 

in a Fermi energy that is many kgT, into the bandgap, or does the degenerate assumption result 

in a Fermi energy that is many kaT, above the band edge into the band. Generally only one of 

the choices will give a self-consistent answer; e.g., if we presume the electron distribution is 

degenerate, but the resulting calculated Fermi energy is «  kgT above the edge o f the 

conduction band, then we know our presumption is not valid. In the range between the two 

extreme physical approximations of the non-degenerate (Maxwell-Boltzmann) case and the 

degenerate case, it is sometimes useful to have approximations to the Fermi integral, Eq. (3.35), 

and its inverse. The various approximations that are presented here are all essentially “curve- 

fitting” approximations and the formulae may not necessarily have any other particular physical 

meaning. Also those approximations can be used, when the carrier density is known and we 

want to evaluate Ep with an expression of t](Fi/^.

An approximation that enable us to calculate the reduced Fermi energy from the carrier density, 

which is the inverse o f the Fermi integral, is the Joyce-Dixon approximation [12] and is given 

by:

77 =  ̂ln(r) + 3.53553 x 10“V -4.95009 xlO'/
 ̂  ̂ (3.42)

+1.48386x10-"/ -4 .4 2 5 6 3 x 1 0 -'/

where r is the reduced carrier concentration with r = n/Nc , and of course can be determined 

experimentally via the Hall effect. The Joyce-Dixon approximation is valid for all negative 

values of 77 since it asymptotes to the low density limit, but is not valid for positive values 

greater than about 6  (i.e. 77 < 6 ).

Another approximation, which asymptotes to both the non-degenerate and degenerate limits 

(and hence is valid for all 77 ) is an approximation due to Nilsson [13] , which is accurate within 

about 1%, and is shown in Fig. 3.7 below. It can be seen that this approximation is valid for the 

important intermediate range from -1< 77 < 4 and even at higher 77’s into the degenerate region.

1- 7-
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ÛÛ

N i l s s o n  aprx

i n t e r m e d i a t e
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Reduced Fermi Level, (rj = E -E / k T)

FIG. 3.7 Plot of the Nilsson approximation compared with the degenerate, non-degenerate limits and the 

exact Fermi Integral as in Fig. 3.6.

3.3.3 The Charge Balance Condition

The position of the Fermi level in the above solutions was assumed to be governed only by the 

density of electrons in the conduction band and hence was calculated with respect to the bottom 

energy of the conduction band Ec- However, when a semiconductor is doped with certain 

impurities, the position of the Fermi level is now governed by these impurities and the electrons 

residing on them.

Consider one simple, limiting case where we have an /?-type extrinsic semiconductor in which 

No single shallow donor levels per unit volume are situated at an energy E^, below the 

conduction band, and deep acceptors above the valence band, as shown in Fig. 3.8. We 

assume that each acceptor atom takes away an electron and each donor atom adds an electron to 

the conduction band (we may have to be at room temperature to assure that this is the case). In 

such case the equation that determines the position of the Fermi level is obtained from the 

“charge neutrality condition” or “charge balance equation” (CBE) which states that the total 

number of negative charges must equal the sum of the positive charges under thermal 

equilibrium.

(3.44)

68



3. Low-field carrier transport in semiconductors

where is the ionised acceptor concentration, is the ionised donor concentration, and p  is 

the concentration of holes. For E/r near the conduction band we can assume that all acceptors are 

ionised (negatively charged) with total negative charge = N ^ . In the case o f GaN, because 

o f its wide band-gap, we have no intrinsic conduction from band to band thermal excitations, so 

that p  = 0 (in /i-type material).

N n - N .

Ea

E y

•  • Na

iV: V alencebaiiil • . 5

0

FIG. 3.8 Energy level structure of a compensated n-type semiconductor. The band edges, and Ec, and 

the Fermi Level Ef are defined with reference to an arbitrary zero. The ionisation energy of the donors is 

E[) below Ec . All acceptors are assumed to be ionised (negatively charged) and all donors positively 

charged since they have lost electrons to acceptor sites and the remaining ones have been excited to the 

conduction band. The free electron density in the conduction band is n = N^- .

At 600 K the intrinsic carrier density /i, = 2.4x10^ cm'^ and at 300 K, only = 8.5x10'" cm'^, 

therefore AG >>  at all temperatures o f interest in this work. In addition, the impurities are 

shallow, and require little energy, typically around the thermal energy (-AgT) or less, to ionise, 

so that the free electron density n, approximates the donor concentration, i.e. -  N -  n . In 

view o f the above the CBE becomes:

(3.45)
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In other words, as long as the difference in doping concentrations is much larger than the 

intrinsic concentration, the resulting net number of electrons in the conduction band is simply 

the difference in the doping concentrations, n = N ^ - N ^  and is valid for the high-T limit.

Now, that we hâve a relatively simple equation to work with, we need the distribution function 

of the donor impurities, which differs from the Fermi-Dirac distribution function of the free 

electron gas by the degeneracy factor g = 1/2 as described in Eq. (3.28). This is due to the strong 

electron-electron repulsion assumed, which keeps the two electron state (spin up/down) from 

ever being occupied at normal temperatures and energies. The Fermi-Dirac distribution function 

for donors therefore is given by:

J"donor )
1

1 + — exp 
2 k J

(3 .4 6 )

The density of ionised donors , is simply the donor levels not occupied by electrons as they 

have gone to the conduction band, with the total number of donors being, N ^ = n ^ +  where 

no is the number of electrons bound in the un-ionised donors.

1 -
1 + — exp 

2 k J

Nr

1 + 2exp
k J

(3 .4 7 )

and substituting in Eq. (3.45), the CBE becomes.

Nrn + N ^ = ----- X
l + 2exp Ep - E p  

V k J

(3 .4 8 )

We separate the exponential function into two terms and we have:

n + N^ = N r N r

1+ 2 exp exp Ep -  Ec
V k s T  J

1+ 2 exp
V kpE J

exP('7)

(3 .4 9 )

where NE^ =Ec~Ej^  is the activation energy of the donor impurities relative to the conduction 

band. At this stage, we can either solve Eq. (3.48) for the Fermi level Ep, or write the whole 

equation in terms of n by incorporating the Fermi-Dirac integral of Eq. (3.35).
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In our case, since our aim is to find the parameters Nd, Na and AEd through a theoretical fit of 

the CBE, we are going to use the latter approach by employing an approximation for the full 

Fermi-Dirac integral [9, 14] which is valid from classical conditions (77 <-l) up to a small 

degree of degeneracy (77 < +1.3) and hence covers the range of our GaN samples as we shall see 

in later chapters.

In this case the Fu2 (rj) can be approximated as:

exp(77)

1 + C exp(77)
= (C + exp(-77)) *, -00 <77 <+1.3 (3.50)

where C is a constant factor and for the range of 77 < +1.3, takes the value C = 0.27 [15]. 

The free carrier density becomes.

«  =  =  ^ c ( C  +  e x p (-7 7 ))' (3.51)

and if we let A = exp(AE^ /A:^^) and B = exp(?7) , then when the above expression is substituted 

into Eq. (3.49), some elementary manipulation leads to a quadratic equation in B = exp(77) :

B^ +B
Nc +CN^

=  0 (3.52)

which has the solution.

B = exp(77) =
^ | [ i V ,  -  C(AT  ̂-  AT, )  +  2N,aJ  +%A{N,+ CN,)(N^ -  W, )} +  

+  [A ^ (,-C (A ^ ^  - A^^) +  2 7 /^ ^ ]  , 7 7 < + 1 . 3

(3.53)

This complicated equation describes the Fermi level variation with temperature as a function of 

the donor and acceptor concentrations, Nq and Na, and the activation energy AEd. Most 

importantly, it permits a deduction of the free electron density by importing it in Eq. (3.51) to 

give:
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« =   (3 ,4 )
+ 2N , A ]  + ZA{N,  + CAT, ) ( # „ - # , ) }  +

+^Nc- C( Nj ^ - Nj )  + 2N^A'j , t j <+13

The donor and acceptor concentrations Nd, Na, and AEd of a sample may be determined by a 

non-linear least-squares fitting of the theoretically calculated n, Eq. (3.54), to the experimentally 

measured (Hall Effect) carrier concentration. This is done with a computer by adjusting Nd, Na, 

and Æ d to minimise the error between the calculated and experimentally determined values of 

n. Of course it is required to have initial approximations for the fitting parameters in order to 

begin and a good starting value for Nd - Na is to set it equal to the measured « at 300 K (the so- 

called exhaustion region). Moreover a value of AEd = 10-15 meV would be a good starting 

approximation for Si donors in moderately doped GaN. For maximum accuracy, one would 

ideally like n to decrease by an order of magnitude over the temperature range, and anything 

short of this will lead to increasing uncertainty in the results analysed [16].

Since the CBE requires three fitting parameters with possible non-unique solutions, the 

reliability of the solution is reduced. A common method to improve the accuracy of the fitting is 

utilising the temperature dependence of the Hall mobility with an appropriate theory of carrier 

scattering which will be presented in the next section 3.4. In this, the Na value can be 

independently determined from fitting the mobility limited by ionised impurities and the 

remaining parameter values Nd and Æ d, calculated using the CBE are likely to be associated 

with smaller errors.
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3.4 Scattering Processes

In a crystal with perfect periodicity and under the application of an external electric field, an 

electron would travel through it infinitely without undergoing any collisions and its momentum 

would increase continuously. In reality, semiconductor crystals are actually far from perfect and 

contain scatterers which will reduce the carrier mobility, e.g. foreign atoms, voids such as 

vacancies, dislocations, grain boundaries, atoms occupying wrong sites in the crystal, and atoms 

temporarily displaced from their sites by thermal vibrations. Such processes are called scattering 

and the frequency with which they occur depends on the structure of the material and 

temperature.

The lattice atoms experience thermal vibrations that cause small periodic deviations from their 

mean positions. It is these deviations from a perfect periodic lattice that deflect or scatter the 

free electrons. The thermal vibrations may be treated quantum-mechanically as discrete particles 

called phonons and the collisions of phonons with electrons or holes is called phonon or lattice 

scattering. This type of scattering is referred to as in-elastic since the carriers exchange energy 

with the lattice. Phonons are bosons and are associated with the normal modes of vibration due 

to the thermal motion of the lattice and its associated atoms.

The phonons are generally split into two main classifications, namely acoustic and optical 

phonons corresponding roughly to sound wave frequencies and optical frequencies respectively. 

A simple physical interpretation of the acoustic mode is that it arises from the vibrational states 

of the interactions between unit cells, where all the atoms within the unit cell are essentially 

moving in phase. Optical modes arise from the converse case where the atoms are in antiphase, 

and thus exhibit vibrational modes similar to those of molecules.

Considering whether the electron has been scattered by an optical or an acoustical phonon it is 

either optical phonon scattering or acoustical phonon scattering. Both can be of longitudinal or 

transverse modes. Longitudinal acoustic modes produce a series of compressions and dilations 

of the lattice and hence cause spatial fluctuations of the dielectric constant. The longitudinal 

acoustic phonons have at least to be of the wavelength of the electrons to be able to scatter 

them. This implies that the acoustic lattice scattering will be less influential at low temperatures. 

In the following sections, the manner in which electron mobility behaves as a function of 

temperature in GaN is described by scattering on ionised impurities, dislocations, deformation 

and piezoelectric potential of acoustic phonons, and by polar optical phonons.
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3.4.1 Ionised impurity scattering

The most common form of deviation from the periodic potential is produced by impurity atoms. 

By impurities we mean foreign atoms in the solid which are efficient scattering centres 

especially when they have a net charge. Ionised donors and acceptors in a semiconductor are a 

common example of such impurities that may deflect the free carriers. Another type of such 

scattering is the Coulomb attraction or repulsion between carriers (electron-electron, electron- 

hole) which occurs in highly doped materials [17, 18] and in GaN is usually negligible for n < 

5xlO’* cm'^ [18]. Both types of scattering are known as elastic since they involve small energy 

changes (energy conservation) under the assumption of a fixed scattering centre. Scattering of 

carriers by ionised impurities is most important at low temperatures, where the density of 

phonons is small, however sufficiently large doping levels may extend this regime towards 

room temperature. The mobility limited by ionised impurity scattering decreases with 

decreasing T, since the low-T electrons have correspondingly smaller thermal energies and 

hence velocities, which lead to a larger change in momentum through the screened Coulomb 

interaction between the impurity ion and the charged electrons. The very important concept is 

that the electrons in the vicinity of the impurity atom rearrange to screen the potential.

Assuming a positively fixed charge (ionised donor) at a given position in the electron’s path, it 

will attract electrons creating a surplus of negative charge in its neighbourhood. The free 

electrons respond to the attractive potential of the ionised impurity by changing their local 

density so as to reduce or screen the effect of the impurity potential.

The two, most common formulations for ionised impurity scattering, are the Conwell- 

Weisskopf [19] and the Brooks-Herring (BH) approach [20]. The latter uses a quantum 

mechanical method to account for the electronic screening of the charged impurities by other 

nearby impurities in the scattering process whereas the former method uses a classical approach 

to account for the bare Coulomb potential of the impurity on the carrier’s trajectory. For this 

work we have used the BH approach since it can take into account the effect of screening and 

aslo is the most widely method quoted in the literature.

The mobility of a non-degenerate electron gas, limited by elastic scattering on ionised 

impurities with total concentration Nj as has been formulated by Brooks and Herring [20], after 

taking into account the screening effect due to free carriers and impurity ions, has the following 

expression:
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^BH ln(l + b)~
\ + b

(3.55)

with.

b =
lArn £ s S ^ { k j f

[N^ - N ^  - n ) ( n  + N^)
and n ' - n  +

Nr

(3.56)

where Ss, are the low frequency (static) and free space dielectric constants, b is the screening 

term and »' is the effective carrier concentration which involves both free and bound carriers. 

When only the screening by free carriers is considered, n instead of « ’ is used for calculating 

the screening term. The BH expression is valid for b »  \ and is true for non-degenerate 

semiconductors, i.e. at high-T or low n and in the case of GaN would lead to errors for electron 

concentrations in excess of ~10'* cm'^. A formalism to deal with arbitrary degree of degeneracy, 

applied in GaN, based on an interpolation method with analytical solutions has been proposed 

by Shur et al. [21].

However, in this work (for n > lO’  ̂ cm'^) we are implementing the well known degenerate, 

temperature independent, form of the BH formula [5] which is given next and is going to be 

used later in chapter 5:

h^n
q^m*  ̂[n + 2N^)

ln(l + 6,,g)- deg

l + b.deg

(3.57)

—

(3.58)

where all symbols have their usual meaning and bdeg is the degenerate form of the screening 

term as above.
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3.4.2 Dislocation scattering

GaN films grown on sapphire substrates typically contain a large number of dislocations in the 

range 10 -̂1 O’* per cm^, as a result of the substantial lattice mismatch between the epilayer and 

the substrate. Theoretical charge-state calculations [22, 23] indicated that TDs produce defect 

levels in the bandgap and results from a recent scanning-capacitance microscopy study [24] 

suggest that these dislocations are negatively charged in «-type GaN. The physical picture is 

that each TD introduces some dangling bonds along the dislocation line, where these bonds can 

accept electrons (hence acting as acceptors) from neighbouring atoms surrounding the TD. In 

addition, studies of transverse mobility in «-type GaN films [25, 26] indicate that electrons are 

scattered from these negatively charged dislocations.

Weimann et al. [26] have reported that the lateral mobility of low to moderately «-type doped 

films is significantly lower than predicted by ionised impurity scattering, and attributed its cause 

to the effect of dislocations. The dislocation line becomes negatively charged and the space 

charge Coulomb field that forms around it scatters the travelling electrons, thus reducing their 

mobility. The scattering due to these dislocation line charges is two-dimensional because only 

electrons moving perpendicular to the dislocation will be scattered. This scattering mechanism 

becomes more dominant as the dislocation induced trap concentration exceeds the doping level. 

Podor has solved the Poisson equation analytically for cylindrical symmetry [27], assuming a 

continuously charged negative line and screening by ionised impurities and fi*ee carriers, and 

has obtained the electron mobility due to scattering by dislocations, which is given by the 

expression:

where c is the c-lattice constant of WZ GaN (c = 5.185 Â), equal to the distance between 

acceptor centres along the dislocation line ,/is  the occupation rate of the acceptor centres or the 

filling factor (f=  0-1), N^s] is the density of dislocations, and Àd is the Debye screening length.

q^n'
(3.60)

Since «' '^ \  it can be seen that dislocations are strongly screened by free and/or bound 

charges and thus can affect the mobility more in the lower-« samples. The dislocation states are
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closely spaced all along the dislocation line so that electrons trapped on such neutral states 

interact electrostatically, therefore increasing the energy of the system.

Because of this strong electrostatic repulsion only a fraction /  of those neutral states would be 

occupied. Hence the occupation rate is expected to be lower than unity and for obtaining its 

value, for different free carrier concentrations and Âdis we have used the calculations of [26] 

shown in Fig. 3.9.

Note that the theoretical calculations of Wright et al. [28] suggest that a likely configuration for 

the dislocation core in «-GaN includes vacancies at the Ga sites and that each Voa could hold up 

to three negative charges {f=  3). Following this. Look et al. [29, 30] assumed that each Vca 

would trap only one electron due to the repulsive potential and arrived at a one negative charge 

per site model for their calculations i .e . , /=  1. However, using this approach, we have been 

unable to obtain realistic modelling of our transport data, and we conclude that Weimann's 

model is more appropriate to the samples studied here. The results of Weimann et a/. [26] and 

Ng et a/. [25] clearly demonstrate that dislocation scattering must be included in the mobility 

analysis when A/jis ^ 10̂  cm'^. Transmission electron microscopy (TEM) studies have been 

carried out on the samples that have been characterised in this work (see section 4.2), and an 

average level of the dislocation density Âdis for each sample is obtained and falls in the above 

range, which allows for the inclusion and evaluation of dislocation scattering in the total 

scattering processes.
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FIG. 3.9 Fraction of filled traps f  against free carrier concentration for various dislocation densities at 300 

K (after Weimann et al. [26] ).
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3.4.3 Acoustic -  Deformation potential scattering

The acoustic-mode lattice vibrations, corresponding to longitudinal movement of atoms, cause 

local changes in the lattice spacing (deformation), and the resulting strain creates energy 

fluctuations which can change the bandgap from point to point. These fluctuations result in 

scattering as there is a partial reflection of the particle wavefunction at each deformed point and 

the equivalent scattered potential energy of the carriers is known as the deformation potential. 

The mobility limited by acoustic-mode deformation potential scattering was first calculated by 

Bardeen and Shockley [31] as :

ps^fi'q
(3.61)

where p  is the mass density, s is the crystal sound velocity and their product ps^ = C, gives the 

longitudinal elastic constant. Finally Ê p = 8.54 eV (in GaN) is the deformation potential which 

equals the distance that the conduction band-edge shifts (in eV) per unit strain due to the 

acoustic vibration. The energy changes involved in this type of scattering are around ~1 meV 

for GaN [32] which is small compared to the thermal energy. Hence electron acoustic phonon 

scattering through the deformation potential can be considered as an elastic process. Also note 

that pdp oc so that this mechanism tends to dominate at high temperatures. The value of Ê p 

has been a matter of uncertainty for GaN with reported values ranging from 8 - 13.5 eV and 

some researchers [33] have used it as an adjustable parameter for fitting their mobility data with 

a fitted value of Ê p =13.5 eV. In this work we have used it as a fixed parameter with the recent 

value of Ê p = 8.54 eV, deduced from a high mobility 2DEG system [34].

3.4.4 Acoustic -  Piezoelectric scattering

This is another form of the acoustic phonon scattering, which arises, when the neighbouring 

lattice atoms (Ga, N) are partially ionised and acoustic phonons produce a second potential that 

perturbs the crystal. This piezoelectric effect provides an additional coupling between the 

electron and the acoustic vibrations and is stronger for all compound semiconductors since its 

origin is based in the lack of inversion symmetry. Anderson and Apsley [35] have given an 

analytical expression for the mobility limited by piezoelectric scattering, which is given by:

„  (3.62)
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where is the piezoelectric constant (0.5 CIvci) and all other symbols have been introduced 

previously.

3.4.5 Polar optical phonon scattering

Scattering of carriers by polar optical phonons is the dominant mechanism determining mobility 

at room temperature and above in pure large-bandgap semiconductors, and consequently it has 

received a good deal of attention [36-38]. This scattering mechanism is especially strong for a 

solid with a polar lattice (polar means partially or completely ionic) because it creates an 

electrical dipole field due to the oscillations (vibrations) of the ionic charges associated with the 

atoms forming the compounds. Those dipole moments are the scattering potential and an 

electron moving through such dipoles aligns them towards its current position and hence 

changes the energy of the lattice as it traverses it.

As seen in chapter 2, polar semiconductors such as GaN possess a high degree of ionicity, thus 

the interaction between carriers and the longitudinal optical (LO) vibrations of the lattice atoms 

is likely to be strong. This type of scattering is different from acoustic phonon scattering, where 

the energy exchange during the absorption and the emission of acoustic phonons is small, and 

the scattering is regarded as elastic. Judging from the high polar optical phonon energy (91.2 

meV) [39] in GaN, the scattering by polar optical phonon is grossly inelastic. As a result, this 

scattering process cannot be treated within the framework of the relaxation time approximation 

because of the possibility of the significant energy exchange between the electron and the polar 

phonons. However it is possible to define a relaxation rate by taken into account only the rate of 

absorption of phonons, (phonon emission is much faster process) [40]. Gelmont et al. [41] have 

developed an analytical theory to describe optical phonon scattering in GaN based on this 

approach. A more accurate quasi-analytical expression has been derived by Ehrenreich [42, 43] 

by utilising a variational method of the Boltzmann equation. The mobility expression limited by 

polar optical phonons is then given by [44]:

m (3.63)

where

4;r
J_ 1

''s J
(3.64)
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is Callen’s effective ionic charge [45]. The symbol = 5 A1 represents the high frequency 

(optical) dielectric constant in GaN and M  is the reduced mass of the nearest neighbour atoms 

and has a value of 1.936x10'^^ g for WZ GaN. The term, Vg = 2.283x10'^^ denotes the volume of 

the unit cell in units of cubic centimetres (cm^). The angular frequency of zone-centre LO 

phonons for GaN, ^ 1.309x10"^^^ [/f] has a value of 1.367x10’“̂ s'" with Glo = 1044 K 

being the equivalent LO phonon temperature for GaN. The function G(z) is Ehrenreich’s 

function from his early work [43] and the variable z, is the reduced LO phonon energy which is 

given by z = .  Ehrenreich initially calculated G(z) to take into account screening 

effects via a variational approach, however, a more accurate solution for the un-screened G(z) 

was later given by Hammar and Magnusson [46] by using an iterative solution of the Boltzmann 

transport equation which is given graphically below.

N
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G(z)=l .005-0.6796z+0.4978z^-0.11 %lz 
+ 14.17x1 O'̂ zLg.5x10"’z^+2.04xl0'^z'

0.5
0 2 4 6 8 10 12

z = h(û / 271 k T
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FIG. 3.10 The function G (z) which appears in Eq. (3.63) after the calculation of Hammar and Magnusson

[46]. The solid line represents a polynomial fir that has been performed by the present author with the 

corresponding equation been given in the graph.
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3.4.6 The total mobility

The different scattering mechanisms that were described above must now be combined in order 

to obtain the total theoretical drift mobility. An accurate calculation of the mobility variation 

requires a numerical iterative solution of the Boltzmann transport equation and various groups 

have carried out such simulation [30, 47]. Nevertheless, in this work we showed that a 

satisfactory explanation of the data can be obtained using the computationally less-demanding 

alternative approach of assuming that scattering events are independent of each other, and 

calculating the mobility from the corresponding analytic expressions, that have been derived 

above using the relaxation time approximation. Then the total mobility can be approximated 

according to Matthiessen’s rule [35, 48] by taking the sum of the individual inverse limiting 

mobilities as :

(3.65)

This approximation is accurate for combinations of elastic mechanisms and to a good 

approximation for nearly elastic processes. LO polar phonons remain a problem but with the 

treatment of Eq. (3.63) the accuracy is compromised and lies within a 20% error of the true 

mobility.

3.4.7 GaN material parameters for mobility calculations

The list of the GaN parameters that has been used in the calculations is summarised in Table 

3.1. Information available in the literature regarding many of these parameters are still in the 

process of evolution, not well established and sometimes controversial. This is in part a 

consequence of measurements being made on GaN samples of widely varying quality. Hence, 

from the range of values been reported in the literature, the listed parameter values are chosen 

on the basis that they are the most commonly used by other researchers, allowing a more direct 

comparison with their results to be made.
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Parameter Symbol (units) Value Reference

Effective mass rn (kg) 0.22mo [49]

Low freq. dielectric constant ^5 (F m’’) 10 [33]

High ffeq. dielectric constant .̂(Fm') 5.47 [50]

Lattice constant (c-direction) c ( Â) 5.185 [29]

Mass density p(kgm'^) 6.1 X 10̂ [51]

Speed of sound 5 (m / s) 6.59 X 10̂ [52]

Acoustic deformation potential d̂p(eV) 8.54 [53]

Reduced Mass of an atom M (g) 1.936 X 10 "" [54]

Volume of the unit cell Va (cm^ ) 2.283 X 10 "" [54]

Piezoelectric constant ffpz ( c m ") 0.5 [55]

Polar phonon Debye temperature %o(K) 1044 [52]

TABLE 3.1 GaN material parameters used for the mobility calculations.
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Chapter 4

Experimental Techniques

This chapter presents an overview of the equipment and experimental procedures used in the 

research performed for this thesis. As in any experimental science, reliable equipment is key to 

performing in-depth investigations. The contents of this chapter are divided into two parts. 

Firstly, the basic operating principles and design features of the cryogenic system used for 

variable temperature measurements, including the measurement set-up associated with the 

system, are discussed. The operation of the reactive ion etching system needed for the 

differential Hall measurements is also presented, and in section 4.2 details of the samples 

investigated in this thesis are given, with an account of the sample structure and processing 

details for making the ohmic contacts.

4.1 Experimental equipment

In this thesis, the characterisation techniques based on the Hall effect (described in Section 3.2) 

have been performed on bulk GaN samples. In general, the Hall measurements were performed 

to obtain the temperature dependence of transport properties, namely the carrier mobility, carrier 

concentration and resistivity. Measurement at room temperature alone is not sufficient in some 

cases since electronic transport properties can change significantly with temperature. Cooling to 

10 K with a variable temperature cryostat greatly reduces carrier scattering by lattice vibrations 

(phonons), allowing the effects of impurities and structural defects to be observed more clearly. 

Thus, from the temperature-dependent Hall measurements, information on scattering 

mechanisms limiting the mobility have been obtained, as well as the role of parallel conducting 

channels (impurity band and interface layers) in influencing the transport properties of bulk 

layers (discussed in detail in chapter 5). The system that has been employed for all the 

measurements to be taken, consists of a cryogenic, an electronic and a magnetic part.

The following sections present a description of each experimental equipment, followed by a 

summary of the data acquisition techniques.
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4. Experimental Techniques

Closed cycle cryostat

The temperature dependent Hall characterisation has been carried out at University College 

London (UCL) with the use of a closed cycle cryostat (CGC) covering temperatures in the range 

10 - 600 K at a magnetic field strength of 0.31 T. Each sample is bonded onto a chip carrier 

(T08 header), which can then be placed on the sample holder. The CGC can only access 

temperatures in the range 10 - 300 K. In order to extend the measurement temperature to 600 K, 

a customised hot stage was employed. Hence, the measurement techniques for both cold and hot 

stages are described next.

VDP sample Perpendicular 
\ magnetic field

Added temperature 
! sensorSample holder

Temperature
sensor

Heaters

Outer vacuum 
casing

Wiring

Cold
Head

He supply He return

Flow
Restrictor

Water

DVM

ITC

Hall
measure
ment
system

Compressor

FIG. 4.1 Schematic diagram of the overall cold measurement system which includes a vacuum loading 

cryostat, the Edwards coldhead, an ITC, a helium compressor, and a Hall measurement set-up [I].
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4.1.1 Cold stage

The closed cycle cooler system comes from Oxford Instruments, which consists of the cryostat

(CCCllOO) built on an Edwards model CS2/9 cold head, a water-cooled compressor unit

(Edwards cryodrive 1.5), an integral control unit, and an intelligent temperature controller

(ITC). Figure 4.1 shows the overall experimental arrangement of the cold measurement system.

General descriptions of the system units and their principal modes of operation are given as

follows:

• Coldhead - this is fitted with a stepper motor. The rotational frequency of the motor 

controls the frequency of the coldhead displacer cycle which, in turn, controls the cooling 

power of the cryopump. The low temperature refrigeration is achieved by helium flow. 

Helium (He) is compressed to 16.5 bar in the compressor and expanded in a controlled 

manner in the coldhead to produce the cooling.

• ITC - a rhodium iron temperature sensor and two wire-wound resistor heaters embedded in 

a copper block, attached to the coldhead, allow variable temperature operation to be 

possible. The ITC not only controls the heater power, but also adjusts the speed of the 

coldhead to ensure stable temperature control.

• Cryostat - the first stage of the cooler is connected to a copper radiation shield which 

extends upwards to protect the heat exchanger and sample holder from room temperature 

radiation. The radiation shield reflects thermal radiation away from the sample back to the 

vacuum shroud, which has a nonreflective surface on the inside and a reflective coating on 

the outside. An outer vacuum chamber, then surrounds the radiation shield to provide 

vacuum insulation for the cryostat. This space is pumped to a high vacuum before the 

cryostat is cooled down. The cryostat contains 10 pins available for the electrical wiring to 

connect the sample to the external Hall measurement system, of which four are used for the 

VDP configuration.

• Sample holder - customised for our measurements, a diagram of the holder is shown in Fig. 

4.2. A rectangular copper block was initially considered as the sample holder, but because 

of the sweeping nature of our temperature variation, it was important that the temperature 

displayed in the ITC matched with the actual sample temperature as closely as possible. 

Hence, the material is further sliced and trimmed for minimum thermal lag with the sample. 

In addition a silicon diode temperature sensor was incorporated into the recess of the sample 

holder for more accurate temperature monitoring. The sample is mounted onto a T08 

header which is then inserted into the recess created in the sample holder, and placed 

directly in the centre of the magnet.
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Copper
Block

T 08 Header

VDP sample

FIG. 4.2 Customised sample holder arrangement for the cold stage [1].

Although not revealed in Fig. 4.1, the closed cycle system needs to be evacuated first before any 

cooling can be carried out. A single stage rotary pump is employed to start pumping the vacuum 

chamber until the pressure reaches a base pressure o f about 10'^ mbar. Then, a turbo-molecular 

pump IS switched on to further reduce the chamber pressure to around 10 ’̂ mbar. Having 

pumped the system down, the system can be cooled from 300 K down to 10 K for the 

temperature dependent Hall measurements.

4.1.2 Hot stage

Because the CGC can only operate up to 300 K, a separate stage for the measurements at 

temperatures in the range 300 - 600 K is required. As will be evident when considering both the 

low and high temperature stages, the sample holder and the corresponding electrical wiring are 

designed so that minimum effort is required when changing samples, beneficial when 

maintaining the consistency and reliability o f the measurements. The experimental set-up for the 

hot stage is schematically illustrated in Fig. 4.3. Within the outer casing exists an aluminium 

block, placed in the middle. The metal block houses the sam ple/T08 header arrangement, 

similar to the cold sample holder. A heater resistor and a type-K thermocouple are also 

implanted in the aluminium block in close proximity to the sample mount recess for efficient 

temperature control. Heating is generated by a variac, and the temperature is recorded by a 

digital voltmeter linked to the thermocouple (40 mV K '‘).
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Diecast box heater

thermocouple

Digital
Voltmetervariac

Perpendicular
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Hall
Measurement

System

fibre-glass

FIG. 4.3 The sample holder arrangement for the hot stage and the measurement system [1].

The manual temperature adjustment for the hot stage is less superior to the cold stage since the 

cryogenic system has an advantage o f being microprocessor controlled (typical temperature 

fluctuation o f ±0.2 K). Nevertheless, each hot reading is performed within ±1 K of the assigned 

temperature, and is thus satisfactory for data analysis. The VDP contact leads are connected to 

the Hall measurement system, which is also joined to another voltmeter for Hall data 

acquisition. Again the set-up is assembled in such a way that the sample is located 

perpendicular to and at the centre o f the magnet. Finally, note that the mounted assembly is 

surrounded with fibreglass to enhance thermal insulation.

4.1.3 Measurement techniques

The temperature dependent Hall measurements are always performed in dark, and a Keithley 

constant current source is providing the sample with direct currents o f 1 nA-1 mA, the higher 

currents in low resistance samples at higher temperatures to improve the signal to noise ratio. 

The magnitude o f the applied current at low temperatures was generally chosen small enough, < 

50 pA, to avoid sample heating effects, but also large enough to enable a realistic Hall voltage 

to be measured (of the order of a few mV). The voltage signals are measured using a Keithley 

2000 digital voltmeter (DVM) with an input impedance o f 10 GQ. This unit can measure 

voltages in the range 0.1 pV to 1000 V. The DVM's filtering option was utilised to improve the
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signal-to-noise ratio, and was found to be particularly useful at low temperatures where, due to 

the small driving currents, there is a relative increase in the noise level of the Hall signal.

A constant magnetic field of 0.31 T is applied by an electromagnet during the Hall voltage 

acquisition, and the polarity of the field can be reversed by a switch. This is a very useful 

feature since it allows eliminating even parts of the voltage responses while performing Hall 

effect measurements.

Due to the long temperature settling time of the system during the cooling process, performing 

these measurements can take a long time and can become too impractical if too many 

temperature points are taken. In addition, the hot stage experiments needed to be completed 

soon after the cold measurements in order to ensure continuity of the results. Hence, readings 

were taken at temperature intervals in the range 5 - 20 K, resulting in a typical time taken to 

complete the measurement per sample of approximately 7 hours.

4.1.4 Reactive ion etcher

In order to identify the origin of parallel conduction in our samples, we developed a technique 

that would isolate the bulk electrical properties from those near the interface. This would be 

achieved by Differential Hall effect experiments (D-H), where the depth distribution of the 

transport parameters of a sample is obtained (discussed in chapter 6), by means of etching the 

sample, layer by layer with the use of a reactive ion etcher (RIE). Performing Hall effect 

measurements after each etch step the depth dependencies of the carrier density and mobility 

can be obtained. The etching experiments were performed at UCL’s clean room and the 

following gives a short description of the system and its principle of operation.

RIE utilises both the chemical and physical components of an etch mechanism to achieve 

anisotropic profiles, fast etch rates and dimensional control. Reactive neutral atoms of clorine, 

iodine, bromine or other elements, produce chemical etching by forming volatile products on 

the sample’s surface. This type of etching, produces fast etch rates, isotropic profiles and 

minimum surface damage. On the other hand, the physical removal of material, by sputtering is 

produced by impinging ions and yields anisotropic profiles, slow etch rates and sample damage. 

The combination of those two mechanisms is often called ion-assisted plasma etching and is 

able to produce anisotropic etching at practical rates with varying degrees of damage. Provided 

the chemical and physical components of the etch mechanism are balanced, high resolution 

features with minimal damage can be realised. RIE employs this type of combination and a 

schematic diagram of the system used in this study is shown in Fig. 4.4.
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FIG. 4.4 Schematic diagram of a typical RIE etch platform [2]

A remote plasma is generated by applying radio frequency (RF) power o f 13.56 MHz between 

two parallel electrodes in a reactive gas (silicon tetrachloride, SiCb). The sample is placed on 

the powered electrode and neutral gas atoms and molecules from the plasma are incident on the 

sample surface. Volatile etch products formed by adsorption and reaction between the reactive 

and ionised species are removed by ion assisted processes, and sputter assisted removal o f these 

etch products exposes a fresh surface for the process to occur again. Hence, there is a synergy 

between chemical and physical etch mechanisms. Adesida et al. were the first to report RIE o f 

GaN m SiCU based plasmas [3]. The best RIE results for the group-III nitrides have been 

obtained in chorine-based plasmas under high ion energy conditions where the IIl-N bond 

breaking and the sputter desorption of etch products from the surface are most efficient.

The preparation o f the samples for the etching process at UCL involved depositing VDP 

contacts (see next section) and performing a Hall effect measurement. Then the four contacts o f 

the as-grown samples were masked with photoresist drops, in order to protect them from the 

plasma for the next Hall measurement. They were then loaded into the RIE chamber and the 

SiCU flow rate was set at 17 seem, and the chamber pressure at 110 mTorr. The etched depth 

was set at 1 pm at the RE power (13.56 MHz) o f 250 W. Those settings have been found to 

yield an etch rate o f approximately 50 nm/min. After the etching process had completed the 

sample was removed from the chamber and inserted m pre heated LOSOLIN IV (140°C) until 

the bulk o f the resist was removed (usually 30 mins). Then it was rinsed in acetone, de-ionised 

(DI) water and again acetone and it was blown dry with N 2. Having moved the resist from the 

contacts, an Alpha-step stylus profilometer (0.01-160 pm  sensitivity) was used to measure the 

roughness and total etch depth o f etched and native surfaces.
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4.2 Sample Preparation

The initial set of samples in this study, included a broad range with varying doping 

concentrations and thicknesses to get a base line of carrier transport in this material. As the 

project was progressing, more systematic growth methods needed in order to explore the effects 

of different types of nucléation layers on the number of dislocations and the electrical behaviour 

of the interface. At the final stages the main aim was to achieve an insulating GaN/sapphire 

interface. The growth processes such as MBE and MOCVD have already been described in 

section 2.2  and thus in the following sections, the details of structure and preparation techniques 

of specimens studied will be mainly discussed.

Each GaN thin film used in the following experiments was grown via, atmospheric and low 

pressure MOCVD. The main suppliers of the samples were Cambridge University (UK) and 

Gent University (Belgium) which both used Thomas Swan, 6x2” and 3x2” close-coupled 

showerhead reactors respectively for the sample growth. A variety of growth details for all GaN 

samples are listed in Tables 4.1 and 4.2. The samples have been separated according to their 

room temperature carrier density into non-degenerate (Table 4.1) and degenerate (Table 4.2), 

for clearer presentation. The criterion for degenaracy was the Mott limit for GaN, at Ncr= 1- 

2x1 o’* cm'^ (see chapter 5). The wurtzite GaN films were grown on sapphire substrates in low 

pressure (100 torr) environment by using TMGa and NH3 as the precursors. Growth processes 

based on a two-temperature technique were used [4]. The basic structure of the samples, 

involves a 430 pm sapphire substrate which is followed by a 20-40 nm GaN nucléation layer 

grown at -550  °C. Then the GaN epilayer (doped or undoped) is grown on top of the nucléation 

layer at higher temperatures (-1100 °C). Diluted silane was used as the «-type dopant precursor. 

As can be seen from the tables, the V/III ratio during template growth was changed as a means 

to vary the ratio of lateral-to-vertical growth rate. By lowering the V/III ratio during the first 

stages of growth, the ratio of lateral-to-vertical growth rate is decreased resulting in the growth 

of large GaN islands which slowly coalesce to form a continuous and atomically smooth film. 

To achieve that, one has to increase the V/III once the grains have coalesced. Hence the increase 

from 750 (3D growth) to 2200 (2D growth). We refer to this process as the 3D to 2D growth 

transition. The 3D-2D growth transition can also be obtained by changing other parameters such 

as the growth temperature. However growing at lower temperatures, to obtain lower dislocation 

densities, results in gallium-rich material because of the poor desorption of gallium [5, 6]. 

Moreover, the grain size for polycrystalline GaN, grown in low temperature gallium-rich 

conditions, is shown to be correlated to the oxygen content (high oxygen background 

concentration) of the films.
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Films with lower oxygen content were observed to have larger crystals with an increased 

tendency to a single-preferred crystal orientation [7].

A typical sample structure is shown in Fig. 4.5. The thickness o f the epilayers was measured 

with an in-situ laser reflectometer. Plan view and cross-section TEM analysis carried on the 

surfaces permitted to visualise the threading dislocation emergencies, which were in the range 

o f 5x10^ and 2x10'° cm 'l

In addition such microscopy analysis would be o f assistance in correlating the electrical 

behaviour to the resulting microstructure o f the interface region and the epilayer.

# # #

f^Sapphire ^ 340 pm
-4

FIG. 4.5 Basic structure of the GaN samples studied in this work, showing the non-intentionally doped 

GaN followed by the Si-doped region. Note that according to the occasion, the structure may have only 

the Nid-GaN or only the Si:GaN, or both as shown above.
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Sample Thickness 

Nid / Si (|L im )

Silane Flow 

(seem)

V/III

ratio

Dislocation 

density (em'^)

Other comments

C019 2.7 0 2200 2 .0 x 10" Initial growth at V/III=750

C030 3.0 0 2200 2-4x10" Initial growth at V/III=750

C031 4.5 0 2200 2-4x10" Initial growth at V/III=750

C052 1.3/1.0 1.0 2200 5.0x10* NL anneal at 100 Torr

C053 2.5/1 .0 1.0 2200 1.0 x 10" NL anneal at 150 Torr

C055 2.7 0 2200 1.0 x 10" NL anneal at 150 Ton-

C069 3.0/0.92 0.25 2200 1.4x10" Initial growth at V/III=750

C109 2.6 0 2200 2 .0 x 10"

C118 1.87/0.73 1.0 2200 2 .0 x 10" Initial growth at V/III=750

C119 0.9 0 2200 2 .0 x 10" Growth stopped at the 3D-

2D transition

C147 2.0 0 760 3.0x10" NL anneal at 2.5 slm NH3

C156 2.0 0 760 3.0x10" NL anneal at 7.5 slm NH3

C157 2.0 0 760 3.0x10" NL anneal at 5.0 slm NH3

C234 2.3/1 .0 1.0 1800 3.0x10" Grown on SI template

C237 2 .3/1 .0 0.1 1800 3.0x10" Grown on SI template

0033 0.17/2.2 2 .0 x 10’° New 3x2” reactor

0038 0.17/2.0 5.0x10" New 3x2” reactor

0144 0.27/1.35 2 .0 x 10" New 3x2” reactor

0146 0.27 / 2.07 1.8x 10" New 3x2” reactor

0659 4.1 0 2 .0 x 10 '° Old 1x2” reactor

N503 2.0 0 5.0x10*

Table 4.1 Growth details of WZ n-GaN samples that fall in the non-degenerate limit (<lxlO'* cm'^ ).
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Sample Thickness 

Nid / Si (pm)

Silane Flow 

(seem)

V/III

ratio

Dislocation 

density (cm‘̂ )

Other comments

C005 0.66/1.40 4.0 2900 5.0x10^ Initial growth at V/III=3400

C012 0.66/1.40 2.0 2600 5.0x10’

C056 2.5 /1 .0 3.0 2200 l.OxlO’ Initial growth at V/III=750

C060 1.3/1.0 4.0 1500 l.OxlO’

C063 2.5/1 .0 4.0 2200 1.0 x 10’

C235 2.3/1 .0 3.0 2200 3.0x10’ Grown on SI template

C238 2.3 /1 .0 5.0 2200 3.0x10’ Grown on SI template

0595 0.4/1 .2 2 .0 x 10 '° Old 1 x2” reactor

0658 0.08/1.0 4.62 2 .0 x 10 '° Old 1 x2” reactor

0666 0.08/1.1 2.8 2 .0 x 10 '° Old 1 x2” reactor

0693 0.08/1.6 2.84 2 .0 x 10 '° Old 1 x2” reactor

Table 4.2 Growth details of WZ «-GaN samples that fall in the degenerate limit ( > IxlO'* cm'^). 

4.2.1 Contact fabrication

This section describes the procedures we have used for making ohmic contacts to the «-GaN 

samples for the Hall measurements. The aspects of symmetry and uniformity of the sample were 

taken into account and the square VDP shape with contacts at the comers was chosen 

throughout this study. The as-grown wafers were cut to square pieces, 6 x6 mm^ in size using a 

Metals Research Ltd. “Microslice” diamond saw. The first step in chemical processing was to 

degrease the samples in trichloroethylene (TRIG), acetone, methanol and isopropyl-alcohol 

(IPA). Each solvent was used for 5 minutes. The cleaning progress continued by immersing the 

samples in a mixture of HC1:H20  (1:1) for 5 minutes to remove any oxidation of the surface. 

Finally they were rinsed in de-ionized water and blown dry with nitrogen (Nz) gas. The sapphire 

side of the samples was fixed on a glass microscope slide with double-sided tape and aluminium 

foil masks were used on the samples surface in order to define four square VDP contacts 

(1.5x1.5 mm^) at the comers of each sample. After the definition of the mask, the samples were 

immediately loaded into a thermal evaporator system for contact metalisation. Ohmic contacts
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were made by evaporating Ti /A1 (60 / 200 nm) on the GaN surface. The amount of time 

between masking the samples and placing them into the evaporator was less than 20 minutes. 

After the evaporation the samples were annealed in a carbolite ramping furnace at 600 for 10 

min under an ambient flow of N2 (2 litres/min), in order to reduce the contact resistance.

Electrical characterisation of the Ohmic contacts involved current-voltage measurements before 

and after annealing. This was conducted in a probe station, which consisted of a Hewlett- 

Packard (HP) HP4145B semiconductor parameter analyser and an IBM compatible personal 

computer. The probe station is connected to the analyser via a set of triaxial BNC cables 

enabling the measurement of a number of DC parameters. A voltage (-5 to +5 V) was applied 

on the samples and the resulting current measured. These measurements were controlled using 

the computer with custom software that collected (IEEE interface) and output the data in an 

ASCII format. After ensuring that the tested contacts exhibited linear characteristics, each 

sample was mounted onto a T08 header using an Oxford Instruments low-temperature varnish. 

A small drop was sufficient for packaging a sample of our dimensions. The samples are then 

gently placed on the glued spot and allowed to cure for at least 15 minutes prior to any other 

processing. Once the samples have been packaged, they are ready to be bonded to individual 

pins of the T08 header. A thermo-compression bonding machine and 17 mm diameter gold wire 

was used for the bondings. Finally the packaged samples are placed in small boxes to prevent 

accidental breakage of the fine bond wires through mechanical stress.
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Chapter 5

Impurity Band Conduction Processes

"When the horizon disappears, what then 

appears is the horizon o f  disappearance. ” 

- Dietmar Kamper

Conduction in most semiconductors usually takes place in the conduction (valence) band by 

electrons (holes) in thermal equilibrium. However, under certain conditions, there may be 

another conduction process which acts in parallel with the conduction band electrons. This 

second conduction process often takes place in an impurity band (IB) or in a second layer in 

addition to the conducting epilayer. Conduction of electrons within such a band (IB) can be 

either free (i.e. metallic) or activated (non-metallic), depending on certain material parameters. 

The boundary between these kinds of behaviour is called the metal-insulator transition and has 

been observed in many semiconductors [1-3] and recently has been seen in GaN. The present 

chapter is divided in four main parts. The first section is an introduction and review of the 

phenomenon of metal-insulator transitions in semiconductors in terms of a theoretical 

framework. Section 5.2 describes the IB and how the interaction between carriers in the 

impurity centres can lead to a transition to a metallic form of conduction. The effect of 

compensating impurities and disorder on the IB is also traced through.

A large number of «-GaN samples grown by MOCVD was studied and the experimental results 

of the Hall effect and resistivity measurements are described in section 5.3 and a number of 

common features are observed. We mainly concentrate on Si-doped samples and the transport 

data are qualitative interpreted on the basis of a secondary conduction channel via an IB formed 

by Si impurities, although non-intentionally doped samples were studied and are going to be 

dealt with in chapter 6 . Since carrier transport in the conduction band alone is not sufficient to 

explain our experimental data in all GaN specimens, mathematical models that involve two- 

carrier transport are presented in order to get a quantitative view of our samples’ parameters.
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Material properties such as the density of donors and compensating acceptors and their thermal 

activation energies can be obtained from the modelling. However, as we shall show in the 

subsequent chapters, we have found another parallel conducting channel effect in the interface 

region, whose contribution can be ignored above a certain carrier density and thickness, but not 

in the thin and/or lightly doped samples. Therefore this chapter will only analyse thick metallic 

samples under the impurity band model, where the raw data alone are sufficient to interpret the 

observed behaviour.
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5.1 The Metal-Insulator Transition

The Metal-Insulator transition (MIT) [4] is one of the most widely observed and studied 

phenomena in condensed matter systems. It has undergone many phases, but as yet, there is no 

clear-cut theoretical solution of this phenomenon and still stands as one of the premier 

intellectual challenges of our day.

Different physical mechanisms can lead to MIT, thus generating different types of insulating 

phases. There are two main categories of metal-insulator transitions. The first is known as a 

Mott transition and is triggered by electron correlations (e.g. dielectric screening through the 

Coulomb repulsion), and the other class of transition is the Anderson transition where the 

disorder in the system is the cause of the MIT. The insulator is defined as a substance at zero 

temperature, characterised by a vanishing conductivity in a weak static electrical field. 

Increasing disorder (e.g. concentration of impurities or defects) in metallic systems leads to an 

Anderson-type MIT. This is a result of quantum-mechanical effects: the single particle 

interference effects, which lead to Anderson localisation [5] of non-interacting electrons; and 

many-body effects of strengthening the electron-electron interaction by increased disorder. The 

Anderson localisation-délocalisation transition is a generic continuous quantum (T = 0) phase 

transition [6]. In this transition disorder plays the role that temperature plays in the “classical” 

(i.e. thermal) phase transitions. Namely, a system can go fi*om the insulating (localised) phase to 

the conducting (de-localised) phase by continuously changing the relevant parameters (such as 

degree of disorder, electron density or external fields like pressure, electric or magnetic field). 

The quantum or zero-temperature nature of the Anderson transition is emphasised throughout 

this chapter since it leads straightforwardly to the correct definitions of the insulating, pi„suiator 

{T—>QI)—>oo and the metallic phase, prêtai ( T ^  0) < oo (finite). In the next sections we give a 

brief survey of the different types of MITs, and we end-up deciding which one describes best 

the observed behaviour of the samples studied in this thesis.

5.1.1 Mott transitions

Mott originally introduced the idea of a correlation-induced transition to explain why certain 

metals with one electron per unit cell are insulators, therefore he considered the transition from 

the metallic side [7]. Mott imagined a crystalline array of atomic potentials with one electron 

per atom where there is a Coulomb interaction between the electrons. If an electron-hole 

excitation is created, the attraction between them is screened and they may not form a bound 

state (i.e. insulating state) unless the screened interaction is strong enough. For small donor state 

spacings or high electron densities, the ion cores are screened and the system is metallic.
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However, for a smaller eleetron density or equivalently an average spacing between atoms 

larger than a critical value, this screening effect breaks down and bound levels appear. This will 

happen at a critical concentration Ncr at T = 0, which was estimated by Mott (the Mott criterion) 

in his famous 1949 paper [7]:

= 0/25 (5.1)

where Œh is the effective Bohr radius, of a hydrogen-like model for the impurity atom. The 

metal is then unstable against the formation of a bound electron-hole pair and with a collection 

of these the system will undergo a first order transition to an insulating or a non-metallic phase. 

Mott’s argument depends on the long-range nature of the strong Coulomb interaction in the 

insulating phase. A related metal-insulator transition occurs in a tight-binding model with a 

short-ranged electron-electron interaction known as the Hubbard model [8].

5.1.2 Anderson transitions

A decade later (1958) from Mott’s seminal work, Anderson, in his famous paper “Absence of 

diffusion in certain random lattices” [5], showed that an MIT occurs also in a one-electron 

theory. In this transition the electrons are non-interacting and the transition occurs as a function 

of the disorder in the system. Disorder causes the energies of the atomic orbitals to vary through 

the solid. Orbitals with near-average energies are likely to have some neighbours at similar 

energy, and can form de-localised orbitals by their overlap. Atomic orbitals at very high or low 

energies (i.e. those at the top or bottom of the band) are unlikely to have similar neighbours, and 

remain localised. This is known as “Anderson localisation” [5, 9] and Anderson pointed out that 

the electronic wavefunction in a random potential may be profoundly altered if the randomness 

is sufficiently strong [5]. He argued that if  the disorder is strong, the wavefunction would 

become localised and the system would be an insulator. The reason for the localisation is that 

the electrons become trapped in the potential fluctuations and can no longer move about freely. 

If the disorder is not strong enough so that the states in a whole energy band are localised, then 

only part of the energy band will have localised states. There are critical energies Ec that 

separate the localised states in the band tails from the extended states in the band centre. Figure 

5.1 shows the band structure of a partially localised system. We expect the states in the band- 

tail s to be localised since these are states that are formed from orbitals that are bound in deep 

potential fluctuations. As a function of energy, the states must change their character from being 

localised to being extended. The critical energy Ec at which this change occurs was later called 

the “mobility edge” [10-12].
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Ec

FIG. 5.1 The density of states N(E) vs the energy E according to the Anderson model. Ec and Eq’ are the 

mobility edges and the states in the shaded regions are localised.

If the Fermi energy Ep, lies in a region o f localised states, the conductivity at zero temperature 

would be zero (non-metallic) and if  is in a region o f extended states, the conductivity will be 

finite at zero temperature (metallic). When the disorder is large enough the mobility edges will 

merge in the centre o f the energy band and the system becomes a pure insulator. The mobility 

edge thus marks the transition between an insulator and a metal. This metal-insulator transition 

can thus be triggered by sweeping the Fermi energy across the mobility edge, or by changing 

the disorder so that the mobility edge crosses the Fermi energy. The observable phenomenon 

nearest to this model is the metal-insulator transition in the impurity band o f a compensated 

extrinsic semiconductor [13] (e.g. n-GaN) which will discuss in section 5.2.

5.1.3 Anderson-Mott transitions

Since the Coulomb interaction between electrons is always present, the pure Anderson transition 

cannot be expected to be found in nature, unless the interaction turns out to be irrelevant for the 

behaviour o f the transition. This means that the models developed for disordered non-interacting 

electrons are not sufficient for understanding experiments. The pure Mott transition is equally 

inadequate, since most metals that have metal-insulator transitions are highly disordered. 

Therefore, the simultaneous occurrence of, and interplay between, disorder and interactions is 

o f cardinal importance and neither Anderson’s nor M ott’s formalisms by themselves are 

sufficient to fully understand metal-insulator transitions. This is supported by numerous 

experiments, on a wide range o f materials [14, 15], which show behaviour that cannot be 

understood in terms o f either effect alone. Instead, a model is needed that deals simultaneously 

with disorder and the interacting electrons, where the effect o f both o f these mechanisms is 

equally large near the transition. This more natural type o f transition is known as the Anderson-
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Mott transition and is most commonly observed in doped semiconductors as a function of the 

dopant concentration [16] and in addition the Mott criterion is also found to be valid in such 

case. Unfortunately, this type of transition is extremely difficult to study as it is hard to separate 

the two mechanisms that cause the metal-insulator transition and a recent review on this 

transition can be found in reference [17]. Nevertheless the Anderson-Mott model is going to 

form the framework for explaining the formation of the impurity band and its conducting 

properties at the two sides of the transition, and it follows next.

5.2 Impurity Band conduction

In a lightly doped semiconductor with shallow impurities, the donors are essentially isolated and 

the system is simply a collection of non-interacting impurities with localised states below the 

conduction band that are described by the theory of chapter 3. As the donor density Nr, 

increases, the average separation between donors increases, and interactions between them 

begin to play a role. If in addition the material is compensated, the disorder that arises is of two 

kinds: that caused by the completely random positioning of the donors and one from the ionised 

acceptors acting as Coulomb centres, producing relatively large variations in the energy of 

neighbouring states. Because of the former, there will be some donors that are much closer than 

the average and the effect of the second is an increase in the spread of energies, i.e. bandwidth. 

One of the major effects of impurity interactions is that the individual wavefunction of an 

electron occupying an impurity level, starts to overlap with the wavefunctions of nearby 

impurities.

This in turn leads to the phenomenon of “impurity conduction” or “impurity band conduction” 

which is a conduction mechanism predominant at low temperatures first identified by Hung and 

Gliessman [1, 2] in compensated Si and Ge; in SiC it was first observed by Busch and Labhart 

in 1946 [18]. Impurity conduction occurs at low donor concentrations on the insulating side of 

the MIT and can only take place if the material has a certain number of compensating acceptors 

that will remove electrons from the impurity band, creating empty states therefore allowing the 

tunneling of electrons from occupied to empty donor states. This concept was inherent in the 

paper on impurity conduction published by Mott and Twose in 1961 [19]. Such a material has 

been called a ‘Fermi glass’ and a good example is a doped and compensated semiconductor at 

low temperatures, when transport is in an impurity band. We now suppose that Ep or Ec or both 

can be moved.

This can be done by a change in concentration or compensation K  or in other ways as we 

mentioned in section 5.1. If Ep lies above Ec, conduction in the material will be ‘metallic’ but
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depend little on temperature; if it lies below (this can occur if K  is increased, or if Nq is 

decreased, with E f shifting downwards, see later), it is a non-metal and two forms of conduction 

are expected:

(a) At low temperatures by thermally activated hopping to nearest neighbours, which was first 

introduced by Miller and Abrahams [20]. Every time an electron moves, it hops from one 

localised state to another, whose wavefunction overlaps that of the initial state. Since the two 

states are confined in potential barriers, the electron must exchange energy (£5) with a phonon 

(or a polaron) every time it moves.

^hop = ct3 exp (-.£3 1 k^T) (5.2)

This kind of hopping can also lead to the Mott law of variable-range hopping [21],

^ .. ,= ^ e x p ( -S /r '" ')  (5.3)

a behaviour which has frequently been observed in the limit of low enough temperatures [22]. 

However, as shown by Efros and Shklovskii [23], if the electron-electron interaction is taken

into account, it should change the expression of Eq. (5.3) to = y 4exp^-5 /r ’̂ ^̂  .

(b) The second is at high temperatures by excitation to a mobility edge (see Fig. 5.1), so that:

V j
(5.4)

This normally involves thermally activated transport from the impurity to the conduction band 

of the semiconductor. Both of the above conduction mechanisms are represented through the 

temperature-dependent resistivity of Fig. 5.2. It is often found [16] that the quantity Gq ~ Gmin 

which has been called by Mott, the “minimum metallic conductivity” (Cmin) [24] and is given 

by:

0"min (5 .5)

with C in the range 0.025 to 0.05 and

104



5. Impurity Band Conduction Processes

being the average distance between the donor centres, of concentration Ncr at the MIT.

(5.6)

activated

activated

f l a t ( ? ) MIT

metallic

metallic

1/r

FIG. 5.2 Resistivity as a function of inverse temperature for a semiconductor undergoing an Anderson- 

Mott transition. The dotted line shows the behaviour below 1 K if Omin does not exist, (after Ref. [25])

The general applicability of the Mott formula Eq. (5.1) has been demonstrated by the work of 

Edwards and Sienko [26] who by assembling a large set of experimental data, suggested a 

scaled (variational) form of Eq. (5.1) and arrived at a universal constant of :

N j;a ^  =0.26 ±0.05 (5.7)

This form described very well a variety of condensed media extending over the range of 

approximately 10’° cm'^ in Ncr and — 600 Â in Bohr radii (see Fig. 5.3). In spite of all 

subsequent theoretical developments (e.g. scaling theory [27]) Mott’s first (and rather crude) 

estimate stands out quite beautifully today. In view of the above, this formalism can be used as a 

simple but accurate guide in predicting the onset of the MIT in «-GaN. Using the electron 

effective mass of GaN, aw* = 0.22mo and £5 = 10 (see Table 3.1), we can obtain the effective 

Bohr radius in an hydrogen-like impurity as:
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q m m
(5.8)

which yields, an ~ 24 Â, and by using Eq. (5.7), with the right hand side equal to 0.30 (see 

below), a critical concentration o f Ncr= 1.9 - 2.2x10'^ cm'^ is obtained.

100

- 8.0

— InSb

I/, .
n/OH =0.26

0«;Sb»
G#:

C d S : C lCdS:I
, S I : S b

hmpaIu * ^G«P:Zm -<»0«A«;Mn

•  A r : H o  

WO;:No^«:Hg
I 1 V \ i J ,

1000

— 6 5 —

<
X

— 7.0 —

— 7.5 —

4.5 5.5 6.0 6.5
• / 3  l o g  f i ç

Cu:Ar

FIG. 5.3 The work of Edwards and Sienko [26], which compares their formula = 0.26 , with

experimental data. It was found to be very close to the original Mott criterion. Shows the effective Bohr 

radius vs the critical carrier density for the MIT.

It has to be noted that compensation effects are not accounted for by M ott’s criterion Eq. (5.1) and 

supposing that the compensation K, is o f the order of 50%, (true for our samples), so that half the 

donors in the band are occupied, an estimate o f the concentration at which the transition occurs 

was given by the calculation o f Debney [28] = 0.34 (close to the value of 0.3 which we

have chosen). This means that the critical impurity concentration Ncr, needed to reach the MIT 

increases with compensation [29]. Such a behaviour is expected for the following reasons; 

assuming an uncompensated sample at the MIT transition we have the condition that E f = Ec- 

With the addition o f compensating impurities we have (i) a decrease o f the free carrier 

concentration n and (ii) an increase in the disorder o f the system. The former effect produces a 

decrease o f E f  while the latter an increase in Eç , as we have seen in previous sections. As a 

result, the donor concentration must be increased in order to re-establish the MIT and have E f  = 

E f. For the same conditions, the free electron density is lower at the MIT with compensation and 

all the above are illustrated graphically in the following Fig. 5.4.
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FIG. 5.4 Energy-band diagram and density of states in the impurity and conduction bands of an «-type 

semiconductor at the MIT at T = 0 K. The effect of compensation in the transition is also shown; shading in 

N(E) indicates localised states. In the uncompensated case (a), the sample has a high density of donors on 

the metallic side of the transition with the Fermi energy in the middle of the band at the metallic states. 

States at the tail, where N(E) is lower are still localised, while the electrons in the metallic states are 

unbound and free to move. Progressive compensation (b) lowers E f above the localised states and 

conduction is still metallic. With increased compensation (c), there is a point at which the Fermi will lie in 

the localised region and the conduction will be activated with the electrons bound in the donor centres. The 

random potential of the ionised donors ©, and acceptors ©, increases the bandwidth and lowers the density 

of states in the impurity band.
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At the MIT the impurity band is assumed to be separate from the conduction band and on further 

increase of the donor concentration, a second “critical density” Net > Acr is defined where the two 

bands merge. This has been found to occur at impurity densities about five times higher [3, 19], 

^cb =(1/4^) =6x10'* cm^ for GaN. In uncompensated material, the Fermi level will also

enter the conduction band at the above condition but this is not necessarily expected if 

compensation is present, where Ep is lowered. For Ncr< n < Neb conduction is thus assumed to 

take place within a separate IB. Also, Mott and Kaveh [30] proposed that in compensated samples 

conduction takes place in an IB both above and below the MIT. Thus the MIT in this case occurs 

entirely within the impurity band and should not be discussed in terms of a two-band model or a 

model of localised states just below the conduction band. However, in later sections when we 

come to extract and explain real quantities from experimental Hall data we use the two-band 

model which only refers to the impurity band as a crystal’s property and not to the MIT as a 

phenomenon.
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5.3 Experimental results on the MIT

This section describes the results of transport properties of GaN layers grown on sapphire by 

MOCVD, based on interpretations of the temperature dependent Hall measurements. General 

descriptions of the resistivity, Hall carrier concentration and Hall mobility variation with 

temperature are given. Systematic studies of these variations allow material parameters such as 

the density of impurities, their activation energies and the level of compensation to be found. 

Also, the role of scattering mechanisms in limiting the mobility of free carriers can be assessed 

based on the theory of section 3.4. Hall measurements from 10 to 600 K have been analysed to 

determine the transport properties of electrons in the conduction band and in the impurity band in 

samples with concentration of free carriers, at room temperature, varying within the limits of 

2x l0 ’̂  and 6x10** cm'^; starting from a qualitative analysis of transport in the impurity band 

model that we described earlier. Table 5.1 lists most of the samples studied in this work, 

including the apparent Hall electron concentration «// and mobility /âh at 300 K. The peak 

mobility and the temperature at which occurs for each sample is also shown, which can be used as 

a measure of the quality of the material.

Although the detailed growth procedures of these MOCVD grown samples are not the same (see 

chapter 4, Table 4.1) and some of their properties like dislocation density and compensation are 

expected to vary from sample to sample, there are some general trends in the data which remain 

broadly similar and in many cases follow a systematic variation.
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Sample Thickness n n i m  K) Mh OOOK) Hh max (T(K)) p(300 K)

Nid / Si (pm) (cm‘̂ ) (cm^/V s) (cm"/V s) (Q-cm)

N503 2.0 1.1x10’" 550 1511 (125K) 0.117

C069 3 / 0.92 1.8x10’" 505 855 (150K) 0.067

0146 0.27 / 2.07 2.3x10’" 386 567 (170K) 0.07

C053 2 .5 /1 .0 5.9x10’" 456 540 (190K) 0.023

C234 2 .3 /1 .0 7.7x10’" 409 533 (175K) 0.0197

C118 1.87/0.73 6.0x10’" 400 473 (180K) 0.0261

C052 1.3/1.0 6.6x10’" 394 466 (190K) 0.024

0038 0.17/2.0 4.0x10’" 355 430 (200K) 0.043

C056 2 .5 /1 .0 1.8x10’* 300 308 (225K) 0.011

0060 1.3/1.0 2.2x10’* 300 302 (260K) 0.0093

0063 2 .5 /1 .0 2.3x10’* 308 312 (250K) 0.0088

0237 2 .3 /1 .0 2.2x10’" 304 464(150K) 0.092

0235 2 .3 /1 .0 2.2x10’* 257 260 (250K) 0.011

0666 0.08/1.1 1.7x10’* 248 251 (250K) 0.015

0658 0.08/1.0 3.3x10’* 246 250 (296K) 0.007

0693 0.08/1.6 2.4x10’* 235 240 (250K) 0.011

0238 2 .3 /1 .0 4.2x10’* 226 227 (270K) 0.0066

0055 2.7 8.1x10’" 177 236 (160K) 0.44

0012 0.66/1.40 7.9x10’" 161 166 (240K) 0.049

0157 2.0 8.5x10’" 133 136 (250K) 0.564

0119 0.9 1.7x10’" 132 168 (160K) 0.286

0019 2.7 6.0x10’" 117 144(180K) 0.889

0033 0.17/2.2 1.6x10’" 45 48 (215K) 0.888

0147 2.0 6.0x10’" 42 43 (250K) 2.56

0595 0 .4 / 1.2 6.4x10’* 29 30 (362K) 0.033

0156 2.0 4.8x10’" 2.4 3.5 (250K) 54.2

Table 5.1 List of the measured n-type GaN samples including measured quantities from the Hall effect.
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In Fig. 5.5, a series of curves of the temperature dependence of resistivity for the investigated n- 

GaN samples is given. It is seen that as the donor concentration increases the slopes of the low- 

temperature and high-temperature portions of the p  (T) dependence are lowered and at ~ lO’  ̂

cm'^ the activated low temperature conduction (< 40 K) is replaced by a metallic type conduction 

similar to that of Fig. 5.2. That is where the MIT transition takes place.

On the dielectric side of the MIT (lightly doped samples), as the temperature decreases from 

room temperature to 200 K (low 1/7), the resistivity decreases and is determined by the scattering 

of charge carriers by optical phonons whose contribution decreases with decreasing temperature. 

Then p  increases, due partially to the increasing role of scattering at ionised impurities but mostly 

due to the electrons de-populating the conduction band. The increase of the impurity 

concentration in the samples shifts the minimum in the dependence p  (T) to higher temperatures.
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FIG. 5.5 Resistivity of Si-doped GaN (n-type) as a function of reciprocal temperature. Curves of samples 

from top to bottom correspond to increasing room temperature electron concentrations.
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The further decrease of temperature (below 40 K) leads to a further increase of the resistivity but 

with a much lower slope. At that point, conduction with an activation energy £•/, induced by 

electron excitation from the impurity states into the conduction band, is replaced by the hopping 

conduction with a constant activation energy £ 3  (much lower than £•/), the energy necessary to hop 

from an occupied to an unoccupied state in the impurity band. For the metallic samples CO 12, 

C056, C063, C005, G658 and C238, no activation energy in the resistivity or carrier density curve 

is observed below 40 K indicating that the critical donor concentration for the MIT has been 

exceeded. However, the «// curve (see Fig. 5.7) for those samples still passes through a minimum, 

corresponding to the disappearance of the conduction band activation mechanism in the resistivity 

curve.
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FIG. 5.6 Resistivity against 1/7 for the samples of Fig. 5.5 which lie on the non-metal side of the MIT. The 

solid lines are theoretical fits of the low temperature phonon-assisted hopping conduction described by Eq. 

(5.2).

The resistivity for the samples shown above in Fig. 5.6 continues to be temperature dependent to 

the lowest temperature region. Since their respective carrier densities do not show a transition to 

metallic conduction (see next page), it is believed that hopping conduction of activation energy £ 3  

is taking place. This is further supported by the vanishing Hall effect observed in those samples at 

low-7s and agrees with the known fact that hopping conduction (i.e. //// < 1 cm^/Vs) exhibits no
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Hall effect. The activation energies in the low-T regions of the above curves have been obtained 

from fitting Eq. (5.2), or equivalently -  Cexp(g31 k^T). In this, C is the intercept of the low- 

T resistivity when MT = 0 and is an «//-dependent factor as can be seen from Table 5.2. As the 

sample approaches the MIT, the activation energy £>, decreases without any peculiarities in the 

character of the variation. Similar behaviour has been observed by Hacke et a l [31] in Si doped 

GaN. On the other hand. Look et a l [32] analysed their resistivity data and observed multi- 

phonon hopping conduction rather than single-phonon, in their MBE samples. However, 

resistivity studies at temperatures below 10 K are required to determine the exact kind of 

hopping, i.e., whether Mott’s law of variable range hopping (Eq. (5.3)), nearest neighbour with S3  

or inter-impurity via Eq. (5.4) takes over at lower temperatures.

Sample 10 K «// — Nd-Nx (cm )̂ S3  (meV) C (Ohm-cm)

C237 1.5x10*" 1.15 18

0033 2x10'" 1.58 16

C053 4.5x10'" 1.0 0.25

0038 5.92x10'" 0.85 0.38

C234 8.1x10'" 0.59 0.13

Table 5.2 Resistivity parameters obtained from Eq. (5.2), and Hall electron densities for the non-metallic 

samples.
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FIG. 5.7 Temperature dependence of the Hall carrier density for Si-doped GaN (n-type).

The temperature dependence of the Hall electron density (Fig. 5.7) for the series of investigated 

samples shows that the carrier concentration does not follow the conventional theory of 

semiconductor freeze-out, although samples 0144 and C069 form an exception and behave in this 

manner. Initially the electron density in all samples starts to decrease with decreasing 

temperature, before it passes through a minimum, and starts increasing at lower temperatures, 

reaching a value which correlates strongly with that found at high temperatures (always true for 

highly doped samples). This low-T value represents the Hall effect in the impurity band. Actually, 

at the concentration of free electrons Ao - > 1x10^  ̂ cm'^ the low-temperature conduction <

40K, is practically independent of temperature, i.e. is of metallic character.

The fact that the value of «// at the lowest and highest temperatures is approximately equal for the 

metallic samples, indicates that the metal-insulator transition in this system occurs inside the 

impurity band (since the number of electrons in the conduction band, for complete ionisation, 

must equal the number of electrons in the various levels of the impurity band) while it is still 

separated from the bottom of the conduction band by an energy gap. On the other hand samples
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C234, G038 and C053 may in some respects be regarded as transitional. The resistivity of these 

samples is looking as being in the non-metallic region, but their corresponding Hh shows a quasi- 

metallic behaviour at low-7 and does reach a much more prominent low-7 minimum than in any 

other metallic sample. Since their '‘'‘effective donor concentration'’’ (No - Nf) at low-7 is “just 

below” the Mott value for the transition. This is believed to be a consequence of the chaotic 

distribution of donors in the samples, which in some microscopic regions clusters of donors 

(above or near Ncr) close together and for samples (C234, G038, C053), those microscopic 

regions are not enough connected to provide continuous metallic paths through the sample. 

Another more realistic view is that although the free carrier density in these samples is below the 

Mott limit, a certain degree of compensation (of the order of that shown by case (b) in Fig. 5.4, 

i.e. Ef still located above Ec) would lead to a donor density above Ncr which would clarify such 

behaviour at low-7.
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FIG. 5.8 Temperature dependence of Hall electron mobility for Si-doped GaN (n-type).
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As T  is reduced, the Hall mobilities in Fig. 5.8 increase slower than predicted by the phonon 

scattering mechanism, at high temperatures, and fall off faster than predicted by the ionised 

impurity scattering mechanism, at low temperatures. A trend where the peak mobility occurs at 

lower temperatures for samples with a lower impurity concentration is observed and is in 

accordance with a weaker ionised impurity scattering mechanism in those specimens. The sharp 

decrease of the values of fj.u in lightly doped samples («// < 9xl0'^ cm'^) in the low temperature 

region is associated with a transition to the activated (hopping) conduction mechanism. This case 

does not reflect the true value of the mobility of electrons in the crystal.

In samples with a well conducting impurity band (C056, G658, C012 and C005), the mobility at 

temperatures below 40 K, changes weakly approaching saturation which is characteristic of 

electron mobility in the impurity band. With increasing impurity concentration (at fixed K) the 

mobility in the impurity band increases at a fixed temperature as is clear from Fig. 5.8. This 

increase is due to a widening of the impurity band, which in turn increases the mean free path of 

the electrons. On the other hand, in samples with similar values of No, the stronger the 

compensation the lower will be the mobility in the IB (e.g. C005 vs G658). In the most doped 

samples the mobilities at high and low temperatures have a tendency to equality and this is 

indicative of an overlap between the impurity and conduction bands. A more detailed 

interpretation of the Hall results will be given next in section 5.4.

The dependence Hh (T) in those samples (i.e. a shift into the range of low temperatures and an 

increase of the relative magnitude of the minimum riH(T) with the decrease of Ao), is of the form 

characteristic of a two-band model; a transition from conduction in a highly mobility 

channel/band (the conduction band) to conduction in one of a lower mobility (the impurity band). 

Similar results have been observed in other semiconductors like GaAs, InP and Ge [2, 18, 33, 34] 

and also in GaN [31, 35-42]. Nevertheless there are three possible mechanisms for such 

conduction to take place in GaN. The first process [36, 39, 40, 42] is the simultaneous conduction 

in the conduction band and in a shallow impurity band of the bulk layer. A second possible 

mechanism that has also been suggested for «-GaN [41, 43] is conduction in the conduction band 

and in a thin degenerate layer at the GaN/sapphire interface as described in section 2.4.2. A 

further complicated case, which seems to occur in some of our samples is conduction in the two 

bands of the Si-doped epilayer in parallel with the interface layer and in two bands at the interface 

and this is later discussed in chapters 7 and 8 .
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5.4 Modelling of the Impurity band

In the previous section, we saw that the characterisation of transport parameters is complicated 

when more than one carrier path is part of the conduction process. The conventional Hall 

technique based on a single carrier analysis, developed in chapter 3, gives inadequate results (Fig.

5.7) and may lead to erroneous conclusions. As a result the Hall concentration and mobility data 

are complex averages of the concentrations and mobilities of the constituent components that take 

part in the conduction. A way of handling the experimental data is by using the two-carrier 

transport theory [44]. According to this, the individual transport parameters for any two 

conducting channels can be determined if the measured values of mobility jih, and carrier density 

riH, are known. Thus this section describes the appropriate extension of the one carrier model, to 

the case when two types of carriers are present and then distinguish between the “two-band 

model” and the “two-layer model”.

5.4.1 Two-carrier transport equations

The conductivity cr, and Hall coefficient Rh, for a multi-layer or a multi-band transport model are 

given by [44];

(5-9)
f /

= Y =Y = ^«.1 a '  + ^«.2/^2 (5 .10)
/ /

where 05 and Rhs are the measured sheet conductivity and Hall coefficient respectively. As noted 

in section 3.2.2, a simple resistivity and Hall measurement gives only sheet values (cm'^) rather 

than volume values (cm'^) and the latter is obtained by dividing cfs and multiplying Rhs by the 

thickness d, of the corresponding layer. The subscript i = 1,2 denotes the two layers or bands 

responsible for the multi-conduction effect. In our case, if a two-layer model is considered, / = 1 

represents the conducting region of the bulk GaN (usually the Si-doped region) and i = 2 the 

interface region. On the other hand if a two-band model is applicable, then 1 and 2 are 

representative of the conduction and impurity bands of the conducting layer (this may be the Si- 

doped or the interface regions) respectively.

The above equations can be expressed in terms of the normally measured quantities Hh (Eq. 3.16) 

and fiH (Eq. 3.17), as follows:
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n -  '  -  _ (”i W + » 2fe )  (5 1 ,)
qR„,d qR„,(r]ld (n,//," + )

p , 2 j
G j d  (« , / / ,+  «2 /^2 )

The above equations provide the basis for the mathematical modelling that has been carried out in 

this work. There are two basic approaches in dealing with those equations. One is the de- 

convolution method, where the procedure de-convolutes the experimental «// and fiu data into its 

constituent parts {ni,ri2 , jui and //;). This is not the case when trying to fit the experimental data 

«//, , where simultaneous fitting of both measured mobility and carrier concentration, similar to

the procedure that has been described for the case of single donor non-degenerate samples, makes 

the extraction oïEo, Nd and Na possible [43]. The nature of secondary channel could be identified 

as either an impurity band or a degenerate layer at the GaN/substrate interface. When assuming 

the presence of an accumulation layer at the interface, it would simplify the analysis since the 

accumulation layer would exhibit known, fixed carrier density and mobility values that are 

independent of temperature (obtained from the fiat low-temperature data). However, looking at 

the high temperature end of the results displayed in Fig. 5.7, it can be seen that there is some 

saturation of in the metallic samples.

For example, sample C063 shows that Hh at the highest temperature is similar to the lowest 

temperature Hh value, and indeed these trends have been observed in all of the samples studied. In 

the case of an accumulation layer at the interface, the above trends would not appear. Instead, it is 

expected that the Hall density would continue to increase with temperature, eventually showing 

saturation at a value that is higher than the lowest temperature value. This is because the transport 

properties of the degenerate layer are approximately constant, the behaviour of Hh at high 

temperatures would represent a contribution of interface conduction with that of conduction band 

electrons from a shallow donor. Hence, assigning an impurity band as the secondary conduction 

channel would provide a more reasonable theoretical model to investigate the measured data. In 

addition, since most of the samples studied in this thesis are close to or above the Mott density of 

it is likely that there is a degree of parallel conduction due to impurity wavefunction overlap 

taking place. A starting model for our analysis, due to Molnar [36], is used to explain the 

minimum in Hh , and has been further modified to fit the experimental data; the following sections 

present such models.
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5.4.2 Deconvolution model 1: Metallic samples

In this model we assume that the donor concentration is No described by an activation energy 

AEo, and that the concentration of deep compensating acceptors is N^. Then the net carrier 

concentration N t available for current transport is the difference between the shallow donor 

concentration and the concentration of compensating acceptors {No - Na). At any given 

temperature, a portion of the net electrons (No - Na) is to be distributed over the conduction band 

states and the “2No” impurity band states. Electrons that are excited in the CB have a high 

mobility /// and the unexcited carriers remain in the impurity band but are free to move with a 

lower mobility jU2 . Note that the number of states in the impurity band is now described as 2No, 

not just as No (see section 3.3.3). This is because the wavefunctions of the electrons in the EB are 

not any more localised and are spread throughout the crystal allowing more than one electron to 

occupy the states of a given impurity atom. Now if the EB states are in the immediate 

neighborhood of the conduction band energy Ec, the equation expressing neutrality is given by 

the sum of electrons in the conduction band and those in the impurity band.

Nj. = N^ -  N^ = = const.

f  17 J7 \
1 + exp Ec -Ej ,

k j

From Eq. (5.13), it follows that U2  = N t -  nj and by defining b = f̂ 2  IjJ-i (0 < 6 < 1) we can 

reformulate the two-band transport Eqs. (5.11) and (5.12) as follows:

(5.15)

In the above we have assumed that is some fraction of the electron mobility within the 

conduction band. The number of unknowns in the above two equations is three, «/, «2 and b and 

this leads to certain difficulties in solving it as a system. However, at low temperatures, the value 

of Uh equals Uh = N j and if b is not strongly dependent on temperature we can show that Hh, goes 

through a minimum, at a given T, for which the conductivities in the two bands are equal, 

«,//, -  «2/^2 • This is achieved by differentiating Eq. (5.14) with respect to b [45]:
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(1 + 6)'
(5.16)

This minimum occurs when

N^b 
" l  +  6

(5.17)

In Eq. (5.16) we know the value of N t from the low temperature measured data and we also have 

^Hmin, therefore we can proceed calculating b at the temperature where the minimum in occurs. 

Having the value of b at Tmin we are then allowed to extract the carrier concentration nj in the 

conduction band, at that minimum, from Eq. (5.17).

It should be noted that the de-convoluted data of C063 only are considered in this section since 

the calculated behaviour is typical of all heavily doped samples. This is a Si-doped specimen 

above the ~10’* cm'^ range and its nn(T) exhibits a minimum at 140 K equal to riHmw = 2.1x10’  ̂

cm'^. At low temperatures, Uh saturates to a value of «// = 2.4xl0’  ̂ cm'^ = Nj. By solving Eq.

(5.16) we get a quadratic relationship between b and N j! riHmin which has the solution:

V
-1 (5.18)

From this we obtain, b = 0.459 and from Eq. (5.17) above we find = 7.55xlO’^cm'  ̂ at T= 140 

K. In order to calculate the whole temperature dependence of rij, the position of the Fermi level 

(Ef-Ec)  relative to the conduction band needs to be evaluated at each T.

Calculation of Fermi level using Fermi-Dirac statistics

The evaluated parameter Uj at T^m can now be used to initially determine the position of the 

Fermi level Ep at that temperature. Earlier in chapter 3, an expression for the Fermi-Dirac integral 

(Eq. 3.50) was presented which reduced Fj /2  in a form capable of extending the validity range to 

some degree of degeneracy (rj < 1.3). By rearranging Eq. 3.51, for the reduced Fermi energy to 

read exp(rj) = n J { N ^ -C n ^ ) , with C = 0.27, we can easily find Ep - Ec, at the temperature 

corresponding to the minimum in «//. That is:

k TF =_§_isiiLin
\N c  J

in (eV) (5.19)

120



5. Impurity Band Conduction Processes

Employing the approximation of Eq. 3.50, we can express the neutrality Eq. (5.13) in terms of the 

reduced Fermi level 77;

which yields to a quadratic equation whose solution for exp(77) is [46]:

V"{[Afc + iV„ (3 -  C) -  N , (1 -  C )] ' -  8AT„ (N^  C)} -

Finally the Fermi level variation with temperature can be calculated by solving the above 

equation iteratively, which has been programmed by Matlab. Using the acquired variation of 

exp(77), the temperature dependence of n, is obtained by calculating Eq. 3.51. Once the 

temperature dependence of is established we can obtain the temperature dependence of «2 from 

Eq. (5.13). Note that Eq. (5.21) is also a function of No and Na, which are normally unknown. 

However, Na can be determined from the “flat” low-T mobility ijin) data by using the degenerate 

form of the ionised impurity scattering limited mobility (refer to section 3.4.1). Within this 

framework there is only one value of No for which Eq. (5.21) is satisfied at Tmi„ for the 

corresponding exp(7;).

Returning to the two-band transport equations (5.14) and (5.15) it can be seen that the parameters 

ri] and «2 {=Nt - «;) are now known, which allows the Independences of /U] and fj.2 to be found. 

Solving Eq. (5.14) with respect to b, we can obtain its temperature dependence. This yields a 

quadratic equation in b and the solution that corresponds to b ranging from 0 < 6  < 1 is used for 

the calculations:

b =

f  \
,  72, 72,

72, 1 +  - ^ - 72^ -----

V ”2 J 722 J
(5.22)

Once the ratio b is obtained it easy to find the mobility in the conduction band jui at each 

temperature from Eq. (5.15), and since /J.2 =bfii, the T-dependence of fj.2 can also be obtained.
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5.4.3 Deconvolution model 2: Non-metallic samples

The finite slopes of the resistivity and carrier density curves in the lowest temperature region and 

also the fact that «// does not approach its exhaustion value and continues to increase at the lowest 

measured T, make the previous de-convolution model difficult to apply in low impurity density 

samples (i.e. non-metallic samples). Since Eqs. (5.14) and (5.15) are the only ones available for the 

carrier density and the mobility of two-band conduction, it will be shown that they can describe 

the observations obtained from the purer samples with a slight modification of the underlying 

assumptions of model 1. The basic assumption for the non-metallic samples, will be that, at the 

lowest temperatures where Hh starts to increase, the impurity band mobility fi2 at low-T is 

activated and described by a similar formula [23] as the hopping conductivity of Eq. (5.2): 

H^= IV.S. Thus by fitting the low-T mobility data of the non-metallic

samples we can obtain the temperature dependence of the impurity band mobility. Note that the 

quantity S3  is known from the resistivity data of Fig. 5.6, and we only allow the constant Ho to 

vary.

The purpose of this model is not to use the complicated procedure at the minimum of the yih 

curve, but rather to solve the two-band equations, as a system of equations, with respect to «y and 

fii. This would allow the extraction of those parameters and an independent theoretical fit (as 

described in chapter 3) of both mobility and carrier density would then provide us with the 

parameters of interest such as the 7V̂ , 'No and AE^ values.

Starting from the original form of the two-band expressions (5.11) and (5.12) and by using 

N t = rii + Ü2  = K), we can algebraically manipulate them to show that:

(5.23)

(5.24)

The number of unknown parameters in the above has been minimised and it is now a simple task 

to extract rij and /// by employing the previous assumptions for /J2 and Nt. One can further 

proceed with this analysis and perform a theoretical fit to the extracted data. This would allow for 

a direct comparison with analysis of model 1 previously discussed and the results for both models 

are presented next for the cases of a metallic (C063) and a non-metallic (C234) sample.
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Figure 5.9 below shows the extracted values of the individual mobilities in the conduction band 

and in the impurity band, along with the measured Hall mobility for the above samples. The 

conduction band mobility (//;) at 300 K, is higher (340 vs 300 cm  ̂ /Vs for C063) than the 

apparent Hall mobility {juh) given by the measured data. It is evident from the graph that IB 

conduction strongly affects the mobility data over the full temperature range, not just at low 

temperatures where by definition impurity band conduction dominates. Furthermore the low 

temperature measured mobility represents the mobility in the impurity band which is much less 

than H i, and less temperature dependent. However, as seen from the graphs the T-dependence of 

H2  becomes stronger for heavily doped samples (left) when compared with one just below the 

Mott limit (right). This again has to do with the broadening of the IB and the delocalisation of the 

electrons.

600
C 2 3 4 -C 0 6 3

400
500 fit to n

>  300 400

300
;S 200

200

100 \x= 5 7e x p ( - 0 . 5 9 x l 0 ' ^ / k ^ T )

100
0 50 100 150 200 250 300 0 50 100 150 200 250 300

T( K) T( K)

FIG. 5.9 Temperature dependence of corrected values for mobilities in the conduction band (//;), in the 

impurity band {hi) and measured mobility hh, of samples C063 and C234, using the two-band transport 

theory developed for models 1 and 2 respectively. The graph on the left represents the metallic case (model 

1) while the one on the right is for a non-metallic case (model 2). Individual parameters extracted are also 

shown.
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FIG. 5.10 Temperature dependence of corrected carrier concentration data for the conduction band («;) and 

for the impurity band («2) compared with the Hall data («//), of samples C063 and C234, using the two-band 

transport theory developed for models 1 and 2 respectively. The graph on the left represents the metallic 

case (model 1) while the one on the right is for a non-metallic case (model 2). Individual parameters 

extracted are also shown.

The plots of the extracted «y, «2 and the measured carrier density Hh , are shown in Fig, 5.10 

above. From the above graph several interesting points arise. Again, the carrier concentration is 

affected by the IB conduction over the full temperature range for the metallic sample C063 and 

below 140 K the measured carrier density is almost identical with the concentration of mobile 

electrons in the impurity band. On the other hand, the electron density My for sample C234 tends 

to be similar with the measured Hh in the high-T limit and it only deviates below 150 K where IB 

conduction takes over. Thus, IB effects on the conduction band quantities My and /iy are more 

pronounced in the highly doped metallic samples. In Fig. 5.11, the general trend (see also Figs. 

5.7 and 5.10), that the minimum in Myy, is smoother and shifts to higher temperatures with 

increasing Nd is shown. The solid line shows the boundary between the two competing 

conduction processes. The scatter of data around the average line may be due to the different 

compensation ratios in the samples. The shift in can be explained by considering the 

condition M,/z, = at the minimum. We know that if Nq increases then M2 and ^ 2  increase, but 

at the same time //y decreases due to stronger scattering; therefore if the right hand side increases. 

My has to increase for the same condition to be always true. This of course occurs at higher 

temperatures according to the exponential distribution of electrons (see section 3.3) and therefore 

the minimum shifts accordingly.
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FIG. 5.11 Variation of the minimum in Hall carrier density, as a function of room temperature Hall density 

for the samples studied in this work. The solid line shows the boundary between the two transport regimes.

Note that the minimum tends to disappear in the highly doped samples (Fig. 5.7) and this is 

consistent with IB merging with the bottom of the conduction band. Samples C238, C005 and 

0658 appear to justify this, with free electron concentrations of Uh > 5xlO'* cm'^, which is in 

close agreement with the previous theoretical estimate of 6x l0 ’* cm'^ (section 5.2).

Carrier freeze-out is observed for the conduction band electrons and it is the kind of distribution 

we should expect with the application of Fermi-Dirac statistics. On the other hand, the 

concentration in the impurity band starts to increase with reduced temperature, since the 

conduction band electrons fall back to their parent donors and re-populate the IB; finally it 

reaches a saturation point where all the electrons are in the impurity band {No - A(̂ ).

Unlike model 1, model 2 is self-consistent and does not include any distribution statistics for the 

extraction of rij and p,, hence we have used the theory presented in chapter 3 to fit the extracted 

data. The theoretical fit of for sample C234 is in excellent agreement with the deconvoluted 

data and the obtained parameters agree well with those found in the literature.

Although the scope of this chapter was not to analyse each sample, but to present the models that 

we will apply in the subsequent chapters in explaining the spatial distribution of electrons, it is 

evident from the two samples analysed in Fig. 5.10, that the activation energies of the donors tend
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to decrease with increasing doping. These energies determined from the analysis are consistent 

with the donor binding energy predicted by the Rydberg quasi-hydrogen model [47]:

which gives E  ~30 meV when taking £5 = 10 and rn = 0.22/tîq . This reduction of the activation 

energy when the doping concentration increases can be explained by the finite overlapping of the 

donor wavefunctions with nearby donors, which causes broadening of individual electron levels 

to form the impurity band. A donor level broadens symmetrically above and below its original 

position and thus the values of AE^ become smaller. Similar behavior has been reported for other 

semiconductors e.g. Si and Ge [48] and this issue will be discussed in later chapters.

The two models of impurity band conduction seem to be valid for samples which are above or 

just about the Mott concentration for metallic conduction. However, some researchers have 

proposed another model of parallel conduction occurring in a highly degenerate thin layer 

between the GaN and sapphire interface for materials grown by specific techniques (HVPE). The 

properties of such a layer are not readily identified and certain experiments would be needed to 

probe this region and investigate its importance related to the overall conduction mechanism in 

our layers. Thus the next chapter investigates such an issue by examining the distribution of 

carriers in certain samples by sequential plasma etching of the surface regions.
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Chapter 6

Interface studies in undoped GaN

"If a man will begin with certainties, he shall end in doubts.

But i f  he will be content to begin with doubts he shall end in certainties. "

- Francis Bacon

The model of impurity band conduction seems to be valid for samples which are above or just 

about the Mott concentration for metallic conduction. However, some researchers have 

proposed another model of parallel conduction occurring in a highly degenerate thin layer 

between the GaN and sapphire interface.

Look and Molnar [1] investigated the Hall effect at different temperatures in HVPE GaN layers 

and observed the same behaviour as described in chapter 5. The electron concentration in their 

samples was around mid-lO’^cm'  ̂ and in order to explain the minimum in n^ , they used the 

two-layer equations (section 5.4.1) and made different assumptions than ours. Their assumption 

that the low temperature data for the carrier concentration and mobility were representative of 

the properties of the interface layer (wj, ^ 2 ), for the whole temperature range (T-independent), 

was only recently confirmed in an HVPE grown GaN layer [2].

In this chapter, in order to directly probe the properties of the interface, we have performed 

temperature-dependent differential Hall measurements, on an undoped GaN epitaxial layer 

grown by MOCVD on a sapphire substrate. The resultant depth profile shows that the epitaxial 

material is mostly insulating, and that the observed thermally-activated conduction arises from 

an interface region < 0.65 pm thick. Comparison with cross-sectional TEM micrographs and 

SIMS analysis suggests that this conducting region correlates with the highly defective three- 

dimensional growth region, while the 2D growth mode beyond this thickness corresponds to the 

insulating portion, with a lower dislocation density. Such behaviour is consistent with the 

presence of an impurity band in a heavily-doped interface region formed by oxygen out- 

diffusion from the substrate.
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6.1 Differential Hall-effect (D-H) technique

One of the standard methods used for the electrical assessment of semiconductor materials is the 

Hall effect described in section 3.2, in the Van der Pauw approach. In this, values for the sheet 

carrier concentration and Hall mobility are deduced from sheet resistivity and Hall voltage 

measurements. However, the concentration and mobility of the carriers often vary as a function 

of depth through the conducting layer, and knowledge of this variation is of immense 

importance for device applications. This is especially true for thin GaN layer structures made by 

epitaxy, where abrupt interfaces between high and low doped regions or specially tailored 

profile shapes may be required for specific applications. Whatever the application, the doping 

profile is necessary both for a complete assessment of the material and for device modelling. As 

such several Hall profiling techniques have been developed using a variety of approaches [3]. In 

this work knowledge about the distribution of carriers near the GaN/sapphire interface region 

would be of great importance for explaining the observed complex behaviour within the 

framework of our transport modelling.

If the concentration and mobility of carriers vary as a function of depth through the layer, then 

the sheet values obtained are both weighted averages of the local carrier density n(d) and the 

local mobility jj(d). A depth-profiling experiment can be carried out by removing thin layers of 

material from the surface of the sample in between successive Hall measurements. In this work 

the removal of those layers is achieved by reactive ion etching, using a SiCfi plasma as 

described in chapter 4.

This then can be thought of a structure of thin homogeneous parallel conducting (or non

conducting as we shall see later) layers with local and local , and the quantities Gs and Rhs 

for the total structure can be described by the multi-layer equations (5.9) and (5.10) discussed in 

the previous chapter.

In reverse, since we know the total transport parameters, values for the local carrier 

concentration and mobility can be found from the sheet measurements made at discrete depths 

using an approximation to the two layer equations. This is achieved by rearranging equations 

(5.11) and (5.12) for the mobility and carrier density, so that we can characterise the sample in 

layers of thickness 5d, equal to the etching thickness. Then we can obtain the average volume 

carrier density, Uy, and mobility, Hr, within each of the removed layers:
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(&1)

Mr  =
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where Hsb and ///,, are the Hall sheet carrier density and mobility o f  the sample, measured before 

an etch step, and risa and are the same parameters measured after the etch. A typical 

schematic cross-sectional view o f the sample structure for the etching experiments is shown in 

Fig. 6.1.

This method is subject to no fundamental limitations in depth or doping level, though in 

practice, the main limitation is that in evaluating Eqs. (6.1) and (6.2), small differences between 

large quantities have to be found. This in turn restricts the application o f these measurements to 

conducting layers on high-resistivity substrates like //-GaN. If substantial errors in //̂  and /Jr are 

to be avoided, then the etching step Sci, has to be kept sufficiently large (> 0.1 pm).

S d  f i r  , Ur)
J Usa GaN

FIG. 6.1 Schematic diagram showing the cross sectional structure used for Differential Hall

measurements.

6.2 Electrical profile of undoped w-GaN

So far, we have seen that a long-standing controversy surrounds the interpretation o f electrical 

transport measurements on GaN epitaxial films, concerning the origin o f the quasi-metallic 

conduction seen at low temperatures (< 40 K). The similarity between the low temperature 

carrier density and the thermally-activated value obtained at 300 K [4] suggests that the 

mechanism is ionisation o f electrons from an impurity band [5, 6], whereas measurements on 

layers o f different thickness [7], and differential Hall profiling [8], have suggested that the
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metallic conduction occurs in a high carrier density interface layer close to the substrate. The 

latter picture is consistent with considerations of the effects of spontaneous polarisation in these 

layers [9], where high-density surface and interface regions of opposite carrier type may be 

created.

This section reports the determination of the carrier density profile of a GaN sample, together 

with cross-sectional TEM imaging and SIMS measurements, which may help to clarify this 

issue. The particular sample used for this work is CO 19, a high-resistivity GaN layer grown by 

MOCVD; it nevertheless showed significant conduction, which the depth profiling revealed as 

being present only close to the substrate-epilayer interface. Although the presence of such a 

conducting region has been inferred from comparison of samples with different thickness [1], or 

from a depth profile through conducting material [8], this appears to be the first study of 

interface conduction in isolation, and the first to demonstrate that this region can show activated 

conductivity. Recent Fermi level analysis using scanning probe microscopy [10, 11] has been 

interpreted as showing the existence of material containing an impurity band close to the 

sapphire substrate in a GaN layer, and the present results support this picture. Thus epitaxial 

GaN layers are likely to contain a variety of parallel conduction paths, both within the bulk and 

at the interface, whose relative contributions to the overall conduction will depend on the 

precise growth conditions used, including substrate type, growth temperature, doping level and 

nucléation technique.

The sample studied here is an unintentionally-doped GaN layer grown on a sapphire substrate. 

After depositing a 27 nm low temperature GaN nucléation layer, 2.7 pm of GaN was grown at 

1030 °C and 100 torr. In-situ laser reflectivity measurements indicated a transition in growth 

mode of 3D to 2D during the initial 0.75 pm of epilayer growth. The resulting layer quality is 

good as judged from the X-ray diffraction (0002) rocking curve width of 230 arcsec, and a 

dislocation density of 2x10^ cm (see Fig. 6.5) as measured by plan-view transmission electron 

microscopy. The layer was processed into a square van der Pauw pattern with Ti/Al ohmic 

contacts as described in section 4.2.1 and Hall effect and resistivity measurements were 

performed between room temperature and 10 K. The contacts were then masked with 

photoresist drops, and the layer was subjected to a series of plasma etches, with ~ 0.5 pm being 

removed in each etch. The uniformity of the etching across the sample appeared to be good. The 

measurements made on the sample after etching, using a surface profiler show that the 

uniformity across the whole of the sample (contact pad to contact pad) has an error of less than 

10%. Figure 6.2 shows a typical depth profile for this sample after three consecutive etching 

steps. Electrical characterisation was performed between each of the etch steps, allowing the
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depth dependence o f carrier density and mobility to be obtained (albeit with relatively low 

spatial resolution).

I surface region
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FIG. 6.2 Etching uniform ity profile across sample CO 19, after the third etch.

6.2.1 Results

Figure 6.3 shows the temperature dependence of the sheet carrier density determined from the 

Hall effect, for the unetched layer (hereafter referred to as “as-grown”), and after 5 successive 

etches. As we have seen in chapter 5, the presence o f the minimum at -9 0  K is characteristic of 

samples containing parallel conduction mechanisms, namely in the conduction band and in an 

undefined channel [4-6, 12]. The most important point to note from this data is that, apart from 

some scatter in the data at low temperature, there is essentially no change in the Hms curve for 

the first four etches, which remove 2.05 pm of GaN. This implies that the material removed was 

making no contribution to the total conductivity o f the sample, i.e. it was insulating, and thus, 

some portion o f the remaining 0.65 pm is responsible for all the measured conduction. On top 

o f that, this conductivity in the last 0.65 pm is thermally activated. The fifth etch, down to -0.25 

pm, changes the shape o f the curve slightly, indicating that some conducting material has been 

removed. This places the boundary between the conducting and insulating regions o f the film in 

the range 0.25 - 0.65 pm from the interface. Although the carrier density after this etch could 

not be determined below 60 K, its trend suggests that the low temperature limit is unchanged, 

within the experimental scatter, whilst the temperature o f the minimum in the curve shifts in a 

manner consistent with the approach o f a region containing higher density o f donors as 

described in Fig. 5.11.
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50 100 150 200 250 300
T(K )

FIG. 6.3 Temperature dependence of the Hall sheet carrier density for the as-grown layer and after 5 

successive etches. The legend shows the remaining thickness after an etch step.

The data in Fig. 6.4, show the corresponding Hall mobility against temperature, where again the 

mobility for the first four etching steps is unchanged; after the fifth etch is lower than for the 

preceding etches. Unfortunately, it was not possible to measure the sample after performing a 

further small etch step.

6 100 u

2.70 gm 

2.35 nm

—  1.45 |im

1.05 nm

0.65 nm

- — - — 0.25 nm

300

FIG. 6.4 Temperature dependence of the Hall mobility for the as-grown layer and after 5 successive

etches.
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The defect structure in the layer was examined using TEM. Bright field imaging showed that 

the dislocation density is not more than 2x10^ cm'^. In the low magnification cross-sectional 

image, Fig. 6.5, it can be seen that the dislocation density decreases with increasing thickness of 

the epilayer, with very few of them extending beyond -0.75 pm from the interface. Higher 

magnification (Fig. 6.6), shows that most of the dislocations are concentrated in the nucléation 

layer, -30 nm from the interface, and that up to -  0.75 pm thickness, the dislocations have bent 

or stepped components, whereas beyond this point, they propagate normal to the interface.
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500 nm

g
Sapphire

FIG. 6.5 Low magnification bright field TEM image o f  CO 19 showing decreasing dislocation density with

increased epilayer thickness

200nm

A, /

Sapphire

FIG. 6.6 High magnification bright field image showing bent and stepped dislocations near the

sapphire/GaN interface.
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6.2.2 SIMS analysis of C019

Secondary ion mass spectroscopy (SIMS) experiments can shed light on whether the measured 

donor and acceptor concentrations, by the Hall effect, are due to intentional impurities or native 

defects or both. Since there are issues surrounding GaN being doped with residual oxygen (O) 

[13] or Si [14-16], in substitutional or interstitials sites next to a vacancy, SIMS could be helpful 

in clarifying this issue. Oxygen substitutes for nitrogen behaving as a donor in GaN since the 

proximity of their atomic radius, when replaced, should generate a singly ionisable donor. On 

the other hand. Si could occupy either a Ga or an N site depending on the growth conditions or 

dopant concentration.

In Fig. 6.7, SIMS profiles (from Thales Research & Technology, France) are shown for sample 

CO 19. Specific impurities probed were nominally O, Al, and Si. Both O and A1 concentrations 

drop rapidly away from the surface, down to about 10̂  ̂cm'^ for O and below 10*̂  cm'^ for Al, 

mainly due in part to the artifact of the technique and in part due to surface contamination being 

driven in. The detection limit for O was about 4x l0 ’̂  atoms/cm^. Therefore the depth profiles 

for these samples represent the upper limit of these elements in these samples. The depth profile 

shows a constant [O] concentration of ~ 2x10’  ̂ cm'^ for the first ~2.0 pm from the surface 

which then increases to 1-2x10'* cm'^ at 0.2 pm away from the interface.

I
a

10'
oxygen
aluminium

1 st etch 2nd 3rd 4th 5th
10'®

10 '®

10 '®
2.5 2.0 1.5 1.0 0.5 0.0

Layer thickness (pm)

FIG. 6.7 SIMS profiles for O concentration [O] and Al concentration [Al] in an undoped GaN/AbO] 

layer. The interface is at depth = 0; (data form Thales Research & Technology, France).
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These values are consistent with the electrical results as we shall see later and support the 

oxygen diffusion picture well. Note that if we had assumed that the whole layer (2.7 pm) was 

conducting this would have led to an underestimation o f the volume electron density in the 

material. The etching experiments showed that the conducting region extends to between 0.25 

and 0.65 pm into the layer, and beyond this, the material is insulating (for the particular growth 

conditions employed here). Hence the true volume density in this sample is given by the two 

last etched layers at 0.6 and 0.25 pm from the interface. Since an interpretation o f the raw as- 

grown data is not justified in this case, we assume that the properties o f the remaining layers 

after the fourth and fifth etches are representative o f the whole layer, and the impurity band 

analysis can thus be applied. For this reason the sheet densities after the fourth and fifth etches 

are divided by their respective conducting thicknesses o f -0 .60  and 0.25 pm and are plotted in 

Fig. 6.8 below. It can be seen that in the region -0 .25 pm (5th etch curve) from the interface, 

the volume electron density is higher than in the former region -0 .60  pm. This is in direct 

agreement with the SIMS data o f Fig. 6.7 where the [O] concentration starts to increase in this 

region (see later).
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FIG. 6.8 Analysis based on the impurity band model (left) for the two remaining conducting layers after 

the 4'*' and 5“' etches. The measured volume concentration Hh, for the two regions is shown and the 

deconvoluted conduction band carrier density n, (data points) for the two regions together with a 

theoretical fit (solid lines) are also displayed. The graph on the right shows the D-H analysis (Eqs. (6.1) 

and (6.2)) for the -0 .40  pm removed layer between the 4‘'' and 5‘'' etches. The extracted parameters o f  this 

layer n,- and //,. (data points) and their theoretical fit (solid lines) are shown.
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An attempt to apply the D-H model, in order to extract the properties o f the removed layer 

between the fourth and fifth etches, is presented in the right graph o f Fig. 6.8. It represents the 

electron density tir and mobility /Jr o f the removed -0 .40  pm GaN layer after using Eqs. (6.1) 

and (6.2). Note that IB effects are minimised in the resulting rir which means that this region has 

an insuffieient number o f donors and/or high compensation to achieve impurity band 

conduction.

The result o f the IB analysis (only nj is shown), using model 2, is shown in the same figure (Fig.

6.8) and it has identical features with Fig. 5.10 shown in the previous chapter. That is, the 

extracted conduction band carrier densities are almost identical with the raw data at high-T for 

the less doped samples. The remaining conducting region (0.25 pm) after the 5‘’’ etch contains 

more donors than the 0.6 pm region and thus impurity band conduction effects are enhanced.

The D-H analysis o f the 0.40 pm layer is probably more realistic than the IB for the 4th etch 

(0.6pm) data. It is interesting to note that the 0.60 pm data in Table 6.1 lie between the 0.25 and 

0.40 pm sets, as we would expect from an average over these two regions (which is what the 0.6 

pm result is).
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FIG. 6.9 M easured electron mobilities and analysed by the impurity band model 2, for the two remaining 

conducting layers after the 4“' and 5“' etches. The measured apparent jlih, for the two regions is shown and 

the deconvoluted conduction band ju, (data points) for the same regions together with a theoretical fit 

(solid lines) are also displayed.
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The apparent mobilities of the two regions are given in Fig. 6.9 and we again observe that the 

deconvoluted conduction band mobilities are always higher than the measured two-band. In 

addition, the extracted mobility fj,i after the fourth etch is higher compared to the one after the 

fifth and is related to the fact that the remaining region after the last etch contains a higher 

density of defects and more scatterers.

From the fitting of the mobilities ///, we can obtain the number of compensating acceptors in 

those regions and from the fitting of the n /s in  Fig. 6.8 we acquire the donor concentrations and 

activation energies. These quantities are given next in Table 6.1 for all analysed cases. The 

fitted parameters on the table show that the donor and acceptor concentrations increase when we 

move from the thicker remaining layer (0.60 pm) to the thinner one closer to the interface. The 

donor values are in excellent agreement with the [O] concentration from the SIMS data which 

also show an increasing [O].

Furthermore, the value of the free electron density below d < 0.6 pm correlates well with the 

[O] profile provided we take into account the compensation; then we would expect that 

n < N ^ - N ^ K  [O] -N ^ <  [O], and with the values from Table 6.1 we have n < 4.5x10’  ̂ cm'^ 

which is always true from Fig. 6.8 (left). The need to explain why the rest of the material is 

insulating despite the fact that the surface region is oxygen-doped in the ~ 2 x l0 ’  ̂ cm'^ range, 

requires some compensating acceptors, at a similar sort of level. Given the sort of values for Na, 

we extracted from the fits, which are above 2 x l0 '̂  cm'^ in the interface region, we can 

realistically obtain the answer to that.

Regions Model Na (cm '  ) Nd (cm‘̂  ) Ed (meV) N  A /  No

0.60 pm IB analysis (model 2) 6.5x10’^ l.lxIO'* 6.6 0.59

0.25 pm IB analysis (model 2) 1.1x 10^̂ 2 .1x 10’^ 8.9 0.52

0.40 pm D-H model 4.0x10*^ 5.8x10*^ 4.7 0.69

Table 6.1 Fitted parameters from rir vs T  and vs T data for each of the three regions. Acceptor 

concentrations are deduced from the mobility fit while the donor concentrations, and ionisation energies 

are fitted with the charge-balance equation (Eq. 3.54).
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This high Na has probably its origin in the dislocation cores and drops as we move towards the 

surface (Fig. 6.5) otherwise the sample would have /?-type characteristics. The reader must note 

that those fitted parameters represent average values and are not accurate enough in this case 

since, as seen in the SIMS data, the O doping in the studied regions is not uniform but increases 

exponentially. The activation energies for the three regions are in the same range (few meV) and 

are in close agreement with the theoretical values for both Si and O impurities which fall in the 

range 29-34 meV [17]. Other temperature dependent Hall effect measurements indicated that 

oxygen donors are shallow with thermal ionisation energies ranging from: 4-29 meV [18, 19].

6.2.3 Discussion of results

Initial growth on the sapphire substrate seems to result in a heavily defective region up to ~ 0.75 

jim from the interface, with high dislocation and point-defect densities; the in-situ reflectivity 

measurements indicated that the transition to 2D growth also occurred close to this thickness. 

The high sheet density of mobile charge, present in the conducting region, is possibly arising as 

a result of the inherent doping action of these defects, but more likely in the present case coming 

from oxygen out-diffusion from the sapphire substrate [20]. Since the dislocation cores act as 

easy diffusion paths, the correlation between the conducting and defective regions can be 

understood on this model. We therefore suggest that O induces a shallow donor level and is the 

source of the residual «-type conductivity in the studied unintentionally doped GaN, in 

agreement with theoretical predictions and experimental findings. Several secondary ion mass 

spectroscopy (SIMS) studies of unintentionally doped GaN have observed large concentrations 

of O and Si [18, 21, 22]. The source of oxygen was believed to be in the ammonia precursor 

used for metalorganic vapor phase epitaxial (MOVPE) growth. In our case this would hold only 

if O was decorating the dislocations, otherwise it would be constant throughout the epilayer, not 

decaying with increased distance from the interface as the SIMS show. In contrast, the rise in 

the concentration near the substrate could also be related to an artifact of the SIMS due to small 

pinholes-type defects, and not necessarily diffusion of Al and O into the GaN, although there is 

no direct evidence of this from cross-sectional studies. The energy levels corresponding to the 

donor states near the interface form an impurity band of sufficiently high density (>10’  ̂ cm" )̂ 

that IB conduction is possible at low temperatures, where there is a freeze-out of free carriers 

into these states.
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FIG. 6.10 Schematic band diagram illustrating the Fermi level alignment between the conducting 

interfacial region and the insulating bulk GaN epilayer. Circles indicated neutral donors, while plus and 

minus signs represent ionised donors and acceptors respectively.

Figure 6.10 shows the schematic band alignment between the two regions, the insulating bulk 

and the conducting near interface region. The bulk region is completely compensated and the 

Fermi level lies near midgap. The high density o f randomly placed O donors at the interface 

forms an impurity band and at equilibrium, the Fermi level adjusts itself and aligns the bands in 

the two regions. Using N ilsson’s approximation Eq. (3.43), the Fermi level at 300 K was 

calculated at -6 0  meV below the conduction band minimum.

The gradual reduction in dislocation density away from the interface is consistent with the 

observed increase in mobility in this direction. This picture o f impurity band conduction in the 

interface region is supported by the STM measurements reported in [10], where tunnel-current 

measurements implied a highly conducting interface region ~ 0.3pm thick, in which the 

conduction was ascribed to a partially filled donor band. Our observations indicate that thermal 

activation o f electrons into the conduction band can occur in the interfacial region in the same 

way as for bulk GaN, and this region should not simply be treated as a metallic sheet o f charge, 

as previously assumed [1]. This opens up the possibility o f a more complete, if  at the same time 

more complex, understanding o f the various conduction processes involved m electron transport 

in GaN.
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6.3 Conclusions

In summary, differential Hall measurements have been performed in the temperature range 10 -  

300 K on an MOCVD-grown GaN layer on sapphire. Etching down to ~ 0.65 pm thickness 

produced no change in conductivity, showing that the non-intentionally doped epitaxial material 

was insulating. The remaining interfacial region exhibited thermally-activated conduction 

similar to that expected for bulk GaN containing an impurity band, and it is suggested that 

oxygen from the substrate may diffuse within the disordered interface region, creating the 

donors responsible for the formation of this band. The electrical profiling results showed a good 

correlation with cross-sectional TEM images and SIMS experiments which confirmed the 

presence of this highly defective interface region, with a transition from bent or stepped 

dislocations to a significantly lower density of straight threading dislocations at a thickness of 

-0.75 pm, where 2D growth commenced. Thus, in general, a combination of both competing 

models for the origin of mixed conductivity in GaN, i.e. via ‘bulk’ impurity bands or via highly- 

conducting interfacial layers, with thermal activation processes present in both these cases, 

appears to be required for a full understanding of electron transport in this material.
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Chapter 7

Depth profiles in highly doped GaN

The fact that the parallel conduction behaviour in unintentionally doped GaN has its origin in 

the interface makes the interpretation of deliberately doped (Si) samples somewhat difficult. In 

other words the same observed behaviour in Si-doped samples could have two origins: (i) the 

interface region as described already and/or (ii) the Si-doped region exhibiting a metallic 

impurity band for the reasons discussed in chapter 5. For heavily doped samples above the Mott 

limit, an impurity band in the doped region would be naturally expected, but for samples with 

less doping than that required by Mott, the identification of the origin of parallel conduction is 

complicated.

In this chapter, combination of plasma etching with Hall-effect and resistivity measurements 

between 10 and 300 K has enabled us to study the depth distribution of conduction in silicon- 

doped GaN epitaxial layers grown on sapphire substrates by two different MOCVD processes. 

Reduction of the epitaxial layer thickness produces a linear decrease of the sheet carrier density 

with depth in the doped region, whilst in one sample, in the region less than ~ 0.3 pm from the 

interface, the sheet carrier density tends to flatten out to a value of -3x10^^ cm'^. The former is 

indicative of a uniform dopant distribution in the epitaxial material, and the latter reveals the 

existence of mobile charge near the interface. These experiments allow the properties of the 

doped material to be deconvoluted from those of the interface region, and the temperature- 

dependence of these properties indicates the presence of two parallel conduction paths in the 

doped material: the conduction band and an impurity band. Thus a full analysis of GaN epitaxial 

layers is shown to require consideration of multiple parallel conduction processes, at the 

interface and in the bulk.
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7.1 Introduction

The scanning Kelvin probe microscopy experiments of reference [1] and the depth-profiled 

temperature-dependent Hall measurements of chapter 6 and [2], have independently suggested 

the existence of a compensated donor impurity band near the sapphire-substrate interface. In 

Ref. [1], the Fermi level in the interface region was shifted 50-100 meV deeper into the bandgap 

than that in the bulk region and this lowering was explained by the presence of a compensated 

impurity band in the dislocated interface region. Earlier SIMS measurements [3] had suggested 

that the donor-like impurities are oxygen atoms diffusing from the AI2O3 substrate and 

decorating the dislocations, while the compensating acceptors are probably Ga vacancies (Vca) 

[3-5]. In the depth-profiling experiments [2], plasma etching through the sample produced no 

change in the sheet carrier density with decreasing thickness until < 0.6  pm from the interface; 

this remaining region displayed thermally-activated conduction which had the temperature- 

dependent Hall characteristics of parallel conduction in the conduction band and an impurity 

band, as seen in bulk GaN.

These earlier results concerned only unintentionally-doped samples; however, in this chapter’s 

work, we have investigated the transport properties of two highly Si-doped GaN layers, by 

depth-profiling Hall effect experiments. This technique allows us to deconvolute the electrical 

properties of the Si-doped regions from those of the interface, and to show unequivocally that 

multiple parallel conduction paths exist within the samples. We have applied a two-layer 

analysis to the temperature-dependent Hall measurements at each successive etch step, allowing 

the evaluation of and iih(T) for each removed layer. Based on this approach, we provide 

evidence not only for a highly conducting region within -0 .3  pm from the interface, but also 

for the existence of an impurity band in the Si-doped region which, in some circumstances, can 

dominate over the interfacial region in determining the transport characteristics of the sample. 

These results suggest that the standard two-band interpretation of transport in GaN layers, as 

used in most previous investigations, is a considerable oversimplification of the real situation.

The GaN layers used in this study were grown on sapphire substrates by low-pressure MOCVD 

using trimethylgallium and ammonia in two different Thomas Swan close-coupled showerhead 

reactors, both at Ghent University in Belgium. Growth processes based on a two-temperature 

technique were used (see for instance [6]). Following a thin, low temperature GaN nucléation 

layer and a ~ 0.2 pm undoped GaN buffer layer, the GaN material was doped using silane 

(SiH4) at two different levels, giving approximate electron concentrations of 2 .5xlO’* cm"̂  and 

5 xlO’  ̂cm'^ for samples G666  and G038 respectively.
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The growth process used for sample G038 has been shown to lead to better material 

microstructure with lower threading dislocation density [7]. Again, the samples were processed 

into square van der Pauw patterns (5x5 mm^) with evaporated Ti /Al ohmic contacts, and Hall 

effect and resistivity measurements were performed between room temperature and 10 K in 

between successive etches. Stylus scans after each etch step showed that the craters were 

reasonably smooth.

7.2 Results

The Hall sheet carrier density, Hhs, and Hall mobility, of samples G666 and G038 are shown 

in Figs. 7.1(a,b) and 7.2(a,b), respectively, as a function of temperature. The repeated curves in 

all four figures correspond to measurements on the as-grown layer and after performing each 

etch step.

Figures 7.1(a) and 7.2(a) show that the Hall sheet carrier density decreases from its value at 

room temperature and goes through a minimum before increasing again at lower temperatures. 

At the lowest temperatures (below 40 K in Fig. 7.1(a) and 20 K in Fig 7.2(a)), Hhs saturates at a 

constant value. The mobility behaves qualitatively as expected, increasing as the temperature 

falls due to reduced phonon scattering, and then falling at low temperatures in the ionised 

impurity scattering regime; however, the quantitative dependencies cannot be explained by 

standard scattering theory. This kind of behaviour in Hhs and fin is characteristic of the presence 

of conduction both in the conduction band and in a parallel path which is metallic at low 

temperature. Analysis of this type of data in terms of the temperature dependent carrier densities 

and mobilities in each of these channels has been described in chapter 5 for two as-grown 

samples on the basis of a two-band model [4, 8, 9], but as the discussion of our depth-profiling 

results in the following section will show, the situation is generally more complicated.

7.2.1 Etching Results

In the surface region of these samples, there is a reduction in sheet density with etching, which 

depends linearly on thickness. In sample G666 (Fig. 7.1(a)), the first and third etches have 

removed ~ 0.24 pm and 0.26 pm respectively and we observe similar decreases in carrier 

concentration, in each case. The second etch removes half of that thickness (0.12 pm) and 

removes half as many carriers as well; similar behaviour is seen in sample G038 (Fig. 7.2(a)). 

This is indicative of a uniform dopant distribution. The linear dependencies are shown in Fig.

7.3 (from 1.18 to ~ 0.3 pm for G666) and the first three etch steps (from 2.17 to ~ 0.3 pm) for
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FIG. 7.1 Temperature dependence of (a) the sheet carrier density, Hhs, and (b) the carrier mobility, as 

measured by the Hall effect after each consecutive etch for sample G666. • ; as grown, 1.18 pm thick; a : 

after first etch to 0.94 pm; ■ : after second etch to 0.82 pm; t : after third etch to 0.56 pm.

0038 and correspond to the Si-doped regions of the GaN epilayer.

To further confirm that the stylus scans give the correct removed layer thickness we used the 

numerical approach of DeSalvo et al. [10] which only holds for uniformly doped 

semiconductors. That is :

Sd = (A »oi - Mi ^ui) 
//q 0̂

(7.1)

where //o and no are the initial mobility and volume carrier concentration measured before any 

etch (as-grown) and //,, and are the mobilities and sheet carrier densities of the first

and second etches respectively. For the first etch in 0666 the stylus scans measure a removed 

thickness of ~ 0.24 pm and this analysis predicts 5d = 0.237 pm. For the second etch, our 

equipment measures a reduction in thickness of ~ 0.12 pm and the analysis yields 5d = 0.116 

pm. Hence, the agreement we get using this equation is excellent and again proves the 

uniformity of the doping in those layers.
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The repeated decreasing low temperature degenerate sheet carrier density, implies that the 

etching removes electrons from an impurity band in the doped region, since if the interface 

region was responsible for this behaviour we would expect this low-T curve to be always at the 

same value at each etch step. That is because the etching steps we took had not reach yet the 

interface region. Moreover, the repeated decreasing minima of Hhs indicate that, similar 

conduction amounts of carriers are being removed from the conduction and impurity bands at 

each etch.
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FIG. 7.2 Temperature dependence of (a) the sheet carrier density, Hhs, and (b) the carrier mobility, as 

measured by the Hall effect after each consecutive etch for sample G038. • : as grown, 2.17 pm thick; a : 

after first etch to 1.74 pm; ■ : after second etch to 0.81 pm; ▼: after third etch to 0.31 pm; □: after fourth 

etch to 0.08 pm. Dashed lines are a guide to the eye.

As noted earlier, the temperature-dependent Hall effect results imply parallel conduction; if an 

interface layer were responsible for this (as in chapter 6), we would expect the plots in Fig. 7.3 

to tend to a non-zero value, corresponding to the interface sheet carrier density, as we approach 

the substrate. Such behaviour is seen in this figure for 0038, where below 0.3 pm the sheet 

carrier density appears to flatten out at a value of ~ 2-3x10'^ cm'^. We have seen similar flat 

characteristics in the non-conducting portion of the undoped GaN layer [2] in the previous 

chapter and thus attribute the measured sheet charge to the interface region, and the flat part of 

Fig. 7.3 to the undoped bulk of sample G038. Unfortunately, we were unable to measure 0666
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below 0.3 )Lim, but our lowest measured etching results put an upper limit on the interface carrier 

density in this layer of -IxlO '^ cm'^. The difference in the behaviour of these two samples is 

ascribed to the differences in their growth conditions. Sample G666 corresponds to growth in an 

old Thomas Swan reactor and G038 in a "new" 3x2" reactor (of the first runs, growth process 

was still not fully stabilised). So the difference between the two kinds of layers is two fold: (i) a 

difference in the compensation factor (see later) and the nature of impurity and point defect 

(processes and reactor environment were totally different, e.g. T, V/III etc.) and (ii) a difference 

in the threading dislocation density (2xl0’® cm'^ for G666 and mid-10̂  cm'^ for G038, see also 

Table 4.1).

The mobilities also tend to decrease with decreasing layer thickness; in Fig. 7.1(b), the room 

temperature value falls from 250 cm^A^s in the as-grown layer (1.18 pm thick) to 180 cm^/Vs 

after the third etch (0.56 pm). On the other hand. Fig. 7.2(b) shows that fiu is higher in the as- 

grown, thicker sample, G038, (325 cm^A/ ŝ) and does not change appreciably between the as- 

grown and first etch values (2.17 to 1.74 pm). Flowever, below this thickness we observe a 

mobility reduction similar to that for G666. These results are consistent with published work 

[11, 12] showing that increasing layer thickness improves crystalline quality, and hence 

mobility. This is discussed further below.

— -----  300 K
 ----- lO KG666

I 20
o

g
Q

G038oD
W

0.50 1 1.5 2

Sample Thickness (pm)

FIG. 7.3 Apparent sheet carrier density against sample thickness for samples G666 and G038. • : n^s at 

300 K. a : U h s  at 10 K. Dashed and solid lines are guides to the eye.
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7.2.2 D-H analysis

Since we have confirmed that the Si-doping is uniform in those samples, the differential-Hall 

effect equations for the Hall carrier density and mobility can be safely applied to obtain the 

average volume carrier density, and mobility, fir, of each of the removed doped layers.

Note that since we know the thickness of the removed layers we can obtain the volume densities 

with rif̂  =riĵ  ̂/ Sd . Figure 7.4(a) below, plots the temperature dependence of Ur for each etch 

step for sample G666. For all three removed layers, the volume density is ~ 2.4 - 2.5x10’® cm'^ 

at 300 K, falls to a shallow minimum at -155 K, and approaches -  3xlO’® cm'® at 10 K. This 

indicates that all three regions are similarly doped, irrespectively of the etching thickness, and 

still contain two parallel conduction paths. Since this analysis has removed the effect of any 

parallel conduction at the interface, the observed behaviour in «// (7) must originate from a high 

density (> 3x1 O’® cm'®) impurity band in the Si-doped region. This gives rise to the metallic 

conduction seen at low temperature, and is the source of the activated conduction band carriers 

responsible for transport at high temperatures.
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FIG. 7.4 Plots of (a) volume carrier density, and (b) mobility, against temperature, of the removed 

layers for sample G666, using the analysis of Eqs. (6.1) and (6.2). • : surface layer (0.24 pm thick); ▲: 2nd 

layer (0.12 pm); ■ : 3rd layer (0.26 pm). Dashed lines are a guide to the eye.
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The extracted bulk carrier density, for sample G038 is plotted in Fig. 7.5(a). The first three 

layers correspond to the Si-doped region, with 300 K carrier densities of 4-5xl0 ’̂  cm'^ and an 

impurity band with 4-7xl0'^ cm'^ net donors occupied at low temperatures. The fourth step 

(0.23 |im layer), with a higher Hr of ~ 9x l0 ’̂  cm'^ at room temperature, is presumably an 

average over the remaining ~ 0.13 pm Si-doped material, the ~ 0.1 pm undoped spacer and part 

of the highly doped interface region. In contrast to G666, the shape of these curves is indicative 

of activated impurity band conduction in the Si-doped regions.

The mobility of the Si-doped regions of sample G666 is shown in Fig. 7.4(b). The 300 K 

mobility of the first etched layer (0.24 pm thick) is 325 cm^/Vs, drops to 230 cm^A^s in the 

second layer (0.12 pm) and to -200 cm^A/s for the third removed portion (0.26 pm). Figure 

7.5(b) shows the corresponding data for sample G038. Here, the near-surface mobility is 380 

cm W s at 300 K.
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FIG. 7.5 Plots of (a) volume carrier density, and (b) mobility, against temperature, of the removed 

layers for sample G038, using the analysis of Eqs (6.1) and (6.2). • : surface layer (0.43 pm thick); a ; 2nd 

layer (0.93 pm); ■ : 3rd layer (0.5 pm); v: 4th layer (0.23 pm). Dashed lines are a guide to the eye.

Over the whole temperature range, the mobility in sample G038 is almost unchanged for the 

first 1.4 pm of removed material, but then falls rapidly over the remaining 0.8 pm, as it does in 

layer G666. Comparison of the raw mobility data of the as-grown layers, with the data after the 

D-H method, shows clearly that there is an increase in the mobilities for the latter of a factor
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-1.3. This supports our earlier interpretation of Figs. 7.1(b) and 7.2(b) as showing that, as the 

layer thickness increases, there is an improvement in the material quality.

7.2.3 Impurity band analysis of the D-H results

The data obtained from the D-H analysis will allow impurity band parameters (No, Na, mobility, 

compensation etc.) to be extracted without errors from interface effects. To illustrate this, we 

have applied the impurity band analysis (sections 5.4.2 and 5.4.3) to the removed layers of both 

samples. To further strengthen the case, for each sample, we distinguish two cases; (i) the raw 

(as-grown), uncorrected data and (ii) the data obtained after the D-H analysis of Eqs. (6.1) and 

(6.2).

Sample G666

For G666, since the transport properties of all three removed layers are identical, applying the 

IB analysis in any of those would be representative of the whole Si-doped region. In this case 

we have chosen the 0.24 pm surface layer and the IB model which suits most its observed 

behaviour is model 1 for metallic samples. The application of degenerate statistics in the low-T 

mobility region yields an acceptor concentration ofTV̂  = 1.7x10’* cm .̂

Employing the procedure described in section 5.4.2 we obtain the conduction band carrier 

density ri/ and the Fermi level at 155 K for this layer. This then allows deconvolution of all 

parameters of interest to us, which are given graphically in Fig. 7.6. For the shake of clarity we 

only show the analysis of the removed layer, although the obtained parameters for both cases 

(raw and D-H) are compared in Table 7.1 (see later). The carrier concentrations for the 

corrected rir data and for the conduction and impurity bands «/, and «2 respectively are plotted 

on the left. The most striking feature of this figure is that the curves for «2 and rir below 150 K 

coincide and this means that the impurity band electrons in this temperature region totally 

dominate the conduction process.
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FIG. 7.6 Impurity band analysis based on model 1, for the first removed layer (0.24 pm) of sample G666. 

On the left, the extracted volume concentration rir, is shown for this layer and the deconvoluted 

conduction and impurity band carrier densities rij and «7 are also displayed. The graph on the right 

corresponds to the same analysis for the mobilities of the two bands, showing the as-grown data for 

comparison.

The electron population in the conduction band is much lower than the extracted rir, and follows 

the expected quasi-exponential nature of the Fermi-Dirac distribution, dropping by more than an 

order of magnitude, from 1.3xI0’  ̂ cm'^ at 300 K to 5.5x10’̂  cm'^ at 10 K. Note that even at 

room temperature the two competing conduction mechanisms have almost equal populations 

with «2 being slightly higher. Thus, impurity band conduction in this layer influences transport 

over the whole measurement temperature range and should not be taken into account only at 

low-T.

The corresponding mobilities are shown on the right graph of Fig. 7.6. It is seen that the values 

of obtained form the IB analysis are much higher than the corrected two-band data (D-H) 

which in turn are higher than the uncorrected raw data (as-grown). The room temperature, /// 

value of ~ 400 cm^/Vs is considered very high for the corresponding rij of 1.3x10’* cm'^ and 

when compared to the calculated theoretical values of Chin et al. [13] would imply a 

compensation ratio K  (=Na INd) of ~ 0.3, which is very close to the value of 0.39 obtained for 

this sample (Table 7.1), from the extracted Na and No, more recent analysis of samples very 

similar to those reported here (grown on the same reactor) [14] found a compensation ratio in
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the range 30-40%. The curve for the mobility /j.2  in the impurity band shows once again the 

weak temperature dependence of this quantity.

Sample G038

The behaviour of rir and jUr, for this sample, shows no metallic conduction at low temperatures 

and hence we assume that the donor density is below the Mott limit. In this case we can analyse 

the D-H data of the first removed layer (0.43 pm) with the second IB model which involves the 

activated impurity band case (model 2). The temperature-dependent electron concentrations and 

mobilities from this analysis are shown in Fig. 7.7. Since model 2 of the IB analysis is self 

consistent and makes use only of the two-band equations, it can provide us with the advantage 

of a separate fitting of both the extracted and //y, using the relevant theory of chapter 3.

From this we obtain the important quantities Na, Nd and Æ q, which are also displayed in the 

figure. The donor concentration for this layer is below the Mott limit at ~9.3xl0’  ̂ cm'^ which 

justifies our initial assumption for using model 2. Again the curves follow the general trend of 

the IB analysis and for this sample the number of the IB electrons is always higher than n j and

Hr.

The rir data for the removed surface layer fall in the same curve of the as-grown carrier density 

and this means that the interface charge has no effect on the Hall data and conduction is 

dominated by the doped portion of the material. This in turn suggests that the IB analysis could 

have been applied directly to the raw data. Note however, that the corresponding mobilities (/^ 

and jUas-growt) for the two cases are not the same. In fact below 130 K, /^=  âs-grown and above this 

fir is always higher. The similarity of the curves at low-T could imply that the total number of 

scatterers (dislocations and ionised impurities) in the top 0.43 pm region and in the whole of the 

doped layer is constant. This however does not necessarily mean that the individual numbers Na 

and Ndis / c, remain unchanged within the doped region.
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FIG. 7.7 Impurity band analysis based on model 2, for the first removed layer (0.43 pm) of sample 0038. 

On the left, the extracted volume concentration r/,., is shown for this layer and the deconvoluted 

conduction and impurity band carrier densities nj and ru are also compared with the raw as-grown data. 

The graph on the right corresponds to the same analysis for the mobilities of the two bands, showing the 

as-grown data for comparison. The theoretical fits (chapter 3) for rij and are also shown as the pale 

solid curve.

The discrepancy in the high temperature region could be attributed to a form o f scattering 

related with defects and strain fields and is going to be discussed in the next chapter.

When an IB calculation is performed in the as-grown data, we find that the n/„s-grow„ electron 

density and jUi„s-grown mobility, differ slightly from the «/ and jui o f  the D-H data. This can then 

explain the dissimilarity o f the fitted parameters (Table 7.1, sample 0038) o f those two data 

sets, despite o f their average superimposed values rir, A- and iias-grown, Mas-grown being similar. 

Actually, assuming that the bulk fitted acceptor concentration Na is to be constant within the 

doped region (at ~ 2 .7 x l0 ’  ̂ cm'^), in order to fit Mias-grown w e  would have to increase the number 

o f dislocations by a factor o f two at 4x10* c m '\  and this seems more realistic in this case. In 

contrast, if we assume that the number of dislocations is constant (2x10* cm'^) with depth, an 

increase in the number o f Na to 3 .8 x l0 ‘  ̂cm'^ would be required to fit the same data set. Clearly 

a TEM image showing the depth distribution o f the dislocations would shed some light on this 

issue.
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From the two last columns of Table 7.1, and comparing the D-H data, we see that increasing 

compensation reduces Æ d. However, in this case the reduction in AEd is mostly attributed to 

the difference in their respective donor concentrations with G666 having a higher No and lower 

AEj). This is a result of the increased potential energy of attraction between electrons and 

ionised donors [15] and the increased screening [16] of the ionised impurities by the increasing 

number of free electrons. Further discussion on this topic is given in chapter 8. In addition, an 

important point to notice is that the D-H analysis has had an additional effect on the activation 

energy, which in G666 decreases from ~2 meV to -0.85 meV and in sample G038 from -9.1 to 

4.6 meV. The smaller activation energies for the highly doped sample G666 are consistent with 

the onset of band merging at high dopant densities, where the electrons would move freely 

without apparent thermal activation.

Sample Analytical Case Na (cm '  ) Nd (cm '  ) AEd (meV) Na /  Nd

G666 As-grown data 2.9x10'^ 5.0x10'* 0.85 0.57

D-H data 1.7x10'* 4.3x10'* 1.9 0.39

G038 As-grown (same Na) 2.7x10'" 1.0x10'* 6.1 0.27

As-grown 3.84x10'" 1.1x10'* 4.7 0.38

D-H data 2.7x10'" 9.4x10'" 9.1 0.29

Table 7.1 Fitted parameters obtained from the IB analysis for samples G666 and G038. The analysis 

considers two cases for each sample: the raw as-grown data and those after the D-H method. Acceptor 

concentrations are deduced from the mobility fit while the donor concentrations, and ionisation energies 

are fitted with the charge-balance equation (Eq. 3.54).

The obtained donor concentration in sample G666 is 4.3xl0’  ̂ cm'^, and hence, exceeds the 

generally accepted value of critical donor density, Ncr = l-2x l0 ’  ̂ cm'^, above which metallic 

impurity band conduction in GaN is predicted using Mott’s metal-insulator transition model. On 

the other hand, in G038, No -  0.9-1 xlO’  ̂ cm'^ which is just below Ncr, and thus, on the face of 

it, metallic IB would not be expected, which indeed is the present case.

Now as far as the near interface region is concerned in G038, we can again use the D-H data of 

the last removed layer (0.23 pm) of Fig. 7.5 and apply our IB analysis. Note however, that not 

enough data points (Fig. 7.5) exist at low temperatures for a complete application of an impurity
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band model (since the carrier density flattens out and is expected to increase below 100 K). In 

view of this, we roughly assume that any parallel conduction in this layer will have a small 

effect in the high-T region and transport in the conduction band will be more important.

Hence if we apply the theory of chapter 3 for the mobility and carrier concentration in the high- 

T data, before the onset of parallel conduction, we could obtain the required parameters. This is 

shown in Fig. 7.8, which plots the average electron density and mobility for the layer that was 

removed between the third and fourth etch. As mentioned earlier, this thin 0.23 pm portion is 

composed of a ~ 0.13 pm Si-doped region (out of 2 pm in total) and of the ~ 0.1 pm undoped 

buffer (out of 0.17 pm in total) and the interface and hence those results are average weighted 

values of those three regions and should be dealt with certain cautiousness.
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FIG. 7.8 Electron carrier density and mobility for the near interface region of sample 0038. Data points 

are obtained from the D-H analysis and the solid lines correspond to the theoretical fitting of the data. 

Fitted parameters are also shown.

The Nd (4x10’® cm'^) and Na (1.8x10’* cm'^) values are both higher than those of the doped 

epilayer in Table 7.1. Such values are typical in GaN, considering the high density of defects 

and charged dislocations in this very thin region.

Finally, it is interesting to note that for both these doped samples (0666, 0038), depth profiling 

has revealed that in the as-grown state the sheet density of carriers in the impurity band
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significantly exceeds that of the interface region, and hence constitutes the dominant parallel 

conduction process. Thus the two-band analysis of the unetched samples, neglecting interface 

effects, in this case seems to give reasonably accurate results for the impurity band 

characteristics as seen in the calculations in Table 7.1. However, it is not possible to establish 

this a priori, and in general, parameters extracted using this simplification may still be in error, 

particularly for more lightly doped and thin material.

7.3 Conclusions

Summarising this chapter, we performed differential Hall effect measurements in the 

temperature range 10 - 300 K on two Si-doped MOCVD-grown GaN layers on sapphire. The 

depth-profiled Hall data show that these Si-doped GaN samples contain two parallel conduction 

paths; through an impurity band in the doped region of the structure, and via a highly-doped thin 

interfacial layer. The sheet carrier densities reduce linearly with thickness in the Si-doped region 

and indicate a uniform dopant distribution. Hall mobilities decrease with decreasing layer 

thickness, consistent with a degradation of material quality as the interface is approached. In the 

thinner film (G666), the interface effects become important and additional interpretation should 

be considered. We have performed an analysis that enables us to separate the transport 

properties of the Si-doped regions from those of the interface, and in this instance, the former 

are dominant. However, the possible simultaneous presence of both of these processes must in 

general be considered, in order to achieve an accurate analysis of the conduction mechanisms in 

GaN layers. In addition, it is instructive that much additional work will be required for isolating 

the interface properties with certain confidence and this is attempted in the following chapter.
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Chapter 8

Transport analysis of lightly doped GaN

"We are trying to prove ourselves wrong 

as quickly as possible, because only in that way can we find progress. "

- Richard Feynman

In the work of the present chapter, we have managed to measure and analyse two lightly silicon 

doped GaN epitaxial layers of high quality which were grown by two different MOCVD 

sources on sapphire substrates. To our surprise, temperature-dependent Hall experiments 

indicate classical donor freeze-out in the doped region and this was taken one step further by 

taking Hall measurements as a function of film thickness, with etching for those 1.62 pm and 

3.92 pm thick films. In contrast the depth profile measurements show that in the undoped buffer 

layer, the Hall electron density passes through a minimum before increasing again at lower 

temperatures. As already described, such behaviour is indicative of impurity band conduction in 

this region and this chapter presents a detailed analysis of those measurements, in terms of the 

spatial and energetic distribution of the mobile carriers, and the inherent scattering processes. 

Using a model based upon a doped layer with one type of shallow donor, plus compensating 

acceptors, in parallel with an interface layer which shows impurity band conduction, a 

simultaneous fitting of mobility and carrier concentration has been undertaken to quantify the 

contribution of different scattering mechanisms, and the densities of the donors and acceptors in 

the doped and near interface region were also found. Despite those interfaces being conductive, 

their effect on the overall transport properties of those samples is insignificant. Another 

important result is that for the carrier concentration fitting, when the temperature dependence of 

the activation energy is taken into account, the fitted energies are closer to those predicted by 

free and bound carrier screening. Finally the Fermi level was found to be in the range ~ 56-80 

meV below the conduction band at 300 K and moved closer to the donor levels at low-7.
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8. Transport analysis of lightly doped GaN

8.1 Introduction

We have seen that GaN epilayers are typically grown on lattice mismatched (14%) sapphire 

substrates which results in a very poor structural quality at the highly dislocated interface and in 

the bulk [1]. The properties of the interface have a detrimental effect in the transport parameters 

of the epitaxial material. Hall measurements in HVPE-grown GaN/Al203 layers have been 

interpreted as showing the presence of a thin, degenerate conducting layer in the interface 

region, and a two-layer model was used to separate the properties of the interface from those of 

the bulk [2, 3]. Since it is difficult to obtain a detailed knowledge of, at least, one of the 

constituent layers, for a precise quantitative description of the system, the two-layer model has 

relied on some assumptions (generally degenerate n and ju at the interface) which have only 

recently been supported experimentally [4].

As described in chapter 2, GaN grown on mismatched substrates by metalorganic chemical 

vapor deposition usually contains a low temperature GaN nucléation layer, followed by an 

undoped buffer layer, between the substrate and the active region of the epilayer. This results in 

a dislocated interface region with conductive properties, which depend on the growth conditions 

[5]. The nucléation layer (NT), in itself, is very likely not conductive at all [6]. Owing to the 

dynamics of deposition of GaN onto the NL (3D grains), the first 10 to 40 nm of the epilayer 

may be very conductive or not at all [5]. Also, we have to admit that a “scenario” of growth, 

(short or long anneal of the NL before the epilayer deposition, growth pressure or rate, V/III 

ratio), valid in one reactor shape, may be totally wrong in another (Cambridge and Ghent 

reactors). So one can build different “landscapes” of point-like or extended defects in the 

material. In addition, it was shown in chapter 6 [7, 8] that this interface conductive layer is not 

degenerate in nature but exhibits activated impurity band conduction, hence this situation causes 

additional difficulty in understanding the electron transport properties and a two-layer analysis 

is not suitable in this case.

In this chapter, continuing our earlier investigation of chapters 6 and 7 [7, 9] on the electrical 

properties of GaN layers, we have investigated the electron transport of two lightly silicon- 

doped GaN layers, by differential Hall (D-H) effect experiments. Significantly different 

behaviour was observed in these samples, and to aid the comparison, we summarise here the 

results of the previous experiments, which were performed (a) in unintentionally doped GaN 

layers [7, 8] and (b) in highly Si-doped layers [9] close to and above Mott’s limit for the metal- 

insulator transition to occur within the impurity band. The undoped samples exhibited parallel 

conduction effects at low-T interpreted as an insulating bulk region and a conductive (non

degenerate) interface over the first 0.5 pm. SIMS experiments [8] carried out on those layers
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have shown increasing oxygen (O2) levels at the interface with concentrations as high as 

~lxlO'^ cm'^ near the interface, decreasing to mid-lO'^ cm'^, over a distance range oi d < 0.6 

| L i m .  This further supports the generally-accepted picture of near-interface doping by O2 out- 

diffusion from AI2O3 into GaN over hundreds of nanometers [10-12]. The heavily Si-doped 

samples of [9] contain an impurity band in the doped region, associated with the Si-donors, and 

a conductive interface as previously discussed. The as-grown doped samples studied in this 

chapter show a singular behaviour. A complete ffeeze-out of electrons at low-T is measured by 

the Hall effect, and these are among the very few specimens, that this is observed during the 

research period of the thesis. However when the Si-doped region is etched away, parallel 

conduction shows up in the buffer layer and at the interface. We present a model to explain this 

behaviour and we also apply the D-H analysis to the temperature-dependent Hall measurements 

at each successive etch step, allowing the evaluation of «// (T) and /j.h (T) for each removed 

layer. Following this analysis, we fit the temperature-dependent mobility and carrier 

concentration of the doped portions and of the near interface regions in the two samples to get 

accurate values for the acceptor concentration Na, the donor concentration No and the donor 

activation energy AEd. Finally the temperature dependence of the Fermi level is calculated by 

employing the condition of charge neutrality.

From the etching experiments, we clearly find two spatially distinct regions contributing to the 

conduction mechanism in these samples, the doped surface layer and the buffer/interface. Based 

on this approach, we show that the Si-doping in the surface region is low enough to prevent 

impurity band conduction, whereas the rest of the layer apparently contains two parallel 

conduction paths, i.e. the conduction band and an impurity band.

The GaN layers used in this study were grown on c-plane sapphire substrates by low-pressure 

(100 torr) MOCVD in two different 3x2” Thomas Swan close-coupled showerhead reactors. 

Growth processes based on a two-temperature technique were used as before. Following a thin, 

low temperature GaN nucléation layer and an undoped GaN buffer layer (3.0 pm in sample 

C069, 0.27 pm in sample G144), the GaN material was doped using diluted silane at two 

different levels, with approximate electron concentrations of l.SxlO’  ̂ cm'^ and 2.9xl0’  ̂ cm'^ 

for samples C069 and G 144 respectively. The total thicknesses of the films were (C069) 3.92 

pm and (G144) 1.62 pm. The defect microstructure of the layers was examined using a JOEL 

4000EX transmission electron microscope (TEM). Tapping mode AFM (atomic force 

microscopy) and plan-view (PV) bright-field TEM analysis permitted to visualise the overall
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threading dislocation (TD) emergences and so to quantify that the dislocation density was 

around 1x10^ and 2x10^ cm'^ for C069 and G 144 respectively.

The usual procedure, described in previous chapters, for processing the samples for the Van der 

Pauw Hall effect measurements was followed. Masking of the contacts with photoresist, 

enabled the reactive ion plasma to etch away the active area of the film in different steps. 

Electrical characterisation was performed between each of the etch steps, analysis of which 

allowed the depth dependence of the carrier density and mobility to be obtained.

8.2 Experimental Results

The variation of the Hall sheet carrier density, Hhs, and Hall mobility, fin, with temperature are 

shown in Figs. 8.1(a,b) and 8.2(a,b), for samples C069 and 0144 respectively. As before, the 

repeated curves in all four figures correspond to measurements on the as-grown layer and after 

performing each etch step. Figures 8.1(a) and 8.2(a) show that the Hall sheet carrier density, for 

the as-grown and first etch measurements, decreases from its value at room temperature down to 

the lowest temperatures until all the electrons have dropped to their parent donors. The 

temperature variation is steep at low temperatures, but begins to show signs of a flattening out at 

higher temperatures. This is typical of semiconductors with conduction band electron transport 

where the dependence initially follows exponentially activated transport that eventually 

saturates at higher temperatures. This behaviour is in contrast to clear evidence of minima and 

saturation at low temperatures usually associated with parallel conduction effects. It should be 

further pointed out that below 30 K it was not possible to obtain reliable results for both of these 

samples due to a relatively large increase in layer resistivity, which again points toward carrier 

freeze-out. In the present case, it is to be remarked that the observed behaviour of tihs in both 

samples, indicates that the doping impurities are most likely isolated (non-interacting) or 

pseudo-isolated (small wavefunction overlap). Hence those two layers are of great importance 

in understanding the conduction process in pure GaN in terms of the conduction band transport 

only. The raw mobility behaves qualitatively as expected, increasing as the temperature falls 

due to reduced phonon scattering, and then falling at low temperatures in the ionised impurity 

scattering regime and more detailed discussion regarding the individual scattering mechanisms 

will follow in the forthcoming sections.
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8.2.1 C069 etching

In Fig. 8.1(a), the as-grown and first etch measurements show complete freeze-out of electrons 

at donor states. The second etch removes all of the remaining doped region (0.45 pm) and 

reaches the boundary between the undoped buffer (3.0 pm) and the Si-doped epilayer (0.92 

pm). There is a slight increase in the apparent Uhs compared to the first etch which is a result of 

the multi-layer Hall effect in these layers; from the multi-layer equations 5.11 and 5.12 the 

apparent Hall mobility before an etch, is weighted in favour of the high mobility regions and the 

opposite is true for the apparent carrier density, and this is the reason for the increase we 

observe in the apparent Hall sheet carrier density Hhs (see Figs. 8.1(a), 8.2(a)), when compared 

to previous etching steps.

The third, fourth and fifth etches remove a total of 1.24 pm of GaN and no change in the 

transport parameters is observed. This means that the material portion we removed was not 

contributing to the conduction, hence was insulating; this situation is similar with the results of 

chapter 6. The most important result to notice in this set of curves, is the onset of impurity band 

conduction after the third etch at 60 K. All curves after the second etch represent transport in the 

undoped buffer and the interface. It is clear that since most of the undoped buffer is insulating 

(due to compensation), the conducting electrons must arise from the region near the interface, 

and this in turn means that we have a two-band model at the interface instead of a two-layer 

(bulk and interface).
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FIG. 8.1 Temperature dependence of  (a) the sheet carrier density, and (b) the carrier mobility, //,/. as 

measured by the Hall effect after each consecutive etch for sample C'069. (black line): as grown, 3.02 pm 

thick; (blue): after first etch to 3.47 pm; (red): after second etch to 3.02 pm; (green): after third, fourth 

and fifth etches to 2.47, 2.2, and 1.23 pm respectively; (black dotted): after sixth etch to 0.66 (tm.

This is easily seen after the sixth etch where there is a reduction of////.s al a thickness o f 0.66 pm 

from the interface. So this places the boundary between the conducting and insulating regions at 

0.66 pm < r/fl < 1.23 pm (in close agreement with the boundary between the high and low 

dislocation density regions m the I ’EM Fig. 8.9(a)). Unfortunately, it was impossible to measure 

C069 below that thickness despite a seventh etch which reached at 0.28 pm from the 

interface. At this point the stylus scan showed a very rough surface and possibly the irregularity 

o f the etch resulted in exposed sapphire regions. A more clear understanding of the material 

properties can only be obtained from depth-profile data obtained by the Differential Ilall-elteet 

analysis (chapter 6), and those results are described in section 8.3.

8.2.2 G144 etching

In the surface region of G 144, there is a reduction in sheet density with etching (1 ig. 8.2(a)). 

which is proportional to the thickness removed. The first three etches rem o\e all o f the Si-doped 

region (1.35 pm), and the corresponding Hhs curves show a consistent freeze-out of the carriers 

as in sample C069. When the undoped GaN buffer layer (~ 0.3 pm from the interface) is 

reached, we once again, see the onset o f parallel conduction below 50 K. The fourth etch 

measurement, which has removed a portion (0.15 pm) o f the undoped buf'fer layer, exhibits
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FIG. 8.2 Temperature dependence of (a) the sheet carrier density, rins, and (b) the carrier mobility, as 

measured by the Hall effect after each consecutive etch for sample 0144. (black line): as grown, 1.62 pm 

thick; (blue): after first etch to 1.1 pm; (red): after second etch to 0.6 pm; (green): after third etch to 0.33 

pm; (black dotted): after fourth etch to 0.18 pm.

higher n^s than the previous etch (third), but the same low temperature (< 50 K) curve. This is 

in an artifact arising from the effect o f the multi-layer structure o f the sample on the Hall 

measurements as we described earlier.

A possible explanation why the latter parallel conduction does not appear in the as-grown Hall 

effect measurement but only after we reach the undoped bulk is based on the following 

argument: Figure 8.3 gives a schematic illustration o f the structure o f the two samples studied. 

The Si-doped region corresponds to a series resistance Rdoped (high /u) and the buffer and 

interface having Rundoped (low fd). Any current that passes through the contact pad, will cross to 

the other end via the low resistance-high fi region (Si-doped). Since the Si-doped region exhibits 

classical electron freeze-out, we observe the exponential decreasing distribution in tins- 

However, when we etch the Si-doped region, the electrons are forced to pass through the 

buffer/interface (low fj. region) and this is where the Hall effect measures the onset o f impurity 

band conduction. Hence without the D-H technique, we would have assumed that the layer 

contained only one conduction path and analysed it incorrectly. Yet, the real situation in this 

sample is that it seems to be a three-layer conducting system consisted o f the Si-doped region 

and two energetically separated channels at the interface.
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FIG. 8.3 Schematic cross-sectional diagram (not to scale), showing the structure of the two GaN samples 

studied. Sample C069 has an undoped buffer layer of 3.0 pm and a Si-doped capping layer of ~ 0.92 pm 

whereas sample G144 has a ~ 0.3 pm buffer and a 1.35 pm Si-doped layer. /?,/ and represent the low 

and high series resistances of the doped and undoped regions respectively; Ôd indicates the layer that has 

been removed after an etch step.

8.3 Differential Hall-effect analysis

Sample C069

Figure 8.4 plots the temperature dependence o f n,. and //, for the first two etch steps o f sample 

C069 along with the raw as-grown data. The volume electron density for the two removed layers 

is ~ 1.2-1.6x10'^ cm^ at 300 K. When those two curves are compared with the as-grown data, 

we observe that the Uas-grown is an average o f the properties o f the first and second removed layers 

which indeed is what to be expected taking into account the physical meaning o f the two-layer 

equations. More specifically, at low-T (< 90 K) approaches the first layer’s rir while at high-T 

(>100 K) tends to n„s-grô y,i ~ fh o f the second layer. The corresponding near surface mobilities at 

300 K, are ~ 605 cmVVs, higher than the average as-grown value o f 505 cmVVs, which is 

possibly affected by the interface charge. Again the as-grown mobility follows an average line 

o f the two constituent mobilities. Those small deviations (<10%) in the tir and //,. o f the first and 

second etched layers could be due to a non-uniformity in the Si-doping.
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FIG. 8.4 Plots o f volume carrier density, (left), and mobility, //,. (right) against temperature, for the two 

doped removed layers o f sample C069, using the analysis o f  Eqs. (6.1) and (6.2). • :  surface layer (0.45 

pm thick); ▲: 2nd layer (0.45 pm); Blue thick solid line shows the as-grown data for comparison.

Sample G144

The extracted volume carrier density, rir, and mobility ju,. for sample G 144 are plotted in Fig. 

8.5. Clearly we observe a similar trend between the three curves where each o f these represent 

single isolated Si-doped regions. For all three layers the electron density is the same, i.e. 

-2 .8 x 1 0'^ cm'^ at 300 K and freezes-out down to the lowest temperature (< 50 K) to a value of 

-3 .2x10 '^  c m '\ Since these etched regions also have the same doping level, the compensation 

ratio is constant with thickness in the doped layer. This in turn suggests that the source o f 

acceptors in the doped region may partly originate from dislocations originating at the interface, 

(since we have an approximately constant dislocation density in the doped surface region. Fig. 

8.11(a)) and partly to autocompensation by the Si atoms and/or native defects (Vca) in response 

to the formation o f the donors. This is due to the wide bandgap nature o f GaN, which tries to 

reduce the total energy o f the system. So in this sample, the interface conduction seems to have 

no additional effects on the transport properties of the epilayer which in turn can be used as 

good indicators o f sample quality without the need for interface isolation.
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FIG. 8.5 Plots of volume carrier density, (left), and mobility, fi,- (right) against temperature, for the 

removed layers of sample 0144, using the D-H analysis, solid line: surface layer (0.52 pm thick); big 

dotted line: 2nd layer (0.5 pm thick); small dotted line: 3rd layer (0.27 pm thick). Red solid line plots the 

as-grown data for comparison.

The Hall mobilities also tend to decrease with decreasing layer thickness; in Fig. 8.4, the room 

temperature value is the same (600 cmVVs) for the first two removed layers (0.45 pm); with the 

second layer deviating at low-T no more than 10%, originating from their corresponding carrier 

densities which also exhibit a 10% difference when plotted linearly. The average value o f 110 

cm^/Vs obtained after the second etch (3.02 pm thick, see Fig. 8.1(b)) is common [8, 13, 14] in 

unintentionally-doped MOCVD grown layers and is representative o f the interface influence. 

Another important feature o f Fig. 8.1(b), and Fig. 8.4 (deconvoluted) is that the mobility peak in 

the doped material, always occurs at -150  K for all curves indicating that the number o f charged 

scattering centers in the material is independent o f thickness, hence the number o f acceptors 

should be constant which agrees with our statement above.

The resulting profile o f n and // with depth is shown in Figure 8.6 for G 144. This sample was 

etched to a minimum value o f 0.18 pm, and at this thickness the interface is totally dominant. 

Thus, the data points shown at (0.18 / 2) pm result from simply measuring the n and // o f this 

final layer, and then assigning the values to the midpoint o f the layer to indicate that are average 

values. The n and ^  data points shown at other depths (0.27-1.62 pm) result from the D-H
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process, as described before and again are plotted at the mid-point o f the removed regions. Note 

the excellent uniformity o f the doped region in terms o f the carrier density and mobility values.
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FIG. 8.6 Depth profiles o f carrier density n, and mobility //, for GaN layer G 144.

When all o f the doped part is etched away, the charge in the inhomogeneous interlace region 

(<0.27 pm) shows up. If one compares the conductivities o f the two regions will find that 

î'face ^  lope,I ’ whoro CT in the doped region is higher by a factor o f four at 17 Q.cm against 4 

Q.cm for the interface region. Hence this explains why the influence of the interface is 

negligible on the overall transport properties o f the sample.

8.4 Fits to mobility and carrier concentration : Si-Doped regions

Since the D-H analysis has isolated the properties o f the doped layers from the influence of the 

GaN/Al203 interface, we can fit the above data by the usual statistical model (charge-balance 

equation) and the scattering theory, involving only transport in the conduction band of the Si- 

doped layers.

In order to analyse the mobility data corresponding to the doped region, the scattering processes 

that limit the mobility at different temperatures as described in section 3.4 had to be considered. 

Also, in [15] the collective effect o f threading dislocations, which is predominant for very low 

carrier density, has also been included to explain the mobility collapse in undoped material.
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Then the total mobility can be approximated according to Matthiesen’s rule as defined 

previously (refer to section 3.4.6).

The scattering mechanisms considered are the polar optical (PO) phonon mode [16], 

deformation potential (DP) and piezoelectric (PZ) acoustic phonon interactions [17], ionised 

impurities (ii) in the Brooks-Herring model [18] and charged dislocations (Dis) [19]. As the 

carrier density for the samples under investigation is higher than the critical value at which the 

collapse of mobility appears, no contribution of the collective effect of dislocations was taken 

into account. Spherical constant energy surfaces and a parabolic band were assumed for the 

conduction band. The material parameters that have been used for the theoretical calculations 

are listed in Table 3.1.

The carrier concentrations against T  for the two GaN samples are fitted with the charge 

balance equation (CBE) described in chapter 3, for a shallow donor and a deep acceptor model:

n + N T = n  + N T =
l + g^exp(;7)exp 'D

J

Nn
(8.1)

1 + g  ̂exp(7/)exp
V J

exp
r \  a

where, gd is the degenaracy factor as described in section 3.3 and AEd is the activation energy 

of the donors which has a linear temperature dependence in the form of Ej = AEd -  aT and all 

other parameters have their usual significance. Note that for the shake of clarity, the quantity 

A J ' represents the total number of acceptors in the material including the bulk acceptors and 

the dislocation acceptors. Also, since in 0144 the interface conduction has no effect on the 

properties of the whole layer, we could perform a fit to the as-grown data, however to be 

consistent with sample C069 we fit the D-H data of the first removed layer.

A least-squares fit of the D-H mobility data yielded an average acceptor concentration of A J' = 

4.7xl0 ’̂  cm‘̂  and 2.1x10’  ̂ cm'^ for C069 and G144 respectively. As we discussed in section 

3.3.3, in principle, it is necessary to fit tir vs T  and vs T simultaneously, since the ionised 

impurity concentration A/, depends on the free carrier density with A/ = 2Na + n. However, such 

a method requires a large number of fitting parameters which in turn reduces the reliability and 

uniqueness of the solution. In practice, since the values of A J' have been independently 

determined from the vs T fit, we have found it more reliable to use the CBE to fit Nd, AEd 

and exp(- a / k ^  from the Ur vs T data, having fixed.
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8.4.1 Activation energy

For our fitting purposes we had to include the temperature dependence of the activation energy 

as described above, and to our knowledge no other work in the literature has included it for 

fitting «-GaN carrier density data. In most cases (including the fits in previous chapters), under 

the assumption of 5-like shallow donors, the value of a is assumed to be a = 0 (i.e. Ej = AEo), 

and this had the effect of substantially reducing the fitted AEo when compared to the theoretical 

screened activation energy (see below) and the corresponding donor density. In this work we 

have employed two different models for fitting the carrier concentration data through the CBE:

(i) The first attempt to fit the data is made by neglecting the T-dependence of E^, i.e. a = 0, 

which always would give an excellent fit to the data, but with a low AEo when compared to the 

theoretical screened value (see later), (ii) with the introduction of the term exp(- a /  kg) as a 

fitting parameter in the CBE we can get an equally good fit and also slightly increase AEjy with 

values for a ranging from 1-10x10'^ meV/ K which are consistent with reported values for other 

III-V compounds like GaAs [20]. The fitted values of all the parameters for each of the above 

models are given in Table 8.1.

Now each of the fitted A^'s can be related to the screened binding energy which in turn is 

related to the unscreened donor energy (Edo) in a dilute semiconductor through.

~ ^DO
1/3 (8.2)

Sample Fitting model: Ê j = AEd~ aT  

a (meV/ K), fitting param.

Na

( 10'" cm-" )

Nd 

(10'" cm-")

AEd

(meV)

C-factor

(10")

Na / Nd

C069 (i) fixed, a = 0 4.7 ±0.3 2.0 ±0.1 11.7± 0.6 7.6 ±0.3 0.23

(ii) fitted, a = 0 4.7 ±0.3 2.0 ±0.1 11.7± 0.6 7.6 ±0.3 0.23

G144 (i) fixed, a= 0 21 ±2 6.4 ±0.1 5.2 ±0.2 3.7 ±0.7 0.33

(ii) fitted, a =1.8x10'^ 21 ±2 6.2 ±0.1 6.3 ±0.6 3.7 ±0.7 0.34

Table 8.1 Fitted parameters from rir vs T and vs T data for each of the two Ed  presented models. 

Acceptor concentrations (7V̂ ) and the C scattering factor are deduced from the mobility fit while the 

donor concentrations ( N d ) ,  and ionisation energies are fitted with the charge-balance equation which in 

model (ii) takes into account the T-dependence of the activation energy.
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8. Transport analysis of lightly doped GaN

From the hydrogenic formula (refer to Eq. 5.25) [21], we get Eoo — 30 meV and %  ~  2.1x10  ̂

meV.cm is the screening factor [22]. Following the work of Pearson and Bardeen [23], this 

formula predicts the decrease in activation energy due to screening by bound carriers [24]. 

Inserting the fitted No values (Table 8.1) in the screening formula, we obtain screened activation 

energies of: (i) 17.7 meV, (model (ii) yields the same value) for sample C069 and (i) 11.9 meV,

(ii) 12.1 meV for G144 for the two respective models. These values are much higher (almost 

double) than those obtained by the fit and this discrepancy may arise from the uncertainty in the 

value of an- In reverse, if we substitute the fitted Æ d and Nd in the screening formula we can 

obtain %  which is 3.1x10'^ and 2.8x10'^ meV cm for samples C069 and G144 respectively (see 

below). This value lies within the range of other reported values for III-V materials (for 

example, 2.2x10'^ meV.cm for «-type GaAs and 3.5x10'^ meV.cm for «-type Si). From an 

optical measurement, Meyer et al. [22] have determined the generally accepted value of — 

2.1x10'^ meV.cm for GaN although the Hall data analysis of Tang et al. [25] and Look et al. 

[26] has yielded values ranging from 2.6-3.3x10'^ meV.cm in MBE and MOCVD grown GaN 

respectively.

Formulations other than Eq. (8.2) for analysing the lowering of Æ d have been suggested and 

used by others [27]. A common approach is to include not only the static donor charge but the 

acceptors and/or the free electrons in the screening formula as has been proposed by Neumark 

[24], which resolved a similar discrepancy for GaP. These methods involve the substitution of «, 

Nd, Na, or combinations of these for Nd in Eq. (8.2). Replacing Nd by Na makes little difference 

in our data and furthermore yields an extra increase in the activation energy. Since both of the 

samples show normal freeze-out, substitution of « makes little sense and again would bring Æ d 

higher than the experimentally fitted one (CBE).

The problem whether the decrease in activation energy is to be considered as a function of 

or (Vg is presented in Fig. 8.7. Equation (8.2) is used to obtain Æ d by varying the

donor and acceptor concentrations with different %  values of = 2.1x10'^, 2.8x10'^ and 

3.1x10'^ meV.cm. At the same time the activation energies obtained by the CBE for both 

samples are plotted against their corresponding Nd (circles) and {N^ -  V^) (triangles) values, 

and then linearly fitted. The resulting fitting is in agreement with the theory of the screening 

formula and it appears that the variation, with its slope (cup) being the same with the 

theoretically predicted one at = 2.1x10'^ meV.cm, is more appropriate in justifying this 

commonly used optically determined value of Meyer et al. [22]. Note that this formulation 

neglects the repulsive potential of the ionised compensating acceptors, an assumption which is 

somewhat justified because the free electrons are likely to concentrate around the ionised donors
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8. Transport analysis of lightly doped GaN

and avoid the acceptors. On the other hand, the curve of Æ d (triangles) varies satisfactorily 

with {N^ , with a higher value of the screening factor at = 2.8x10'^ meV.cm which

when used empirically would predict the experimental activation energies for the samples of the 

present work. Thus both models for explaining the reduction in activation energy are acceptable, 

giving similar results, although an accurate value of the screening factor an would require a 

much more complete investigation.

N or (N -N ) (1 0 ^ \m '^ )
D D

>(U
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a  = 2 . 1 x 1 0  m e V . c m

25 = 2 . 8 x 1 0  m e V . c m
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0
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(N -N )^^^(cm'’)

FIG. 8.7 Screened donor binding energy versus and determined by

AEg = . Full solid lines correspond to a theoretical calculation of the above Eq. (8.2), with

varying N[, and at three different screening factors. Data points correspond to the experimentally 

observed values for both samples and are plotted against their donor concentrations No, and free electron 

concentrations ~ ^ a)- The short thick lines are linear fits to the experimental data points for the two 

considered cases.
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FIG. 8.8 The experimental vs T data (points) of the Si-doped layer in sample C069 fitted in terms of 

the various scattering mechanisms (dotted lines) using Matthiesen’s rule. The fitted parameters are also 

shown.

Figure 8.8 shows the fit of the /ir vs T data of sample C069, displaying also the individual 

mobility components of the above mentioned scattering mechanisms. The fit is in excellent 

agreement with the analysis of the D-H model over the temperature range of 50 to 300 K as 

long as we add a scattering mechanism in the form of C / 7  This unidentified scattering 

contribution had to be included in the fitting process in order to fill the gap between the 

experimental data and the theoretical mobility in the high temperature range (the discrepancy 

was -30%). Look et al. [26] reported similar difficulties in fitting their high temperature GaN 

data and they adopted the acoustic deformation potential and in Callen’s effective

ionic charge term as the fitting parameters (same in [21]) to obtain a proper fit. Alternatively, a 

good fit could also be achieved by artificially shifting down the theoretical mobility by as much 

as 30%. The C term in the above expression is a constant and a fitting parameter in our mobility 

calculations. This empirical expression is generally related to crystal defects such as nitrogen 

vacancies, strain induced fields and inversion domains that exist in heteroepitaxially grown GaN 

[25, 26]. Even in the HVPE-grown GaN thick films, it is reported that defects such as nitrogen 

vacancies play a non-negligible role in limiting the low temperature mobility, and is 

phenomenologically treated as having a dependence [28].
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FIG. 8.9 The experimental vs 7 data (points) of the Si-doped layer in sample 0144 fitted in terms of 

the various scattering mechanisms (dotted lines) using Matthiesen’s rule; fitted parameters are also 

shown.

The mobilities limited by polar optical phonon scattering, acoustic phonon scattering and 

piezoelectric effects are independent of impurity concentrations, thus their temperature 

dependence is universal for GaN as opposed to the ionised impurity scattering. It is evident 

from Fig. 8.8 (C069) and Fig. 8.9 (G144) that the major mechanisms that limit the mobility at 

low and high temperatures are the ionised impurities and the polar optical phonons together 

with the empirical process for sample C069, and ionised impurities and the empirical process 

for sample G144 respectively. Therefore, unlike common semiconductors (e.g. GaAs, Si), the 

compensation ratio in GaN cannot be directly evaluated from the 300 K mobility, since it is 

strongly influenced by the crystal imperfections which are unknown and difficult to be 

accounted for quantitatively, but a full analysis of the low-T data is required. However when 

high quality GaN is considered like, the thick Samsung HVPE specimen of Look et al. [21], the 

added scattering mechanism can apparently be neglected.

Since G144 contains higher density of defects and is thinner than sample C069 (increased 

strain), we see that the assumed physical origin of the empirical scattering mechanism holds 

well. Also, the mobility limited by polar optical (PO) phonon scattering is increasing 

exponentially with decreasing temperature and finally becomes weaker than piezoelectric (PZ)
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8. Transport analysis of lightly doped GaN

and deformation potential (DP) scattering at lattice temperatures below 170 K, where those two 

latter processes are nearly elastic.

Scattering at charged dislocations seems to be less important at low temperatures in G 144 

compared to C069 and this is due to the domination of the higher number of ionised scattering 

centres in sample G144. This correlates well with the screening effect, were it seems that at 

lower carrier concentrations, the mobility is limited by dislocations more effectively than at 

higher carrier densities (more screening) where the limitation comes from ionised impurities.

In order to determine the dislocation type, the relative numbers of different types of threading 

dislocations (TDs) (edge, screw and mixed) have been investigated by conventional TEM and 

obtained two types of dark field images with g-vectors parallel (0002) and perpendicular (1120) 

to the c-axis. In the first type of image (not shown here), only the screw and mixed dislocations 

are visible whereas on the second one (Fig. 8.10(a)) only edge and mixed type TDs are visible. 

Since edge and mixed type TDs are dominant in our GaN layers, and since they appear to act as 

compensating acceptors [29, 30], we are mostly interested in this type of reflection (g = 1120). 

Cross-sectional and plan-view TEM results are shown in Figs. 8.10(a) and 8.10(b) for C069 and 

in Figs. 8.11(a) and 8.11(b) (AFM) for G144. The average density of dislocations determined 

from the plan-view (C069, Fig. 8.10(b)) and (G144, Fig. 8.11(a)) was estimated to be about, Ndis 

= 1 ± 0.5x10^ cm'^ and Njis = 2 ± 0.5x10^ cm'^ for samples C069 and G144 respectively.

The TDs of C069 were observed also in dark-field cross-sectional analysis in Fig. 8.10(a). Here 

one can clearly see the loop and bent components of the dislocations, concentrated in the 

nucléation layer and extending up to a thickness of less than 0.8 pm from the interface, which 

are related to the initial three-dimensional growth [7]. Hence, these dislocation bends near the 

nucléation layer, can promote both lateral and horizontal conduction paths. After this 0.8 pm 

defective region, the TDs propagate towards the GaN surface and their total density seems to be 

constant with increased thickness of the epilayer. The TEM Fig. 8.11(a) of G144 is no different 

and on this cross-section one can see that many threading dislocations are deviated (or look like 

generated) at the region where the Si-doped layer starts. The number of threading dislocations 

for G144 has been also confirmed by AFM (Fig. 8.11(b)) carried on a piece of the same layer, 

where the dark pits correspond to mixed and edge dislocations and by counting the etch pits per 

unit area one can determine some 1.6x10'^ cm‘̂  dislocations.
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I

#

FIG. 8.10 TEM micrographs for sample C069. (a) Dark-field cross-sectional image of the epilayer 

showing loop and bent components of TDs, obtained at the (1120) reflection type, and (b) Bright-field 

plan view TEM micrograph of the samples surface, showing the emerging threading dislocations which 

have been estimated at 1x10^ cm'^.

Importing these N̂ ns values in the dislocation mobility expression [19] and assuming an 

occupational rate o f the acceptor centres o f/ =  0.4 a n d /=  0.45 [31] for C069 and G144 we have 

calculated the mobility limit for dislocation scattering which is shown in Figs. 8.8 and 8.9. One 

would expect sample C069 to have smaller than sample G 144, since it has a higher low-T 

mobility. Indeed this is demonstrated by the resulting values o f Na from the mobility fits and 

demonstrates that the presence o f compensating acceptors in GaN influences the mobility at low 

temperatures.
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FIG. 8.11 TEM and AFM micrographs for sample G144. (a) Bright-field cross-sectional image o f the 

epilayer showing mixed, edge and a few screw dislocations and (b) AFM image o f the samples surface 

showing the emerging (dark pits) mixed and edge threading dislocations which have been estimated at 

1.6x10^ cm
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8. Transport analysis o f  lightly doped GaN

The electron concentration against temperature fits are plotted in Fig. 8.12 for both C069 and

G 144. Again the agreement obtained over the temperature range o f fitting is excellent and

justifies the selected transport model. Since the values of Na have been independently

determined by fitting the mobility data, the donor concentrations No and thermal activation

energies AEd were determined for both samples (using model li for the activation energy), by

fitting the n vs T  data, and are displayed against the corresponding fitting curves in Fig. 8.12.

Sample C069 has AG = 2.0x10'^ cm'^ with a corresponding activation energy o f AEd = 11.7

meV, while G 144 has a higher donor concentration o f AG = 6 .2xl0 '^ cm'^ and a smaller AEq

equal to ~ 6.3 meV. Note also that sample C069 shows a carrier saturation behaviour at high-T

(AG - Na = 1.3x10'^ cm'^) which means that the donor electrons have reached the well-known

exhaustion region typical o f lightly-doped semiconductors and o f a single donor level. Sample

G 144 however has not yet reached the exhaustion region but is tending towards saturation. Note

that according to the obtained compensation ratios {K=^ Na I AG) ~ 0.23 and ~ 0.34 (Table 8.1)

sample C069 is more pure than G 144 with their respective mobilities differing substantially.

Realistic values for the degree o f compensation for GaN layers grown under standard conditions

usually range from K  = 0.3-0.6 [32, 33]. Sample G 144 has a greater number o f total ionised

impurities (A/ = N d + Na = 8.3xlO'^ cm'^) than C069 (A/ = 2.5x10'^ cm'^) and therefore the

higher the concentration of charged coulomb centres the more they scatter electrons and limit

their mobility. This difference may also be due to auto-compensation in the Si-doping: since Si

is an amphoteric dopant in Ill-Vs, these results suggest that under the growth conditions used

here, ~ 25% is incorporated on acceptor (N) sites, and the rest on donor (Ga) sites.

It can be seen that when AG increases, the activation energy decreases, consistent with energy

level broadening and screening as discussed previously. In addition, a small part o f the decrease

in AEd can be attributed to the higher compensation in this layer since it is known that

increasing compensation reduces the activation energy. To further investigate the effect of

compensation on the activation energy, we have calculated conduction electron concentrations

against MT using Eq. (3.54), for various donor and acceptor concentrations (and hence

compensation K), while keeping the free electron concentration A^ -  A^ (= 5xlO'^ c m '\ in the

exhaustion region) and activation energy AEd (= 10 meV) constant. The results for this exercise
y.

are shown in Fig. 8.13. It is clear from the graph that slope o f the carrier density reduces with
r

the increase o f compensation and this would also imply a similar decrease in activation energy. 

Note that all the curves have been calculated with a fixed AEd ~ 10 meV, and for the case o f K  

= 0.17, if  we wanted to achieve the same number o f electrons with the A = 0 curve, we would 

have to reduce the activation energy to AEd ~ 5.1 meV which is half that value.
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FIG. 8.12 Experimental vs T  data (points) for the Si-doped removed layers of samples C069 and 0144, 

fitted (solid lines) using the charge-balance equation. The fitted parameters are also shown.
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FIG. 8.13 Theoretical curves showing the temperature dependence of the carrier density for various 

compensation ratios from K = 0 to 0.75. The activation energy AEo ( =1 0  meV) and the free carrier 

density in the exhaustion region (= 5xl0'^ cm'^) are kept constant.
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8.4.2 Calculation of the Fermi levels

In section 3.3.2 we mentioned that in non-degenerate semiconductors the Fermi level Ep, lies 

below the bottom of the conduction band Eq at a distance greater than a few kgT and our two 

samples fall within this regime, so that Ec - E f>  2ksT. We also showed that the condition that 

defines the Fermi energy is the charge-neutrality, n + N ~ = p  + N^ and by substituting all the 

relevant quantities in the CBE and solving for the reduced Fermi energy ij = {Ej, -E ^ lk g T ) ,  

we obtained Eq. (3.53) which described the Fermi level variation with T. Using the values of 

Nd, Na, and AEd estimated from the fits of model (ii), we plot in Fig. 8.14 the dependence of Ep 

with temperature.
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FIG. 8.14 Temperature dependence of the Fermi level for samples C069 and 0144 after the analysis of 

Eq. 3.53.

It can be seen that at low temperatures the Fermi level approaches the donor level AEd, since all 

the electrons have ffozen-out to their donors. As T approaches zero (r~> 0), the Fermi level 

must coincide with {Ec -  Ed) at absolute zero itself, and this should always happen no matter 

how small the compensation is. Those values at low-T are less than ~ kpT and one would argue 

that we have reached the degenerate range, however, we need to remember that the expression 

used (Eq. 3.53), minimises such errors since its validity is extended into the degenerate range at
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8. Transport analysis of lightly doped GaN

rj< + \3< ^ Ep <E^ + \3kgT  -  +1.12 meV (8.3)

which means that it is valid for Fermi level values up to 1.12 meV above the conduction band 

and hence covers both C069 and G144 which at 10 K have an E p O Ï-  11.7 and 6.3 meV below 

the conduction band. At higher temperatures, Ep goes below Æ d and when E j^ -E ^ :^  kgT 

(exhaustion region), most donors are ionised and all available excess electrons are in the 

conduction band. The 300 K Ef, for sample C069 is ~ 80 meV below the conduction band, 

deeper than the ~ 56 meV value of G 144. This confirms that the Fermi level lies above the 

acceptor levels and therefore all acceptor levels are filled with electrons (ionised).

8.5 Fits to mobility and carrier concentration : Interface region

Going back to the D-H results, we perform an analysis which involves the results from the third 

(0.33 pm thick) and the fourth etch (0.18 pm thick) of sample G144. The D-H method has been 

applied to extract the properties of the removed portion of the buffer layer after the third etch 

step and before the fourth.
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FIG. 8.15 Carrier concentration data against temperature for the near interface region of G 144. The D-H 

analysis has been applied to the third and fourth raw etching data which are also displayed. The figure on 

the left (a) shows the sheet carrier densities of while the one the right (b) the corresponding volume 

electron densities. A CBE fit has been applied to the extracted data and is shown along with the fitted 

parameters.
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Note that the measured volume y i h  of the third etch almost matches the derived U b u f f e r  (d -h ) -  This 

means that the influence of the possible impurity band is negligible at high-T and only affects 

the low-T data (< 70 K). In addition, the Hh of the portion we removed shows exponential 

behaviour as opposed to the linear variation of the uncorrected curve ribuffer+interface. This could 

allow us to use conventional carrier statistics through the CBE to fit the curve down to the point 

where impurity band conduction sets forth. The parameters seen in Fig. 8.15(b) are obtained 

after such analysis. Note that No is close to the Mott limit and Na has increased from the 

previous fits (Si-doped region, Na = 2.1x10’̂  cm'^) to 4.2x10*^ cm'^. Also Æ d  has reduced 

accordingly because of the relative increase of No.

The mobility fit in Fig. 8.16 is also in good agreement with the extracted D-H data and it was 

achieved by increasing the number of dislocations to 6x10* cm'^ from 4.5x10* cm"̂  when 

compared to the previous fits of the doped epilayer. Moreover, this analysis helps to explain the 

increase of the fourth etch rins over the third (since /̂ buffer and ribuffer< «/«O- Notice that, 

FbufTer(D-H) > fibufTei+i’face, Gven in this Very thin 0.27 pm buffer region, where previously assumed 

to be the origin of the anomalous behaviour, is in turn affected by an even thinner region at the 

interface.
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FIG. 8.16 Electron mobility data against temperature for the near interface region of G144. The D-H 

analysis has been applied to the third and fourth raw etching data which are also displayed. A theoretical 

fit to the extracted data is shown by the dotted line.
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The same D-H analysis has been performed for sample C069 between the fifth and sixth etching 

steps which were at 1.23 pm and 0.66 pm from the interface respectively. Hence the resulting 

removed layer of ~ 0.57 pm thickness has the properties shown in Fig. 8.17 below. Again, the 

high-T data seem not to be affected in great extent by the parallel channel and this allowed us to 

theoretically fit the data as for G 144. With immediate inspection of the fitted values we see that 

both the donor and acceptor concentrations have increased when compared to the obtained 

values for the doped epilayer of the same sample. The most dramatic increase however, has 

occurred to Na, and is almost an order of magnitude higher than the 4.7x10^^ cm'^ value of the 

doped region. This then explains the considerable decrease in mobility ( /4  = 150 cm W s) in this 

region. Comparing the conductivities of those two regions (i.e. interface against epilayer) we 

once more find the epilayer dominating the overall conduction {cTepUayer ^  erface ) b y a  factor of 

7. Hence the properties of the interface for both samples seem to have an effect on the behaviour 

of the Si-doped epilayer, and in the present case they render it “pure” with isolated ordered 

impurities and without forming an impurity band.
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FIG. 8.17 Electron concentration and mobility data against temperature for the near interface region of 

C069. The D-H analysis has been applied to the fifth and sixth raw etching data. A theoretical fit to the 

extracted and data is shown by the solid lines.
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The actual acceptor concentrations for the interface regions (Table 8.2) of samples G144 and 

C069 are of similar order despite the fact they have been grown by different reactors and 

possibly different conditions. Since the dislocation densities of those two samples are also 

similar it is instructive to correlate it with the acceptor concentrations similarity. Note also that 

the increase in compensation K, for C069 is more pronounced than G 144 (due to the 

corresponding increase in Na) and is almost reaching a heavily compensating state which could 

lead to semi-insulating material. In our view this dramatic increase has to do with the buffer 

layer of C069 which extends up to 3 pm in contrast to the one of G 144 which is only 0.27 pm. 

This then allows the threading dislocations to be decorated with atom complexes of Voa and On, 

at a greater extent. These VGa-(ON)3 centres have shown to be stable in «-type material 

according to theory [34] and in addition VGa-(ÜN)3 does not encourage overgrowth. Growth 

must proceed by adding a Ga atom to the vacant site but this leaves three electrons in shallow 

levels near the conduction band probably resulting in an unstable defect (On)3, and at the growth 

temperature these O atoms will drift away diffusing to the new surface [34]. For the thicker 

C069 this could explain the observed increase o f Na in conjunction with self-compensation.

Sample Analytical Case Na (cm'^ ) Nd (cm'^ ) Æ o  (meV) Na /  Ad

G144 D-H data (3"̂  - 4‘*’ etch) 4.2x10*" 9.8x10*" 4.0 0.43

C069 D-H data (S"’ - etch) 3.4x10*" 4.3x10*" 6.74 0.79

Table 8.2 Fitted parameters obtained from the D-H analysis in the interface region of samples C069 and 

G144. Acceptor concentrations are deduced from the mobility fit while the donor concentrations, and 

ionisation energies are fitted with the charge-balance equation (CBE) (Eq. 3.54).
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8.6 Conclusions

To conclude this chapter, we have shown that for the samples studied, three parallel conducting 

channels are present one of which is spatially separated (the conduction band of the doped 

region) from the other two which are energetically separated i.e. the conduction and the 

impurity bands of the near interface region. By applying the differential Hall analysis we have 

managed to deconvolve the properties of each of these channels. The application of 

conventional semiconductor statistics and the use of analytical expressions for the various 

scattering mechanisms can give self-consistent values for No and Na as well as the activation 

energy of the electrons which were derived under two different assumptions. The thermal 

activation energies varied from 4 to 11.7 meV depending on which model we used for the n vs  T 

fit and were consistent with hydrogenic donors under the influence of screening. We also 

showed that analysis of Hall effect data can be improved by inclusion of the temperature 

dependence of the activation energy, which partly accounts for the observed reductions in AEo- 

Finally, despite the fact that the interface regions exhibited a conducting impurity band, this had 

no effect on the overall electrical properties of the samples studied and their “continuous 

freezing-out” conducting epilayers were dominating transport.
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Chapter 9

Conclusions

Aspects of transport in Si-doped and unintentionally doped «-type GaN epitaxial structures have 

been investigated with a view to establishing their fundamental physical properties, having the 

ultimate goal of providing information relevant to improving the crystalline quality and 

consequently device applications. The electrical properties of GaN films namely mobility, 

carrier concentration and resistivity, have been characterised by resistivity and Hall Effect 

measurements over a wide range of temperatures from 10 - 600 K. The GaN samples tested 

were grown by the MOCVD method, with doping densities from 5xlO'^ to 6xl0^®cm'^. The 

room temperature mobilities ranged from 50 to 600 cm^/Vs.

The findings are consistent with a second parallel conducting channel present in the majority of 

the investigated samples. We showed how the dominant conduction mechanism in these 

samples gradually switches from conduction band to impurity band conduction as electrons 

become de-activated from the conduction band. Using two-band transport models and Fermi- 

Dirac statistics our Hall data were successfully analysed. Correct values for the conduction band 

carrier concentration and mobility have been obtained and the true 300 K mobility is always 

higher than the measured one. Transport parameters for the impurity band have also been 

determined. The activation energies for ionisation of donors were found to range between 0 - 1 2  

meV depending on dopant density. It is interesting to note that activation energies decrease with 

increased doping and this has been explained by taking into account screening of the impurity 

potentials by free and bound carriers. It was also found that metallic conduction, or the 

vanishing of the activation energy, occurs in concentrations (>1x10** cm'*) such that half the 

average distance between donor impurities is equal to the Bohr radius (24 Â) of the bound 

electron orbit. However, we also argued that samples with low carrier concentration can still 

show impurity band conduction at apparent mean separations larger than / 2 and this was
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attributed to the randomness of the impurity distribution and a higher order of compensation. In 

addition, the Hall results indicated that Si and unintentional donors show similar behaviour.

In an attempt to explore the origin of this parallel conduction process we studied the spatial 

distribution of electrons in our samples by means of Differential Hall effect measurements. We 

found that an impurity band can be present in the Si-doped GaN epilayer and/or near the 

GaN/sapphire interface. In the former case, interactions between Si impurities, (as described 

above) are responsible for the formation of this band, while in the latter we showed that oxygen 

out-diffusion from the sapphire, acting as a shallow donor impurity, can account for the 

observed behaviour. We have successfully provided an analytic derivation needed to understand 

quantitatively the data obtained from DH measurements as a function of temperature. Our 

primary aim has been to show how the data may be used to exclude the effect of the interface in 

the transport properties and to gain useful estimates of the densities of electrically active 

impurities present in epilayers of GaN. By applying the differential Hall analysis we have 

managed to deconvolve the properties of each of these channels and hence study their properties 

in isolation. In our view, the DH technique forms an extremely useful tool in the 

characterisation and understanding of the behaviour of GaN materials and can provide an 

insight into the behaviour of the material when applied under certain device operating 

conditions. Regarding this, we have shown that it is not until after we have performed a DH 

measurement that we know whether it was necessary. If the DH result implies that the sample 

under investigation is affected by parallel conduction, then the impurity band model can act as a 

mutual assistant to the DH model for a complete picture of the GaN transport properties (e.g. 

Nd, Na and AEd).

A quantitative comparison with theoretical calculations, demonstrated that the conventional 

one-layer, one donor semiconductor model would only be valid after performing the 

deconvolution analysis (if needed at all). This was achieved by simultaneously fitting the Hall 

mobility and concentration data, using scattering theory constituted of several scattering 

processes. Crystal defects are suggested to have a significant influence on the mobility near 

room temperature which together with polar optical scattering dominate the mobility at those 

regimes (> 200 K). At lower temperatures, ionised impurity scattering is the dominant mobility 

limiting mechanism, while the accurate Na values extracted from the low temperature mobility 

region indicate compensation in the range 20 - 50%, where a higher mobility is associated with 

the less compensated sample.
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On the other hand, samples with inferior quality are not expected to give very accurate Na 

values if the crystal defect scattering becomes dominant over the entire temperature range.

The threading dislocation density and the autodoping level in GaN are strongly related to the 

thickness of the low-temperature nucléation layer. This indirectly shows that the autodoping 

level is related to structural defects rather than residual impurities. Hence, the dominant strategy 

employed in the material quality development was to reduce the concentration of background 

donors and precisely control the density of compensating centres to just compensate the 

background impurities and at the same time eliminating impurity band conduction effects. 

Optimisation of the growth of GaN layers resulted in simultaneously improving the structural 

quality and minimising the concentration of defects resulting in deep levels. Finally, despite the 

fact that the interface regions exhibited a partially filled donor impurity band, which arised from 

unintentional incorporation of oxygen and the defective microstructure, this had no effect on the 

overall electrical properties of the optimised samples and their “continuous ffeezing-out” 

conducting epilayers were dominating transport.

9.1 Future work

With the wealth of high quality GaN available today, it should be relatively easy for several 

independent laboratories to perform measurements on material known to be of high quality. 

Many of the fundamental physical properties of the nitrides which will have a major bearing on 

the performance of nitride-based devices are not accurately known. Many techniques which 

have been refined on the more commonly studied Si and GaAs semiconductors, should be 

applied to GaN. Such work would guide experimentalists and device designers as well as help 

them interpret their experimental data. These tasks naturally divide themselves into two 

categories. The first involves continued study of the fundamental physical properties of these 

materials so that researchers are in a better position to evaluate the true potential of GaN. The 

second is a continued effort towards the growth and processing of device quality material and 

the demonstration of device concepts. Each of these two approaches will serve to identify 

potential problems and highlight areas of common interest between the two efforts. Below we 

present some further ideas for future research not only related to the present work but also 

extending to other areas.

Proper consideration of the impurity band effects coupled with the treatment of scattering 

processes in GaN, would lead to improved material characterisation and a deeper understanding
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of carrier mobilities and transport properties in compensated GaN. However our understanding 

of the complicated processes of impurity band conduction and the metal-insulator transition is 

still unsatisfactory. Although the basic physics is clear, there are theoretical details which are 

difficult to calculate and problematic to test against experimental data. These are related to the 

behaviour of carriers in the impurity band and an experimental investigation of the mobility of 

electrons in the impurity band as a function of the density of impurity centres and of the 

concentration of carriers would be helpful to the theoretical study.

It is known that metallic samples near the MIT show a large negative temperature coefficient of 

resistance. So a change of slope of crvs 7  plot could be interpreted as an MIT and from that we 

obtain an experimental minimum metallic conductivity which can be compared to Mott's theory 

(Eq. 5.5). Of course the above would be more clear if samples with different donor densities are 

measured and then all plotted against T. One would then observe that at the point where the 

resistivity remains flat at low-7 we have cTmm and a sample below this point would show a 

negative gradient in resistivity which would mean that its well in the metallic state. Another 

method for investigating parallel conduction and separating the two paths would come from 

magnetoresistance experiments under high varying magnetic fields. Without parallel conduction 

the magnetoresistance increases monotonically with field. In the case of parallel conduction, 

distortions are observed in the magnetoresistance and we would be able to see a curvature. 

However such measurements may not be achievable since we need high mobility samples (> 

1000 cm^/Vs) to satisfy the condition {juB »  1) required for High-Field transport.

Magnetic Field Induced MIT:

This is a common experiment to study the metal-insulator transition without having to measure 

a variety of different samples but only one. In this case the effect of the field is to shrink the 

Bohr radius of the donor electron hence increasing the activation energy. Thus if a sample is 

metallic at B = 0, this reduction of the wavefunction will cause an MIT. On both sides of the 

transition, crbehaves as cr = a + bT^‘̂  where a, b are constants. The transition (to the insulating 

side) takes place at the lowest field where the conductivity at 7  = 0 extrapolates at zero value, 

i.e. (T7’=o = 0. This is the critical field for the transition Be- Hence, a positive value of ct7’=o = fl , 

indicates a metallic state, whereas a negative value of cr j- =o = - a , implies an insulator. At 

present there is no such work for GaN and since samples near and/or exceeding 1x18 cm'^ are 

readily available, the author feels this exercise would produce some interesting results. Of 

course this would require a low-7 refrigerator (mK - 4.2 K range) and fields up to at least 10 T, 

and in addition the ~ 1 limitation does not apply in this kind of experiment.
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Experiments to identify the source of background native donors need to be carried out. The 

sources of background oxygen impurities are the precursors, TMGa, TMAl and NH3, water and 

air present during loading, and from the sapphire substrate. Since oxygen impurity from the 

precursors is inevitable, the problem is reduced to minimising the contribution from the loading 

procedure and from pre-treatment of sapphire substrate. A series of variations should be tested, 

which could include a) baking the sapphire wafer inside the reactor and ex-situ, and b) flushing 

the system before growth for different times (1-2 hrs) to flush out moisture introduced during 

loading and during the sapphire bake. With this we could check how each of these experiments 

contributes to the residual carrier concentration when coupled to Hall effect measurements.

Over and above, a number of experiments that can be done in order to better understand our 

results and measurements are briefly described below:

• SIMS measurements will reveal compositional data in any future set of samples but also to 

existing ones. Especially interesting here would be the total percentage of silicon and 

carbon in the epitaxial layer and at the interface, and a profile of the oxygen concentration 

to see whether or not there is significant diffusion of oxygen across the bulk layer. Their 

corresponding concentrations (if any) would clarify the behaviour of each as donor or 

acceptor, when compared to the extracted values of Na and Nd-

• Further microscopy characterisation techniques (mostly TEM) would be of use for 

quantitatively determining the depth-dependence of dislocation densities in GaN samples. 

This could then be coupled with the etching experiments and the scattering calculations, 

thus resulting in a more accurate transport analysis.

• More bulk samples with Si doping levels similar to the optimised ones of chapter 8, with 

varying thickness of the undoped and nucléation layers (one at a time), need to be grown to 

see whether or not the effect of varying thickness reveals the role of interface contribution.

• Capacitance-Voltage measurements would be beneficial as far as the doping profile is 

concerned. This would hopefully confirm that the free carrier concentrations in our films 

that are close to the values obtained for the conduction band density «/, thus further 

validating our analysis.
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