
ABSTRACT 

 

MION, CHRISTIAN. Investigation of the thermal properties of gallium nitride using 

the three omega technique. (Under the direction of Dr. J. F. Muth). 

 

 Gallium nitride based devices suffer from undesirable heating effects that 

significantly limit the performance of high electron mobility transistors and laser 

diodes thereby reducing device lifetime and reliability. An accurate knowledge of the 

gallium nitride thermal conductivity is crucial to understanding thermal effects. 

This work addresses issues related to both the thermal limitations and 

thermal characterization of gallium nitride alloys and devices. First, theoretical 

developments concerning the three omega technique applied to a film-on-substrate 

system are considered when the film-to-substrate thermal conductivity ratio is larger 

than one. The case of thermal boundary resistance between film and substrate is 

included. In the case of high thermal conductivity films, it is found that neglecting the 

presence of thin thermally insulating buffer layer would lead to large uncertainties in 

extracted film thermal conductivities.  

 Next, very thick, free standing gallium nitride layers grown by hydride vapor 

phase epitaxy were precisely measured from 300K to 450K using the three omega 

method. By comparing the measured values with dislocation density measurements 

the dependence of the gallium nitride thermal conductivity on dislocation density was 

obtained and compared with theory. In addition, the thermal conductivity of iron 

doped semi-insulating gallium nitride was measured to be as high as 230 W·K-1·m-1. 

In this study, a 2mm thick iron doped gallium nitride substrate was measured to have 

an average dislocation density of 5.104 cm-2 which represents the present state of 

the art.   

Finally the modeling of the thermal resistance of multifinger AlGaN/GaN 

HEMTs was examined using the experimentally determined values of the thermal 

conductivity. Using the three omega method as the starting point, an original 

accurate closed-form compact expression for the thermal resistance of single and 

multifinger HEMT device structures was derived. It was found that the thermal 



performance of a single finger HEMT composed of homoepitaxial GaN on a GaN 

substrate is superior to that of single finger GaN HEMT heteroepitaxially grown on 

silicon carbide. 
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Chapter 1 Introduction 

1.1 Technological Challenges in Gallium Nitride Devices. 

 

1.1.1 Presentation 

The ultimate performance of semiconductor devices has been shown to be 

theoretically limited by fundamental material parameters. The Combined Figure of 

Merit (CFOM) shows that wide band gap semiconductors are suitable for high 

frequency high power applications: 

CFOM =
siliconBs

Bs

)( 2
0

2
0







 (1.1) 

μ is low field mobility, κ is thermal conductivity, νs is the saturation velocity, ε0 

is the dielectric constant and ΕB is the breakdown field. The combined figure of merit 

is constructed from the Johnson figure of merit8, the Keyes’ figure of merit10 and the 

Baliga figure of merit12. Table 1.1 includes the fundamental parameters of interest for 

the semiconductors that are most often used for high power high frequency 

electronics. 
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Table 1.1. Physical parameters for various semiconductors including gallium nitride (GaN). 
The thermal conductivity of gallium nitride is higher than 1.3 W·cm-1·K-1 as this study will 
show. 

 

Properties Ge Si GaAs 6H-SiC 4H-SiC GaN Diamond 
Band gap 

(eV) 
0.67 1.11 1.43 3.0 3.2 3.45 5.45 

Dielectric 
constant 

16 11.9 13.1 9.7 10.1 9 5.5 

Breakdown 
field (V/cm) 

(doping=cst) 
3·105 3·105 4·105 25·105 22·105 20·105 100·105 

Saturated 
velocity  

(107 cm/s) 
0.7 1 2 2 2 2.2  2.7 

Bulk 
electron 
mobility 

3900 1350 8500 380 800 1200 2200 

Bulk hole 
mobility 
(cm2/V-s) 

1900 450 400 95 120 850 850 

Thermal 
conductivity 

(W/cm·K) 
0.6 1.5 0.46 3.5 3.5 1.3<? 22 

Melting 
point (ºC) 

938 1420 1240 2830 2830 2500 4000 

 

The CFOM predicts that gallium nitride (GaN) represents a serious competitor 

against silicon, gallium arsenide and silicon carbide as seen in Figure 1.1.  
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Figure 1.1. The Combined Figure of Merit is charted for several semiconductors showing 
gallium nitride is suited for high frequency, high power high frequency applications. K=1.3 
W·cm-1·K-1 for GaN but the CFOM for GaN would be proportionnaly larger with KGaN=2.3 W·cm-

1·K-1. 
 

Whether in practice gallium nitride will fulfill its expectations depends on 

solving technological challenges. High power radio frequency devices and high 

power laser diodes require a thorough understanding of thermal management 

issues. This is especially true of GaN based devices where undesirable heating 

effects have been found to significantly limit the performance of AlGaN/GaN HEMT 

structures13 and laser diodes14 reducing lifetime and reliability. Therefore the 

question of whether improvements in  overall III-Nitride device performance in light 

of thermal management15 and reliability16 will lead to success in the marketplace by 

surpassing the performance of Si, SiGe, GaAs devices and compete effectively with 

SiC based devices, remains open.  

There are at least two acknowledged major technological limitations to GaN 

applications that represent a source for self heating effects, reduced performance, 

and poor reliability. They are: 

 The lack of native substrate offering a route to the formation of high 

quality defect-free GaN layers with a reduction in the number of 

dislocations. 

 The poor thermal conductivity characteristics as compared to that of 

Silicon Carbide. 

33000 
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1.1.2 GaN Substrates 

The advantages of having a native GaN substrate have long been understood 

by the GaN research community. The advent of high quality GaN single crystal 

substrates would improve the homoepitaxy of GaN epilayer9, thereby reducing 

significantly the defect density, mainly dislocation densities17 as low as ~106 cm-2. 

Laterally Epitaxially Overgrown (LEOG)9,17 methods typically yield ~106-107 cm-2 

dislocations17 whereas the heteroepitaxy of GaN thin films incorporating a low 

temperature AlN buffer layer typically gives a dislocation density of 1010 cm-2 on 

sapphire9,17 and silicon carbide17,18. A prime commercial incentive in lowering the 

dislocation density is the increase in blue laser life time in DVD applications19. By 

doping with shallow impurities such as silicon, magnesium, n and p type doping is 

achieved. With the introduction of deep level impurities such as iron, the formation of 

semi-insulating substrate is possible19,20. Semi-insulating wafers are currently under 

development18,21. The inherent increase of device performance should render GaN 

based technology more commercially competitive and should hopefully feed back 

with a further interest in the development of novel III-Nitride based technologies. 

This should result in increasingly higher device yield, improved resistivity uniformity, 

lower defect density, larger manufactured active device area, etc.  

The major bottleneck in the fabrication of single crystal GaN substrate 

obtained by standard growth methods from stoichiometric melts is the high vapor 

pressure of nitrogen at the melting point of gallium nitride9,17,19,20,22. Several 

technologies have been developed to fabricate single crystal GaN substrates19,20,22. 

One of them consists of epitaxially growing GaN by Hydride Vapor Phase Epitaxy 

(HVPE)9,19 starting from a sapphire template9,17. HVPE permits the achievement of 

high growth rates in the 100um/hr range compared to MOCVD techniques (~2 um/hr 

routinely, 10 um/hr at most)9,23. The GaN layer is removed from the sapphire 

substrate by laser lift-off and subsequently polished on both sides to yield a free-

standing substrate9,23. Numerous variations in HVPE growth techniques have been 

considered to circumvent the apparition of cracks in a millimeter thick GaN layer. 
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HVPE grown GaN substrates incorporating a LEOG step have been investigated 

with yet no dramatic breakthrough9,17,23.  

Another method for the fabrication of true bulk GaN substrate relies on a high 

nitrogen pressure high temperature solution24. In this case, the substrates are 

virtually free of dislocations (around 100 cm-2 and less than 104 cm-2) but at the 

expense of a small substrate area (~1 cm2) and a high concentration of point 

defects4,24. Bockowski provides a detail explanation of the method22. 

In this work, we will consider the thermal conductivity characterization of 

state-of-the-art free-standing gallium nitride substrates providing by Kyma 

Technology located in Raleigh, North Carolina, USA. These crystals are grown by 

the hydride vapor phase epitaxy method. Other sample, of thin film GaN on Silicon 

wafers were provided by Nitronex Corporation. These samples were grown by 

MOCVD on (111) silicon. 

 

1.1.3 Gallium Nitride Thermal Conductivity and Heat Transfer Limitations. 

As mentioned in the introduction, for high temperature, high power, high 

frequency application, the Combined Figure of Merit (CFOM) of semiconductors 

expressed by Equation (1.1) shows that the thermal conductivity is a criteria for 

device performance as important as mobility in predicting theoretical limits of device 

performance beyond device design and material quality. Figure 1.2 illustrates that in 

comparison to silicon carbide or diamond or even silicon, gallium nitride seems to 

have a relatively low thermal conductivity. 
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Figure 1.2. The thermal conductivity of gallium nitride is low relatively to its competitors used 
in similar applications. The gallium nitride thermal conductivity is estimated from Figure 1.3. 
 

The thermal conductivity of gallium nitride is not well characterized as 

evidenced from Figure 1.3 that plots versus time room temperature thermal 

conductivity values reported by different research groups.  

2200 
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Figure 1.3. Experimental room temperature thermal conductivity of gallium nitride plotted 
against time in years corresponding to independent research studies. Each data point 
represents the highest value reported for each reference. The time corresponds to the official 
date of publication. A broad spread of values can be seen although they tend to be 
increasingly higher with time. 

 

The first observation is that measured values are widely spread out. Though it 

seems there would be increasingly higher values reported with time. The differences 

observed in Figure 1.3 are not well understood except perhaps by the fact that 

gallium nitride thermal conductivity strongly depends on material quality5,9. Yet the 

precise nature underlying this dependence remains controversial.  

In general, the determination of the thermal impedance of GaN based HEMTs 

and Lasers represents an active focus of research15,25-28. Depending on the choice 

of substrate (SiC, GaN, Si, sapphire, etc), the thermal resistance of HEMT structures 
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will change considerably. While the substrate can dominate the contribution to the 

thermal impedance, it remains unclear the precise effects of a multilayer stacks on 

thermal analysis. One problem is that the fundamental material characteristics of the 

individual layers are not well known. In contrast with silicon, gallium arsenide or 

silicon carbide, gallium nitride is grown on non-native substrate including the 

presence of buffer layers of various thicknesses and material composition. The 

impact of the buffer layers on heat transfer has been limited to only a few 

studies26,27,29. Chapter 5 will cover the thermal modeling of mulifinger AlGaN/GaN 

HEMT devices with the gallium nitride thermal parameters measured from Chapter 

4. As pointed out in Ref. 27 and Ref. 30, despite the existence of complex thermal 

models, there is a lack for compact closed-form three-dimensional model that can be 

employed.  

Practically speaking one can grow GaN on a non native substrate, but with 

high dislocation densities due to lattice mismatch and other problems which will limit 

the electronic and thermal properties of the resulting material. In ELO grown 

material, the electronic and thermal properties may be significantly improved, but the 

void, or masking layers between the good material and the substrate may be 

limiting. Third alternative would be to grow on native GaN substrates, and hopefully 

have high quality electronic material, and highly improved thermal conductivities 

over sapphire. Thus the growth of quasi defect-free GaN thin films would be possible 

on GaN substrate at the expense of a relatively low thermal conductivity detrimental 

to thermal management. Therefore the characterization of thermal conductivity is a 

key study for the development of GaN based technologies. 

A review of state-of-the-art GaN thermal conductivity studies related to 

material quality and microscopic heat transport will be a focus in Chapter 4. It will be 

shown in detail how the thermal conductivity of GaN has been steadily increasing 

over the past decade and how further studies are necessary to narrow the origin of 

this on-going progress. However the focus of this thesis is inherently broader and its 

scope is addressed in the following introductory sections.  
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1.2 Thermal Conduction: Basic Concepts 

Our main goal in this work is to characterize the thermal conductivity of GaN 

and conduct thermal analysis. It is therefore important to review the basic principle of 

macroscopic heat conduction that will support our analysis.  

 

1.2.1 The Equation of Periodic Heat Conduction. 

Heat exchange occurs via radiation, convection or conduction. The one-

dimensional macroscopic heat conduction equation with no heat source can be 

derived by expressing the conservation of energy in a continuity equation between 

the divergence of the heat flux per unit area  TQA 


 and the energy 

variations of the thermal mass -ρCp ∂T/∂t at a position (x,y,z) in space and is given 

for an isotropic homogeneous medium by31: 
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 (1.2) 

Where ρ is the density in g·cm-3 or kg·m-3, Cp is the specific heat in J·kg-1·K-1, 

κ is the thermal conductivity in W·K-1·m-1, and α=κ/ρCp is the diffusivity in m2·s-1. 

Typical values for these parameters are given in Table 1.2 for several 

semiconductors and metallic solids.  

Table 1.2. The density ρ, the heat capacity Cp, the thermal conductivity κ and the diffusivity α 
for various non-metallic and two metallic solids. An arbitrary nature lies on the κ and α of 
gallium nitride due to partly a lack of experimental data. 

 

Material ρ [kg·m-3] 
Cp [J·kg-1·K-

1] 
Κ [W·K-1·m-1] α  [mm2·s-1] 

SiO2 2220 745 1.38 8.3 

Sapphire 3970 765 36 12 

Silicon 2330 703 150 92 

GaN 6150 490 130 < ? 40<? 

6H-SiC 3200 640 350 170 

Diamond 3500 509 2300 1300 

Copper 8920 378 400 120 

Aluminum 2700 888 236 98 
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In time-independent phenomena (static regime), the divergence of the heat 

flux with zero heat source is zero and the heat equation (1.2) reduces to the Laplace 

equation ΔT=0 and is governed by the Fourier’s law depending on the boundary 

conditions31. In time-dependent phenomena or dynamic regime, the specific heat is 

non-zero and harmonic analysis can be considered. Considering the temperature to 

be of the type exp(iωt)·T(x,y,z) in case of periodic phenomena, the heat equation 

becomes31: 

0 TiT



 (1.3) 

Equation (1.3) can be viewed as an Helmholtz equation with a complex wave 

vector. This is possible because the heat equation in Equation (1.2) is a parabolic 

equation (one derivative with respect to time) whereas the Helmholtz equation in 

electromagnetism derives from an hyperbolic equation (two derivative with respect to 

time). The solution of the one dimensional equation (1.3) can be expressed on the 

basis of two vectors31: x

i

e 


and x

i

e 



. The solution includes a damping term and an 

oscillating term31 sometimes referred to as “thermal diffusing waves”. A typical 

solution is given in Appendix A. The term λ=(ω/α)-1/2 is called the penetration 

depth32. A complete solution necessitates the knowledge of the boundary 

conditions31. If transients are to be included, the initial conditions must be known. 

Equation (1.3) is inadequate to treat transient problems31. 

 

1.2.2 Complement to the Elementary Heat Conduction Equation. 

The previous introductory section relies on important unstated assumptions 

that should be examined in the context of this study. In an unhomogeneous medium, 

the thermal conductivity is a function of spatial coordinate31. In our case, a thermal 

conductivity gradient across the film thickness potentially could take take place 

usually due to a gradient of material properties. This has been observed in CVD 

diamond layers grown on silicon substrates33. In the case of a gradient of material 

properties, the heat equation becomes31: 
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The resolution of the heat equation (1.4) in a closed-form becomes extremely 

complex in most situations, if not impossible to solve analytically. Therefore we have 

resorted to finite element analysis to extract thermal conductivity measurements and 

conduct thermal analysis, one of the purposes of Chapter 3. 

The second assumption we shall discuss is the dependence of thermal 

conductivity versus temperature. It is known that the thermal conductivity of solid-

state semiconductor is actually a strong function of temperature34. The equation 

(1.2) is no long linear with respect to temperature, and a closed-form solution 

becomes tedious to extract, if not impossible to formulate31. However if the 

temperature variations are small compared to the gradient of thermal conductivity 

over the same temperature variations, Equation (1.2) holds true35. This approach 

represents nothing else than a small signal analysis treatment. It is the cornerstone 

of our experimental method to extract the thermal conductivity and it is discussed in 

Chapters 2 and 3. 

Finally in an anisotropic medium, the thermal conductivity is better described 

by a tensor. It can be shown that the thermal conductivity in any directions can be 

described on the basis of three thermal conductivities called principal conductivities 

similar to the case of ordinary and extraordinary refractive index in anisotropic 

transparent homogeneous linear optical material31. The gallium nitride thermal 

conductivity varies easily by fifty percent depending on material quality (Figure 1.3). 

However, in the introductory part of Chapter 4, it will be seen that the isotropy 

assumption is excellent given the measurement uncertainties (±10%). 

 

1.3 Thermal Conductivity Measurements 

Accurate measurements of the fundamental physical properties such as 

thermal conductivity are crucial inputs into the thermal models used to develop 

sophisticated devices. Bhandari and Rowe34 provide a fair and brief presentation of 

the challenges inherent to thermal conductivity characterization. Heat diffusion is by 

nature a dissipative process irreversible in time whereas electrical energy can be 

 T
t

T
Cp 


 

  (1.4) 
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transported via fully reversible guided waves with no loss in principle. Moreover 

unlike in electrical conductivity measurements in which electric current flow losses 

along the length of the sample can be prevented by suitable electrical isolation, it is 

very difficult to establish a similar loss-less situation in the measurements of the 

thermal conductivity. Indeed losses occur via radiation, convection and conduction 

requiring the presence of radiation shield and thermal insulation such as vacuum. 

These differences are precisely those that modify the nature of the characterization 

process and uncertainties in measurements. For large sample (Kg or 100 grams) 

and bulk materials thermal conductivity measurements are easier than for thin film 

materials where the thickness of the material may only be a few microns, the area 

less than a square centimeter and the total mass of the material of interest on the 

microgram scale. 

 

1.3.1 Presentation of Semiconductor Thermal Conductivity Characterization 

Techniques 

Thermal conductivity measurements can be divided into two groups: static 

methods and non-steady or dynamic methods34,36. All methods involve either the 

direct measurement of heat which passes through the sample (absolute methods) or 

the comparison of the amounts of heat flowing through a sample of known thermal 

conductivity (comparison method). In static methods, measurements are made only 

after thermal equilibrium has been established. They are generally time-consuming 

but relatively accurate. The determination of the thermal conductivity often requires 

the knowledge of the temperature, for instance measured with thermocouples. The 

heat flux may be determined from the power dissipated by an electrical heater or 

from a heat flow meter which may consist of a reference material of known thermal 

conductivity, usually of small size and low thermal conductivity. In a steady-state 

experiment, the thermal conductivity is deduced from Fourier’s law using Equation 

(1.5) below: 

T

Q
k A


  (1.5) 
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The disadvantage with these techniques is that heat losses easily play a 

dominant role depending on the temperature of measurement and thermal 

conductivity magnitude and sample size. Several technical variations based on 

radial heat flow, the presence of guard, or the direct flow in electrically conductive 

sample are listed in ASTM standards37-39 and were invented to extend the 

temperature range of measurements by minimizing heat losses or to accurately 

characterize specific material with specific thermal conductivity values and sample 

sizes.  

In dynamic methods, thermal gradients are observed as a function of time, 

enabling measurements to be made relatively quickly and over a wide range of 

temperatures. However, in dynamic methods, it is usually the thermal diffusivity 

which is measured. The choice of method is governed initially by the intended 

temperature range of measurements. Static methods are typically employed at low 

temperatures and dynamic methods are typically employed at room temperature and 

above. A couple of dynamic methods have been used extensively and became 

classical techniques.  

In the periodic temperature wave method (Angstrom’s method), one end of a 

long rod-shaped sample is heated periodically. Along the rod, the temperature wave, 

measured by thermocouples, is attenuated and the thermal conductivity is deduced 

from the phase information carried by the thermal wave34. Transitory or pulse heated 

methods have also been employed. This is the case of the laser flash technique now 

widely commercially available. The thermal conductivity is inferred from the 

temperature decay characteristics measured on the back side of the sample which is 

heated on the front face by a laser of short pulse duration much smaller than the 

heat pulse transit time trough the sample34.  

Other miscellaneous methods may rely on the thermoelectric, photoacoustic 

or pyroelectric effect. For instance, AC calorimetric methods relying on the 

pyroelectric effects consist of a thin sample in good thermal contact with a 

pyroelectric crystal with very thin electrodes on both sides. Heat pulses at the 

surface of the thin sample diffuse to the pyroelectric crystal that produces a charge 

at the electrodes resulting in voltage drop decays through a load resistor connected 
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to the electrodes. The thermal property of the thin sample can be deducted form the 

voltage waveform in time-domain34. 

The photoacoustic effect has also been useful for thin films with low thermal 

conductivity. In this case, the heat absorbed by the sample heats the atmosphere 

near the surface of the sample resulting in a change of pressure that can be 

detected34. A variation of this technique is the mirage technique, where a probing 

laser beam parallel to the sample is deflected by the change in refractive index of 

the air above the sample when the air above the sample is heated by the incident 

laser pulse34. In all of these techniques the dynamic solution to the heat equation is 

of interest. 

 

1.3.2 Selecting and Developing an Appropriate Technique 

A large number of thermal conductivity characterization techniques has been 

devised depending on sample size and geometry, material phase, isotropy, 

homogeneity, thermal conductivity range, temperature range, immunity to heat loss, 

speed of measurement, accuracy, repeatability, cost, experimental complexity, etc… 

Numerous classes of techniques have resulted. Experimental uncertainty of new 

techniques can also be high, so the research community has conducted several 

round robin studies to validate different characterization techniques. For example, 

the thermal conductivity determination of diamond is especially challenging because 

of its high thermal conductivity, unique material geometry and properties33 and 

required special technique considerations33. 

Nevertheless if most novel techniques serve a dedicated purpose to form a 

class of characterization technique, they generally consist of small modifications 

form preexisting methods. Two chief observations are to be made to assess the 

suitability of a technique to the characterization of GaN thermal conductivity and 

analysis of thermal management on GaN based devices. The first observation is that 

the GaN thermal conductivity is in the same range within an order of magnitude as 

the thermal conductivity of silicon and silicon carbide at room temperature as 

evidenced from Figure 1.2 and Figure 1.3. The second observation is that gallium 

nitride is a solid-state semiconductor often presents in thin films grown on non-native 
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substrate due to a lack of substrate commercially available. In thin films, gallium 

nitride is often combined with aluminium nitride (AlN) and aluminium gallium nitride 

(AlGaN) to form heterostructures19,20. A suitable technique would be one that 

accurately characterize in a simple and cheap manner thin film or small volume of 

semiconductor gallium nitride or related compound from room temperature to 

junction temperature.  

A few techniques have been recently invented to characterize the thermal 

conductivity of thin films as the investigation of nanoscale level heat transport 

applicable to integrated circuit has become increasingly important. Several authors 

have written thorough review articles on the subject35,40. Few key principles are 

specific to the thermal conductivity measurement of thin films. In this introductory 

section, thin films refer to thin layers of solid-state material whose thicknesses range 

from 10nm to 100um40. Methods can divide into steady-state or transient, 

conductivity along layer or conductive normal to layer, contact or non-contact. 

Uncertainty analysis becomes of greater importance as the film becomes thinner 

since the substrate and film-to-substrate thermal conductivity contrast contribute to 

larger uncertainties. A description of normal-to-layer and along-layer characterization 

techniques are given by Goodson and co-authors40. In a 1998 review article35, Cahill 

analyses what he considers the most useful approaches for characterizing heat 

transport in thin film. He distinguished between diffusivity methods, some of which 

are derived from the Angstrom method, and thermal conductance methods that 

comprise the 3ω method and the thermoreflectance technique. The former will be 

described in the next section while the latter is a non contact transient normal-to-

layer technique used by Käding at al. in 199441.  

In the thermal reflectance technique, a temperature decay arises from the 

high energy laser pulse heating a thin metal layer deposited on the material under 

study. The decay time constant equals the metal film thickness time the heat 

capacity divided by the sample conductance. The decay time constant is deduced by 

measuring the reflectivity of the metal layer using another laser and detector as the 

metal reflectivity is a weak but measurable function of temperature.  
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1.3.3 Gallium Nitride Thermal Conductivity Characterization Techniques. 

A suitable technique to measure the thermal conductivity of small volume 

material with thermal properties comparable to those of gallium nitride is the 3ω 

method introduced by Cahill in 198732. Different terminologies for the 3ω method can 

be found in the literature such as harmonic joule heating or third harmonic method. 

This absolute normal-to-layer dynamic technique relies on the diffusion of thermal 

waves at relatively low frequency, typically ~10Hz to ~10,000Hz, from a heating wire 

(or microbridge) in contact with the sample but the thermal conductivity is directly 

measured instead of the diffusivity. An illustration of the technique principle is given 

in Figure 1.4. 

 

 

 

 

 

 

Figure 1.4 Isothermal representing the thermal waves present in the 3ω method and diffusing 
into the substrate from the heater. The temperature rise at the heater is directly related to the 
thermal conductivity of the underlying substrate. 

 

This method also presents the advantage to reduce heat losses due to 

radiation and convection, and becomes particularly suitable for measurements at 

room temperature and above due to a decreasing diffusivity at higher temperature. 

The implementation is relatively simple and relatively cheap for solid-state material 

presenting a reasonable smooth surface. Measurements are usually fast and 

accurate although sample preparation including lithography can be lengthy32. The 

technique has been widely used for the thermal conductivity determination of SiO2 

and silicon35. In this work, the 3ω technique was adopted to characterize the thermal 

conductivity of gallium nitride structures. An important point of focus in Chapter 3 is 

that the formalism for the heat diffusion model underlying the 3ω technique is 

tailored to the analysis of heat transfer and thermal management of typical HEMT 

and Laser structures. 

s

Heater 

Substrate 
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In the 3ω technique a ~1mm long ~10um wide metal strip is lithographically 

patterned on the substrate that serves both as a heater and sensor. An ac current 

with modulation frequency ω is passing through the narrow metal wire. The resulting 

joule heating generates a heat flux modulated at a frequency 2ω that diffuses into 

the underlying material under vacuum. Thermal waves oscillate at a frequency 2ω in 

the specimen and their amplitude is a function of the sample geometry and 

penetration depth 
pC

k




2
  determined from the thermal conductivity k, heat 

capacity Cp, density ρ and frequency of oscillation ω. The average oscillation 

temperature over the heater width causes a 2ω modulation of the wire resistance via 

the non-zero temperature coefficient αT. A third harmonic, approximately one 

thousandth the total voltage drop, develops across the wire with virtually no 

alteration of the heating power. The first harmonic V1ω taken across a potentiometer 

in series with the heater is subtracted from the total voltage drop across the heater 

allowing the in-phase and out phase component of the third harmonic V3ω to be 

detected by a lock-in amplifier. Chapter 2 will provide further detailed description of 

the measurement technique with experimental data. 

Several authors have used the 3ω method to study the thermal conductivity of 

gallium nitride5,7,42,43. However, virtually no work has addressed the potential of the 

3ω technique to characterize the thermal property when the film-to-substrate thermal 

conductivity contrast is high, which is likely be the case of GaN/sapphire or 

GaN/silicon. It is the scope of Chapter 3 to extend the validity of this technique to the 

case of high thermal conductivity film on low thermal conductivity substrate.  

A set of GaN studies1,3,44 has been conducted using a Scanning Thermal 

Wave Microscope (SThM) on GaN films thicker than or equal to 2-3 microns 

regardless of the substrate. Actually this technique is in principle closely related to 

the 3ω method. It consists of a non-destructive evaluation technique of imaging 

subsurface structure with high frequency thermal waves from 2kHz to 100kHz 

typically. The thermal imaging is achieved using a “V” shaped resistive thermal 

element of curvature radius of 1um incorporated at the end of an atomic force 

microscope cantilever. Detail experimental descriptions are given in the 
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literature35,45. If high spatial resolution can potentially be achieved with a SThM in 

some situations compared to most thin film techniques, the thermal conductivity 

uncertainty depends on a compelled tedious calibration procedure yielding room 

temperature measurements in the best case. Experimental complexity and cost46 are 

other factors limiting its use. Another technique derived from the photothermal effect 

has been employed to measure the thermal conductivity of gallium nitride although 

the reported temperature dependence seems somewhat underestimated and 

controversial11. Accurate and reliable low temperature measurements were obtained 

by Slack6 and Jeżowski and co-authors4 using a steady state technique but on bulk 

GaN materials. On bulk material always, the laser flash technique was employed to 

measure the thermal diffusivity from 300K to 600K. Hence the thermal conductivity 

was computed assuming a known heat capacity9. In a 1977 pioneer study, Sichel 

and Pankove2 measured the thermal conductivity temperature dependence of a 

400um thick gallium nitride layer grown on a sapphire substrate with an along-layer 

steady-state technique. In Chapter 4, a deeper look into the physical properties of 

the thermal conductivity of gallium nitride will be given. 

 

1.4 Objectives 

The main purpose of this work is to characterize the limitation of heat transfer 

in III-Nitride structures.  

Of prime importance is to characterize the thermal conductivity of gallium 

nitride and relate film property to GaN thermal conductivity in a comprehensive 

approach. To this effect, measurements will be taken on epi and bulk gallium nitride 

grown on sapphire and silicon using the 3ω method. Due to the specific property of 

gallium nitride grown on non-native substrate, the 3ω method was applied with a 

new set of experimental conditions that require new developments. The heat 

conduction models must be reviewed and adjusted as gallium nitride presents a high 

thermal conductivity relative to sapphire, normal-to-layer unhomogeneous material 

properties, and a layer thickness that varies inaccurately for state-of-the-art samples 

grown in different conditions. 
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Of second importance is to investigate the governing parameters important to 

the thermal design of multifinger HEMT structures. Comparative studies between the 

thermal performance of AlGaN/GaN HEMT on SiC substrates and AlGaN/GaN 

HEMT on GaN substrate can be possible provided the thermal properties of gallium 

nitride are characterized. In order to identify differences of performance from a 

thermal design viewpoint, it is necessary to analysis the thermal resistance of GaN 

HEMT by decoupling the effects from the substrate, film layers, finger geometry, 

buffer layer, etc. For instance, the impact of the presence of an AlN buffer layer 

between GaN and SiC on the thermal resistance can be readily examined 

analytically. Expressing the thermal resistance of mutlifinger devices in an accurate 

but compact expression represents an on-going challenge that must be addressed in 

this study.  

 

1.5 Dissertation Outline 

The remainder of the thesis is organized as follows: 

 

-Chapter 2 provides a detail description of thermal conductivity 

measurements employing the 3ω method. Routine procedures as well as state-of-

the-art development in the field is presented.  Calibration measurements are 

discussed in light of published work. Measurement on thin film GaN grown on silicon 

and bulk GaN is presented and the conditions for proper data interpretation are 

discussed. 

 

-Chapter 3 investigates the analytical and numerical modeling of heat 

conduction to determine the thermal property thin films such as gallium nitride from 

measurements using the 3ω method. The possibility for the 3ω technique to extract 

the thermal conductivity is investigated in the case of high thermal conductivity thin 

film with the presence of interfacial boundary resistance based on analytical work 

applicable to the case of gallium nitride grown on silicon or sapphire.  
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-Chapter 4 represents a core study of this thesis. It addresses the factors 

limiting the thermal conductivity of gallium nitride depending on growth techniques 

and growth conditions affecting film properties. The effect of dislocation on the GaN 

thermal conductivity is examined. Chapter 4 shows an empirical dependence of 

thermal conductivity on dislocation densities in agreement with several theoretical 

studies. The temperature dependence of the thermal conductivity is discussed. 

Results on defect density characterization are presented in Appendix D.  

 

-Chapter 5 explores the modeling of the thermal resistance of three 

dimensional multifinger AlGaN/GaN HEMTs with the gallium nitride thermal 

parameters taken from Chapter 4. Based on the results of Chapter 3, an original, 

compact and accurate closed-form expression for the thermal resistance is derived 

in order to be conveniently and accurately employed for device design. Analytical 

expressions are properly derived in appendices A, B and C, while the accuracy of 

the model is compared against simulated results in Chapter 5. The chief purpose of 

Chapter 5 is the comparative study between thermal performances of 

heteroepitaxially grown AlGaN/GaN HEMTs on silicon carbide and homoepitaxially 

grown AlGaN/GaN HEMTs. 

 

-Chapter 6 summarizes the work and proposes future work. 
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Chapter 2 The 3ω Method: Principles and 
Measurements 

2.1  The 3ω Technique: Fundamentals. 

When a sinusoidal current at frequency  is sourced through a resistor, in 

addition to a sinusoidal voltage across the resistor at that frequency, a voltage signal 

at 3 times the source frequency also appears. This was noticed by Corbino in 1911, 

and is a consequence of the temperature dependence of resistivity. In the early 60’s, 

the third-harmonic signal found practical applications to measure various thermal 

properties of liquids and solids such as the dynamic heat capacity, the 

thermophysical properties of thin wires, etc1,2. 

In this thesis, the term “3 method” will refer to the technique developed in 

1987 by Cahill and Pohl3 , where a thin electrically conductive wire is deposited onto 

a solid-state specimen whose thermal conductivity needs to be measured. In most 

thermal conductivity measurement technique, heat is generated at a known rate and 

temperature is sensed to deduct the thermal conductivity. In the case of the 3ω 

method, the same wire serves both as a heater and a sensor. There are several 

significant advantages to the 3 method. The two most important for this thesis is 

that it permits thermal conductivity measurements of thin films which would 

otherwise be very difficult due to their small mass, and since it is an AC technique it 

is relatively immune to errors from blackbody radiation when performed at elevated 

temperatures. 
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2.1.1 The Heat Source.  

Let us consider a thin narrow long metal wire deposited onto an isotropic 

homogeneous semi-infinite dielectric medium in vacuum with no radiation and 

convection losses. Cahill demonstrates the radiation losses are negligible in the 3ω 

method over a large range of temperature centered at room temperature3,4. An AC 

current It=I0cos(ωt) at angular frequency  across the heater generates a finite heat 

flux due to joule heating in the metal line of resistance R0 dissipating into the 

material with the power given to first order as : 

 
2

RI
P  where0t2PcosPIRP 0

2
0

tt  2

0  (2.1) 

R0 is the resistance of the line for a time independent continuous current. Let 

us first consider the power component Pt=P·e2it as a sole source of energy. The 

heat flux per unit area is QA·e2it= Pl/(2b)·e2it at the heater-substrate interface where 

b is the wire half-width and Pl=P/l is the power per unit length, and l the wire length 

illustrated in Figure 2.1. 

    

 
 
Figure 2.1. Four point heater: a) of different width and length for effective testing and: b) top 
view showing the length and width of the structure. 
 

In this simplified analysis, any thermal or electrical effects due to the heater 

are disregarded. The heater only serves as a heat carrier4. Thus, a sinusoidal heat 

a) b) 

w =2b 
I+ I- 

Vt 

l =1 mm 
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source flux gives raise to a complex temperature oscillation field T(x,y,z)·e2it in the 

medium beneath the heater and is a solution of the heat equation4-7: 

0
2

 TiT



 (2.2) 

The solution of the heat equation depends on the spatial coordinates (x,y,z), 

the geometry of the line, the thermal conductivity κs of the substrate, the penetration 

depth λ=(2ω/α)-1/2 and the boundary conditions. The heat flux amplitude is zero on 

the surface of the sample except at the location of the heat source where it varies 

sinusoidally with time. The temperature oscillations decay with increasing distance 

from the heat source. In case of a heater with half-width b, the complex temperature 

oscillation ΔT spatially averaged over the heater width is given as4: 
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Where “q” is the inverse of the penetration depth λ=(2ω/α)-1/2. Solution (2.3) is 

the relative temperature oscillation about the mean at the heater induced by the 

periodic heat flux. At vanishingly small frequencies such that b/λ<1, Solution (2.3) 

can be approximated as4,8. 
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The accuracy of the approximation can be seen in Figure 2.2 as Equations 

(2.3) and (2.4) are normalized to P/(πlks) and  plotted against b/λ.  
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Figure 2.2. The real (in-phase) and imaginary part (out-phase) of the Equations (2.3) and (2.4) 
were plotted in plain line and dotted line respectively. ΔT was normalized to the pre-factor of 
Equation (2.3), ie P/(lπks).  

 

The real part of the temperature oscillation ΔTin (in-phase) at the heater is 

inversely proportional to the thermal conductivity κs and proportional to the logarithm 

of the angular frequency ω4,8:  
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Cstnot ω is an expression independent of ω. The derivative of Equation (2.5) 

with respect to ln(ω) can be derived from the case of an infinite line source with zero 

width3. The heat flux is estimated by computing the joule heating based on electrical 
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measurements of current and voltage across the wire. The sensing of the 

temperature oscillations is presented in the following section. 

 

2.1.2 The Sensor 

The detection of the complex temperature oscillation amplitude at the 

heater/substrate interface, can be expressed as: 

T() = Tin+ Tout = T0()exp(i()) (2.6) 

is performed by sensing the change of resistance R of the metal line with 

temperature via the non-zero intensive temperature coefficient resistance αT=(1/R) 

(dR/dT) of the metal line1,4,8. 
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In other words, the thermometer is defined by the resistance versus 

temperature relationship. It is desirable to choose a metal line with elevated 

temperature coefficient inert to oxygen and easy to pattern. Gold represents an 

appropriate candidate, αT is typically measured close to 0.003K-1 at room 

temperature2, 7, but is found to be dependent on deposition methods and should be  

experimentally determined for precision measurements.  To can be estimated from 

Equations (2.4) and (2.6) by plugging in typical experimental values: a 10 

resistance, a 20mA current, b=5m, a pulsation  of 500Hz, and typical room 

temperature physical parameters of either SiO2, sapphire or silicon. It results a To 

ranging between ~0.1 and ~1K in agreement with measurements4,8. This implies that 

ΔR/Rt is typically 1/1000 which in turn implies that the 3 signal will be small in 

comparison to the voltage at frequency . Due to the driving current I(t) through the 

heater, the voltage Vt across the wire, as a mere function of αT in first order 

development, becomes1,4,8: 
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Equation (2.8) indicates the existence of a third harmonic voltage 

component1,4,8: 
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The small values of the temperature coefficient αT and temperature oscillation 

T account for the V3 measured nearly one thousand times lower than the first 

harmonic voltage V1. It also accounts for the negligible dependence of the electrical 

power in equation (1.1) on αT (and V3). Agreement between theory and experiment 

shows that the development to first order in αT represents an excellent 

approximation4,7,8. The total voltage drop Vt is measured on a four-point pad heater 

while the in-phase V3in and out-phase V3out of the third harmonic are sensed using 

a lock-in amplifier7,9. Provided αT is known, the in-phase ΔTin and out-phase ΔTout 

are deduced through relation (2.9)4,7,8. Section 2.3 discusses experimental details. 

 

2.1.3 Extracting the Thermal Conductivity: the Slope Method. 

It takes two separate independent measurements to extract the thermal 

conductivity at a given temperature. 

 First the output V3 from the lock-in is measured against the input 

angular frequency ω of the generator. In the meantime, electrical 

parameters V1, Rh, Ph are recorded.  

 The second measurement is the temperature coefficient αT. Section 

2.3 discusses experimental details. 

 

ΔT(ω) is deduced through Equation (2.9). Normalizing ΔT(ω) to the electrical 

power P, the thermal conductivity is deduced by taking the slope of ΔTin/P versus 
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ln(ω) using Equation (2.5). Figure 2.3 gives a typical V3ω versus ln(ω) curve taken on 

a 1mm thick glass substrate.  
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Figure 2.3. Typical V3ω versus lnω curves for a 1mm thick glass slide. The line with circles 
represents the in-phase signal while the line with square plots the out-phase signal. From the 
measurement of the temperature coefficient αT the ΔT/P was deduced (right vertical axis) . The 
thermal conductivity was found 1.1 W·K-1·m-1 (±10%) from the slope of the in-phase. 
Handbook16 value gives 1.1 W·K-1·m-1. 
 

Proportional to V3ω is ΔT/P plotted on the right axis of Figure 2.3. Therefore 

Figure 2.3 also provides a typical ΔTin/P versus ln(ω) curve. Deducing the thermal 

conductivity from the slope of ΔTin/P versus ln(ω) is a valid approach provided the 

underlying heat diffusion models and assumptions to Figure 2.3 are faithfully 

reproducing the experimental conditions.  

Several assumptions essential to the derivation of Equation (2.5) are easily 

invalidated during experiment with an observable impact on data interpretation.  



 33

i) First the sample is not infinite. The penetration depth will increase as the 

frequency decreases up to a point where the penetration depth exceeds the sample 

thickness: λ/ds>1 (ds sample thickness). A previous study has shown that it actually 

requires 5λ/ds<1 to for the Equation (2.5) to be in less than 1% error due to the finite 

sample thickness10. Whereas for λ/ds~1, it was shown that Equation (2.5) can easily 

lead to an error of 20% in measured thermal conductivity10.  

ii) Secondly the frequency is not vanishingly small. At high frequencies, the 

penetration depth becomes comparable to the heater half-width b~λ and Equation 

(2.3) must be considered instead of Equation (2.5)4,8. In that case, the dependence 

of ΔT is no longer linear with the thermal conductivity κ via the diffusivity α. At very 

high frequency, the solution is better approximated by an infinite plane heater (or a 

plane heater with negligible boundary effects)1,11. In that case, the temperature 

oscillation ΔT is inversely proportional to the effusivity, the product of thermal 

conductivity and heat capacity.  

iii) One may think of considering the high frequency regime to deduce the 

thermal properties of the substrate1,11. Unfortunately, the this is experimentally 

difficult to implement in practice as several research groups have experimentally 

shown10,12 because of a third assumption that limits the validity of the Equation (2.5) 

before reaching the high frequency regime, that is: the heat capacity of the heater is 

non-zero and the heater thickness is non-zero10,12. In the high frequency regime 

where the heat is confined in the vicinity of the heater due to a decreasing thermal 

penetration depth at increasing frequencies ΔT becomes is a strong function of the 

heater film thickness and heater heat capacity10,12, this can result in large errors if 

Equation (1.5) is used. 

In practice Equation (2.5) is valid when ω covers approximately the 10Hz-

10,000Hz range7,10. This satisfies the conditions b/λ<1, and λ/ds<1 (ds sample 

thickness) for samples of hundreds of microns thick that have a relatively low 

thermal conductivity (1 W·K-1·m-1) at room temperature. That is why numerous 

studies employing the 3ω method have been routinely performed on low thermal 

conductivity (~1 to 10 W·K-1·m-1) amorphous dielectric materials. Indeed, it was used 

extensively by its inventor and other groups to investigate the thermal conductivity of 
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amorphous glass and other low thermal conductivity bulk solids such as KDP 

potassium dihydrogen phosphaste crystal (KH2PO4)8,11, polymethylmethacrylate 

(PMMA)3,13, amorphous As2S33, Ca-K nitrate glass3, CdGeAs2 glass14, SiO2 based 

glasses1,3,4 triglycine sulfate8, etc. Actually by increasing the frequency thereby 

decreasing the penetration depth, the thermal conductivity of thick films of ~50um of 

low thermal conductivity SiO2 film were measured15.  

One can also use the 3ω method to measure the thermal conductivity as a 

function of temperature. For standard semiconductors, the penetration depth at a 

given frequency increases drastically as the temperature decreases below room 

temperature because the diffusivity shots up via an increasing thermal conductivity 

and decreasing heat capacity16. Therefore for a certain range of decreasing 

temperature below room temperature, the condition λ/ds<1 is unlikely to hold 

depending on the sample thickness. This is not the case of glasses because the 

thermal conductivity has fairly smooth variations over a large temperature 

range3,4,14,15.  

Conductive samples such as undoped gallium nitride or silicon must be also 

be electrically insulating from the heater to preserve the integrity of the four-point 

electrical measurement. Such an insulation is carried out via the deposition of a 

~100nm SiO2 layer on the substrate prior to heater formation whose impacts on the 

heat diffusion are unimportant to the method as explained in a next section. 

There are a few assumptions that hold true in almost any 3ω method 

experiments reported up-to-date.  

i) First, the dependence of thermal conductivity on temperature can be 

neglected throughout a 3ω measurement because, as demonstrated in a previous 

section, the temperature oscillations are very small (less then 1K) for a large set of 

experimental parameters. Therefore the treatment of the problem is that of a small 

signal analysis and the cornerstone Equation (2.3) is linear with temperature.  

ii) Second, the effects of transients are negligible, which legitimatizes 

Equation (2.3). The power in Equation (2.1) also presents a time-independent 

component that establishes a temperature gradient in the sample9,10, thus allowing 

the total temperature rise to be positive at anytime, compatible with the principles of 
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thermodynamic. The temperature at the heater can be summarized as 

T0+δTc+δTct+ΔT+δTωt where T0 is the initial equilibrium temperature of the sample 

before starting the experiment, δTc is the constant temperature rise due to the time-

independent component of the Power P, δTct is the transient temperature of the 

constant power, ΔT is the periodic oscillation at 2ω due to the oscillation power at 

2ω, and δTωt is the transient as the frequency varies. The transient times can be 

estimated from the delay τ for the heat to diffuse within a characteristics length xc to 

be determined. In the case of δTωt in the 3ω method, the author of the present thesis 

estimates that the heat will be mostly confined within a penetration depth, so that 

xc~λ.  
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Equation (2.10) states that for ω covering the 10Hz-10,000Hz range, the 

transient will be in the order of a few hundreds of milliseconds, to perhaps a few 

seconds at most, which is perfectly in agreement with Figure 2.4 representing 

elementary time-dependent finite-element simulations.  
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Figure 2.4. The time-dependent temperature oscillations ΔT were simulated by numerical 
calculation (FEM) on a 5 cm wide by 5cm deep silicon substrate at room temperature starting 
at t=0 for two frequencies ω=5Hz (left graph) and ω=5000Hz (right graph). For each frequency, 
two solutions corresponding to different initial conditions of the heat flux were computed: in 
solid line Q=105sin(ωt) and in dotted line Q=105cos(ωt). The heat flux 105 W·m-2 is typical of 
experimental values. It can be seen that in either case, the transient vanishes after a few 
cycles in agreement with Equation (2.10). Note the differences in time scale and amplitude 
oscillation between the two different situations ω=10Hz and ω=10,000Hz.  

 

Experimentally, the transient term is not observed since small waiting period 

is used before taking each point. In the case of δTct, xc can be matched with the 

substrate depth. A realistic worst case scenario considering a 5mm thick amorphous 

material with a thermal diffusivity 10 times lower than that of SiO2 gives a τ~30s for a 

δTct, estimate (3s with 5mm thick SiO2). δTct arises only with a change in power of 

the heater. In the 3ω method, thermal equilibrium is reached quickly and 

measurement of the third-harmonic is fast. The transient temperature gradient 

quickly achieves a constant temperature shift in the sample with respect the bath 

temperature as the system becomes stationary9. Thanks to short equilibrium times, 

accurate control of the temperature of the oven or cryostat for hours is not required 

for the 3 method6.  

A final assumption whose validity is usually not questioned is the 

homogeneity of the sample. In the case of GaN samples, like some diamond 

samples, the dislocation density can vary significantly with sample thickness. Thus 

we will include the effect of unhomogeneous material properties in heat models. 
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2.2 Review on the Extension of the 3ω Method  

The methodology presented previously is referred to as the “slope-method”. It 

is merely a particular case of the overall possibilities the 3ω technique can offer. In 

case the assumptions underlying Equation (2.5) are not applicable, it does not imply 

that the thermal conductivity cannot be deduced. On the contrary, it means that 

more elaborate heat models are needed to  account for the experimental conditions 

and that a proper experimental procedure and experiment planning must be 

developed to characterize the thermal properties of the desire sample. There are 

several variations of the 3ω technique, but all have originated based on the same 

heating and sensing principles previously presented. The differences in the solution 

of heat equation are just shaped by thermal, electrical and geometrical parameters15. 

Nonetheless, it is important to keep in mind that the 3ω technique becomes 

particularly powerful and advantageous over other techniques when the slope 

method, meaning the linearity between ΔT(ω), κ, and ln(ω), can be verified by 

experimental condition with a high level of precision. In this thesis the  

characterization of GaN thermal conductivity will require the development of new 

methodologies relying on the 3ω method. A review on extensions to the 3ω method 

presented so far is now given. 

 

2.2.1 Differential Technique 

The first extension to the 3ω technique was the measurement of thin film 

thermal conductivity of dielectric deposited onto a substrate, typically SiO2 on silicon.  

In 1994, Cahill et al.17 reported a detail explanation of the methods. In the case of 

one-dimensional heat flow that occurs in a thin film of low thermal conductivity 

deposited on a substrate with high thermal conductivity (relative to that of the thin 

film) the temperature oscillation ΔTS+F averaged over the heater width is the linear 

sum of the temperature oscillation ΔTS at the film-substrate interface and the 

temperature gradient across the film ΔTF: 
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ΔTS is the temperature oscillation obeying Equation (2.3), kF and dF the film 

thermal conductivity and film thickness respectively. A cross-sectional schematic of 

the heat flow in the sample is represented in Figure 2.5.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5. Schematic of the heat flow for a low thermal conductivity thin film on substrate for 
KF <<Ks and dF<2b. 
 

Equation (2.11) is valid for kF/kS<<1 and dF/2b<<1 which matches the 

condition for one-dimensional heat flow in the film18. kF/kS represents the film-to-

substrate thermal conductivity contrast. Therefore the presence of a film adds a 

thermal offset to Equation (2.3) independent of frequency. Thus the film thermal 

conductivity and the substrate thermal conductivity can be determined.  

The experimental procedure is as follows. First ΔTS is measured or calculated 

versus lnω in the case of a heater deposited on a bare substrate with no film using 

Equation (2.5) for reference. Then with a heater on a film-on-substrate sample, 

ΔTF+S is recorded versus lnω. From the difference ΔTF+S-ΔTS, the thermal offset ΔTF 

is deduced and the product kF·dF is calculated based on Equation (2.11). By varying 

the film thickness and repeating the measurement for ΔTF+S for each film thickness, 

the film thermal conductivity is inferred. Any method based on the difference ΔTF+S-

ΔTS is called the “differential” 3ω technique. Note that it is essential to measure the 

film thickness and heater half-width with great precision. All in all, the method is 

SiO2 KF dF 

b 
Heater 

Substrate KS 
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tailored to low-thermal conductivity film with high uniformity that can be precisely 

measured. The film must be electrically insulating and samples with different film 

thicknesses must be synthesized. Equation (2.11) provides a solution to measure 

the thermal conductivity of electrically conductive bulk samples using the slope 

method via the deposition of an electrically insulating layer, such as 100nm PECVD 

SiO2 or Si2N3. 

The nature of the thermal boundary resistance (TBR) between two materials 

in intimate contact with a large mismatch of thermal conductivity has been the focus 

of numerous studies employing the 3ω method. The boundary resistance Rab 

between one layer of thermal conductivity ka and another layer of thermal 

conductivity kb along one dimension z is defined as: 











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dz

dT
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dz
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a
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baab
a

a 0)(1

 (2.12) 

From a macroscopic viewpoint, a thermal boundary resistance can be thought 

as the thermal resistance of a very thin layer of thermal conductivity kc and thickness 

dc sandwiched between two layers with zero heat spreading: 

c

c
ab k

d
R   (2.13) 

It takes two conditions for Equation (2.13) to complete the definition of a 

thermal boundary resistance. First the thickness dC becomes infinitely thin. However 

the condition that dC/kC=Rab remains finite and non-zero must be met. Therefore kC 

must go to zero. More precisely, kC=dC/Rab+ε with ε going to zero while dC vanishes 

to zero, Rab being a finite and non-zero real. If Rab is zero, then kC can take any non-

zero arbitrary values but this case is trivial. Rab going to infinity sets an adiabatic 

boundary condition.  

A Thermal boundary resistance Rab has standard international units of 

K·m2·W-1. In the case of the 3ω technique, the existence of a boundary layer Rsf 

between a film and a substrate adds a thermal resistance to the film resistance in a 

one-dimensional heat diffusion model. Equation (2.11) must be rewritten as: 
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One can then define an apparent thermal conductivity Kapp function of film thickness: 
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Equation (2.14) is identical to Equation (2.11) if the film thermal conductivity kF is 

substituted by the apparent thermal conductivity kapp with the same assumptions for 

Equation (2.14) as for Equation (2.11). Following the same measurement methods, 

the determination of ΔTF+S-ΔTS for varying film thicknesses yields the thermal 

boundary resistance RSF in addition to the film thermal conductivity kF. An illustration 

of the method on ~100nm SiO2 and SiNx is illustrated by Lee and Cahill18. They 

determined a thermal boundary resistance of Rsf ~2·108 K·m2·W-1 between the SiO2 

film and the silicon substrate at room temperature equivalent to a 20nm SiO2 layer 

(SiO2 has a thermal conductivity of ~1.4 W·K-1·m-1)18.  Thus the measurement of 

thermal boundary resistance using this methodology becomes a useful concept by 

which different physical situations can be compared. In general this method has 

become useful for a wide variety of low-thermal conductivity thin films. For example : 

α-Si:H17, sputtered Al2O319, sputtered Ti2O319,20, evaporated Ti2O320, κ-Al2O321, α-

Al2O321, α-C:H22, polymers23, low-permittivity dielectric Xerogel24, polycrystalline 

AlN25, ultra-low permittivity dielectrics26, SiO27,18,20,27-29, polyimide29, etc. have all be 

studied using the differential 3 technique.  

A different body of works, also based on the differential 3ω technique, has 

addressed the thermal conductivity characterization of superlattices acting as a 

single film-like structure with an apparent thermal conductivity kapp instead of kF. The 

observed thermal conductivity reduction in superlattices, whose origin is still the 

focus of intense research30-32, is favorable to meet the condition kF/kS<<1 while 

dF/2b<<1 is often verified although these assumptions are not always verified so that 

complex methods were developed to extract the thermal conductivity value. A variety 

of superlattices were studied, such as: Si-Ge33,34, IrSb3/CoSB335, Ge quantum dots36, 
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AlAsxSb1-x37, InAs/AlSb38, Bi2Te3/Sb2Te331, etc… In this case it is important that 

several remarks be made or reiterated.  

i) The measured thermal conductivity of the superlattices represents an 

apparent thermal conductivity. It implies that, if the characterization of each 

component of an arbitrary multilayer stack turns to be laborious, it may be instead 

carried out through an effective thermal conductivity of the complete stack. In the 

case of superlattices, if they are well defined and atomically smooth one can also 

attempt to describe the situation by considering the quantum mechanical solution of 

heat transport by phonons through the superlattice, and tie the low thermal 

conductivity to more basic principles. In practice this has been difficult, but the ability 

to make reproducible measurements of the apparent thermal conductivity has been 

useful. 

ii) Electrically isolation of electrically conductive superlattices from the heater 

is achieved with the presence of an extra cap layer, usually a PECVD SiO2 layer of 

assumed known thickness and thermal conductivity value. The temperature drop 

across the cap layer, most likely SiO2, is calculated from Equation (2.11) and is 

subtracted to the temperature oscillation recorded on top of the cap 

layer/supperlattice/substrate to deduce the superlattice/substrate temperature 

oscillation. The higher the number of post-processing data steps, the higher the 

uncertainty becomes. In some papers, it is not clear if the role of the capping layers 

have been fully characterized. 

iii) A few research groups have investigated the anisotropy of the thermal 

conductivity of strongly anisotropic films including superlattices by varying the heater 

width and fitting the solution of the heat equation by successive iteration of the 

thermal conductivity values10,39-41 or via simplified analytical expressions instead29. 

Errors in the substrate conductivity can also affect the superlattice thermal 

conductivity uncertainty, which can be reduced by decreasing the kF/kS ratio10, if 

possible. 
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2.2.2 Extending the 3ω Method to Multilayer stacks. 

In this section, state-of-the-art extensions to the 3ω technique will be 

introduced. Because GaN and related compounds offer a variety of experimental 

conditions, a review will be given on the degree of applicability of the differential and 

slope methods of 3ω technique and the validity of approximations underlying the 

method. This section will also highlight the degree to which extensions of the 3ω 

techniques can permit the characterization of planar multi-stack layered structures 

with arbitrary layer thicknesses and arbitrary thermal parameters.  

Borca-Tasciuc et al.10 thoroughly addressed the limitation and accuracy of the 

3ω technique for a wide range of sample conditions by examining the temperature 

oscillation present at the location of the heater deposited on n layers. The substrate 

is the nth layer, n=1 corresponding to a bare substrate. The jth layer has a thermal 

conductivity kyj in the cross-plane, kxj in the in-plane, a diffusivity αyi in the cross-

plane, and a thickness dj. The heater is deposited on the top of the sample, that is to 

say on top of the first layer j=1 and generates thermal waves of frequency 2ω with a 

power P over a width 2b and length l. The temperature oscillation ΔT averaged over 

the heater width 2b is given by a recursive relationship7,10: 
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(2.16) 

 

The coefficient Bj is a function of i, the unity-modulus π/2-argument imaginary 

complex number. The coefficient An is determined by the boundary condition at the 

bottom surface of the nth layer, namely the substrate. The parameter p is set to zero 

for a semi-infinite substrate (An=-1), p=-1 for a finite substrate with isothermal bottom 

boundary, or else p=1 corresponds to an adiabatic bottom boundary. The coefficient 

Aj is defined only for n≥2 which corresponds to at least one layer on a substrate. The 

parameter kxy is the ratio of the in-plane to cross-plane thermal conductivity. Note 

that Equation (2.16) is identical to Equation (2.13) for n=1 for a semi-infinite isotropic 

substrate corresponding to kxy=1 and p=0 (An=-1). 

Recursive formulas are typical in the solutions of heat equation for multilayer 

stacks and take different analytical forms according to the method of resolution5. It is 

well-known that the end-result leads to cumbersome expressions as the number of 

layers grows beyond unity5. Finding an appropriate formalism to express a compact 

solution oftentimes represents a challenging task unlike the solutions offered by the 

formalism developed in microwave or optics theory. For instance, Hao analyses the 
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heat transfer of multilayered microdevices in a time-independent regime42. To a 

certain extent, Hao presents similar treatments with different approaches and 

analytical expressions42. The derivation leading to Equation (2.16) originates in a 

relative straightforward manner from an original matrix approach based on thermal 

diffusive waves6,7 inspired by the formalism describing the phenomenon of optical 

interferences in strongly absorbing medias. Note that Equation (2.16) above does 

not include the thermal effects due to the presence of the heater but does account 

for anisotropy when one principal axe of the thermal conductivity tensor is 

perpendicular to the film plane or when the off-diagonal component of the thermal 

conductivity tensor can be neglected. The thermal conductivity and diffusivity 

parameters are independent of spatial coordinates and temperature. Furthermore 

notice that Equation (2.16) does not explicitly account for interfacial boundary 

thermal resistance. 

Amongst the multiple analysis presented by Borca-Tasciuc et al.10, two will be 

briefly highlighted:  

i) The applicability of the slope method affected by finite dimensional effects 

such as the finite substrate thickness.  

ii) And the conditions for applicability of the differential 3ω technique for a 

single film on substrate.  

For sake of simplicity and for the most relevant trends to stand out, we will 

assume in our discussion that the anisotropy factor is sufficiently close to one, ie 

kx~ky although the factor kxy may appear in analytical expressions. For the case of 

a quasi-isotropic semi-finite substrate with a line source, the normalized slope is 

defined as: 

Normalized slope =     5.0
1

ln





lksP
x

d

Td

  (2.17) 

Equation (2.17) is in agreement with Equation (2.5). For a finite substrate with 

adiabatic bottom boundary and a non-zero heater width, It was shown that the 

Normalized slope can deviate considerably from 0.5. In that case, it may be a strong 

function of the b/λ, ds/λ , and βS=dS/b ratios, dS being the substrate thickness and b 

the heater half-width. At low frequencies where the penetration depths approach the 
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substrate thickness, the normalized slope oscillates and can easily be in error by 

±20% leading to the same relative error on the thermal conductivity. On the other 

hand as the heater half-width increases, the error in the normalized slope increases 

for short penetration depth when at high frequencies. In other words, for all these 

situations, the extracted thermal conductivity will depend appreciably on the 

geometrical parameters b, ds and ω. Kim et al.7 provide an illustration. They 

reported the thermal conductivity measurement on high diffusivity diamond plate by 

considering a two-layer model. They obtained a slightly better fit to the data with a 

finite substrate thickness than with an infinite one. Conversely Putnam et al.13 

measured the thermal conductivity of low thermal conductivity PMMA (k~0.205 W·K-

1·m-1) where the condition b/λ<1 is easily invalidated. The out-of-phase data was 

then fit to the full numerical solution of the diffusion equation, Equation (2.3). 

In the general case of single-film-on-substrate systems with arbitrary film 

thicknesses and film thermal conductivity, the differential method leads to10: 

bl

dk
PTwithTTT FF

FFSSF 2
   (2.18) 

This is because the heat flow is not necessary one-dimensional depending on 

the kF/kS, dF/dS, and dF/b ratios. Borca-Tasciuc et al.10 examined the ΔTF+S-ΔTS 

difference for kF<kS considering the following expression: 
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The above Equation (2.19) was derived from Equation (2.16) assuming a 

single film on a semi-infinite substrate with no interfacial boundary resistance at 

ω=0. One may define an apparent film thermal conductivity expressed as: 
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The apparent thermal conductivity is measured in practice instead of the film 

thermal conductivity kF. Clearly the ratio KFy/Kapp=1 cannot be assumed in the 

general case. However if KF/KS<<1 and βF<<1, then KFy/Kapp=1 implements a fair 

approximation and Equation (2.3) is valid. Note the definition of kapp through relation 

(2.20) may not always be of practical interest. 

Several extensions to the 3ω method were implemented based on the work 

presented by Borca-Tasciuc et al.10 and Kim and co-authors7. The effects of the 

thermal capacity and finite thickness of the heater on the temperature oscillations 

were examined10,12. A group of researchers have presented a procedure to extract 

the heater thickness and heater heat capacity from measurements at high 

frequency12. Borca-Tasciuc et al.10 provide a detail explanation on the methodology 

employed to back-up the thermal conductivity of anisotropic films, although Goodson 

et al.29 have characterized anisotropic thin dielectric films with simplified heat model 

contrasting with Equation (2.16). Another recent study9 has developed a numerical 

gradient-based search algorithm with two-dimensional impedance models based on 

the recursive heat Equation (2.16) to allow up to four degrees of freedom per 

material layer. From measurements in the high frequency and low frequency range, 

the thermal conductivity and thermal diffusivity of glass/zeolite and Si/SiO2 samples 

are extracted. Note that this work provides an example of the method on low thermal 

conductivity material, which had been well characterized by the 3ω technique. It is 

not clear whether the method suffers from adverse thermal effects due to the 

presence of the heater test element.  
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2.3 Calibration, Experimental Errors and Measurements 

 

2.3.1 Experimental set-up 

As introduced previously, the magnitude of the V3 voltage is ~1000 times 

smaller than the V1 voltage. To comply with the finite dynamic range of the lock-in 

amplifier, the first harmonic V1ω must be reduced to at least a level comparable to 

V3. The resistance of a potentiometer in series with the heater shown in Figure 2.6 

can be nearly matched up with the heater resistance so that the voltage taken 

across the potentiometer Vp is nearly ~V1.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6. The third harmonic V3ω is measured with a lock-in amplifier. 
 

The subtraction Vp to the voltage across the heater Vt using AD624 

differential amplifiers enable the lock-in amplifier to detect the signal amplitude at 

V3 in the frequency domain7,9 as illustrated in Figure 2.6. The circuit board connects 

to the lock-in and generator on one side and to the four-point heater on the other 

sides with coaxial connectors. V3 and V1 are respectively measured with a lock-in 

while Vt and Vp can be measured with a 6 digit digital multimeter. Reading V1 from 

4 point 
sample 

Variable
resistor  

V3 

Lock-in 
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the digital multimeter and assuming V1 equals to Vt, gives a very similar value to 

V1 that can be read directly from the lock-in amplifier within less than 1% error. 

Lock-in techniques provides accurate measurements of the temperature oscillations. 

A SR830 digital lock-in amplifier and its built-in generator were employed in this 

experiment. Typical ac voltage applied to the circuit board was ~3 to 4 VRMS. The 

temperature oscillation in Equation (2.9) is the amplitude of the signal whether the 

voltage is peak-to-peak or root-mean-square.  

The electrical power P dissipated by the wire is calculated from Vt2/Rh. A 

reliable manner to measure the resistance of the line source is to place a precision 

resistor in series and applied the principle of voltage divider. A digital multimeter is 

used to monitor the voltage across a 1% precision 10Ω resistor during the 

measurement of V3ω. 

1 mm long, 10um wide thin-film four-point heaters, depicted in Figure 2.1 are 

fabricated with a lift-off process by spinning and patterning reversal photoresist 

AZ5214E. A 5nm Cr adhesion layer and a 200nm thick gold film are deposited in an 

ebeam evaporator. The thickness of the gold metal is defined to yield a resistance of 

~10-20Ω at 300K.The heater is cautiously released by lift-off in acetone, methanol 

and DI water. Prior to the lift-off process, the metal heater can be electrically isolated 

from the underlying conductive sample by depositing a 100nm SiO2 layer by plasma-

enhanced chemical vapor deposition (PECVD). The line width 2b is measured by 

optical microscope with an accuracy of ±0.5 um.  

The sample is mounted on a ~5mm thick gold plated nickel plate (KNi~90 

W·K-1·m-1) attached onto a brass chuck (Kbrass~110 W·K-1·m-1) surrounding a heater 

coil connected to a variable power supply. The chuck can be heated from room 

temperature to about 300ºC. The temperature is sensed with a type K Chromel 

Alumel thermocouple mounted on the surface of the chuck embedded in epoxy. 

Electrical connections to the four-point pad heater are made via probes mounted on 

micropositioner held to a metal stage. The set-up is enclosed in a shielded aluminum 

box. The micropositioner probes are connected to the circuit board via BNC cables 

and BNC connectors. 
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The additional series potentiometer, resistors and differential amplifier in the 

circuit might be expected to contribute to spurious third harmonic components. For 

example, a third harmonic develops across the reference resistor due to temperature 

dependence of their resistances. While digital amplifiers are designed with third 

harmonic rejections, the temperature coefficient temperature of potentiometers is 

nearly 100 to 1000 times lower that of the gold heater. It is important to choose the 

metal strip with a high temperature coefficient resistance. 

The main source of relative errors is the measurement of the temperature 

coefficient αT as acknowledged in Ref. 13. Minute differences in resistances must be 

measured as αT~0.003K-1 is measured over a 20-30ºC range. αT is a function of 

temperature, thereby limiting the temperature range. The temperature monitor has a 

resolution of 0.1ºC with an accuracy of ±0.5ºC in temperature. The type K 

thermocouple has an accuracy of 0.4ºC. The temperature at the temperature monitor 

agreed within less than 0.5ºC with a mercury thermometer at room temperature. It is 

assumed that the variations of temperature at the top of the sample follow the 

variation of temperature at the temperature monitor display. While slowly heating or 

cooling the sample, the temperature is recorded and the voltage at the reference 

precision resistor and heater are recorded. The temperature resistance is deduced 

as shown on Figure 2.7. Temperature coefficients may vary with the strain of the 

metal, impurities, and temperature. Measurements must be taken on each separate 

heater. Putnam et al.13 provide an illustration of the methodology to improve the 

precision of the method.  
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Figure 2.7. Heater resistance versus temperature measurement to deduce the temperature 
coefficient αT.  

 

2.3.2  Calibration 

Several calibrations were carried out. The first calibration is the measurement 

of thermal conductivity using the “slope method” on bulk material of known thermal 

conductivity values as listed in Table 2.1. Bulk samples were used as routine check-

up to monitor repeatability and experimental uncertainty drifts.  

 

Table 2.1. Room temperature of various materials measured with the 3ω method and 
compared with handbook values16. The measured value of silicon is slightly lower than the 
handbook value as expected for doped material and consistent with previous authors. 
 

 Glass SiO2 Al2O3 Si 6H-SiC 
K [W·K-1·m-1] 
(measured) 

1.1 ±0.1 1.4 ±0.1 36 ±3 145 ±10 350 ±30 

K [W·K-1·m-1] 
Handbook16 

1.1 1.4 36 152 330-380 

 

Temperature measurements were calibrated using a 430um thick sapphire 

substrate from 20ºC to 280ºC. The thermal conductivity values plotted in Figure 2.8 
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versus temperature were found in good agreement with handbook values from both 

the in-phase and out-phase. 
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Figure 2.8. Calibration of temperature dependence measurements were performed on a 430um 
thick sapphire wafer between 20ºC and 280ºC with the thermal conductivity deduced from (■) 
in-phase and (Δ) out-phase component of V3ω with ~ 7% relative errors (the out-phase signal 
can also be used to extract the thermal conductivity, see Equation (2.4)). The values are in 
good agreement with handbook values shown in solid line. The error made due the finite 
substrate thickness and finite heater width is less than 1% in the case of sapphire for the 
range of frequency, heater width, temperature and substrate thickness considered. Note that 
the observed slight tendency to underestimate the mean thermal conductivity as the 
temperature increases provide a safe lower bound in the prediction of high GaN thermal 
conductivity. 
 

Furthermore, we measured the thermal conductivity of thin film PECVD SiO2 

deposited on silicon that were previously measured and reported by Kim, Feldman 

and Novotny from NIST7. The optical SiO2 thicknesses consisted of 488nm, 101nm, 

200nm, and 52.7nm. In these samples, isothermal and heat flux are represented 

schematically in Figure 2.5. The resulting ΔT/P versus ln(ω) curves are plotted in 

Figure 2.9. The reference temperature oscillation of the bare silicon substrate was 

calculated using Equation (2.4). Following the differential method as explained 

previously, the thermal conductivity of SiO2 was extracted about ~1.4 W·K-1·m-1 and 

an interfacial resistance of ~2·10-8 to 4·10-8 m2·W-1·K-1 was found. From the slope 
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method, the thermal conductivity of silicon was found ~145 W·K-1·m-1depending on 

the frequency range of extrapolation. 
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Figure 2.9. The temperature oscillation of the in-phase component as a function of frequency 
for SiO2 on silicon substrates of various film thickness dF . The solid line is calculated based 
on Equation (2.4) with thermal conductivity of silicon 152 W·K-1·m-1. The samples were the 
same as those used in a reported NIST round robin study7 except for the heaters. 
 

Our total relative uncertainty is estimated between 5 to 10% with a 

contribution of 5 to 7% from the temperature coefficient measurement. Note that 5% 

and often up to 20% inaccuracy is commonly observed in thermal conductivity 

measurements, several handbooks give a good illustration16. Another source of 

uncertainty resides in the validity of the heat diffusion model to faithfully account for 

experimental conditions especially for sample in which the penetration depth 

becomes comparable to the substrate thickness. Putnam et al.13 provide an 
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illustration of the methodology to improve the precision of the method on a low 

thermal conductivity material.  

 

2.3.3 Experimental  Results on GaN 

The 3ω method was applied to a set of GaN films grown on silicon. Beyond 

qualitative conclusions drawn on the thermal properties of GaN grown-on-silicon, 

this study raises the question of the ability of the 3ω method to characterize the heat 

transfer of high thermal conductivity film on low thermal conductivity substrate.   

The reference sample (S6) was the buffer(~900nm)/silicon sample with no 

GaN films. GaN films of 150nm (S2), 325nm (S3), and 700nm (S5) thick were grown 

on a ~900nm buffer layer previously deposited on the silicon substrate. In addition, 

two 500nm GaN films (S7) and (S4) grown on silicon in two different reactors were 

capped with a 30nm AlGaN cap layer. The samples were coated with a 100nm low 

temperature oxide (LTO) SiO2 layer. The wafers were placed in the LTO wafer boat 

in order of their sample label indices from S2 to S7. In addition, three SiO2 thickness 

monitor wafers were placed in the LTO wafer boat at regular intervals with a monitor 

wafer placed in first position in the wafer boat. Following the wire formation, heater 

widths were optically measured and found to vary less than 1um from one wire to 

the other. The temperature oscillation was measured on the sample against ln(ω) 

and the result is depicted in Figure 2.10. It was found that the ΔT/P decreased with 

an increasing GaN thickness in contradiction with Equation (2.11).  
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Figure 2.10. The temperature oscillation was recorded on GaN films grown on a silicon 
substrate with an intermediate ~900nm buffer layer. GaN films were 150, 325, 700nm for 
respectively sample S2, S3, S5. Sample S6 consists of a buffer layer on silicon while sample 
S7 and S4 were grown in two different chambers with a 500nm GaN and 30nm AlGaN capping 
layer. All samples were coated with a 100nm SiO2 layer. It can be seen that ΔT is decreasing as 
the GaN thickness increases.  The trend is not consistent with the SiO2 layer thickness 
variation indicating that the difference in ΔT is due to the film+buffer layers. 
 

Several possibilities are envisioned. First, SiO2 film thicknesses may 

decrease monotonically from sample S6 to S4. The SiO2 thickness does vary slightly 

and monotonically in the LTO chamber from one extremity to the other across the 

wafer boat as suggested from optical measurements of the SiO2 thickness on LTO 

monitor wafers. However the observed trend in Figure 2.10 does not account for 

such a SiO2 thickness variations because the wafers were loaded by ascending 

sample label indices from S2 to S7, not from S6 to S4. An alternative is that the 
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barely perceptible ~1um variation in wire width would account for ~10% in the 

spread of values because the wire width would slightly increase by a few percents 

from the sample S6 up to the sample S4. It would entail a slight decrease in 

temperature drop across the oxide layer, resulting in the trend observed in Figure 

2.10. However if the latter assumption was the case and if the combinations of GaN 

layers with buffer layers were highly thermally insulating, ΔT/P should be increasing 

with increasing GaN thicknesses, thereby counteracting the steady minute increase 

in wire width owing to a 6 fold increase in GaN film thickness. Therefore the 

presence of the GaN/buffer layers may not have any effects on the temperature 

oscillation compared to the SiO2 layer. A third possibility is that the gallium nitride 

thermal conductivity in this study is sufficiently high for the combination of 

buffer/GaN layers to dissipate the heat more efficiently than the substrate. However 

it would be required for the gallium nitride/buffer layers to have higher thermal 

conductivity values than that of the bulk silicon, ie ~145 W·K-1·m-1. 

The most probable occurrence is that the observed trend in Equation (2.11) is 

a combination of minute variations in wire widths with relatively good thermal 

conductance of the nitride multilayer stacks deposited on silicon compared with 

SiO2. Therefore one may conclude that the GaN films and buffer layers do not 

impede significantly to heat transfer, at least not as much as SiO2. Perhaps more 

importantly, this study raises the question of the impact of high film-to-substrate 

thermal conductivity ratios on the 3ω method measurements and analysis. This point 

will be addressed in Chapter 3.  
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Chapter 3 Determining Film Thermal 
Properties With the 3ω Method: A Theoretical 

Consideration  

3.1 Overview 

A large number of experimental independent parameters can influence the 

3ω method1-6. It is important to have a proper heat conduction model of the 3ω 

method for the accurate determination of film thermal properties. The development 

of powerful numerical methods have made possible to consider complex models that 

describe a variety of experimental situations1-6. These sophisticated models still 

require still require a number of independent parameters5,6. Both Ref. 5 and Ref. 6 

have presented a 3ω extraction technique based on numerical analysis limited to 

four independent parameters. Therefore even with sophisticated heat conduction 

models, the nature of the approximations made must be understood and discussed. 

On the other hand, it is useful to formulate simplified models in order to predict the 

range of applicability of the 3ω technique by examining the governing parameters for 

a specific characterization purpose. For example, Borca-Tasciuc et al.1 have 

presented the principle underlying the thermal conductivity characterization of 

anisotropic thin films. Lee and Cahill have illustrated the strength of the 3ω method 

from ultra-simplified heat conduction models applied to low thermal conductivity films 

to determine the thermal boundary resistance between silicon dioxide and silicon7. 

The 3ω method has been widely considered for the characterization of films 

and substrates with relatively low thermal conductivity1,5,7,8. It has been established 

rather recently that the film-to-substrate thermal conductivity contrast, KF/KS, impacts 

considerably the validity and applicability of the 3ω method1. It turns out that little 
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work has been conducted on the necessary conditions to make the differential 3ω 

technique applicable in case where the film thermal conductivity is a few times lower 

to a few times higher compared to the substrate thermal conductivity.  

In this thesis we study the III-nitride thin film systems, where the film-to-

substrate thermal conductivity ratio varies dramatically with the substrate. This is 

largely due to a lack of native gallium nitride substrates being commercially 

available. Thus in this thesis we explore thin film to substrate thermal conductivity 

ratios that are extreme compared to what has previously been studied. More 

precisely, gallium nitride is grown on non-native substrates, most commonly 

sapphire (36 W·K-1·m-1), silicon (150 W·K-1·m-1), and silicon carbide (350 W·K-1·m-1). 

Additional substrates for the growth of gallium-nitride thin films have also been 

employed as listed by Morkoç9. Under simplifying assumptions, Figure 3.1 illustrates 

that the lowest KF/KS ratio is obtained for aluminum gallium nitride on silicon carbide 

while the highest KF/KS ratio is observed for gallium nitride on sapphire. Indeed 

~500nm thick aluminum gallium nitride layers deposited on sapphire were recently 

measured with the differential 3ω technique10. In this paper, the film thermal 

conductivity nearly matches the substrate thermal conductivity and the thermal 

conductivity was claimed to be deduced from sophisticated numerical calculations 

without any allusion to the conditions of applicability of the 3ω method where the 

film-to-substrate thermal conductivity ratio is slightly over unity10,11. Likewise, reports 

are scarce on frequency effects in the characterization of films where the thermal 

conductivity is relatively large compared to that of the substrate. 
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Figure 3.1. Film-to-substrate thermal conductivity ratios. The GaN thermal conductivity is 
arbitrarily set to an assumed bulk values ~200 W·K-1·m-1. Only the most common non-native 
substrates are considered. Though the GaN thermal conductivity of films may be quite lower, 
this figures illustrates a broad range of thermal conductivity ratio on various substrates. 

 

While Ref. 6 addresses the 3ω technique at very high frequency, it presents a 

method to merely extract the thermal property of the metal heater. Indeed Liu et al. 

4,11 have acknowledged the need to include frequency effects in models governing 

the 3ω technique for thin film thermal conductivity determination. Furthermore, the 

existence of an interfacial thermal boundary resistance between a film and a 

substrate can lead to non-negligible errors in extracted film thermal conductivity as 

Lee and Cahill have shown7. In the general case of an arbitrary KF/KS ratio, the role 

played by an interfacial boundary resistance between a film and a substrate on the 

3ω method is not well-documented. Borca-Tasciuc et al.1 have provided a 

discussion on the role played by an interfacial resistance for a rather arbitrary value 

of thin film thermal conductivity but corresponding to an interface located between 

the film and the heater. 
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In this chapter, the potential of the 3ω method to characterize the thermal 

conductivity of a single film deposited on a substrate is examined depending on:  

i) The film-to-substrate thermal conductivity ratio KF/KS larger than unity,  

ii) The driving frequency ω, and  

iii) The presence of thermal boundary resistance between film and substrate.  

 

The objective of this chapter is to discuss the validity of assumptions in 

previous reported models, extend the analysis to the situation of high thermal 

conductivity films and investigate a reliable method to extract the thermal 

conductivity when KF/KS>1. Several times in this chapter, an opportunity will be 

given to the reader to directly compare our results with those presented by Borca-

Tasciuc, Kumar, and Chen1. In addition to correctly taking into account the impact of 

thin film to substrate thermal conductivity ratios, an achievement in this chapter is 

the introduction of a small but new correction term in a routine procedure that 

extracts the thermal boundary resistance between a thermally insulating film and a 

substrate. 

First the key parameters underlying the heat diffusion models governing the 

differential 3ω technique will be presented. The solution of the temperature 

oscillation for a multilayer stack including interfacial boundary resistances will be 

derived. Throughout this study, finite element simulations were conducted as a 

means of validating the analytical solutions and exploring the impact of various 

boundary conditions. In the next section, the data reduction in 3ω thermal 

conductivity will be studied when the film-to-substrate thermal conductivity ratio is 

higher than one, but ignoring frequency effects that are studied separately in section 

3.4. Next, a detailed analysis of the differential 3ω method that accounts for the 

presence of interfacial thermal boundary resistance between the film and the 

substrate is studied. Finally from the results obtained in the previous sections, the 

condition of applicability of the 3ω method will be addressed. At that point a 

sensitivity coefficient will be introduced and it will be shown that this new parameter 

captures the applicability of the 3ω method. The last section will conclude the work 

in this chapter.  
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3.2 Methods of Resolution 

Figure 3.2 exhibits the geometrical and physical parameters considered in the 

analysis of the differential 3ω method applied to a single film-on-substrate system, 

namely the cross-plane KFy and in-plane KFx film thermal conductivity, the thermal 

conductivity of the substrate KS, the interfacial boundary resistance between the film 

and the substrate RFS, the film thermal diffusivity αF, the substrate thermal diffusivity 

αS, the film thickness dF, the substrate thickness dS, the heater half-width b, and the 

driving angular frequency ω. 

 
Figure 3.2. Illustration of the governing geometrical and physical parameters considered 
throughout the 3ω method analysis of a film-on-substrate system. λ is the penetration depth 
function of the medium, RFS the thermal boundary resistance between film and substrate. 

 

These parameters are naturally lumped into dimensionless parameters during 

the modeling of the 3ω method in order to express generic solutions. Perhaps the 

most important dimensionless parameter is the film to substrate thermal conductivity 

contrast ratio 
S

F

K

K
. Throughout this chapter, KF indicates the geometric average of 

the cross-plane and in-plane film thermal conductivity: FyFxF KKK  . In the case 
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introduces heat spreading effects. Another governing dimensionless quantity is the 

parameter βF function of the aspect ratio between heater width and film thickness 

and function of the film anisotropy ratio: 
b

d

k

k F

Fy

Fx
F  . In other words, βF relates 

to the heat spreading inside the film due to anisotropy and the two-dimensional 

geometry of a 2b wide heater on a dF thick film. Note that a βS ratio could be equally 

defined for the substrate. The substrate thermal conductivity is taken isotropic 

throughout this chapter. In the case of an interfacial boundary resistance RSF 

between a film and a substrate, the associated dimensionless parameter is 

b

kR FSSF

FS

)(

)(   where ρS and ρF refer to the dimensionless interfacial resistance 

defined respectively with the substrate thermal conductivity kS or the film thermal 

conductivity kF. The inverse of the dimensionless interfacial boundary resistance ρF 

relates to the Biot number and βF values. The frequency can be expressed in a non-

dimensional form such as b
FS ,

2




, F
F

d

2

 where αS,F indicates either the substrate 

diffusivity αS or the film diffusivity αF.  

The starting point of our analysis is the real part of ΔTF+S-ΔTS in a single film-

on-substrate system, which defines the difference of temperature oscillation taken 

between the top of a film-on-substrate system (ΔTF+S) and the top of a bare 

substrate (ΔTS). One must bear in mind that ΔTF+S-ΔTS is not the temperature drop 

across the film in the general case. Only in a limited number of situations ΔTF+S-ΔTS 

approximates the situation of heat flowing one-dimensionally across the film, hence 

approximating the temperature drop across the film. Proportional to ΔTF+S-ΔTS is the 

dimensionless parameter 
D

Fy

K

K

1

 as defined rigorously in the previous chapter, where 

K1D represents the apparent film thermal conductivity function of dimensionless 

parameters βF, 
S

F

K

K
, ρS, etc. The 

D

Fy

K

K

1

 ratio is the norm used throughout this 

chapter to describe the differential 3ω method. Indeed Borca Tasciuc et al.1 have 
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presented an extensive treatment of the differential 3ω method by considering the 

D

Fy

K

K

1

 ratio for anisotropic film thermal conductivities lower than substrate thermal 

conductivities. In this work, the dimensionless interfacial thermal resistance ρS is 

introduced and the 
D

Fy

K

K

1

 ratio is studied for arbitrary film-to-substrate thermal 

conductivity ratio. 

An example of theoretical consideration where dimensionless parameters are 

defined somewhat similarly has been given by T. Bennett12. He has addressed the 

determination of film thermal properties through harmonic surface heating with a 

Gaussian laser beam12. Aside from heat source geometry, the two main differences 

between the 3ω method and the Laser method is the heating frequency and the 

sensitivity of the phase signal to film thermal properties. The 3ω technique can be 

considered as a low frequency based method as dimensionless frequency 

parameters are typically lower than 0.1. In the case of laser heating, the 

dimensionless frequency parameter can equal 1. 

Perhaps in a formalism more tightly related to the differential 3ω method, 

Lambropoulos et al.13 have analytically examined how the presence of interfacial 

boundary resistance affects the measurement of thin film thermal conductivity from 

surface heating, although the definition of an effective substrate thermal conductivity 

was adopted instead of an effective film thermal conductivity corresponding to our 

case. In the 1992 report of Lambropoulos et al.13, the ratio of the substrate thermal 

conductivity to the apparent substrate thermal conductivity was investigated as a 

function of the βF parameter with the dimensionless interfacial resistance ρs as a 

parameter, and relying on a strict time-independent analysis. The radial symmetry of 

the time-independent heat source resulted in obscure formulas hindering the 

emergence of governing parameters in the study. Moreover emphasize was laid on 

low thermal conductivity dielectric thin films. In this thesis the applicability of the 3ω 

method is investigated in an illuminating formalism in the case of arbitrary film 

thermal conductivity with the presence of an interfacial boundary resistance between 

the film and the substrate. 
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3.2.1 Multilayer Stack on Substrate with Interfacial Boundary Resistances 

To meet our goal, it was first necessary to derive a generic expression for the 

temperature oscillation amplitude of an infinitely long heater deposited on a 

multilayer-film-on-substrate system with interfacial boundary resistance between 

layers. The following derivation was stimulated by the work published by Feldman in 

199914. The temperature oscillation amplitude is expressed following a recursive 

relationship similar to the relationship presented by Borca-Tasciuc and co-authors1.  
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(3.1) 

Ri-1,i is the interfacial boundary resistance between the layer j-1 and j. Rj-1,j ≥ 0 

while Rj,j-1 ≤ 0. Other variables, indices, and constants in Equations (3.1) are defined 

identically as those in Equation 2.16 from Chapter 2. Indeed Equation (3.1) can be 

deduced from Equation 2.16 and vice-versa from the following substitution:   

jj
j

yjjj R
b

N
kMM ,1  (3.2) 
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Incidentally Equation (3.1) with Rj-1,j=0 is now proved to be analytically 

correct. An hypothetical infinite thermal boundary resistance Rj-1,j corresponds 

mathematically to an adiabatic boundary condition at the bottom of the the j-1th layer. 

The correctness of Equation (3.1) will now be verified when Rj-1,j is non-zero and 

finite. Starting from Equation (3.1) with Rj-1,j=0, the idea is to consider at least three 

layers comprising a j-1th thin intermediate layer with thickness dj-1 and thermal 

conductivity kj-1 sandwiched between two films (or between one film and a substrate) 

to show that the thermal resistance of this thin sandwiched layer is the equivalent of 

an interfacial boundary resistance. From Equation 2.13 in Chapter 2, the condition 

must be expressed as dj-1 and kj-1 vanishing to zero while the ratio dj-1/kj-1 remains 

finite and non-zero for non-trivial solutions.  

The verification initiates as follows. From Equation (3.1) and ignoring 

interfacial thermal boundary resistances, Mj-2 is expressed as a function of Mj and a 

lump term that is a function of the j-1th layer parameters expressed by the equation 

below:      
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The right part of Equation (3.3) was obtained by bringing together the terms 

dj-1/kj-1 in a first order development in dj-1. Noting
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By re-indexing the subscript j-2 → j-1 in Equation (3.4), it is confirmed that 

Equation (3.1) is valid for non-zero Rj-1,j. Perhaps more importantly, it was 

established that a single film on substrate system with interfacial boundary RFS 

corresponds to a three layer system with no interfacial boundary resistance and can 
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be described solely by Equation  2.16 in Chapter 2 provided no heat spreading in the 

intermediate layer between the film and substrate.  

More recently, in an April 15th 2005 publication a similar relation been recently 

published but with a different notation and formulation5. A numerical method was 

then developed to deduce the thermal conductivity parameters of a multilayer 

system5. In our work, the effect of film thermal conductivity, thermal boundary 

resistance, and frequency on the 3ω method is studied in a comprehensive 

approach.  

 

3.2.2 Numerical Analysis 

 The solution of the temperature oscillation amplitude corresponding to a 

heater deposited on a single layer-on-substrate system was carried out with finite 

element method for the following reasons:  

i) To verify analytical models,  

ii) To predict a solution when the analytical solution was cumbersome  

iii) To explore a solution when an analytical solution could not be formulated 

in a compact expression.  

 

The resolution of Equation (3.1) in the general case with no approximations 

requires numerical methods so that numerical calculation is necessary in most 

cases. Using finite element methods is just one possible numerical method, but has 

the convenience of providing a visual representation of the physical situation. A 

commercial package FEMLAB was used to solve the homogeneous linear isotropic 

time-dependent periodic heat equation. The solution was calculated in the frequency 

domain with no transients. For a given angular frequency 2ω, the real and imaginary 

parts of the temperature oscillation averaged over the heater width 2b were directly 

computed. 
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Figure 3.3. Cross-sectional schematic of half the structure with boundary conditions defined 
for the finite element analysis of the 3ω method in the case of a single film on substrate. 

 

Figure 3.3 shows a typical structure used during finite element analysis. By 

noting the mirror symmetry of the structure, simulation cost can be reduced by 

simulating half the life-size structure provided the component of the heat flux vector 

normal to the surface perpendicular to the heater is set zero, which represents a 

typical boundary condition. The top surface and edges were taken adiabatic in 

agreement with assumptions used to derive Equation (3.1). In experimental 

situations, the heat losses are negligible so that adiabatic conditions represent an 

adequate approximation. The bottom could be either adiabatic or isothermal. The 

mesh was carefully refined in the area of strong thermal conductivity and 

temperature gradients. To check the adverse effect of finite geometry that severally 

alters the integrity of the finite element method, the boundary conditions were 

consistently varied from adiabatic to isothermal during simulations. The relative error 

was lower than 10-4 as illustrated in Figure 3.5. 

While it is a common practice to simulate the solution of the heat equation to 

verify analytical results or to gain insights about the governing parameters in a 

particular situation1,15, a few studies have relied entirely on finite element method to 

predict data reduction from simplifying analytical model. Yet the accuracy of the finite 

element technique has its own limitations. Jacquot et al.16 investigated data 

reduction in the 3ω method in a time-dependent and computed the amplitude and 

phase of the temperature oscillation as opposed to the in-phase and out-phase 

components. Other authors have examined the 3ω method for heat capacity 
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determination based on accurate finite element simulation in the frequency 

domain17. 

 

3.3 Thermal Conductivity characterization for low and high KF/KS Ratios. 

The difference ΔTF+S-ΔTS was derived by Borca-Tasciuc et al.1 for a film on a 

semi-infinite substrate with no interfacial boundary resistance at the limit ω→0, the 

latter condition being consistent as the 3ω method operates at relative low 

frequencies: 
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(3.5) 

K1D is the apparent thermal conductivity of the film corresponding to a virtual 

situation where the heat would flow in the film following a one-dimensional Fourier’s 

law model with no heat spreading whatsoever. As a result, the film thermal 

conductivity KFy will equal the apparent thermal conductivity K1D if and only if the 

heat physically flows one-dimensionally in the film with no heat spreading of any 

kind. Therefore the ratio KFy/ K1D encompasses the effect of heat flow deviating from 

a one-dimensional time-independent diffusion model. SC relates to the heat 

spreading due to the contrast of thermal conductivity between film and substrate. SG 

relates to heat spreading due to the effect of a combination of geometrical 

parameters and thermal conductivity contrast between film and substrate. Therefore 

SC is strongly dependent on the KF/ KS ratio while SG is strongly dependent on βF. At 

βF=0, SG=1. If dF is zero, βF=0 and ΔTF+S-ΔTS=0. 
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Borca-Tasciuc et al.1 have discussed Equation (3.5) in the limited case of 

KF/KS<1. It is Equation (3.5) through the coefficient βF that provides a simple 

algorithm to extract thermal conductivity anisotropy. Two points will now be 

addressed: the validity of Equation (3.5) for KF/KS>1 and the condition of zero 

frequency used by Borca-Tasciuc et al.1 to derive Equation (3.5). First it has been 

briefly checked in this thesis that Equation (3.5) derives from Equation (3.1) with no 

restriction on the KF/KS ratio in the limit of vanishing frequencies. Therefore Equation 

(3.5) is valid for KF/KS ranging from zero to values superior to unity. Second the 

condition of vanishing frequency must be expressed in a convenient dimensionless 

form. By looking at Equation (3.1), the term b
FS ,

2




 introduced earlier vanishes as 

the frequency vanishes, unless the heater width 2b grows infinitely. Therefore 

Equation (3.5) is incompatible with the solution corresponding to an infinite heater 

plane, unlike Equation (3.1) valid for a perfect heater plane.  

This can be easily understood since an infinite heater plane is approximated 

only by the 3ω method at high frequency when the penetration depth is much lower 

than the heater width. This situation is incompatible with the assumption of zero 

frequency. Maybe less obvious is that βF in Equation (3.5) cannot be zero by 

increasing the heater width infinitely. If the heater width goes to infinity, the condition 

of vanishing frequency no longer holds, SC is erroneous and the treatment of the 

heat equation in that case must be reconsidered. Even more interesting is the case 

of intermediate heater width range neither too large nor too small, the prediction 

from Equation (3.5) becoming inaccurate or even erroneous as the heater width 

grows. In conclusion the heater width 2b must remain relatively small for Equation 

(3.5) to be accurate. βF can reach arbitrarily small values via the film thickness dF or 

the anisotropy ratio only. In strict terms, it would be preferable to treat experimental 

3ω data with no assumptions on the frequency. Actually several contributors of the 

work presented in Ref. 1 have been extracting the differential 3ω thermal 

conductivity of thin films by fitting experimental data numerically from complex 

models making sure to include frequency effects in those models4,11. Such a 
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correction is made maybe because the work presented in Ref. 1 proposes a method 

to characterize thin film anisotropy by increasing the heater width.  
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Figure 3.4. The Equation (3.5) derived at ω=0 is valid for KF/KS greater than 1. Numerical 
calculations demonstrate that the solution at ω=0 is an excellent approximation of the 
complete solution when ω increases from 10Hz to 5000Hz. 

 

Figure 3.4 plots in solid line the KFy/K1D ratio versus KF/KS following Equation 

(3.5) for βF=0.1 and an isotropic film. For KF/KS<1, conclusions have already been 

made by Borca-Tasciuc and co-authors1. For KF/KS>1, the KFy/K1D ratio is negative 

indicating that the temperature oscillation on a film on substrate ΔTF+S is smaller 

than the temperature oscillation ΔTS with no film.  

From Chapter 2, let us visualize a typical ΔT versus ln(ω) plot. The ΔTF+S 

curve of a film-on-substrate system will decrease as the film thickness increases, 

which is opposite to the trend for, say SiO2 on silicon. In the case of gallium nitride 

on sapphire, the temperature oscillation ΔTF+S may correspond to a negative 

apparent thermal conductivity K1D. This has shown to be indeed the case11, which 

suggests a qualitative characterization methodology. From the knowledge of the 

substrate thermal conductivity, it is possible to infer a higher or lower bound of the 
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film thermal conductivity. Therefore by considering gallium nitride grown on various 

substrates of gradually increasing thermal conductivity value such as sapphire (~36 

W·K-1·m-1), silicon (~140 W·K-1·m-1), and silicon carbide (~350 W·K-1·m-1), it is 

possible to narrow the range of the gallium nitride thin film thermal conductivity 

values by a qualitative argument. For instance, from our 3ω experiment conducted 

on gallium nitride-on-silicon samples presented in the previous chapter of this thesis, 

we concluded that the order of magnitude of thin film gallium nitride thermal 

conductivity was at least 140 W·K-1·m-1, matching the value of silicon thermal 

conductivity. From the ΔT versus ln(ω) plot in Ref. 10, it is implicitly established that 

the thermal conductivity of a ~20um thick gallium nitride film deposited on sapphire 

is at least 40 W·K-1·m-1. Indeed Ref. 10 explicitly reports a gallium nitride thermal 

conductivity value of ~125 W·K-1·m-1. 

 

3.4 Frequency Effects 

The conclusions drawn in the previous section visualizing ΔTF+S versus ln(ω) 

plots  for KF/KS>1 were based on Equation (3.5). However the frequency effects on 

the in-phase thermal offset ΔTF+S-ΔTS due to the presence of the film are not 

accounted for in Equation (3.5). Recall that ΔTS is the in-phase temperature 

oscillation on a bare substrate measured or calculated versus ln(ω). ΔTF+S is the in-

phase temperature oscillation on a film-on-substrate system measured versus ln(ω). 

The thermal offset is the difference ΔTF+S-ΔTS taken over a large range of frequency. 

The thermal offset ΔTF+S-ΔTS is assumed to be independent of frequencies in most 

experiments, however it must be a function of frequency according to Equation (3.1). 

This section discusses the nature and degree of frequency dependence on the 

thermal offset ΔTF+S-ΔTS. This section also emphasizes the impact of geometrical 

parameters such as heater-half-width b, film thickness dF, substrate thickness dS, 

when the frequency affects the thermal offset ΔTF+S-ΔTS. 

In this work, a first order development in ω in the real part of the ΔTF+S-ΔTS 

expression has been attempted using the real part of Equation (3.1) for a single 

layer on a semi-infinite substrate. Little success was obtained in expressing a 

meaningful compact expression. Instead deeper insights were obtained from finite 
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element analysis by calculating the in-phase component of the temperature 

oscillation on a bare substrate ΔTS and the temperature oscillation on a film-on-

substrate system ΔTF+S. The difference ΔTF+S-ΔTS was then deduced. The angular 

frequency ω varied from 10Hz to 10,000Hz and KF/KS ranged from nearly zero to 

about four. It was checked that in the low frequency regime corresponding to large 

penetration depth, the effects of finite substrate thickness was negligible. The mesh 

was refined in the high frequency regime where temperature gradient increases. For 

sake of simplicity, the film thermal conductivity was isotropic, the heat capacity and 

density of the film and substrate were identical and the heater half-width kept 

constant at 5um. The KFy/K1D ratio was deduced from the ΔTF+S-ΔTS difference using 

the left part of Equation (3.5) and plotted against the film-to-substrate thermal 

conductivity contrast KF/KS at each angular frequency ω. The influence of ω on 

ΔTF+S-ΔTS (or KFy/K1D) was studied for two cases: for a relatively low βF of 0.1 by 

setting the film thickness at 500nm and for a relatively high βF of 10 by setting the 

film thickness at 50um. 

In the situation of small βF (βF=b/dF=0.1), Figure 3.4 plots KFy/K1D as a 

function of KF/KS with the frequency ω as parameter. This situation corresponds to a 

10um wide heater and a 500nm thick film typical in most experiments. By comparing 

the solid line in Figure 3.4 calculated at zero frequency using Equation (3.5) to the 

marks in Figure 3.4 deduced at several frequencies from finite element analysis, 

Figure 3.4 shows that the data reduction of KFy/K1D for increasingly higher 

frequencies is more severe as the film thermal conductivity increases. More 

precisely the apparent thermal conductivity K1D deduced from Equation (3.5) is 

overestimated by less than ~0.1% for KF/KS~0.006 to a ~7% for KF/KS~3.3 at ω= 

10,000 Hz. Figure 3.5 exhibits clear details of the relative error in apparent thermal 

conductivity K1D due to increasingly higher frequency ω. Note that the saturating 

trend at 10-4 at low frequencies for KF/KS~0.006 can be misleading as this relative 

error also captures the error due to the inherent limitation of the finite element 

simulation: finite mesh nodes, finite mesh size, finite dimensions, finite numerical 

errors. Therefore Figure 3.5 provides also an illustration of the accuracy of the finite 

element method near 10-4. 
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Figure 3.5. The relative error on the apparent thermal conductivity in Figure 3.4 is plotted 
versus frequency for two KF/KS ratios. The solution at ω=0 is about 0.01% accurate for a 
KF/KS~0.066 but is an order of magnitude higher for KF/KS~3.3. Therefore the solution at ω=0 is 
accurate for low thermal conductivity thin film and the importance of frequency grows as the 
film thermal conductivity increases. This figure also illustrates that the accuracy of the finite 
element method about 10-4. 

 

The previous analysis was conducted at relatively low film thickness-to-heater 

width ratio: βF<<1. Figure 3.6 plots KFy/K1D versus KF/KS in solid line for βF=10 

representing the right part of Equation (3.5) derived in the limit of vanishing 

frequencies. Keeping βF=10, dotted lines represent the KFy/K1D calculated from finite 

element analysis for a frequency ranging from 10Hz to 10,000Hz. The case of the 

solid line in Figure 3.6 was discussed previously by Borca-Tasciuc and co-authors1. 

In the limit of vanishing film thermal conductivity, the apparent film thermal 

conductivity is about 5 times higher than the film thermal conductivity. This is 

because in the case of large film thickness compare to heater width, the heat will 

predominantly flow in a two-dimensional fashion, giving more paths for the heat to 

flow, therefore boosting the apparent thermal conductivity K1D compared to the true 

film thermal conductivity.  
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Figure 3.6. For large βF ratios, the KFy/K1D ratio derived at ω=0 from Equation (3.5) is plotted in 
solid line. The solutions from ω=10 Hz to ω= 10,000Hz were calculated using finite element 
methods in dashed dotted line. The solid line deduced from a two-dimensional model deviates 
considerably from solutions at non-zero frequency especially for low thermal conductivity 
films at frequencies ω~ 5000Hz. 

 

However what has not been described in Ref. 1 is that at high βF=10, the 

dashed lines are strongly deviating from the solid-line plotting Equation (3.5) due to 

frequency effects, particularly at low KF/KS ratios that has routinely been considered 

to be a safe area to operate the 3ω method. Such a trend can easily be understood. 

The penetration depth increases with lower thermal conductivity. For instance, the 

penetration depth at ω=10,000Hz is ~7um in SiO2. As a result at low film thermal 

conductivity, high βF, and high frequency, the penetration depth is confined in the 

film. The temperature oscillation ΔTF+S becomes independent of the substrate. ΔTF+S 

approximating the temperature oscillation of a heater deposited on a free-standing 

film with isothermal boundary at the bottom of the film. The definition of an apparent 

substrate thermal conductivity would be perhaps more appropriate than an apparent 

film thermal conductivity K1D in describing the high frequency regime for thermally 

insulating films. The normalized frequency F
F

d

2

is unity for ω=170Hz, so clearly 

the assumption of zero frequency is invalidated. A 3ω experiment8 has been 
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reported on a thick SiO2 film deposited on aluminum corresponding to a βF=10 and a 

KF/KS~0.006. The film thermal conductivity was extracted by Cahill et al.8 using the 

slope method unlike the differential method. This illustrates that the definition of an 

apparent substrate thermal conductivity would be more appropriate than an apparent 

film thermal conductivity. 

For a film-to-substrate thermal conductivity ratio KF/KS higher than one 

(KF/KS>1), the deviation in Figure 3.6 between the zero frequency case in solid line 

and the non-zero frequency situation in dashed lines is severe but not as serious as 

for the case of low thermal conductivity films (KF/KS<1) because the monotonic 

nature of the relationship is preserved. It can be seen from Figure 3.6 that in the 

regime of high film thermal conductivity and intermediate frequencies, KFy/K1D is 

linear with KF/KS. From finite element simulation at ω=10,000Hz in the case of an 

isotropic film KF=KFy, a simple relationship can be empirically deduced relating the 

measured K1D to the film thermal conductivity KF. 
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Because K1D is directly deduced from 3ω measurement and the substrate 

thermal conductivity is known, Equation (3.6) suggests a procedure to extract the 

film thermal conductivity KFy. To this end, it would be imperative to capture the 

dependence of Equation (3.6) on additional governing parameters to formulate a 

reliable thermal conductivity determination method immune to errors. Note that 

already the relative error on the substrate thermal conductivity is reproduced 

faithfully in a one-to-one ratio on the film thermal conductivity, which is lower than in 

the situation of small βF explored previously. 

To gain insight into the nature of Equation (3.6), we calculate KFy/K1D for an 

infinite plane heater. By assuming a first order development in frequency, one finds: 
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 (3.7) 

The product of thermal conductivity kF time the heat capacity ρFCF is called 

the effusivity. From Equation (3.7) and at strictly zero angular frequency (ω=0), the 
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KFy/K1D ratio is related to the film-to-substrate effusivity ratio and is linear with the 

film thermal conductivity KF. On the other considering large heater width 

corresponding to βF~0 in Equation (3.5), the KFy/K1D ratio becomes equal to the 

factor SC proportional to the square of the film-to-substrate thermal conductivity ratio 

and proportional to the square of the film thermal conductivity KF. Therefore 

Equation (3.7) differs significantly in nature from Equation (3.5) at βF~0. Fortunately 

neither Equation (3.7) nor Equation (3.5) are valid to describe the 3ω method when 

the finite heater width is finite at large driving frequency. Nevertheless as the 

frequency increases, film and substrate penetration depths decrease and the heater 

becomes closer to approximating an infinite plane source. For KF/KS>1 ratio and 

ρFCF=ρSCS, the penetration depth in the substrate is smaller than that in the film as 

opposed to the case KF/KS<1 previously discussed. Therefore in the case of 

intermediate frequency range for KF/KS>1, the situation of an infinite plane heater on 

a single film-on-substrate system may still adequately desribe parameters governing 

Equation (3.6) but only over a limited frequency range. Recall for the opposite case 

KF/KS<1, the situation at increasingly higher frequency was better described by an 

infinite plane heater on a bare substrate with no film. 

From Equation (3.7), the film thermal conductivity KFy is deduced as follows: 
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 Equation (3.8) captures the same linear dependence between KFy, KS, and 

K1D as in Equation (3.6). In addition Equation (3.8) captures the qualitative 

dependence of KFy/K1D with βF via dF and with ω. For instance, from Figure 3.7 when 

KF/KS>1, the slope of the dashed curve decreases as the frequency increases. 

Using the same geometrical and physical parameters as in Equation (3.6), the factor 

θ was found ~1.5 in Equation (3.8) three to four times lower than in Equation (3.6). 

One reason for this discrepancy is that the dependence of θ on the film thickness dF 

via βF must be strongly governed by the two dimensional heat spreading. An 

illustration is provided by the extent to which the trends plotted in Figure 3.4 differ 
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from those in Figure 3.6 with an associated tenfold increase in βF. Equation (3.8) 

accounts purely for frequency effects. Thus it is fair to speculate that the 

dependence of θ on dF in Equation (3.8) accounting for Equation (3.6) may be 

coincidental.  

In conclusion, a method relatively immune to errors to extract film thermal 

conductivity in the case of KF/KS>1 may be viable for large βF. In practice it may be 

necessary to consider relatively thick films of ~20-50um because the wire is often 5-

10um wide. Such an extraction procedure should rely on numerical fitting from 

complex models including frequency effects as no satisfying simplifying analytical 

models could be determined. Furthermore, for accurate extraction, the presence of 

interfacial boundary thermal resistance between film and substrate and more 

importantly the effect of the heater should be included. It is well-known that heater 

effects become more important as the frequency increases6. Incidentally Liu et al.11 

measured the thermal conductivity of a 18.5um gallium nitride film on sapphire in a 

November 2004 report corresponding to a KF/KS~3.5 and βF=7.4 while ω varied 

between 6000Hz and 60,000Hz. Figure 3.6 and Equation (3.6) nearly describes the 

method for these range of parameters. Liu et al.11 made sure to encompass 

frequency effects in their extraction procedure. 

 

3.5 Thermal Boundary Resistance (TBR) 

The presence of an interfacial boundary resistance between a film and a 

substrate alters the thermal conductivity film extraction procedure in the differential 

method7. The essence of the thermal boundary resistance has been the focus of 

active studies18. In the following sections, the impact of the thermal boundary 

resistance on Equation (3.1) will be examined for a film-on-substrate system with 

arbitrary values of film-to-substrate thermal conductivity ratio. However as a warning 

against the many traps that one can encounter in the field, the thermal boundary 

resistance at a “perfect” interface between distinct materials with a small thermal 

conductivity mismatch (~10>KF/KS>~0.5) may be very low by nature because, in that 

case, the material dissimilarity may be correspondingly small entailing matched 

acoustic impedances at the interface18. Nevertheless a large thermal boundary 
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resistance may also originate from the presence of impurities and disorders at an 

imperfect interface18. Even better, it was seen in section 3.2 that a thermal boundary 

resistance can approximate a very thin thermally insulating layer across which heat 

flows one-dimensionally. Therefore the presence of a thin buffer layer may be 

reasonably modeled by a thermal boundary resistance. In light of these 

considerations and as most film-on-substrate systems imply the formation of a buffer 

layer at the film-substrate interface, the consideration of thermal boundary 

resistance in our heat conduction model is readily valuable. 

In the limit of vanishing frequency ω=0, and for a semi-infinite substrate, 

Equation (3.1) applied to a single film-on-substrate system with interfacial boundary 

resistance leads to: 

Equation (3.9) was derived for arbitrary values of KF/KS. The KFy/K1D ratio 

follows the same definition as in Equation (3.5). Interestingly an arbitrary nature lies 

in the choice of the dimensionless boundary resistance ρS or ρF in Equation (3.5). 

The boundary resistance RFS introduced in Equation (3.9) breaks the symmetrical 

role played by KF and KS as they cannot both vary while ρS or ρF stay constant. The 

same is true for βF, dF, and b. It is more likely that the film thermal conductivity will 

vary with experimental conditions compared to the substrate thermal conductivity. If 

the film thermal conductivity KF varies with a parametric substrate thermal 

conductivity kS, Equation (3.5) must be formulated through ρS. In that case, βF can 

freely vary through the film thickness dF. 
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Figure 3.7. Impact of a thermal boundary resistance on the dependence of KFy/K1D versus 
KF/KS using Equation (3.9): a) RFS=2·10-8 m2·K·W-1 and β=0.1 b) Various ρS and βF ratios.  ρS 
=0.6 corresponds to RFS=2·10-8 m2·K·W-1. The tangents at KF=0 were plotted and represent the 
well-understood one-dimensional model of heat flow though a single layer with a thermal 
boundary resistance. 

 

Equation (3.9) is plotted clearly in dotted line against KF/KS in the left graph of 

Figure 3.7a for βF = 0.1, KS=150 W·K-1·m-1, and for a thermal boundary resistance 

RFS=2·108 m2·K·W-1 between the film and the substrate. For comparison, the case 

with zero thermal boundary resistance (RFS=0) between the film and the substrate is 

shown in solid line in Figure 3.7 and Figure 3.4 as well.  

At first sight, the trend represented by the dotted line in Figure 3.7a shows an 

anomalous behavior compared to the solid line. The presence of a boundary 

resistance disturbs significantly the case of RFS=0. To further examine the nature of 

the discrepancy between a zero RFS and a non-zero RFS, Equation (3.9) is plotted in 

Figure 3.7b with different parameter values of ρS and βF. It can be seen that higher 

boundary resistance and lower βF values worsens the deviation from the case of 

zero boundary resistance.  

In the limit of vanishing interfacial boundary resistance, Equation (3.9) must 

match Equation (3.5). To gain deeper insights into the meaning of the startling trend 

observed in Figure 3.7, Equation (3.9) is simplified to first order in the following term.  
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This condition will hold for a combination of low βF (thin film, large heater 

width), low thermal boundary resistance, and relatively high film resistance. With 

condition (3.10), a simplified expression for Equation (3.9) is derived.     
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(3.11) 

Equation (3.11) provides useful insight about the behavior of the differential 

3ω technique applied to a single film of arbitrary thermal conductivity value with an 

interfacial boundary resistance between the film and the substrate. At first sight, the 

KFy/K1D ratio is a quadratic function of the KF/KS modulated by two obscure 

coefficients F and G. Equation (3.11) will be examined in more details in a coming 

section. In the next section 3.5.1, Equation (3.11) is examined in the specific case of  

low thermal conductivity films. Therefore Figure 3.7 will be first accounted for at low 

KF/Ks ratios and at low βF.  
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3.5.1 Films with Low Thermal Conductivity 

Equation (3.11) can be simplified in the case of low thermal conductivity films, 

provided the following condition is fulfilled: 

1
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 (3.12) 

The quadratic term in Equation (3.11) vanishes and the correction factors F 

and G simplifies. Recall the definition of the thermal offset in a differential 3ω 

experiment, 
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The measured or apparent film thermal resistance R1D can be expressed as 

the sum of the film thermal resistance RFy and the interfacial boundary resistance 

RFS modulated by the simplified terms F(βF) and G(βF) as follows: 
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 (3.14) 

Figure 3.8 plots F(βF) and G(βF) in solid line and illustrates the reason why 

F(βF) and G(βF) can be considered as correction factors. At βF~0 corresponding to a 

large heater width, F(βF) and G(βF) are equal to unity. 
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Figure 3.8. Correction factors F(βF), G(βF) for the film thermal resistance and interfacial 
boundary resistance in the limit of KF=0. The solid line corresponds to the analytical solution 
of Equation (3.14) while the dotted line corresponds to the approximate expression (3.16). 

 

It is well known that in the case of an infinitely large heater, the solution is 

purely one-dimensional. In that case, Equation (3.14) describes nothing else than a 

one-dimensional Fourier’s law, the temperature drop being proportional to the film 

resistance and inversely proportional to the thermal conductivity via the film 

thickness: 
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In Figure 3.8, increasing βF causes the corrections factors F(βF) and G(βF) to 

drop, because the heat does not purely diffuse in a one-dimensional pattern. Rather, 

heat diffuses slightly laterally due to geometrical effects near the edge. The 

existence of anisotropic film thermal conductivity also results in lateral heat 

spreading. Therefore the one-dimensional apparent film thermal resistance K1D 

slightly decreases. Note that βF cannot be arbitrarily high because the condition 
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(3.10) must hold. As a result there exists a set of RFy and RFS values for which the 

trend represented in Figure 3.8  may not be valid. 

F(βF) and G(βF) in Equation (3.14) can be approximated by a simpler formula 

within less than 5% error for 0<βF<10. 
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The simplified expressions in Equation (3.16) are plotted in Figure 3.8 in 

dashed lines. It is the ultra simplified but adequate Equation (3.15) that Lee and 

Cahill7 adopted to extract the thermal boundary resistance of SiO2 on silicon. 

Equation (3.16) provides a compact formula to correct both the 3ω film thermal 

conductivity and thermal boundary resistance. For a typical 10um wire width 

deposited on a 500nm thick film, βF=0.1, and Equation (3.14) shows that the 

measured thermal conductivity and thermal boundary resistance assuming a pure 

one-dimensional model are overestimated by respectively ~3% and ~5%. A 

systematic error of more than 3% regardless of the sophistication in experimental 

set-up is introduced when Equation (3.15) is assumed to describe heat flow in the 

film.  

The reader must now draw her or his attention on the fact that the existence 

of the factor F(βF) in Equation (3.14) has been brought to light by Borca-Tasciuc et 

al.1, where the limits of one-dimensional heat flow model has been discussed in 

great details. However what has not been reported in Ref. 1 is the existence of the 

corrective term G(βF) on the boundary resistance. It is surprising to observe that heat 

spreading in the film also affects the thermal boundary resistance expression, which 

is not trivial at first thought. The author of the present thesis is unaware of such a 

correction reported in a 3ω experiment elsewhere. The similarity between this work 

and Ref. 1 was important to verify the validity of our approach and the correctness of 

the derivation. In this thesis, the term F(βF) in Equation (3.14) and (3.16) has been 

derived with an identical result as the expression introduced and discussed by 
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Borca-Tasciuc and co-authors. And the correction G(βF) has been derived based on 

a similar approach as for F(βF).  

In Figure 3.8, the correction factor G(βF) on the thermal boundary resistance 

is more important than the correction F(βF) on the film thermal conductivity. It can be 

seen that at βF=0.1, F~97% G~95% while at βF=1, F~0.73 and G~0.5. However in 

practice the apparent thermal resistance R1D is dominated by the film thermal 

resistance RFy since in various experimental situations the thermal boundary 

resistance RFS is much lower than the film thermal resistance RFy, typically RFy/RFS 

~5-10 at least. Therefore the correction brought by G on the apparent thermal 

resistance R1D is 0.1-0.5% for βF~0.1. Such a correction is negligible compared to 

measurement uncertainties. Nevertheless, if measurement precisions and 

uncertainties were reduced or if the thermal boundary resistance was high, Equation 

(3.14) depicted in Figure 3.8 should be evidenced. Putnan et al.19 reported an 

uncertainty of less than 1% on thermal conductivity of bulk material. 

In the derivation of Equation (3.14), conditions (3.10) and (3.12) were 

assumed. It is interesting to note that the condition dF/b<1 has been necessary only 

for a strict one-dimensional model. To evidence the role played by condition (3.10), 

Equation (3.14) is plotted versus βF in solid line in Figure 3.9 whereas Equation (3.9) 

is plotted in dashed line. In Figure 3.9a, the film thermal resistance is 25 times 

higher than the boundary resistance and ρF~10-3. The difference between Equation 

(3.9) and Equation (3.14) is not observable for βF as high as 6. In Figure 3.9b, the 

film thermal resistance matches the boundary resistance. Equation (3.9) in dashed 

line differs from Equation (3.14) in solid line, meaning that the condition βF<<RFS/RFy 

is less applicable. In Figure 3.9b, KFy is twice K1D at βF=0 because the apparent 

thermal resistance is equally shared between the film resistance and the boundary 

resistance. 
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Figure 3.9. The KFy/K1D ratio versus βF for the approximated Equation (3.14)  in dashed line and 
the full solution of Equation (3.9) in solid line: a) for a ρF=0.004. Note that KFy/K1D ratio is not 
unity at βF=0. b) for a ρF=0.1 with a RFS=5.10-7 m2·K·W-1matching the film thermal resistance. As 
a result, the KFy/K1D at βF=0 is twice compared to the left graph a). 
 

Figure 3.7 can now be explained for film thermal conductivity vanishing to 

zero: KF→0. Equation (3.15) can be rewritten in a first order development as follows: 
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Equation (3.17b) gives the slopes in solid line of the dashed curves in Figure 

3.7 at KF/KS=0 in three cases: i) RFS=2·10-9 m2·K·W-1, β=0.1, ii) RFS=2·10-8 m2·K·W-1, 

β=0.1, and iii) RFS=2·10-8 m2·K·W-1, β=0.2. Equation (3.17b) illustrates that KFy/K1D is 

proportional to the dimensionless thermal boundary resistance ρS but inversely 

proportional to βF. Therefore the dashed lines in Figure 3.7 depart further from the 

trend in solid line as the thermal boundary resistance increases. We may now 

consider the influence of KF/KS on the KFy/K1D ratio with interfacial boundary 

resistance between the film and the substrate. 
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3.5.2 General Case  

To examine the general situation of a single film with arbitrary thermal 

conductivity on a substrate with an interfacial boundary resistance, Equation (3.9) 

was simplified to Equation (3.11), which has been addressed in the previous section 

in the case of low thermal conductivity films at relatively low βF. It was found that a 

correction to the apparent film thermal resistance by a factor function of βF was 

necessary in order to deduce an accurate value of the interfacial boundary 

resistance from differential 3ω measurements. Equation (3.9) as plotted in Figure 

3.7 was readily described for KFy nearly equal to K1D and KF/KS near zero.  

For a film thermal conductivity varying from almost zero to a few times the 

substrate thermal conductivity, the trends in Figure 3.7 can be described qualitatively 

through a few illuminating simplifying formulas stemming from Equation (3.11). The 

ability to draw enlightening conclusions from Equation (3.11) at a glance is hindered 

by the relative unappealing form of the factors F and G. It is actually easy to see that 

the functions F and G are monotonically decreasing with increasing KF/KS ratio 

values. A closer look at Equation (3.11) permits to establish an approximate 

simplifying formula: 
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 (3.18) 

F and G in Equation (3.11) are approximated by less than 3% error by the 

formulas of Equation (3.18) for KF/KS≤ 4 and for βF=0.1, βF=0.4, and βF=1. Figure 

3.10 illustrates that the factors F and G are monotonically decreasing by 20 to 80% 

for 0≤KF/KS≤4. This is contrary to the variations plotted in Figure 3.7. The quantity 

KFy/K1D plotted against KF/KS in Figure 3.7 is non-monotonic and change of sign for 

0≤KF/KS≤4. Therefore, as in the case of low thermal conductivity film, the terms F 

and G in Equation (3.11) are not the most important governing parameters and can 

be viewed as correction terms for 0≤KF/KS≤4, with however a non-negligible role to 
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play. Note that Equation (3.18) becomes more accurate as βF becomes smaller and 

matches with Equation (3.16) in the limit of vanishing film thermal conductivity. 
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Figure 3.10. The factors F and G are plotted against the film-to-substrate thermal conductivity 
ratio from Equation (3.11) in solid lines and from the approximated expression of Equation 
(3.18) in dotted lines for three values of βF: 0.1, 0.4, and 1.  The dotted lines and solid lines 
describe a trend qualitatively similar in nature. 

 

The governing terms in Equation (3.11) stand out If one disregards the factor 

F and G by setting G=F=1, which represents a crude but acceptable approximation 

in a qualitative analysis of Figure 3.7. The Equation (3.19) here below represents a 

cornerstone relation: 
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Equation (3.19b) derives from Equation (3.19a) by multiplying with the film 

thermal resistance RFy =dF/kFy. In light of Equation (3.19a), Figure 3.7 can be readily 

accounted for. Equation (3.19a) is parabolic with respect to the film-to-substrate 

thermal conductivity ratio KF/KS and qualitatively describes Figure 3.7. The quadratic 

nature of KFy/K1D with respect to KF/KS is more acute with higher boundary 

resistance RFS and lower βF ratios. Note that the presence of a thermal boundary 
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resistance is of prime importance to account for the differences between Figure 3.4 

and Figure 3.7. At RFS=0, Equation (3.19a) corresponds to derivation introduced by 

Borca-Tasciuc and co-authors. As a non-zero RFS is introduced, a term proportional 

to KF/KS appears in Equation (3.19a). As the thermal boundary resistance RFS 

increases, the condition expressed by Equation (3.10) may not hold and Equation 

(3.19a) may be predominantly linear with KF/KS. The case of outrageously high 

thermal boundary resistance is illustrated in Figure 3.7b with a dashed curve almost 

merged with the vertical axis corresponding to a thermal boundary resistance 

RFS=5·10-7 m2·K·W-1 and ρS=15. One can now see that the approximation F=G=1 is 

well justified to conduct a qualitative treatment of Equation (3.11) through Figure 3.7. 

The expression of Equation (3.19a) is well suited to capture the parameters 

governing Equation (3.11) plotted in Figure 3.7. However it may not lead to a very 

eloquent description of the physical situation. A lyric and prosaic discussion may 

easily initiate from Equation (3.19b). The apparent thermal resistance R1D 

experimentally measured is the sum of the film thermal resistance RFy plus the 

thermal boundary resistance RFS as expected, but must be subtracted by a 

spreading resistance RSPRC related to the contrast of the film-to-substrate thermal 

conductivity. The expression for the spreading resistance due to the contrast of 

thermal conductivity is given by: 
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In the case of a film thermal conductivity matching the substrate thermal 

conductivity (KF=KS) with RSF=0, the apparent thermal conductivity of the film R1D is 

zero because increasing the film thickness corresponds to increasing the substrate 

thickness with no alterations on the temperature distribution inside the sample 

whatsoever. When KF=KS, the heat in the film-on-substrate, or more simply in the 

substrate, flows radially from the heat source approximating a δ-line source 

applicable in our case of vanishing frequency. Departure of the film thermal 

conductivity KF from the substrate thermal conductivity KS results in modifications of 

the heat spreading configuration in the film and the substrate compared to the 

situation where the heat spreads radially.  For a window of film thermal conductivity 
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near the substrate thermal conductivity, the δ-line source approximation remains 

accurate even if the heat spreads is no longer purely radial. This variation in heat 

spreading is inherent to the existence of film-to-substrate mismatch, not to the film-

to-heater aspect ratio. Consequently the true film thermal resistance RFy in the 

expression of R1D must be counterbalanced by a term RSPRC that accounts not only 

for differences in heat spreading in the film but also in the substrate as compared to 

the situation when KF=KS. The term RSPRC captures a relative change in heat 

spreading in the film and the substrate caused by the presence of the film. RSPRC 

does not capture the absolute heat spreading in the film. The sign of the apparent 

thermal resistance R1D will be positive (KF<KS) if heat spreading reduces from the 

situation when KF=KS and negative (KF>KS) if the heat spreading is more severe 

compared to the case KF=KS. Recall that in the case of low thermal conductivity, the 

heat spreading in the film is predominantly described by the factors F and G, not by 

RSPRC provided frequency effects are neglected.   

Interestingly the thermal boundary resistance is not affected by RSPSC but 

only by the term F and G provided condition (3.10) is satisfied. When the film 

thermal conductivity matches the substrate thermal conductivity KF=KS, the apparent 

thermal resistance is approximately equal to the thermal boundary resistance RFS. 

To extract the film thermal properties from the apparent thermal conductivity 

k1D directly measured in the 3ω technique, an accurate and precise treatment of the 

heat conduction model is necessary. It was shown here that no simple formulas can 

be adopted. The G and F terms in Equation (3.11) are by no means negligible in a 

quantitative analysis as illustrated in Figure 3.10, save for the situation of films with 

low thermal conductivity. Perhaps shown below is the simplest possible expression 

of k1D accounting for a thermal boundary resistance between the film and substrate 

and for a film-to-substrate thermal conductivity ratio exceeding unity. 
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(3.21) 

An accurate and systematic determination of film thermal properties will 

therefore require the development of adequate numerical methods as no simple 



 94

approximation can be made unless large errors are made. Besides, Equation (3.21) 

is already a mere simplification because it was derived under condition (3.10) and it 

neglects frequency effects. Due to finite substrate depth, it may be more accurate to 

apply the 3ω method to an intermediate range of frequency. In Section 3.4, no 

illuminating formulas were expressed to describe the differential 3ω method due to 

frequency effects. In that case, numerical resolution may be applied directly to a 

single layer on substrate using the complex Equation (3.1), which does even not 

account for the presence of the heater on the film. To illustrate the difficulty in 

applying the 3ω method in the general situation, it is worth noting that several 

authors are routinely using powerful numerical methods to extract the thermal 

conductivity in complex situations. Film thermal properties have been extracted from 

numerical analysis considering the influence of the heater1,6, frequency effects4-6,11, 

film anisotropy1, and non-negligible film-to-substrate thermal conductivity 

contrast1,4,11. 

 

3.6 Applicability of the Differential 3ω Method 

Before considering an experimental scheme to characterize the thermal 

conductivity of a single film on substrate, a model governing the 3ω method must be 

defined. It is now widely accepted that the 3ω method is a strong and complex 

function of a wide range of electrical, geometrical and physical parameters in the 

general case1,4-6,11. Assumptions must be made and it is important to identify the 

range of applicability of the differential 3ω method. The purpose of this section is to 

discuss the range of experimental parameters permitting an accurate and systematic 

3ω characterization of a film-on-substrate system. It will be assumed an interfacial 

boundary resistance between the film and the substrate and arbitrary values of KF/KS 

ratios.  

The applicability of the 3ω method depends on  

i) The sensitivity of geometrical, electrical and thermal parameters on the 

experimental temperature oscillation.  

ii) The source and impact of errors on the experimental temperature 

oscillation.  
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We first examine the difference ΔTF+S-ΔTS relative to the substrate 

temperature oscillation ΔTS in the case of a single layer-on-substrate system with 

interfacial boundary resistance. From Equation (3.11) and (3.18), we define the 

intrinsic sensitivity Si of the 3ω method as follows:  
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(3.22) 

If the measurement error is 5% due for instance error in temperature 

coefficient or in substrate bottom boundary conditions, the sensitivity Si may be 

arbitrarily required to be at least twice as high.  

1.0|| iS  (3.23) 

The absolute value of the sensitivity coefficient derived in (3.22) is plotted 

against the film-to-substrate thermal conductivity ratio KF/KS in Figure 3.11. To 

confirm the validity of our approach, we may now reformulate a few conclusions 

drawn either in this thesis or elsewhere.  



 96

0

0.2

0.4

0.6

0.8

1

0.01 0.1 1 10

|S
i|

K
F
/K

S

a)


F
=0.1 

F
=1

R
SF

=0

0

0.2

0.4

0.6

0.8

1

0.01 0.1 1 10

|S
i|

K
F
/K

S

R
SF

2x10-8 Wm-1K-1


F
=0.1 b)

R
SF

=0

 
Figure 3.11. The absolute value of the intrinsic sensitivity Si of the differential 3ω technique 
defined in Equation (3.22) is plotted versus the film-to-substrate thermal conductivity ratio in 
two cases: a) for a zero thermal boundary resistance with βF=0.1 in solid line and  βF=1 in 
dashed line b) for a constant βF=0.1 and a varying thermal boundary resistance RSF. The 
horizontal solid line represents an arbitrary minimum sensitivity for the 3ω technique to be 
reliably applicable. 

 

It is easy to see in Figure 3.11a that the film thermal conductivity has almost 

no impact on the differential 3ω method for a film thermal conductivity nearly 

matched with the film thermal conductivity KF=KS. On the other hand, in the low 

thermal conductivity regime KF<<1, the sensitivity increases proportionally with the 

film-to-substrate thermal conductivity ratio. The sensitivity coefficient confirms that 

the differential 3ω method is adequate for the characterization of single film-on-

substrate system with large film-to-substrate thermal conductivity mismatch. From 

Equation (3.22), the sensitivity increases with higher βF values. Figure 3.11a plots 

the sensitivity for two cases: βF=0.1 in solid line and βF=1 in dashed line. Clearly the 

sensitivity increases between the case in dashed line and solid line. At βF=0.1, the 

sensitivity of the technique is lower than 10% for 0.3<KF/KS<6. Therefore the 

differential 3ω technique is poorly reliable if applied to characterize a film thermal 

conductivity a few times lower to a few times higher than the substrate thermal 

conductivity. Nevertheless, the KF/KS window over which the differential technique 

becomes applicable widens by increasing the βF ratio via thicker films: it is well 
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known that thick films have tendency to increase the sensitivity of thin film thermal 

conductivity characterization methods. 

For low film thermal conductivity, the factor Si depends on the anisotropy 

factor via the factor F because the product of βF/KF is proportional to 1/KFy and 

becomes independent of KFx. Therefore higher sensitivity will be achieved when the 

out-of-plane thermal conductivity KFy becomes higher than the in-plane thermal 

conductivity KFx. Furthermore the technique is more sensitive to the anisotropy factor 

as the heater width decreases. Indeed T. Borca-tasciuc et al.1 have described a 

method to extract the anisotropy factor of low thermal conductivity films by varying 

the heater width. However the technique is not as sensitive with the anisotropy factor 

as on film thickness, heater width or film thermal conductivity. For instance, at βF=1, 

a decrease of anisotropy by a factor 2 gives a mere 10% increase in sensitivity. 

Conversely at high film thermal conductivity, the product of βF/KF becomes 

proportional to 1/KFx and becomes independent of KFy. However the situation is 

unfortunately not reversed compared with the case of low film thermal conductivity. If 

the factor Si is still dependent on the anisotropy factor via the factor F, this time F 

drops which makes the technique poorly reliable to measure the anisotropy at high 

film thermal conductivity. It is fortunate that at low thermal conductivity, the 

technique will be rather sensitive to the anisotropy factor. At high thermal 

conductivity, the technique is unlikely to be adequate to measure the anisotropy 

factor. The success of the method in Ref. 1 relies partly on the fact that the 3ω 

technique is rather sensitive to the anisotropy ratio for low thermal conductivity films, 

making it a reliable technique. Note that 3ω technique is not suitable for the 

diffusivity measurement as long as the assumption of zero frequency holds.  

The latter conclusions are drawn assuming no thermal boundary resistance 

between the film and the substrate, no frequency effects and no heater effects. 

Section 3.4 has shown that frequency effects were small for small βF values. The 

influence of the heater6 is minute when the dimensionless frequency is less than 0.1. 

The effect of the boundary resistance can be seen in Figure 3.11b where the 

sensitivity factor is plotted against KF/KS for a constant βF=0.1. The differential 

technique becomes adequate in the case of low thermal conductivity films but less 
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applicable in the regime of high thermal conductivity films. In Figure 3.11b, the 

sensitivity is equally shared between the film thermal conductivity and the thermal 

boundary resistance for KF/KS~0.2. Beyond KF/KS>0.2, the 3ω method is mainly 

sensitive to the thermal boundary resistance. Neglecting the thermal boundary 

resistance can lead to large errors in thermal conductivity extraction. Equation (3.22) 

shows that the relative sensitivity on the thermal boundary resistance can be 

reduced only by increasing the film thickness or the anisotropy factor. The presence 

of an interfacial boundary resistance becomes detrimental to the characterization of 

film thermal conductivity when KF/KS>1. To measure the film thermal conductivity 

more accurately, the sensitivity on the boundary resistance can be reduced by 

increasing the layer thickness, increasing the heater width and considering a 

relatively low thermal conductivity substrate. If the thermal conductivity of the 

18.5um thick gallium nitride in Ref. 10 was extracted neglecting the presence of a 

thin 100nm buffer layer, then the value of the thermal conductivity would be 

underestimated. From that perspective, the extracted value of 125 W·K-1·m-1 would 

represent a lower bound for the thermal conductivity of gallium nitride.  

The definition of the sensitivity factor may suggest a clear methodology in 

sample preparation to extract three unknowns namely the film thermal conductivity, 

the thermal boundary resistance, and the anisotropy factor (via βF). From Equation 

(3.22), the operator has only control on the wire width 2b and film thickness dF (via 

βF) as it is difficult to control the thermal conductivity of the substrate in practice. 

 Assume a small film-to-substrate thermal conductivity ratio, say KF/KS ~5%, a 

thermal boundary resistance RSF=2.10-8m2·K·W-1 and a substrate thermal 

conductivity kS=150 W·K-1·m-1 (silicon). From Equation (3.22), measurement of the 

anisotropy factor is preferentially done for thick films (~1um) and relative small 

heater width by varying the heater width or film thickness. It may be easier in 

practice to vary the heater width.  

Conversely measurements of thermal boundary resistance are carried out at 

low film thickness (~100nm) and large heater width by varying film thickness. As a 

reminder, increasing the heater width is in contradiction with approximation of zero 

frequency. In case the film-to-substrate thermal conductivity ratio increases, Figure 



 99

3.11 suggests that neither the film thermal conductivity nor the thermal boundary 

resistance may be negligible, unless the film thickness increases. At low βF, both 

heater width and film thickness would need to be varied. Varying multiple 

parameters represent an additional hurdle to the characterization of film thermal 

conductivity.  

Oftentimes, a 100nm insulating layer, typically SiO2, is deposited on the film-

on-substrate system prior to heater formation if the underlying material is electrically 

conductive. The insulating layer introduces a thermal offset ΔTIS purely dependent 

on the heater width, the film thickness dIS and the insulating layer thermal 

conductivity kIS. Partly because the method is differential, the quantity ΔTF+S-ΔTS will 

depend on differences in film thickness and heater width between two distinct 

samples. This observation is not relying on error analysis. Simply the heat 

conduction theory assumes a unique value of heater width and film thickness for 

both samples. As seen before, the sensitivity coefficient is high for low thermal 

conductivity films. In that the case, it is expected that the technique be sensitive to 

variations in heater width or insulating film thickness dIS from one sample to another. 

One could define an extrinsic sensitivity that would encompass differences in film 

thickness and heater width between two different samples. The technique becomes 

error prone as the variations in film thickness dIS and heater width variations. That 

situation becomes worse as measurement errors are introduced. 

 

3.7 Conclusion 

In this chapter, the applicability of the 3ω method in the case of relatively 

elevated film thermal conductivity was examined for a single film-on-substrate 

system. Gallium nitride-on-substrate provides an adequate example of sample 

having film-to-substrate thermal conductivity ratios below or above unity. The 

presence of an interfacial boundary resistance was included in the heat conduction 

model. The role played by the frequency on the extracted thermal conductivity was 

studied. Each parameter, namely the film thermal conductivity via the KF/KS ratio, the 

thermal boundary resistance, and the driving frequency were studied separately. In 

Section 3.5.2, the role of the film-to-substrate thermal conductivity contrast and the 
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thermal boundary resistance were included simultaneously in the heat conduction 

model under the assumption of low frequency. Several simplifications were made 

and their accuracy was discussed. 

The novelty throughout the chapter lies in the discussion on thermal boundary 

resistance. The situation of a thermal boundary resistance between a film and a 

substrate corresponds to the case of a three-layer problem with no heat spreading in 

the layer between the substrate and the top layer, which may be applicable to the 

case of gallium nitride-on-substrate system with thin buffer layers. Therefore we 

generalize in an elegant formalism the treatment of the 3ω method to a thee-layer 

system under the condition of one-dimensional heat flow in the intermediate layer. 

Predicting an adequate experiment is facilitated by examining the sensitivity 

coefficient introduced. The analysis turns to be complicated as the number of 

parameter increases.  

Theory shows the 3ω interfacial resistance must be corrected by a small 

factor in the case of low thermal conductivity films. As the film thermal conductivity 

increases, the film thickness must increase to characterize the film thermal 

conductivity more successfully. It was established that influence of frequency was 

small for small film thickness-to-heater width aspect ratio. In the case of a βF=10, 

good agreement between numerical simulations and the model derived form the 

assumption of plane heater was found.  
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Chapter 4 Characterizing the Properties of the 
Gallium Nitride: Thermal Conductivity 

4.1 Introduction 

In this chapter, the thermal conductivity of relatively thick gallium nitride grown 

by Hydride Vapor Phase Epitaxy (HVPE) is characterized using the 3ω method in an 

attempt to identify the key factors limiting the gallium nitride thermal conductivity. 

One major result of this thesis is that a precise dependence of the gallium nitride 

thermal conductivity on dislocation density was clearly evidenced in this work in 

contrast with previous reports. It is important to note in our experimental approach 

that the thermal conductivity measurements were taken prior to material 

characterization. But before getting to more details, it is necessary to introduce two 

key background elements: the very basics of thermal conductivity theory and the 

research status in the field of gallium nitride thermal conductivity. Afterwards, the 

body of the study will be presented starting with a description of sample 

characteristics and characterization methodology. Thermal conductivity experimental 

data will be interpreted depending on sample thickness and material inhomogeneity, 

and compared with finite element simulation analysis. Next a section will discuss the 

dependence of gallium nitride thermal conductivity mostly on dislocation density, 

point defects, and temperature in light of experimental results and previous reported 

works. The last section will underline the major advances made throughout this 

study. 
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Figure 4.1. Experimental room temperature thermal conductivity of gallium nitride plotted 
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4.1.1 The Thermal Conductivity of Semiconductors 

Heat in solids may be conducted through a variety of carriers12: electrons, 

phonons (lattice waves), magnons (spin waves), photons, possibly excitons13, etc. In 

semimetals, the principal carrier are electrons and phonons, leading to an overall 

thermal conductivity k=ke+kg where ke is the electronic component and kg the lattice 

component12. In metals, the electronic thermal conductivity dominates12-14 whereas 

in semiconductors such as gallium nitride, the thermal conductivity is completely 

dominated by the lattice thermal conductivity except perhaps in a limited number of 
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cases12-14. For instance Ref. 9 experimentally determined that the electronic thermal 

conductivity in gallium nitride is ke~0.15 W·K-1·m-1 which is three orders of 

magnitude lower than typical experimental gallium nitride thermal conductivity values 

depicted in Figure 4.1. In practice, it is difficult to evidence the electronic thermal 

conductivity of semiconductor even at very high doping level and high 

temperature13,14. Nevertheless it is important to bear in mind that electrons may play 

an appreciable role in limiting the lattice thermal conductivity through interactions 

with phonons13,14. As a consequence of thermal conductivity dependence on lattice 

characteristics, any disturbance on lattice waves and crystal structure will directly 

affect the thermal conductivity value. Material quality is therefore of prime 

importance in the determination of semiconductor thermal conductivity. This is 

especially true of gallium nitride2,15. Furthermore, the heat is dominantly carried by 

acoustic phonons because of high group velocity. Therefore the dispersion relation 

of acoustic phonons is generally of utmost importance in the determination of 

thermal conductivity although optical phonons can alter the thermal conductivity by 

scattering with acoustic phonons14.  

The thermal conductivity of a “perfect” defect-free semiconductor is limited by 

crystal anharmonicity or phonon-phonon interaction. In that case the thermal 

conductivity is referred to as the intrinsic thermal conductivity and represents the 

highest value achievable. The theory of crystal anharmonicity that accounts for 

thermal expansion introduces the Grϋneisen parameter γ (or anharmonicity 

parameter) often present in thermal conductivity studies.  

A bulk of work, best summarized in Ref. 13 and 16, has shown that the 

magnitude of room temperature thermal conductivity of non-metallic solids such as 

lithium fluoride, diamond, silicon, gallium nitride, silicon carbide,etc can be predicted 

by a semi-empirical relation of the type12-14,16,17: 

A is a constant, ΘD is the Debye temperature, M is the average mass of an 

atom in the crystal, δ3 is the average volume occupied by one atom of the crystal, 

2

3

~

DM

Ak  (4.1) 
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and γ is the Grϋneisen constant. Because of a lack of experimental data in γ values 

thirty-two years ago, Slack determined in 1973 a best fit empirical value for A/γ2 = 

8.77.10-3 W/g·cm2·K4 for a series of 15 crystals at room temperature7,17. Equation 

(4.5) becomes more exact to describe the high temperature (T>ΘD) thermal 

conductivity of face-centered-cubic crystals having one atom per primitive 

crystallographic unit cell. In that case, A=B/T where T is the temperature and B is a 

constant. From Equation (4.5), it is easy to see that the four rules for selecting a 

nonmetallic crystal with high thermal conductivity are:  

(1) a low atomic mass (high ΘD),  

(2) a strong interatomic bonding (high ΘD),  

(3) a simple crystal structure (low number of atom per primitive unit cell),  

(4) a low anharmonicity (low γ).  

 

Diamond is a good example of nonmetallic material optimizing the relation 

(1.5)17. The Debye temperature plays a major role in predicting the intrinsic thermal 

conductivity12,17. Unfortunately the Debye temperature is oftentimes theoretically 

determined and is not precisely known in the case of gallium nitride. There is a large 

discrepancy of reported values partly because of an associated disparity in gallium 

nitride elastic constants. A few theoretical studies have estimated the room 

temperature GaN thermal conductivity. Deriving an expression very similar in nature 

to Equation (1.5), Witek18 estimated a room temperature thermal conductivity ~410 

W·K-1·m-1 using the heat capacity corresponding to a Debye temperature ӨD~830K. 

Recently Slack et al.7 have determined 227 W·K-1·m-1 calculating ӨD~650K from 

elastic constant values reported by other authors. Actually Slack estimated 170 W·K-

1·m-1 in a 1973 report assuming a ӨD~600K despite limited knowledge of the gallium 

nitride physical constants17. Ref. 15 and 19 established intermediate values at 370 

W·K-1·m-1 and 344 W·K-1·m-1 adopting respectively ӨD~1058K and ~830K. It is worth 

noting that Jeżowski et al.5 determined experimentally ӨD~400K from thermal 

conductivity data fit at room temperature and confirmed the Debye temperature thus 

obtained from calculations based on elastic constant reported in the literature. It 

follows that theoretical values of gallium nitride may simply not provide an accurate 
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insight on the highest thermal conductivity value achievable. Rather it may indicate a 

rough range of higher bound of thermal conductivity values probably lying 

somewhere between 170 W·K-1·m-1 and 410 W·K-1·m-1. 

Apart from phonon-phonon interaction, other important phonon-scattering 

mechanisms arise in a crystal due to phonon scattering from lattice disorders, crystal 

boundaries or interaction with electrons. The phonon mean free path is directly 

related to the phonon scattering constant time when the Boltzmann equation is 

solved through a relaxation time approach. The total phonon relaxation time τT is 

related to each individual relaxation processes of time constant τi through the 

relation13-15: 

For point imperfections, phonon scattering may be caused by the difference in 

mass and size because of variations in force constant between the impurity and the 

host atom in the lattice. It the impact of mass impurity inhomogeneity on the phonon 

spectrum is obvious, the difference in size entails a misfit strain field in the vicinity of 

the impurity that modifies the force constant through anharmonicity in the lattice. The 

scattering time constant associated with point defect scattering in the case of a 

single substitutional impurity can be shown to be inversely proportional13,14,17 to Γ. 

f is the fractional concentration of the impurity atom of mass M. ΔM is the 

mass difference between impurity and host atom, Δδ is the local lattice mismatch 

and δ is the cube root of atomic volume of the impurity in its own lattice. Equation 

(4.3) illustrates that mass defects and strain defects can be responsible for thermal 

conductivity limitations. To quantitatively treat the case of several impurities in 

compound material, the expression for Γ differs form Equation (4.3) by minor 

corrections7. 

Fluctuations in mass-difference throughout the crystal can cause additional 

thermal resistance13,14. In particular, the existence of isotopes in the constituent 
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element will limit the thermal conductivity value, not only because of inherent 

random mass defects but also due to lattice distortion and change in effective force 

constant resulting from quantum effects14. In the case of gallium nitride, Witek 

determined an intrinsic thermal conductivity value of 410 W·K-1·m-1 and he assigned 

lattice defects as the main cause of measured thermal conductivity being lower than 

theoretical value18. Later, Berman shed more light on the correctness of Witek’s 

statements by estimating the isotopic thermal resistance from a hypothetical 

“Zimman limit” of the gallium nitride thermal conductivity at 300K20. The isotopic 

thermal resistivity was found about twenty times lower than the experimental gallium 

nitride resistivity of ~8.3.10-3 K·m·W-1. Berman explained that the effects of the large 

concentration, 38.5% of the isotope 71Ga in the gallium is offset by the small relative 

mass difference (ΔM/M), while the isotope 15N represents only 0.38% in nitrogen 

isotopic impurities. Slack et al.7 corrected their experimental room temperature 

thermal conductivity values for isotopic using a similar expression as Equation (4.3) 

to find that thermal conductivity increased from 227 W·K-1·m-1 to 251 W·K-1·m-1. The 

resulting isotopic thermal resistivity was in good agreement with Berman’s 

determination. Fluctuations in mass difference and the presence of strain are also an 

important factor to describe the thermal conductivity of alloys such as AlxGa1-xN 
2,13,14. Moreover it is important to note that thermal conductivity limitations may occur 

via lattice disorders other than point defects such as dislocations. Berman provides 

an extensive review on the modeling of phonon scattering by dislocations14. 

 Phonons can also be scattered by electrons or holes in bound states or in 

free carrier state13,14. The precise effect of free carrier scattering may be difficult to 

experimentally determine in semiconductors as an increase of electron 

concentration from higher impurity concentration can be responsible for additional 

phonon scattering15.  Separating the effect between carrier and impurity scattering 

may be attempted with experiment conducted in the presence of a magnetic field or 

over a large range of temperature13,14. At low temperature the thermal conductivity is 

sensitive to impurity scattering13. Boundary scattering is preponderant at very low 

temperature and the thermal conductivity is proportional to the cube of the 

temperature and the diameter of the crystal13,14. In the high temperature regime, 
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phonon-phonon scattering dominates via three-phonon Umklapp processes13,14. The 

thermal conductivity approximates the intrinsic thermal conductivity and is inversely 

proportional to the temperature. The inverse temperature dependence becomes 

increasingly accurate as the temperature exceeds the Debye temperature12-14,16,17. 

Somewhere between the high temperature regime and the low temperature regime 

described above, the thermal conductivity peaks, usually at a temperature well 

below 300K for almost all standard semiconductors13. Therefore the room 

temperature thermal conductivity provides a fortunate benchmark reference between 

different semiconductors. Note that the thermal conductivity properties of highly 

disordered material such as amorphous materials or alloyed materials is drastically 

different compared with the thermal conductivity properties of semiconductors 

covered previously13. 

Most single crystal semiconductors such as germanium, silicon, gallium 

arsenide, etc present negligible thermal conductivity anisotropy13. The degree of 

thermal conductivity anisotropy can be inferred from a few characteristics of the 

lattice. Considering equation (1.5), anisotropic properties are expressed through the 

Debye temperature function of the sound velocity and through the Grϋneisen 

parameter. Slack et al.7 illustrate that the average c-plane and a-plane sound 

velocity differ by less than 1% whereas the anisotropy in the Grϋneisen parameter 

was measured to zero7. Hence Slack et al.7 estimate the gallium nitride thermal 

conductivity anisotropy is less than 1% at 300K. 

 

4.1.2 Literature Review 

The first report on the gallium nitride thermal conductivity was given by Sichel 

and Pankove in 19773. In this pioneer study, the temperature dependence of a 

400um thick gallium nitride layer grown by HVPE on a r-plane sapphire substrate 

was measured using an along-layer steady state technique. A room temperature 

thermal conductivity of 130 W·K-1·m-1 was found. In this thesis, it is observed from 

the published data that the temperature dependence of the thermal conductivity is 

strongly related to material quality. Luo et al.8 measured the thermal conductivity of 

laterally epitaxially overgrown (LEOG) gallium nitride using a third harmonic method 
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and found a lower bound of 155 W·K-1·m-1. The 3ω slope method was employed 

again to measure the thermal conductivity temperature dependence of four 

specimens consisting of three HVPE grown gallium nitride samples and one LEOG 

gallium nitride sample6. The highest value at room temperature was ~165 W·K-1·m-1 

on the HVPE grown gallium nitride sample having a dislocation density of ~108 cm-2 

measured from atomic force microscopy. The carrier concentration was 5.1018 cm-3 

according to the authors6. The latter study raised several concerns about the report 

of Asnin et al.4 published in 1999. In this work, the thermal conductivity was 

measured 170-180 W·K-1·m-1 at room temperature using a scanning thermal 

microscope. The same team joined up by Florescu and Jones reported exactly a 

year later with the same scanning thermal microscope technique a room 

temperature gallium nitride thermal conductivity reaching 210 W·K-1·m-1 on the 

overgrown regions of partially coalesced LEOG samples where the dislocation 

density was the lowest1. In between the LEOG stripes where the dislocation density 

is the highest, the thermal conductivity was measured 100 to 120 W·K-1·m-1, pointing 

out that the reduction in thermal conductivity was correlated to a high dislocation 

density. In parallel, Florescu et al.9 studied the thermal conductivity limitations of 

HVPE grown GaN/sapphire (0001) samples as a function of both carrier 

concentration varying from 8·1016 cm-3 to 8·1018 cm-3 and sample thickness varying 

from 0.8um to 74um. Beyond the relation established between increasing film 

thickness and increasing thermal conductivity values, this study laid the emphasis on 

the observed linear decrease in thermal conductivity with the logarithmic of the 

concentration. More specifically, a twofold reduction in thermal conductivity was 

found for every decade increase in the carrier density measured by hall effect and 

raman spectroscopy. Soon after, Florescu and Pollak discussed the effect of grain 

boundaries combined to dislocations in HVPE gallium nitride samples in an attempt 

to account for the limitations of gallium nitride thermal conductivity21. In the 

meantime a room temperature thermal conductivity of 220 W·K-1·m-1 was reported 

on bulk gallium nitride from Vaudo and co-authors10. In a 2002 theoretical study 

based on a relaxation time approach, Zou et al.15 have shown that the observed 

decrease of thermal conductivity with increasing electronic concentration from Ref. 9 
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can be readily ascribed to the presence of impurities. In other words, the impurities 

Si, O, C known as main donors in gallium nitride can be proved to be the sole source 

of scattering centers and account for the observed trend in Ref. 9 minimizing the role 

of electron-phonon interaction in thermal conductivity limitations15. Moreover In the 

same theoretical report, it was shown that the thermal conductivity can be limited by 

dislocations provided their density is higher than 1010 cm-2 which represents a high 

value in contradiction with Ref. 1 discussed earlier15,19. The same authors as in Ref. 

21 but this time joined up with Lee, Ming, and Ramer established an empirical 

correlation between MOCVD grown gallium nitride thermal conductivity values and 

photoluminescence signal, surface roughness, dislocation density, and X-ray 

diffraction measurements. 

Slack et al.7 reported the thermal conductivity dependence of HVPE grown 

gallium nitride and found a value of 227 W·K-1·m-1. Intriguingly, the gallium nitride 

thermal conductivity limitation was ascribed to the presence of oxygen in gallium 

nitride by drawing a parallel with results obtained in the field of aluminium nitride. 

Further controversy is introduced with the report of a research group located in 

Japan where the thermal conductivity is measured from 110K to 370K on a 122um 

thick free-standing HVPE grown gallium nitride sample11. It is found a room 

temperature thermal conductivity of approximately 160 W·K-1·m-1 with a temperature 

dependence nearly identical to that reported by Sichel and Pankove in 1977 but in 

large contradiction with the temperature dependence reported by Slack and co-

authors7. More recently, thermal conductivity measurement was performed on 

gallium nitride material almost free of dislocation grown by a unique method at high 

temperature and high pressure causing a high oxygen content in gallium nitride 

(>1020 cm-3)5.  It was found a room temperature thermal conductivity of 226 W·K-1·m-

1 with a temperature dependence in good agreement with Ref. 7 although the 

measurements were taken down to 4.2K, probably representing the lowest thermal 

conductivity temperature measurement ever reported on gallium nitride5. However 

the thermal conductivity was found minimum with lowest electron concentration, 

which at first sight seems to contradict the predictions made in Ref. 15, except that 

in the high temperature high pressure growth method, high electrical resistivity 
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material is obtained by introducing compensating Mg impurities. Considering this, 

agreement with Zou et al.15 is restored. Given the high concentration of oxygen in 

their high temperature high pressure grown bulk gallium nitride, the authors 

proposed that the presence of oxygen could be responsible for the observed thermal 

conductivity limitations5. Finally, very recently theoretical development based on a 

relaxation time approach2 was found to give reasonable numbers for the 

experimental thermal conductivity temperature dependence of gallium nitride grown 

by high temperature high pressure of Ref.  5. 

 

4.1.3 Study Outline 

This present study investigates the thermal conductivity characteristics of 

undoped and iron doped HVPE gallium nitride. Using the 3ω slope method from 

300K to 450K, thermal conductivity measurements were carried out on samples of 

various thicknesses ranging from hundreds of microns to a few millimeters. It is 

found that the thermal conductivity is strongly dependent on material quality and 

more precisely on dislocation density above 107 cm-2. The highest room temperature 

thermal conductivity value is found on a semi-insulating iron sample to be ~230 W·K-

1·m-1. The thermal conductivity was deduced by carefully accounting for sample finite 

thickness and material inhomogeneity using analytical model and finite element 

analysis. From our work and in conjunction with previous work on undoped gallium 

nitride, the dependence of thermal conductivity on dislocation density is specified. 

The effect of semi-insulating impurity on thermal conductivity such as iron is 

discussed. The temperature dependence of gallium nitride thermal conductivity 

above room temperature is examined. It is reemphasized once again that the 

thermal conductivity measurements were taken prior to any material 

characterization. It was the thermal conductivity measurements that were suggestive 

of the relevant sample characterizations to be carried out. However for sake of 

clarity, results on material characterization are presented first followed by thermal 

conductivity data. 
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4.2 Characteristics of Hydride Vapor Phase Epitaxy grown Gallium Nitride 

Four gallium nitride samples were grown on c-plane sapphire with different 

thicknesses by KYMA Technology, Inc employing the Hydride Vapor Phase Epitaxy 

Method (HVPE) introduced in Chapter 1. Sample characteristics are summarized in 

Table 4.1.  

 
Table 4.1. Gallium nitride sample characteristics. U=undoped. Fe=iron doped. Initial thickness 
= thickness before polishing. Dislocation densities were measured by catholuminescence (see 
Appendix D) 

 

 
Sample 

ID 
 

 
Doping 

 
GaN 
layer 

 
As-grown 
Thickness 

[um] 

 
Final 

Thickness 
[um] 

 
Resistivity 

[Ω·cm] 

 
Dislocations 
at surface 

[cm-2]  
 

A 
 

 
U 

 
epi 

 
~250 

 
200 ±70 

 
1-20 

 
4·107 

 
B 
 

 
U 

 
bulk 

 

 
~700 

 
370 ±20 

 
1-20 

 
1.5·107 

 
C 
 

 
U 

 
bulk 

 
1700 

 
1400 ±50 

 
1-20 

 
8.8·106 

 
D 
 

 
Fe 

 
bulk 

 
2000 

 
2000 ±50 

 
       2·108 

 
5·104 

 

Sample A, B, C, and D were grown following the HVPE process resulting in 

gallium nitride thicknesses of ~250um for A, ~700um for B, ~1700um for C, and 

~2000um for D. Sample B, C, and D were subsequently lifted-off from the sapphire 

wafer by KYMA Technology, Inc. Therefore Sample B, C, and D represent free-

standing gallium nitride materials and are referred to as “bulk” material in Table 4.1. 

On the contrary, sample A is a thick epitaxial gallium layer on sapphire throughout 

the study. Sample B was polished on both side equally resulting in a final ~370um 

thick bulk material. Sample A was polished in the center but the edges were almost 

untouched because of dramatic wafer bow. The final thickness was ~200um. 

Sample C front side was left as-grown with hillocks while 300um of gallium nitride 

material were removed on the backside. Finally Sample D was unpolished 
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presenting an as-grown front surface. Micrograph of sample C and D surface can be 

found in Appendix D. As-grown surface samples are thought to have the highest 

thermal conductivity values. Indeed in diamond thermal conductivity studies, better 

results were obtained on as-grown surface samples22, the top surface layer being 

the less defective part of diamond sample. 

Sample A, B, and C were undoped while sample D was in-situ iron doped. 

Impurity levels were measured with Secondary Ion Mass Spectroscopy (SIMS) 

measurements. Figure 4.2 below provides an example of iron profile in sample D. 
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Figure 4.2. Fe profile on sample D deduced from Secondary Ion Mass Spectroscopy (SIMS) 
using an oxygen beam. The vertical line roughly indicates the depth at which SIMS becomes 
reliable. 

 

In Figure 4.2, the profile below a depth of 20nm corresponds to the gold 

coating whereas the detected Fe concentration in the next 70nm below the surface 

sample is sensitive to the presence of surface contamination and variation in 

sputtering yield. All in all, the impurity concentration becomes reliable for depth 

superior to 100nm indicated by the solid line in Figure 4.2. The iron concentration 

determined by SIMS measurements confirmed the targeted in-situ doping of 1018 

cm-3. On iron doped material, the concentration of Fe3+ was determined from 

Electron Paramagnetic Resonance (EPR) at 50K by M.E. Zvanut from the University 

of Alabama at Birmingham. Impurities concentrations are summarized in Table 4.2.  
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Table 4.2. Impurity level in undoped and iron doped gallium nitride. All were deduced from 
SIMS measurements except Fe3+ deduced from EPR at 50K.  

 

 
Sample Type 

 

 
Undoped (A, B, C) 

 
Fe :GaN (D) 

 
Impurities 

 

 
H 

 
C 

 
Si 

 
O 

 
Fe 

 
Fe3+ 

 
Level [cm-3] 

 

 
4·1017 

 
1017 

 
3·1016 

 
1017 

 
1018 

 
1018 

 

The measured concentration of Fe3+ matches the Fe concentration from SIMS 

measurements which suggests that irons are electrically active and dominantly 

substitionnal on gallium sites. EPR measurement is suggestive of the semi-

insulating nature of sample D and confirmed the targeted iron concentration of 1018 

cm-3 during growth in addition to SIMS measurements. The EPR donor signal at 4K 

on undoped samples was 5·1016 cm-3. The achievable carrier concentration at 300K 

is in good agreement with the concentration of dominant persuasive donor namely 

oxygen, and silicon23,24 as listed in Table 4.2. Recall that iron is introduced in gallium 

nitride to render the material semi-insulating by compensating unintentionally 

incorporated donor impurities. In other work, Iron impurities has been shown to form 

a deep acceptor level located ~0.34 eV below the conduction band25.  

The electrical resistivity of iron doped gallium nitride has been determined at 

2·108 Ω·cm from conventional hall effects by William C. Mitchel from AFRL/MLPS 

labs. 
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Table 4.3. Summary of resisitivity, mobility and carrier concentration on sample D measured at 
room temperature by William C. Mitchel from AFRL/MLPS labs. 
 

 
Resistivity 

Ω·cm 

 
Mobility 
cm2/V.s 

 
Carrier concentration 

cm-3 
 

 
Type 

 
2·10-8 

 

 
330 ± 30 

 
~108 

 
N 

 

Table 4.3 demonstrates that iron-doped sample D is semi-insulating (SI), in 

agreement with observations made from electron paramagnetic resonance 

measurements (EPR) associated with SIMS profiles. In Table 4.3, the resistivity as 

well as carrier concentration is typical of semi-insulating semiconductor. Typically 

the resistivity is higher than 107 Ω·cm in SI-GaAs, SI-InP, SI-SiC, etc. From four-

point measurements, the electrical resistivity of undoped gallium nitride material was 

measured between 1 and 20 Ω·cm. Taking a free carrier concentration estimated at 

5·1016 cm-3 (EPR) and a mobility of 300 cm2·V-1·s-1 (hall effect), the resistivity can be 

roughly estimated ~0.5 Ω·cm whose order of magnitude is in close agreement with 

measured values. 

Catholuminescence of sample A, B, C and D was studied at 300K. 
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Figure 4.3. Catholuminescence measurement at 300K for undoped sample A, B, C, and D. The 
probe current was 10-10 A for samples A, B, C and 3·10-9 for sample D. The peak at 730nm is 
the second order diffraction of the band edge emission. 
 

Two features stand out in Figure 4.3: the intensity of the band edge emission 

at 365nm and the intensity and location in energy of the defect peak near 550nm. 

The lower band edge emission for sample D compared to sample C could be due to 

the high concentration of 1018 cm-3 deep acceptor irons inhibiting the formation of 

electron-hole pairs (typically 1018 cm-3 generated pairs in CL experiment for typical 

beam current of 10-10 A26). It is interesting to note that the 500nm defect peak is 

absent for sample D or lies within the noise level. The yellow luminescence 

commonly observed in gallium nitride thin film and reproduced for sample A, B, and 

C is tentatively ascribed by several authors to originate from the interaction between 

oxygen and gallium vacancies7,26. The concentration of gallium vacancies7 can 

typically lie between 1016 and 1018 cm-3. In that case it is not impossible that the 

presence of a content of 1018 cm-3 iron occupying gallium sites27 could modify the 

equilibrium concentration of gallium vacancies, thus reducing the intensity of the 

yellow peak emission. Those comments are pure speculations and further state-of-

the-art research would need to be addressed to investigate the nature of the iron 
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impurity in gallium nitride notably with low temperature photoluminescence 

experiment. 

More relevant to our study is the characterization of dislocation density at 

sample surface from catholuminescence imaging and etch pits count deduced from 

AFM scans and Nomarski micrographs. For further details on defect characterization 

of sample A, B, C and D, the reader is referred to Appendix D where the defect 

density is clearly shown to decrease with the as-grown GaN thickness listed in Table 

4.1. Appendix D establishes that the catholuminescence technique gives the most 

accurate dislocation density values in this study. Four catholuminescence images 

are shown below for respectively sample A, B, C, and D.  

 

 
Figure 4.4. Approximately 350-400 dislocations for sample A (30um x 30 um). ρD=~4·107 cm-2. 

 

10 um 
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Figure 4.5. Approximately 100 to 200 dislocations for sample B (30um x 30 um). ρD~1·107 to 
2·107 cm-2. Dark spots seem difficult to count but are not impossible to count as the arrows 
indicate. Dark spots are surrounded by dark blur that are not counted as dislocations. The 
dislocation density is clearly higher for sample C and higher for sample B for the area 
considered. 
 

 

 

Figure 4.6. Dislocation density measurements on sample C. 79 dislocation densities over a 
30x30 um2 gives a dislocations density of 8.8·106 cm-2.  

 

10 um 

10 um 
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Figure 4.7. Plane view catholuminescence imaging of the Sample D. 6-7 dislocations over a 
~118x90 um2 area gives a dislocations density of ~5·104 cm-2. Appendix D presents further 
results that better justifies the average value of 5·104 cm-2 as accurate for the dislocation 
density of sample D. 

 

Dislocation density measurements are covered in-depth in Appendix D and 

will not be repeated here. Rather more attention are now being brought to the two 

Figures below that show transmission measurement at 300K on sample C and D in 

the ultra-violet and visible region of the spectrum (UV-VIS). 
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Figure 4.8. UV-VIS transmission measurements at 300K for a) sample C and b) sample D. Note 
the scale of the transmission: ~1% for 1.4 mm thick sample C (opaque) and ~55% (transparent) 
for sample D despite a thickness of 2mm and rough surfaces. The kink at 457nm for sample D 
has been reproduced over several transmission measurements taken at various scan speed in 
different sample positions and dates. This kink has also been reported in Ref. 25.  
 

b) Sample D (2mm) a) Sample C (1.4 mm) 
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It is important to note that samples C and D are unpolished and thick (~mm). 

They consequently present a rough surface that can increase light scattering at the 

surface and can artificially reduce the level of transmission, the latter reduction can 

be exacerbated by absorption due to thickness effects especially near band edge 

where absorption varies dramatically7. Nevertheless, Figure 4.8a shows that sample 

C is highly absorbing. However the band edge fall-off is sharp for sample C. It is not 

clear what exact role a 1018 cm-3 concentration of deep acceptor Fe present in 

sample D would play in transmission measurements. Figure 4.8b shows that sample 

D is at least semi-transparent. From naked human eyes sensitive to the 550nm 

wavelength strongly emitted by the sun, sample D looks indeed transparent and 

colorless while sample C looks brownish and opaque. Interestingly a kink in the 

spectrum of sample D in Figure 4.8b was repeatedly observed at 457nm over 

several measurements taken at various scan speeds with different sample positions 

at different dates. Although there is presently no explanation accounting for the 

457nm kink, other works have similarly reported a dip at 457nm in transmission data 

of lightly doped Fe:GaN with a concentration of Fe equal to or lower than the oxygen 

background concentration25.  

 

4.3 Characterization of HVPE GaN Thermal Conductivity Using the 3ω 

Method 

First thermal conductivity measurement of gallium nitride samples at room 

temperature will be examined. In the 3ω technique, two assumptions may not 

systematically hold.  

i) The sample thickness may not always be considered infinite but finite 

depending on the penetration depth.  

ii) The thermal conductivity may not always be assumed constant with 

thickness but function of thickness instead. 

 

Despite an extensive literature search, no reports have been found on the 

applicability of the 3ω technique in the situation of inhomogeneous materials, unlike 

photoacoustic or photothermal techniques28-34. Therefore, to account for finite 
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thickness effects and the presence of a thermal conductivity gradient in gallium 

nitride substrate, accurate 3ω data analysis will be interpreted through finite element 

simulations.  

Finally, temperature dependent measurements will be presented. The linear 

slope method was found to be valid for measurements at T>370K given the 

decrease in thermal conductivity and penetration depth in the temperature range 

considered. It will be seen that the thermal conductivity of gallium nitride range 

around 200 W·K-1·m-1 at room temperature and that, most importantly, it is 

monotonically decreasing with thickness. 

 

4.3.1 Experimental Details 

The thermal conductivity was measured using the 3ω slope method. An 

exhaustive presentation of the 3ω slope method was given in Chapter 2. 

Nevertheless a few basic elements must be briefly outlined to grasp the correctness 

and relevance of future experimental interpretations. First, sample preparation 

proceeds as follows. Prior to heater formation, a 100nm PECVD oxide is deposited 

on the gallium nitride sample to electrically isolate the heater from the gallium layer. 

The SiO2 thickness was monitored by ellipsometry on a silicon monitor sample. Next 

5nm Cr/ 200nm Au is deposited by e-beam, lithographically defined and released by 

lift-off procedure. The nominal heater length was 1mm long while the heater nominal 

width was 10um or 8um in different locations on the mask. It is worth noting that 

severe wire width shrinkage was observed during the lithography step as a result of 

rough surface on sample C (hillocks) or non-uniform thickness in sample D. Further 

experimental details are found in Chapter 2. Heater width is measured by optical 

microscopy. 

Under the approximation of an infinitely long line source located on an 

homogeneous semi-infinite isolating substrate of thermal conductivity ks and 

diffusivity D, the temperature oscillation ΔT averaged over the heater of width 2b 

delivering an electrical input power per unit length Pl is related to the third harmonic 

V3ω as follows: 
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By taking the slope of the third harmonic V3ω versus the driving frequency ω, 

the thermal conductivity is inferred. The PECVD SiO2 layer adds a frequency 

independent component ΔTOX leaving the temperature oscillation versus frequency 

slope unchanged for two reasons. First the oxide penetration depth is much higher 

than the oxide thickness at the frequency of operation. Second the film to substrate 

thermal conductivity ratio will be less than 1%. Again, the 3ω slope method consists 

of extracting the substrate thermal conductivity from the slope of the temperature 

oscillation versus lnω based on Equation (4.4). The discussion in Chapter 2 on 

experimental details including calibration and measurement errors will not be 

reproduced here.  

 

4.3.2 Extracting the Thermal Conductivity 

 

Sample C and D (300K) 

The temperature oscillation normalized to power, ΔT/P is plotted versus 

frequency ω for sample C and D in Figure 4.9. 
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Figure 4.9. The 3ω temperature oscillation ΔT was normalized to the input power P and 
recorded versus frequency at room temperature for sample C and D listed in Table 4.1. 

 

The thermal conductivity was deduced by taking the slope of the temperature 

oscillation using Equation (4.4) for ω/2π ranging between 150 Hz and 1500 Hz. A 

room temperature thermal conductivity of 230 W·K-1·m-1 and 215 W·K-1·m-1 was 

determined for respectively the iron doped 2mm thick sample D and the undoped 1.4 

mm thick sample C. The temperature oscillation is higher for the sample D than for 

sample C due to narrower wire width associated with the as-grown surface 

roughness and tilted surface. The wire width was ~5um on sample D and ~7um on 

sample C.  

In the low frequency range (ω/2π<70Hz), the temperature oscillation versus 

lnω departs from the linear extrapolation. As the frequency increases, the 

penetration depth λ increases becoming in most cases comparable to the substrate 

thickness dS. This effect is not taken into account in Equation (4.4) where the 

substrate thickness is assumed to be infinite. At low frequency, the temperature 

oscillation is highly dependent on the bottom boundary condition and on the 

substrate thickness35. The frequency upper bound of linear extraction is limited by 

the finite heater width and finite wire heat capacity. Therefore, as with most 3ω 



 126

measurements relying on the slope method, the frequency range of linear extraction 

is restricted in practice from about 150Hz to 3000Hz for consistency between 

samples of different thickness.  

 

Sample A (300K) 

Measurements were taken in two different locations on the ~ 200um gallium 

nitride epi sample (labeled A in Table 4.1). Figure 4.10 shows the 3ω temperature 

oscillations recorded on a site labeled A2 near the sample edge and another site A1 

in the center part of the polished area where the gallium nitride layer is probably 

thinner. Recall that sample A consists of thick gallium nitride layer on top of a 

sapphire substrate. 
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Figure 4.10. Measured temperature oscillation normalized to power on site A1 (triangle) in the 
center part of the sample and A2 (square) closer to the sample edge. The solid line represents 
the calculated temperature oscillations from finite element. 

 

The first observation is that the experimental data, plotted in triangle and 

square for respectively A1 and A2 in Figure 4.10, departs from a linear trend 

throughout the frequency range, expect perhaps for frequencies over 5000Hz. 

Estimating the diffusivity from previous measured thermal conductivity value with the 

heat capacity and density values from Table 1.3 in Chapter 1, the order of 
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magnitude of penetration depth is expressed in gallium nitride as λ~6.103.ω-1/2 um. At 

ω/2π=100Hz, λ~600um exceeds the gallium nitride thickness of sample A and at 

1000Hz the penetration depth is ~190um corresponding to a substrate thickness-to-

penetration depth ratio λ/dS~1 for sample A. The validity of applicability of the 3ω 

slope method relying on Equation (4.4) has been discussed at length in Ref. 35. 

Implicitly it is assumed in Equation (4.4) that the sample thickness is infinite and the 

heater width is negligible compared to the penetration depth. If the 3ω method is 

operated in a frequency regime where the penetration depth is comparable to the 

substrate thickness or the heater width (λ~dS or λ~b), the substrate thermal 

conductivity deduced from a linear fit of the temperature oscillation versus lnω data 

will be in large error (20%)35. For qualitative consideration, an in-depth treatment is 

necessary. In the case of a finite sample with adiabatic boundary, Equation (4.4) 

must be replaced by Equation (4.5) below: 

q-1 is the penetration depth λ and b the heater half-width. From Ref. 35, 

Equation (4.5) indicates that the relative error in substrate thermal conductivity 

extracted from the linear interpolation of the 3ω data using Equation (4.4) will be in 

less than 1% error if the substrate thickness is at least five times larger than the 

penetration depth (dS/λ>5), provided the heater width relative to the penetration 

depth is small enough (more precisely provided b/λ<0.2). Taking the worse case 

scenario in the case of sample A, b/λ approximates 0.2 at 10,000Hz. Therefore the 

finite heater width will not lead to errors over 1%. On the other hand, recalling λ/dS<5 

for ω<10,000Hz, it is deducted in the case of sample A that the finite substrate 

thickness represents a substantial source of errors in extracting the thermal 

conductivity from Equation (4.4).  
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In case of an adiabatic bottom boundary, it is expected at first sight that the 

temperature oscillation would shoot up as the penetration depth is reaching the 

substrate thickness. Following that line of thought, the thermal conductivity would be 

underestimated. Such an expectation is not true in practice. From Ref. 35, as the 

penetration depth approaches the substrate thickness, the slope deduced from the 

derivative of Equation (4.5) versus lnω swings around the slope value determined in 

the case of a semi-infinite substrate from Equation (4.4). Therefore the slope can be 

higher or lower than in the case of an ideal semi-infinite substrate depending on the 

frequency of operation. Relative errors as large as 20% can be made which are 

reflected on the thermal conductivity.  

If Equation (4.4) was applied to sample A, it would bring predictions based on 

a simplified semi-infinite single layer model that would lead to erroneous thermal 

conductivity values as demonstrated in the previous paragraphs. To account for the 

measured 3ω temperature oscillation of sample A in Figure 4.10, the slope of the 

temperature oscillation ΔT was fit from the slope of the temperature oscillation 

calculated in a two layer system. The two layers consisted of a 200um film of 

unknown thermal conductivity on a ~400um substrate. As a result, the conditions of 

experiment were more faithfully reproduced. But this time ΔT was expressed as a 

function of film thermal conductivity from finite element analysis instead of analytical 

expressions. Finite element analysis has the advantage to give predictions when the 

film thermal conductivity varies as a function of thickness (finite element analysis 

experiment is explained in Chapter 3). Simply, the temperature oscillation was 

calculated as a function of film thermal conductivity while heater width, heat 

capacity, film thickness, substrate thickness were set nearly constant within 

measurement uncertainties. It was not possible to obtain a fit within less than 5% 

error if the substrate thermal conductivity was not allowed to vary. This is expected 

as the penetration depth extends to the transition region between the substrate and 

the film where the thermal conductivity is expected much lower than in the higher 

quality part of the film. In other words, a three or four-layer model could be adapted 

but its complexity prohibits thermal conductivity extraction. Thus the substrate 

becoming an effective or “pseudo” substrate is a combination of substrate and 
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transition layers. All in all, the ΔT was fit using a two-layer model with one unknown 

namely the film thermal conductivity and one parameter namely the pseudo-

substrate thermal conductivity. 

First the thermal conductivity was assumed constant. A close fit between 

numerical values and experimental data was possible when the underlying pseudo-

substrate had a thermal conductivity of 90 W·K-1·m-1. The result of the finite element 

simulation is plotted in solid line in Figure 4.10. The thermal conductivity was found 

to be 200 W·K-1·m-1 for A2 and 170 W·K-1·m-1 for A1. For consistency with 

subsequent results, the film thermal conductivity was assumed to be logarithmically 

dependent on sample thickness with the following expression: K=90+15.5 

ln(105*(zGaN+0.1.10-6) for A2 and K=90+11* ln(105*( zGaN+0.1.10-6) for A1 with the 

bottom first 10um set at 90 W·K-1·m-1. “zGaN” is the height from a point in the GaN 

layer to the underlying substrate. It turns out that 90 W·K-1·m-1 is a value close to the 

110 W·K-1·m-1 thermal conductivity of micrometer thin film GaN measured in Ref. 1. 

Corrections brought by assuming a logarithmic dependence of the thermal 

conductivity were small, within less than a few percents. This can be explained by 

the fact that most of the thermal conductivity gradient occurs within the first 10um 

and could account for the substrate thermal conductivity set at 90 W·K-1·m-1. All in 

all, the main source of correction comes from the assumption of finite film thickness 

and from the thermal conductivity gradient in the bottom part of the gallium nitride 

layer. 

In summary, we could account for the data in Figure 4.10 in two cases: either 

the thermal conductivity is constant or the thermal conductivity is a logarithmic 

function of the thickness. Given thickness variations over the sample surface, the 

average thermal conductivity of sample A is deduced to be ~185 ±20 W·K-1·m-1 with 

a transition region probably around 90 W·K-1·m-1. 

 

Sample B (300 K) 

The temperature oscillation normalized to power, ΔT/P is plotted versus 

frequency ω for sample B in Figure 4.9. 



 130

14

16

18

20

22

24

26

10 100 1000 104


T

/P
 [

K
/W

]

  [Hz]

B

 
Figure 4.11. 3ω measurements on sample B. 
 

Figure 4.11 depicts the 3ω temperature oscillation in open circles recorded on 

the 370um bulk sample B. Now sample B is thicker than sample A and at 100Hz 

dS/λ~1.6.  Now the penetration depth is confined within the substrate though 

observable effect can still result form the finite thickness of the sample. Deducing the 

thermal conductivity from a linear best fit would provide an overestimation of ~5-

10%. Once again, numerical calculation was employed to accurately determine the 

temperature oscillation versus frequency. The best fit is plotted in solid line in Figure 

4.11. The best fit of the data over the 100-6000Hz range was obtained for a value of 

200 W·K-1·m-1 for the film thermal conductivity and 90 W·K-1·m-1 for the substrate. 

This time the backside of sample B has been polished and transition layers 

removed. The underlying chuck mount is made of a 2mm nickel plate. The thermal 

conductivity of the nickel plate is 90 W·K-1·m-1. In addition, the contact between 

sample B and the underlying chuck is not intimate unlike the epi layer of sample A 

on sapphire. Lastly the data in Figure 4.11 is not well fitted at very low frequency. In 

that regime, the temperature oscillation is sensitive to the bottom contact. 

The room temperature thermal conductivity values of sample A, B, C, and D 

listed in Table 4.1 are summarized in Table 4.4. 
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Table 4.4. Thermal conductivity at 300K for samples listed in Table 4.1.  
 

 
Sample 

 
A 
 

 
B 

 
C 

 
D 

 
K (±10%) 

 

 
185 

 
200 

 
215 

 
230 

 

Temperature dependence 

Finally the thermal conductivity was measured at temperature higher than 

370K employing the simple slope method based on Equation (4.4). As the 

temperature increases, the thermal conductivity drops and the thermal penetration 

depth decreases, the slope method becomes more applicable. The result is plotted 

in the figure below. 
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Figure 4.12. Thermal conductivity of gallium nitride versus temperature above 300K. 
 

Even if the thermal conductivity values extracted for the 0.2mm and 0.35mm 

thick samples at 300K are ignored, Figure 4.12 strongly indicates that the thermal 

conductivity becomes higher as the sample thickness increases. The two-layer 

▲ D: 2mm Fe-GAN 
♦  C: 1.4 mm U-GaN 
■ A: 0.200mm U-epi-GaN 
● B: 0.350mm U-GaN 
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model for sample A and B was adopted in order to extract room temperature thermal 

conductivity values as accurate as possible. Thermal conductivity measurements on 

HVPE gallium nitride samples reveal that:  

 

(i) The thermal conductivity increases with film thickness. Large variations in 

film thickness from 200um to 2000um (~1000%) yield relatively small 

variation in thermal conductivity (~25%). 

 

(ii) The thermal conductivity can be extracted for each individual sample by 

assuming a constant thermal conductivity with thickness (or nearly 

constant). A logarithm dependence of the thermal conductivity with film 

thickness is in good agreement with measurements on both thick and thin 

samples. (On samples C and D, the first top 300um are probed. With 

K=90+11*ln(105*(zGaN+0.1.10-6) compatible with the study conducted on 

sample A, the thermal conductivity becomes nearly constant in the top 

500um of 1.4mm sample C and 2mm sample D). 

 

Combining (i) and (i), the thermal conductivity cannot be neither strictly 

constant with film thickness nor nearly constant with film thickness. However with 

these assumptions and confirmation with finite element modeling, accurate values 

can be extracted. 
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4.4 Strong Evidence of the Dependence of Gallium Nitride Thermal 

Conductivity on Dislocation Density. 

 

4.4.1  Dislocations in Gallium Nitride 

A physical parameter that varies drastically with thickness in gallium nitride 

grown on non-native substrates is the dislocation density. It has been proved 

experimentally and theoretically36,37 that the dislocation density decreases with 

gallium nitride thickness at least for dislocation densities greater than 106 cm-2. 

Figure 4.13 plots the dislocation density versus thickness. The solid line describes 

the theoretical model from Ref. 36.  Black squares represent experimental values 

from Ref. 36 while diamonds represents experimental values measured by KYMA 

technology and NCSU (see Appendix D). 
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Figure 4.13. Dislocation density versus HVPE gallium nitride film thickness. (—) theoretical 
model (Ref. 36). (■) experimental values (Ref. 36). (♦) measured values from etch count pits by 
KYMA Tech. (●) measured values from CL by NCSU. (----) linear interpolation of the theoretical 
model for thicknesses between 1um and 1000um. 
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The dashed line in Figure 4.13 illustrates that the dislocation density ρD is 

proportional to the logarithmic of the gallium nitride thickness between 1um and 

1000um. An analytical expression for the linear interpolations in dashed line is given 

by Equation (4.6) below: 

 

4.4.2 Thermal Conductivity and Dislocation Density 

It is possible that the reduction of dislocation density with film thickness 

expressed by Equation (4.6) may offer a viable explanation for the observed thermal 

conductivity increase with film thickness in Section 4.3.2. To study the relation 

between the thermal conductivity and dislocation density, the thermal conductivity 

values determined at 300K for sample A, B, C, and D in Section 4.3.2 are plotted in 

diamond in Figure 4.14 versus the corresponding measured dislocation densities in 

Section 4.2. It is found that the thermal conductivity of gallium nitride is proportional 

to the logarithmic of the dislocation density until a density of 5·106 cm-2 below which 

the thermal conductivity saturates with dislocation density. The extrapolated 

logarithmic dependence of thermal conductivity with dislocation density is plotted in 

dashed line in Figure 4.14. To confirm the validity of these observations, thermal 

conductivity data taken at 300K from other references was included in Figure 4.14. 

The agreement is excellent within relative uncertainties between 5 and 10% typical 

in thermal conductivity measurements1,9,10 and 20-50% in dislocation densities 

estimation5,37. Again, in this work the thermal conductivity was measured prior to 

material characterization.     

       mtcmD  log984.01027.3loglog 92  
 (4.6) 
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Figure 4.14. Thermal conductivity versus dislocation density values. Diamonds ♦ represent 
thermal conductivity values measured at 300K by the present author. Associated error bars 
are typical of measurement uncertainties (10%). All other data points are taken from the 
literature with each point carefully labeled. References are given in Section 4.7. The solid line 
was fitted to the data 

 

Taking into account measurement uncertainties, the following empirical 

relation is determined: 
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Equation (4.7) is plotted in Figure 4.14 in solid line. It can be seen that at high 

dislocation density, the trend is well approximated by a log dependence of the 

thermal conductivity on dislocation density. At ρD<5·10-6 cm-2, Equation (4.7) 

describes a saturation of the thermal conductivity with dislocation density. 

Figure 4.13 was constructed by including the highest thermal conductivity 

values measured at room temperature from other authors who preferentially 

reported on undoped gallium nitride with a dislocation density accurately known. In 

strict terms, no studies were satisfactorily found to satisfy all conditions (except 

perhaps for the present study). Thus it was necessary to compromise to be able to 

compare this work with other reported results. There are two classes of references 

on thermal conductivity studies: those that included information on dislocation 

density and those who only gave information on gallium nitride thicknesses. In the 

latter case, the thickness had to be given starting from the initial nucleation layer. It 

was then possible to plot the thermal conductivity versus dislocation density under 

the assumption Equation (4.6) is valid. References from which the dislocation 

density can be inferred are: 5, 6, 9  and 10. Thermal conductivity from gallium nitride 

grown by MOCVD can be included provided the dislocation density can be known. 

To account for inaccuracy in information on dislocation density in Ref. 1 and Ref. 10, 

50% error bars were associated with dislocation densities. The dislocation density 

on Laterally Epitaxial Overgrown GaN measured in Ref. 1 was taken between 4·10-6 

cm-2 and 10-7 cm-2 from the review in Ref. 37. The highest thermal conductivity value 

in Ref. 5 corresponds to a dislocation density at some value between 10 and 104 cm-

2. For sake of clarity in Figure 4.13, the thermal conductivity was plotted at 104 cm-2. 

References that yield information on the thickness are: 2, 3, 9, and 11. Only the 

thermal conductivities corresponding to sample A1, A2, A3, A4, B1, B2, B3, C1, C2 

in Ref. 9 were plotted versus thickness in Figure 4.13 owing to low carrier 

concentration. Note that Ref. 11 investigates the thermal conductivity of a silicon 

doped HVPE gallium nitride layer. The first reported thermal conductivity in 1977 

was excluded in the data fit analysis of Figure 4.13 because the corresponding data 

point is far outside the range of interpolation. Actually this suggests that the 

corresponding gallium nitride layer must have had a large concentration of 
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dislocations. Indeed the growth conditions and sample preparation in the 1977 

article prompt to think the dislocation density would be higher than today’s routinely 

grown HVPE GaN materials. Finally Slack et al.7 report a value of 227 W·K-1·m-1 that 

could not be included in Figure 4.13 simply because of a lack of information on the 

sample characteristics although the gallium nitride layer is at least 200um after 

polishing.  

 

4.4.3 Comparison with Previous Theoretical Investigations 

The theoretical determination of the thermal conductivity dependence on 

dislocation density has been performed by Zou et al.15 based on a time-

approximation scattering approach. The authors concluded that the thermal 

conductivity of gallium nitride could be dependent on dislocation density provided the 

dislocation density was higher than 10-10 cm-2. Results on the effect of dislocation 

density on thermal conductivity calculated by Zou et al.15 are depicted in Figure 4.15. 

 
Figure 4.15. Gallium nitride thermal conductivity versus dislocation density reproduced from 
Ref. 15. The curves are derived from the time relaxation approximation. a) Calculations with 
two sets of GaN material parameters I and II but with probably impurity profile A. b) 
Calculations with set I of GaN material parameter but two impurity profiles A and B. Impurity 
profile A in Ref. 15 is nearly identical to the impurity concentration in undoped material listed 
in Table 4.2 in this chapter. 

 

It is well established that 10-10 cm-2 represents a high bound for the 

dislocation density of gallium nitride as evidenced from Figure 4.13 and supported 

by Ref. 36. In these conditions, Figure 4.15 implicitly predicts that the gallium nitride 



 138

thermal conductivity is independent with dislocation density. Therefore one may 

conclude from Ref. 15 that the dislocation density has no effects on the thermal 

conductivity. Indeed most of the attention in Ref. 15 was directed toward the 

influence of point defects and impurity on thermal conductivity reduction.  

Despite an apparent contradiction, it will be shown that the work after Zou et 

al.15 is in qualitative agreement with the results obtained earlier in Section 4.4.2. First 

it is worth noting that the average thermal conductivity of gallium nitride taken 

between set I and Set II at low dislocation density in Figure 4.15a yields 235 W·K-

1·m-1 while the thermal conductivity was found to be 230 W·K-1·m-1 at low dislocation 

density in this study. But most importantly the trends in Figure 4.15 and Figure 4.13 

are very similar in nature if one disregards the scale of the horizontal axis.  

To understand the reasons underlying the startling analogy between Figure 

4.15 and Figure 4.13, it is necessary to look back in the theory of thermal 

conductivity derived from a time scattering approach. The authors in Ref. 15 have 

not derived the expression for the thermal conductivity themselves. Rather they have 

intelligently plugged in the gallium nitride material parameters in pre-established 

theoretical works developed in the 50’s and 60’s by multiple authors including 

Klemens38. However it is well-established that the time scattering approach leads to 

an underestimation in scattering rates of phonons on dislocations by several orders 

of magnitude. That subject was the focus of numerous works that are probably best 

referenced and summarized in 1976 Berman’s book14. In page 71 of the same book, 

it can be read that: “A number of experimental studies of the effect of dislocations on 

the conductivity of non-metallic crystals (see §8.3.4) suggest that the actual 

scattering is often 102 to 103 times larger than that calculated for fixed dislocations.”. 

In light of these explanations, the dislocation density value at which the thermal 

conductivity saturates in Figure 4.15 can be lowered by several orders of magnitude 

to correct for the flaw of the theory. More precisely, because the phonon relaxation 

rate is inversely proportional to the dislocation density (Equation (4.8)), an increase 

of three orders of magnitude on the scattering rate can be translated by an 

equivalent drop of 3 orders of magnitudes in dislocation density. 
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Therefore the saturation of thermal conductivity occurring at 1011 cm-2 in Ref. 

15 will be downshifted by 3 orders of magnitude in dislocation density to reach 107 to 

108 cm-2. In these conditions, qualitative agreement between Figure 4.13 and Figure 

4.15 is restored. In reality the thermal conductivity in Figure 4.13 saturates at a 

dislocation density four to five orders of magnitude lower than in Figure 4.15. Such a 

discrepancy in dislocation-phonon scattering magnitude could be understood in light 

of interactions between dislocations. On page 101 of Ref. 14, it can be read that: “It 

was suggested that the enhanced scattering arose from the association of 

dislocations”. In gallium nitride, the reaction and association of dislocation is an 

important process during material synthesis that occurs over relatively large film 

thicknesses compared to cubic systems such as GaAs36. This study suggests that 

gallium nitride represents an adequate candidate to study the effect of dislocation 

density on thermal conductivity. Multiple authors have devised dedicated 

experiments to generate dislocations in a control manner in cubic material such as 

LiF, NaCl, KCl, GaAs in order to study the effect of dislocations in semiconductors14. 

The thermal conductivity will be limited by phonon-dislocation scattering as 

opposed to intrinsic phonon-phonon scattering for large dislocation density and/or at 

low temperature14. From Figure 4.13 and Equation (4.7), phonon-dislocation 

scattering in gallium nitride will become non-negligible compared to intrinsic 

scattering when ρD>107cm-2 at room temperature. For increasingly higher dislocation 

density, Equation (4.8) indicates that the thermal conductivity will become 

proportional to the dislocation density. The empirical dependence of the thermal 

conductivity on ρD derived in this chapter expressed in Equation (4.7) predicts that 

the thermal conductivity would be inversely proportional to ρD0.12 as ρD goes to 

infinity. Agreement with theory can be easily restored by proposing the following 

semi-empirical relation: 

D
D





1

 (4.8) 
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Equation (4.9) becomes identical to Equation (4.7) for ρD<5·10-10 cm-2. In the 

expression of m, the value of 10-12 cm-2 is arbitrary. Finally, thermal conductivity 

variations are more pronounced in Figure 4.15 than in Figure 4.13. Between 1012 

and 1013 cm-2 dislocation density in Figure 4.15, the thermal conductivity drops by 

~77% for material parameter set I and ~66% for set II. The exponent m in Equation 

(4.9) is smaller than expected for ρD<5·1010 cm-2 compared with the theory of Figure 

4.15.  

 

4.4.4 Effects of Impurities 

 Equation (4.7) was fitted to experimental thermal conductivity values 

measured on gallium nitride having an impurity concentration from 1016 to 1018 cm-3. 

Therefore the dependence of thermal conductivity on dislocation density is expected 

to be higher. Furthermore it ought to be expected that the thermal conductivity will 

further increase as point defect reduces, if material synthesis permits. From previous 

works on other semiconductors, there are some indications that the thermal 

conductivity at room temperature may not be severely affected by a further reduction 

in point defect such as Iron39. Slack et al.7 have addressed some of the effects of 

oxygen on the gallium nitride thermal conductivity by drawing parallel with AlN but in 

the meantime the same authors have determined a theoretical value of 227 W·K-1·m-

1 for gallium nitride at room temperature. The same authors pinpoint the detrimental 

effect of oxygen and gallium vacancies responsible for thermal conductivity 

reduction and yellow luminescence apparition at room temperature. We notice that 

the yellow luminescence of sample D in the catholuminescence spectrum of Figure 

4.3 is not observed and that the measured thermal conductivity of sample D 

corresponds to the theoretical estimation given by the same authors. Overall the 
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precise magnitude of thermal conductivity reduction with impurity content is not 

clearly established. 

 

4.4.5 Comparisons Between Gallium Nitride and Diamond 

Finally previous studies have already related the variations of thermal 

conductivity to changing film thicknesses or with a cross-plane gradient in film 

properties. A parallel can be drawn between thermal conductivity studies on gallium 

nitride and those on diamond, both materials representing high thermal conductivity 

non-metallic elements18. The former is grown by HVPE on non-native substrate 

typically sapphire while the latter is synthesized by chemical vapor deposition (CVD) 

usually on silicon. Diamond and gallium nitride free-standing substrates originate 

from an early hundreds micron thick epi-layer. The thermal conductivity properties of 

both diamond and gallium nitride are under investigation22,40. Ref. 41 provides a 

detail discussion on the limitations of the diamond thermal conductivity, which was 

shown to vary monotonically with film thickness. However, unlike the gallium nitride 

thermal conductivity, the thermal conductivity dependence on diamond is quadratic 

with thickness and is caused by the presence of cone-shaped grains, which start out 

very small and typically increase with increasing film thickness as diamond grows in 

a columnar structure. The quadratic term is small but non-negligible so that the 

dependence of diamond thermal conductivity on thickness can be easily 

approximated by a linear trend for hundreds of micron thick sample. It is worth noting 

that higher thermal conductivities are observed on unpolished as–grown samples. 

 

4.5 Gallium Nitride Thermal Conductivity Dependence on Temperature 

At increasingly higher temperature, the thermal conductivity becomes 

inversely proportional to the temperature due to the dominance of phonon-phonon 

umklapp scattering13,14,16,17. However a few corrections can be made to the thermal 

conductivity temperature dependence due to crystal expansion and acoustic-phonon 

scattering7,16. Moreover, the measured thermal conductivity versus temperature 

below the Debye temperature can provide information about the dominant scattering 
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mechanism. From Figure 4.12, we find for sample D the following slope ε at constant 

pressure: 

This slope is characteristics of pure adamantine crystals in the temperature 

range below the Debye temperature and typically 1.22<ε<1.447,16. Generally ε>1 

because the crystal expands on heating16. In addition, higher value of ε means 

higher acoustic-optic phonon interaction16. Therefore the parameter ε can indicate 

the extent to which the acoustic-phonon transport is affected by acoustic-acoustic 

phonon or acoustic-optic phonon interactions7,16. Finally higher ε can also indicate a 

dominance of phonon-impurity scattering over phonon-phonon scattering7,16. 

Slack et al.7 found an experimental value ε=1.22 from thermal conductivity 

measurements between 80K and 323K. The authors in Ref. 7 deduced that the 

thermal conductivity was very likely determined primarily by intrinsic phonon-phonon 

scattering and not by phonon-impurity scattering although their values was 

determined from thermal conductivity data measured below room temperature. The 

reader will notice that the slope value of Slack et al.7 lies in the low range of typical ε 

values while the value measured here is in the high range. Therefore, one may 

conclude that phonon-impurity scattering is more important in our case than 

compared with Slack et al.7 That would indicate that the value of ε for gallium nitride 

would be smaller than 1.43. It was a 200um thick double-face-polished HVPE 

gallium nitride free-standing substrate from Samsung that the authors in Ref. 7 

characterized. 

In general, thermal conductivity temperature dependence measurements are 

useful to the prediction of device operation. Device heating is responsible for 

temperature rise in electronic devices. Temperature of operation can easily exceed 

150°C. Our data shows that the thermal conductivity of gallium nitride at 150°C is 

~50% lower than at room temperature. More precisely, the thermal conductivity of 

gallium nitride can be expressed as: 
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Where ρD is the dislocation density and k0(ρD)= 230 W·K-1·m-1 for ρD<106 cm-2 

at 300K. However it is noteworthy that ε is expected to increase as the dislocation 

density increases. The data in Figure 4.12 shows that this increase is very probably 

minor as the variations in extracted values of ε lie within error of uncertainties. 

Therefore Equation (4.11) provides a fair estimate of the thermal conductivity value 

beyond room temperature for various dislocation densities.  

Thanks to temperature dependent thermal conductivity measurements like 

ours, device simulators can include the temperature dependence of the gallium 

nitride thermal conductivity to predict operation of gallium nitride based devices. 

Reports focusing on the gallium nitride thermal conductivity measured above room 

temperature like our study are scarce. Ref. 10 investigates the thermal conductivity 

of gallium nitride above room temperature in agreement with our results. 

 

4.6 Conclusion 

 

By employing the 3ω method, the thermal conductivity of four gallium nitride 

samples A, B, C and D synthesized by the hydride vapor phase technique was 

measured between 300K and 350K. Following their alphabetic order, samples A, B, 

C and D were grown increasingly thicker from ~200um to ~2mm. Samples A, B, C 

were nominally undoped while sample D was iron doped with a targeted iron 

concentration of 1018 cm-3. Recall that gallium nitride is iron doped at moderate 

concentration to render the material semi-insulating. Iron was shown to form a deep 

acceptor level (~0.34eV25) below the conduction band. The highest thermal 

conductivity was found 230 ±15 W·K-1·m-1 on iron doped sample D at 300K, which is 

about 2% higher than the highest reported values discussed in Section 4.1.2. It also 

was the most accurate measured value in this work probably due to the large 

thickness of the sample (2 mm) and the temperature of measurements (room 

temperature). 
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Out of a total of 16 experimental points, it was clearly found that the thermal 

conductivity was an increasing monotonic function of gallium nitride thickness. 

Thermal conductivity values were measured following a routine procedure in the 3ω 

slope method except for two experimental data points corresponding to namely 

sample A and B at room temperature. In that particular case, the thermal 

conductivity was deduced from a two-layer model to account for finite thickness 

effects. An accurate thermal conductivity value at room temperature could thus be 

extracted. It was determined that a thermal conductivity dependent on the 

logarithmic of the thickness was fully compatible with experimental results and were 

consistent with extracted thermal conductivity assumed constant with layer 

thickness. This is possible when most of the thermal conductivity gradient occurs in 

the first 10um of the sample layer. For millimeter thick gallium nitride layer, the 3ω 

technique is sensitive to the top 500um which is nearly constant assuming a 

logarithmic dependence of thermal conductivity with thickness. Finite element 

analysis was employed to analysis the effect of thermal conductivity gradient on the 

3ω technique. 

In this study, samples were characterized subsequent to thermal conductivity 

measurements and analysis. Impurity profiles deduced from Secondary Ion Mass 

Spectroscopy (SIMS) demonstrated the presence of O, H, C, Si in undoped sample 

with concentration typical of undoped GaN material. From SIMS, the Fe 

concentration in sample D was measured steady at 1018 cm-3 over a 2um depth 

confirming the targeted iron concentration during growth. Electron Paramagnetic 

Resonance (EPR) conducted by M.E. Zvanut from the University of Alabama at 

Birmingham confirms an electrical activation of 1018 cm-3 for Fe3+ suggestive of the 

semi-insulating nature of sample D. Hall effect measurements conducted by William 

C. Mitchel from AFRL/MLPS labs confirmed the semi-insulating nature of sample D 

as the resistivity was 108 Ω·cm at 300K. In contrast, the resistivity of undoped 

samples was measured between 1 to 20 Ω·cm from four-point probe resistance 

measurements and were consistent with other measurements.  The dislocation 

density was clearly found to decrease with thickness according to 

catholuminescence imaging. Amazingly, the dislocation density was found to 
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average 5·104 cm-2 on sample D with even lower values on some particular areas. 

Such a dislocation density is ranked by far amongst the lowest achievable densities 

in HVPE or MOCVD grown gallium nitride and represents perhaps one of the lowest 

ever reported value on semi-insulating gallium nitride as of today42. Further details 

are given in Appendix D. Room temperature catholuminescence spectra reveal a 

relative low band edge emission for sample D. No defect peaks can be seen in the 

spectrum at 550nm. Transmission measurements on sample C and D provide 

further information on sample qualities. 

By plotting the thermal conductivity versus dislocation density, it was found 

that the thermal conductivity of gallium nitride is approximately linear with the 

logarithmic of the dislocation density for ρD>107 cm-2 and saturate below 5·106 cm-2. 

Data taken from other references confirmed the trend. By comparing with earlier 

theoretical work keeping in mind flaw in the theory, it was shown that qualitative 

agreement can be established between experiment and theory. The thermal 

conductivity of gallium nitride can be examined according 3 regimes. First, at low 

dislocation density below 5·106 cm-2, the thermal conductivity is constant with 

dislocation density. At intermediate dislocation density range comprised between 

5·106 and 1010 cm-2, the thermal conductivity varies as the inverse of the logarithmic 

of the dislocation density. At unrealistically high dislocation density, say beyond 1012 

cm-2, the thermal conductivity varies as the inverse of the dislocation density. Other 

thermal conductivity studies on high thermal conductivity semiconductors have 

established a dependence of thermal conductivity on sample unhomogeneity. For 

instance, closely related to gallium nitride is CVD diamond on silicon that presents a 

thermal conductivity quadratic with thickness. Nevertheless, it must be 

acknowledged that this work has the propensity to underestimate the dependence of 

the thermal conductivity on dislocation density due to added resistive processes 

from impurities. It remains that the thermal conductivity of semi-insulating GaN may 

well stabilized around 230 W·K-1·m-1 which can be directly compared to the semi-

insulating thermal conductivity of silicon carbide repeatedly measured at 350 W·K-

1·m-1 by the present author at room temperature (see Chapter 1 and Chapter 2).  
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The temperature dependence of gallium nitride was found to be ε=1.43 which 

is slightly higher than the value determined by Slack at 1.22 deduced below room 

temperature. The temperature dependence is similar to that of silicon carbide (ε 

~1.4-1.5). The knowledge of thermal conductivity temperature dependence benefit 

studies on channel temperature rise in gallium nitride based devices 

The results found in this chapter lead to fundamental consequences. This 

chapter provides further material to discuss on the accuracy of theory relying on 

time-approximation in the general sense. Moreover the dependence of thermal 

conductivity with dislocation density is more common to most material than the 

dependence on cone-shapes grains as in diamond even though they can be related 

to one another. If the thermal conductivity has not been clearly identified as 

dependent on the logarithmic of the dislocation density until now, it is maybe partly 

due to a lack of theoretical understanding on the impact of dislocation density on 

thermal conductivity.  

Overall the results presented in this chapter lead to a better understanding in 

the nature of key parameters limiting the gallium nitride thermal conductivity during 

material synthesis.  
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Chapter 5 The Thermal Resistance of 
AlGaN/GaN HFET 

5.1 Overview 

 

5.1.1 Self-heating Effects 

High power high frequency devices suffer from self-heating as evidenced by 

numerous studies that are probably best referenced and summarized in Ref. 1, 2, 3, 

and 4. Self-heating affects device reliability, device performance and device non-

linearity. For instance, as the device temperature increases, electromigration causes 

metallization failures. Current non-uniformity can create hot spots and burn-out. 

Gradual degradation of contact resistance worsens as device temperature becomes 

higher. Another example concerns device performance that is altered by a drop in 

transconductance at increasing temperature due to a falling saturation velocity. 

Thermal runaway processes (thermal instabilities) limit both reliability and device 

operation. For instance semi-insulating layers can become conductive as the 

temperature increases causing burn-out. In heterojunction bipolar transistors, non-

uniform temperature distribution may entail a rise in middle finger current density 

feeding back heat generation and temperature rise. Consequently, as device 

parameters vary with temperature, non-linearities are inherently introduced via non-

zero temperature coefficient and temperature dependent thermal conductivity. These 

non-linearities cause a variety of undesirable effects including harmonic generation, 

distortion, gain reduction, etc.  

As device parameters change due to self-heating depending on RF power 

level, circuit performance will depend on RF power level via temperature rise. For 
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instance, conditions for implementing an efficient matching network will vary 

depending on device temperature during dynamic operation. Therefore it is crucial to 

account for self-heating in microwave circuit design. This short overview on adverse 

effects of self-heating is not meant to be exhaustive. More details can be found in 

Ref. 1, 2, 3 and 4. Rather, this paragraph illustrates the importance of predicting and 

controlling device self-heating, which turn to be especially important in GaN RF 

devices5-7. 

 

5.1.2 Status in Thermal Modeling. 

The lack of thermal modeling in microwave circuit designs is widely 

acknowledged1,2,4,8-11. According to Ref. 4 Chapter 9, there exists two approaches in 

thermal modeling of power amplifiers. One approach consists of considering a self-

heating model in which the effect of the temperature rise is cross-coupled with 

electrical characteristics of the device (electrothermal model)10. Although the self-

heating analysis has been part of the device model, it is possible to make it part of 

simulator. Active research is currently in progress to efficiently include appropriate 

thermal model into powerful simulators like harmonic-balance9. The other approach 

is thermal scaling in which the user estimates the temperature of the device and 

enters it as model parameter. It is the second approach that will be discussed in this 

thesis. In that framework, the problem of predicting the device temperature can 

quickly become very complex. The trade-off lies between model complexity and 

accuracy in prediction. Establishing such a trade-off in device temperature estimate 

is one of the objectives pursued in this chapter. Here, the strategy consists of 

considering a full three dimensional analytical model to be subsequently simplified 

mathematically. The end goal is to express accurate closed-form design expressions 

for thermal resistances. This approach is not conventional. What has been often 

done by other workers is to either develop intractable analytical or numerical models 

of increasingly higher complexity or to oversimplify complex device physics resulting 

in a complex mathematical formalism12. To illustrate these statements, a brief 

overview on previous works is now given.  
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A variety of thermal models were implemented in the 1970’s. Several 

approaches emerged. Thermal device modeling derived from analogies with 

electrical models13 or the heat equation solved from numerical or analytical method1, 

14-17. Throughout the 80’s, reports tend to indicate that thermal models derived from 

electrical analogies18 were of most practical interest although a few authors made 

novel contribution to the determination of thermal resistance1,2,19-22. Perhaps the 

relatively low magnitude of power density achieved in the 80’s did not require 

extensive analysis. In the 1990’s, the significance of solving the heat equation 

directly was acknowledged19,20,23-25 compared with methods based on numerical 

calculations26,27 or electrical analogies18. It must be remarked that technological 

progresses had been impressive, resulting in a steady increase of power density. 

For instance GaAs HEMT had gained in maturity since its inception in 19792. Since 

then, thermal modeling has for the most part become more and more complex as 

the power density increased4,10,11,28. As acknowledged by Darwish et al.8 in a 2005 

publication, there is a lack of closed-form expression for FET thermal resistances 

with excellent accuracy and limited complexity. 

Partly due to a lack of knowledge in GaN thermal parameters, the potential in 

GaN HEMT thermal performances have remained overlooked despite an increasing 

number of studies on the topic7,29-31. Simplified modeling of HEMT thermal 

resistance will enable the ability to compare the AlGaN/GaN HEMT grown on silicon 

carbide with performance of AlGaN/GaN HEMT grown on gallium nitride substrate.  

In this chapter, a compact closed-form analytical model is presented to 

predict the device temperature and the thermal resistance of multifinger HEMT 

structures. The accuracy of the model is verified against finite element analysis. 

Gallium nitride thermal parameters are used in numerical applications. A key point is 

to compare the thermal performance of gallium nitride HEMT grown on SiC with the 

thermal performance of homoepitixially grown GaN HEMT. Section 5.2 analyzes the 

trade-offs in FET thermal design using the analytical modeling presented in 

Appendix A.  Finally Section 5.3 addresses a comparative study on the performance 

of AlGaN/GaN HEMT grown on SiC and GaN.  
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5.2 Trade-off in Thermal Design 

 

5.2.1 Definitions 

Higher power can be achieved by increasing device width. The power density 

is expressed per unit length, typically W/mm. Typically a power device is laid out 

using adjacent cells. In brief, cells permit to increase the packing density, reduce 

failures by reducing the current density. In theory, failing fingers do not prohibit 

device operation although they will reduce performance1. An elementary multifinger 

gallium arsenide field effect transistor is shown in Figure 5.1 below. The long 

dimension of the finger is called the width and the total length of the device is called 

the periphery. The narrow dimension of the gate is called the length. 

 
Figure 5.1. Typical multifinger FET structure. For sake of simplicity, neither return path nor 

bias circuit are shown. 

 

A common approach in conventional thermal models is based upon the 

concept of thermal resistance. The thermal resistance R from the active region of a 

HEMT can be defined as the ratio between the power dissipated Pdis in the active 

region and the temperature difference between the active region (T) and the heat 

sink (T0).  
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T0 is usually the ambient temperature. Because the concentration of holes is 

negligible in FET or HEMT, heat generation originates from joule heating2. In these 

conditions, Pdis is given by Pdc+Pin-Pout with Pdc=VdcIdc, Pin the input RF power. Since 

Pout=ηeff Pdc where ηeff is the power added efficiency, Pdis=Pdc-(Gp-1)Pin = Pdc·(1- 

ηeff·(1-1/ Gp)) ~ Pdc·(1- ηeff) where Gp is the power gain in the linear regime. As 

expected, the dissipated power will decrease with increasing RF input power. The 

thermal resistance R is expressed in mK/W with Pdis in W or if Pdis in W/mm, then R 

is expressed in K·mm/W. Increasing power added efficiency reduces dissipated 

power but increases design complexity4,7. Therefore there is an acute interest to 

reduce self-heating at the device level.  

The thermal treatment of semiconductor devices is non-linear by essence. 

The thermal conductivity of semiconductor is often found to have the following 

dependence on temperature2,30: 
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In Chapter 4, It was established that the temperature dependence for gaN is 

λGaN=1.43 whereas for SiC λSiC can reliably taken equal to λGaN30. Given the 

temperature dependence of the thermal conductivity, it is shown in Appendix B that 

the temperature varies quadraticly with power and thermal resistance. 

0
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  (5.3) 

R is the thermal resistance at 300K. Equation (5.1) becomes less accurate for 

T > 600-700 K. Now comes an important point: the thermal resistance R at 300K is 

sufficient to characterize device temperature rise when the thermal conductivity is 

dependent on temperature. With a room temperature thermal resistance of 22 

W·mm/K, the non-linearity in channel temperature with power density becomes 

observable as shown in Figure 5.2.   
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Figure 5.2. Channel temperature rise versus dissipated power. The resistance is 22 K·mm/W., 
λ=1.4, and T0 = 25 °C. A close  fit  to the experimental data of Ref. 31 is obtained by adopting 
22 K·mm/W. 

 

Figure 5.2 faithfully reproduces the channel temperature measured over a 

central finger of a 8-finger AlGaN/GaN SiC HEMT transistor operating in DC mode in 

Ref. 31. A value of 22 W·mm/K is typical of AlGaN/GaN HEMT SiC transistor. 

Furthermore, Equation (3.1) and Figure 5.2 illustrate that channel temperature 

estimations are easily in error by several percents. For instance, an uncertainty of 

0.1 in λ (λ~1.4-1.5) results in a relative error of 5% in channel temperature, which 

leads to an error of 10°C at 7 W/mm in Figure 5.2.  

The determination of the thermal resistance relies on several assumptions. 

Figure 5.3 depicts a cross-sectional view of a device considered in our analysis. 
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Figure 5.3. Cross-sectional schematic of simplified HEMT on silicon carbide. The gate is 
drawn rectangular directly on top of the AlGaN layer for sake of simplicity.  

 

Assumptions are listed by order of importance below: 

(1) The dissipated power generates a time-independent uniform constant 

heat flux due to joule heating in a sheet region under the gate or from 

the source edge to drain edge contact at the AlGaN/GaN interface (two 

possibilities). All dissipated power diffuses into the layer underneath. 

(2) The substrate makes a perfect thermal contact on a perfect heat sink 

(isothermal boundary condition). 

(3) The 1um thin film gallium nitride on SiC has thermal conductivity 

estimated in the upper bound at 110 W·K-1·m-1. The room temperature 

thermal conductivity of semi-insulating silicon carbide is 350 W·K-1·m-1. 

The room temperature of semi-insulating gallium nitride is 230 W·K-

1·m-1. The GaN layer grown on GaN substrate has the same thermal 
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conductivity value. The thermal conductivity is independent of 

thickness.  

(4) Heat diffuses one-dimensionally in the 100nm AlN buffer layer. 

(5) The temperature dependence on thermal conductivity is assumed the 

same for gallium nitride, silicon carbide and any other layers (λ=cst). 

(6) The device is exposed to air at room temperature and is unpackaged 

and tested with RF probes or DC probes.  

(7) The temperature gradient normal to the top surface is neglected in the 

metal layer and in any layers above the metal. The effect due to the 

presence of the AlGaN layer is neglected. The effect of losses from top 

layers are briefly discussed in Appendix C. Effects from metal vias are 

neglected. 

 

These assumptions are typical in present-day thermal resistance studies7,8,30-

32. The first assumption (1) deserves more attention. The heat source width noted 2b 

may not necessarily be equal to the gate length Lg. Previous studies showed the 

heat source was indeed located under the gate due to a gradient in electrical field2,26 

(Vds>0). In this study, the heat source will be set to some values between the gate 

length and the source-to-drain spacing. It is not rare to observe measurements of 

the channel temperature in DC operating conditions (see Ref. 31). In that case gate 

voltage and power added efficiency can be set at zero (Vg=0). As already discussed, 

the channel temperature depends on power added efficiency under RF condition. It 

can be useful to keep in mind that additional effects might come to play under RF 

condition.  

The present model gives predictions including the following elements: 

 Multifingers have a finite width and a non-zero gate length. 

 The active layer, buffer layer and substrate are included. 

 The thermal conductivity is temperature dependent. 

In contrast with few other authors8,30,32, our analysis will incorporate the effect 

of buffer layers.  
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The definition of the device temperature is somewhat arbitrary. Should it be 

the average temperature ΔT over the heat source width or should it be the 

temperature T at an arbitrary position in the channel? Electrical measurements of 

the channel temperature usually average the channel temperature out1,2. Infra-red 

cameras employed to measure device temperature have a resolution of 1um about 

the channel length1. In addition, temperature values used in the expression of the 

device current correspond to an average temperature1,2. In contrast, the emergence 

of hot spots should be examined by considering the temperature at a single point. In 

this work, both the average channel temperature and the temperature at the center 

gate will be considered. However for sake of simplicity, more emphasis is put on the 

average channel temperature ΔT. 

 

 

 

Figure 5.4. Simplified multifinger structure considered in this analysis. 
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Typical parameters for a mutlifinger GaN HEMT in the 2-4 Ghz band are 

given below31. 

Gate-gate spacing: s=25 μm 

Gate length: L=0.8 μm (half-width: b=0.4 μm)  

Gatewidth: W =250 μm 

Substrate thickness: dS=350 μm 

GaN layer: dF=1um 

Dissipated power : 0 to 10 W/mm 

Number of gate finger: 8 

A few elementary electrical design rules will suffice to examine the thermal 

properties of the multifinger HEMT in a simplified approach. First the channel length 

is set by speed and gain consideration, the finger width by power. Gate width is 

limited by parasitics such as the gate resistance that reduce fmax. The device 

periphery, width and lateral dimension can be limited by phase change. Small drain-

to-source spacing can cause electromigration to occur. As the frequency of 

operation increases, the periphery and gate width will have tendency to decrease. 

The number of finger may correspondingly increase although the device must be 

excited uniformly while parasitics must be reduced. These considerations trade-off 

with thermal design. 

 

5.2.2 Single Finger on Substrate (Long Gate Width) 

Consider a single gate HEMT on a bare substrate with in-plane thermal 

conductivity KSx and out-of-plane thermal conductivity KSy. The average substrate 

thermal conductivity is KS = SySxkk . The anisotropy factor is KSxy= 
Sy

Sx

k

k
. The 

average thermal resistance taken over the length of a long single finger is: 
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(5.4) 
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The full derivation of the following expression is found in Appendix A. Again, 

dS is the substrate thickness, and b is the heat source half-width equal to the gate 

half-width. If the resistance is proportional to the temperature at a given point 

halfway underneath the gate, the constant 1.0484 must be substituted by the 

constant 1.241. Equation (5.4) represents an excellent approximation of Equation 

A.14a in Appendix A. For instance Equation (5.4) is within 0.2% error with equation 

A.14 at βS=875, 0.4% error at βS=60, and 1.4% in error at βS=5.  A thin 1 mil thick 

substrate and a very large 10um gate length gives βS=5. Therefore Equation (5.4) is 

of complete practical use. Moreover Equation (5.4) takes into account anisotropy of 

the substrate. The thermal resistance increases with increasing substrate thickness, 

decreasing with gate length. 

 

5.2.3 Multifinger on Substrate 

The temperature profile of 8-finger HEMT was calculated along a line 

perpendicular to the gate fingers using Equation A.9. The device was assumed to be 

located on a bare silicon carbide substrate (K=350 W·K-1·m-1). The result is plotted 

in Figure 5.5(a) and compared to measurements and numerical simulation depicted 

in Figure 5.5(b) taken from Ref. 31. Excellent qualitative agreement is observed 

between Figure 5.5(b) and Figure 5.5(a). The temperature is the highest in the 

middle part of the central finger, and slowly diminishes toward device edges. 
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Figure 5.5. Temperature versus position along a line perpendicular to finger width. a) Equation 
A.9 (bare SiC, K=350 W·K-1·m-1). b) Ref. 31: experiment and simulation (KSiC=350 W·K-1·m-1). 
P=6.7 W/mm in both figures. 
 

Placing one extra finger next to a single isolated finger will add a thermal 

resistance. If the spacing between the two fingers is sq, the thermal resistance 

induced by the second finger becomes, as shown in Appendix A: 
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Equation (5.5) is valid if the spacing between two fingers is smaller than the 

substrate thickness or larger than the gate half-width. This is actually the case for 

practical device. If the gate-to-gate spacing is larger than the substrate thickness dS, 

the thermal heating produced by the second heater on the first finger is negligible. 

Therefore increasing the number of finger indefinitely with constant gate-to-gate 

spacing should not have any practical effects. Reversely, if two fingers overlap, the 

thermal resistance double as if the power density doubled. Reducing the substrate 

thickness from 350um to 1mil will decrease the effect of thermal heating generated 

------Simulation 

Experiment 

Central fingers 
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by the second heater. The extra resistance due the presence of a second finger can 

become zero if the gate width is sufficiently small and the gate-to-gate spacing is 

sufficiently large. These observations become all the more accurate that the gate 

length becomes smaller compared with the substrate thickness. A rigorous 

illustration is given in Figure 5.6. Remember that a 1um gate on a 350um substrate 

corresponds to βS=175. 
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Figure 5.6. Illustration of the temperature rise produced by a second heater placed adjacent to 
an initial finger.  The vertical axis corresponds to the temperature rise normalized to 1/(πks). 
The horizontal axis represents the ratio of the gate-to-gate spacing s over gate half-width b. 
Equation (5.5) is plotted in solid line . Figure 5.6 is taken from Appendix A.  
 

The two-finger case can easily be extended to an odd number of p=2r+1 

fingers. The average thermal resistance of the central finger becomes: 
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In Appendix A, it is demonstrated that the expression for the thermal 

resistance for an even number of p=2r fingers is almost identical. The resistance at 
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the center part of the central finger (as opposed to the average channel resistance) 

is described by Equation (5.6) provided the constant 1.048 is substituted by 1.241. 

Equation (5.6) is valid provided the distance between the edge finger to the central 

finger is smaller than the substrate thickness: (r+1)·s<dS. The temperature rise can 

be easily plotted against the number of fingers (Figure 5.7). If the number of fingers 

exceeds the substrate thickness-to-spacing ratio r>dS/s, the channel temperature of 

the middle finger saturates and becomes independent of the number of fingers.  
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Figure 5.7. Thermal resistance of central finger as a function of finger number. The difference 
between the average resistance and the resistance at the middle part of the central finger is 
not visible on this graph. 
 

As the substrate thickness increases, the saturation will be delayed to a 

higher number of fingers. Increasing the gate-to-gate spacing has nearly the same 

effect as decreasing the substrate thickness. Interestingly, similar conclusions are 

drawn in Ref. 7 from a numerical approach. Ref. 7 predicts a temperature saturation 

beyond 10-12 fingers with a 40um gate-to-gate pitch! However while in Ref. 7 

numerical analysis of a fairly complex structure is considered, this work provides 

deep insights into the parameters governing the thermal resistance dependence on 

the number of finger. 



 166

5.2.4 Multifinger on a Multilayer Film. 

This section presents an expression for the thermal resistance of the HEMT 

device shown in Figure 5.3. Following the same approach as in Chapter 3, the total 

junction temperature is decomposed into a substrate temperature rise with no film 

and a film temperature rise: ΔTF+S=ΔTS+ΔTF. The expressions for ΔTS and ΔTF are 

given in Chapter 3 Equation (3.22). Temperature is easily converted into thermal 

resistance as follows: 

 1
FSmRTR  (5.7) 

RSm is the thermal resistance of the central finger in a multifinger or single 

finger structure on a bare substrate. The subscript “sm” stands for “substrate 

multifinger”. The product ΔFRSm represents an effective film thermal resistance RF 

while ΔF is the relative increase in thermal resistance due to the film. ΔF is given as: 
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(5.8) 

KS is the substrate thermal resistance, KF is the film thermal resistance, b the 

heat source half-width (gate half-width) and Rbuff is the buffer layer thermal 

resistance expressed in K·m2·W-1. It is important to note that the effective film 

thermal resitance ΔFRSm is independent of substrate thickness dS and gate pitch s. 
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This property has important consequences in thermal design and will be discussed 

in more details.  

In the particular case of a single finger structure, Equation (5.8) is unchanged 

except for ε that takes the value: 

  05.1ln

2




S
  (5.9) 

The expression for ΔF in Equation (5.8) above assumes that the thermal 

resistance is spatially averaged over the channel length. In the case of thermal 

resistance at a single point located in the middle part of the central gate, the 

expression for ΔF will differ from Equation (5.8) by a slight change in constant 

values.  

The specificity of this model lies in the fact the thermal resistance is 

expressed as the sum and product of the substrate thermal resistance and an 

apparent film thermal resistance. Therefore the effect from the substrate and 

adjacent gates are decoupled from the thermal effects induced by the film and buffer 

layer. Moreover if the thermal conductivity dependence on temperature is assumed 

constant in the GaN buffer, AlN layer and SiC substrate, ΔF is independent of 

temperature. All temperature dependence is expressed in RSm. 

In order to borrow mathematical expressions developed in Chapter 3, a few 

subtle approximations were made. First, the substrate bottom surface was assumed 

adiabatic in the derivation of ΔF but remained isothermal in the determination of the 

substrate thermal resistance RSm. This approximation becomes valid when the 

substrate thickness-to-gate length ratio is larger than one and substrate-to-film 

thickness ratio is elevated. This is easily the case in practice. Second the buffer 

layer is treated as an interfacial boundary resistance. Third, the effect of adjacent 

heaters on the expression of ΔF is negligible. The accuracy of the model will be 

compared to finite element simulation in Section 5.3  
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Effect of the film thickness, gate with, film thermal conductivity, and 

buffer layer on the thermal resistance 

Equation (5.8) shows that the thermal resistance is greatly altered depending 

on the film-to-substrate thermal conductivity ratio. A temperature drop of a relatively 

high magnitude can develop across thermally insulating layers. The thermal 

resistance is also greatly affected by the thermal resistance of the buffer layer. The 

thermal resistance will decrease linearly with film thickness-to-gate length aspect 

ratio βF. As the film thickness increases, heat spreading becomes more severe in the 

film and the thermal resistance increases sensibly. For sake of simplicity, numerical 

values will not be given here. Rather the reader is referred to Section  5.3. 

 

Effect of substrate thickness and  number of fingers 

The temperature rise due to the presence of the film is independent of the number of 

finger. Therefore in order to reduce the effect of a thermally insulating layer, it may 

be judicious to increase the number of fingers. The reduction in thermal resistance at 

lower substrate thickness may be limited by the film-to-substrate thermal 

conductivity ratio. This can be easily understood. As the substrate is thinner, the 

thermal contribution from the film becomes of a greater contribution because the 

film-to-substrate thickness ratio increases. It is interesting to note that observations 

of a similar nature were made in a 2003 study on the power handling of AlGaN/GaN 

HEMT from simulation experiment33. 

 

5.2.5 Small Width Device 

From Appendix A, Figure A.6, finite dimension in gate width W reduces 

device temperature. The associated reduction in thermal resistance depends on 

both the substrate thickness-to-gate width ratio (βSz) and substrate thickness-to-gate 

length ratio (βSx).  

An accurate approximate expression was derived in Appendix A to capture 

effects of the finite gate width on the average channel temperature. The thermal 

resistance R3D at the center part of the central finger is easily inferred. 
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R2D is the thermal resistance determined in a two dimensional analysis. KSz is 

the substrate thermal conductivity along a direction parallel to a gate finger.  

 

Figure 5.8. R3D is the thermal resistance averaged over the channel of the central finger half-
way between gate extremety widthwise. 
  

The film thermal conductivity KFz along z is assumed identical to the film 

thermal conductivity along KFx (KFz=KFx). In HEMT structures, geometrical 

parameters range for W>0.2 dS, Lg<5um and dS>25um. In these conditions, It is 

established in Appendix A that Equation (5.10) is at most within less than 7% error. 

Effects due to finite gate width becomes more pronounced as the substrate 

thickness becomes comparable to the half-gate width, 

The cooling at the gate extremity widthwise is not negligible. For instance, a 

250um wide gate on a 350um thick substrate causes a ~15% reduction in thermal 

resistance using Equation (5.10). Kuball et al.31 finds a ~15-18% reduction in thermal 

resistance from numerical calculation adopting similar simplifying assumptions and 

device parameters as ours. Equation (5.10) shows that thermal resistance drop due 

to finite gate width becomes more pronounced as the substrate thickness becomes 

comparable to the half-gate width. Equation (5.10) decouples thermal effects 

widthwise from two-dimensional effects in a plane perpendicular to the gate width. 
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5.3 Comparative Study between the Thermal resistance of GaN/SiC HEMT 

and GaN/GaN HEMT. 

 

In this section, the average thermal resistance taken over the central finger 

width is estimated in a single-finger and 8-finger GaN HEMT based on the model 

presented above. The thermal resistance is calculated for an AlGaN/GaN SiC HEMT 

and an homoepitaxially grown GaN HEMT. The same approximations are kept 

constant throughout the study (same geometry, same thermal property, same 

boundary conditions, etc…). In addition simulation of the heat flow is carried out and 

compared with analytical results. The cooling effect from the finite width is not 

included since the heat flow is analyzed in a plane perpendicular to gate width. 

Room temperature thermal conductivity of GaN and Silicon carbide were measured 

in Chapters 1 and 4. The temperature dependence of silicon carbide is taken equal 

to the temperature dependence of gallium nitride measured in Chapter 430. 

 

Table 5.1. Thermal parameter employed in the thermal resistance evaluation of GaN HEMT. 
Rbuff is the thermal resistance of the AlN buffer layer 

 

KGaN 
W·K-1·m-1 

KSiC 
W·K-1·m-1 

KF 
W·K-1·m-1 

Rbuff 
m2·K·W-1 

λ 

230 350 110 

0 

1.4 10-8 (KAlN =10 W·K-1·m-1) 

10-9 (KAlN = 50 W·K-1·m-1) 

 

In order to consider the effects of the buffer layer on thermal resistance, the 

thermal resistance of AlN must be known. A few studies have indicated that the AlN 

thermal conductivity ranged between 1 W·K-1·m-1 and 50 W·K-1·m-1 for films 

thickness between a few hundreds of nanometers to a few microns34-37. 

Lambropoulos et al.34 have shown that microstructural defects can be detrimental to 

thin AlN film thermal conductivity properties. Fair agreement was found between 
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theoretical and experimental values and measurements34. Morkoç emphasizes the 

microstructural characteristics in AlN buffer layers38.  All in all, there are strong 

indications that the thermal conductivity of AlN buffer layer is between 10 to 100% 

lower than bulk values34-37. As a result, the thermal resistance of AlN buffer layers 

will be 10-8 m2·K·W-1 and 2.10-9 m2·K·W-1 for a thermal conductivity of 10 W·K-1·m-1 

and 50 W·K-1·m-1 respectively. For comparison, the equivalent thermal boundary 

resistance of a 1um GaN layer is 9.10-9 m2·K·W-1 nearly the same as the AlN 

thermal resistance. 

Thermal resistances are calculated for a single-finger having a 0.8um gate 

length. For a 8-finger structure, gate length is either 0.8um or 5um.  Geometrical 

parameters used in this study have been listed in Section 5.2.1. The gate pitch is 

25um. The substrate thickness is 350um by default but was sometimes set a 25um 

(~1mil). Resistance calculations are presented in 3 tables. The last column of each 

table corresponds to the thermal resistance of HEMT grown on GaN substrates 

while the second last column gives the thermal resistance values for a GaN/SiC 

HEMT. The gate length is constant in each table. Results obtained from simulation 

are displayed in parentheses besides analytical values. Parameters used in each 

table are summarized as follows: 

 

 Table 5.1: Lg=0.8um, 1-finger 25um spacing, ds= 350um or 1 mil, substrate: 
SiC or GaN. 

 
 Table 5.3: Lg =0.8um, 8-finger, 25um spacing, ds=350um or 1 mil, substrate: 

SiC or GaN. 
 

 Table 5.4: Lg=5um, 8-finger, 25um spacing, ds= 350um or 1 mil, substrate: 
SiC or GaN. 

 

Unless specified the substrate thickness is 350um. The cooling effect from 

the finite width is not included as it does not impact the present comparative study. 
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5.3.1 Single Finger 

 

The thermal resistance for a single finger device is given in Table 5.1. 

 

Table 5.1. Thermal resistance estimation of a single finger HEMT. c =calculated; s = simulated. 
Lg=2b=0.8um. Bold characters: substrate thickness dS=350um; Italic characters: dS=25um 
(1mil). Film thickness = 1um.  

 

Film Buffer Multilayer HEMT on SiC HEMT on GaN 

KF 
Rbuff 

[m2·K·W-1] 
ΔF 

RSiC+F [°C·mm/W] 
25°C 

RGaN [°C·mm/W] 
25°C 

0 0 0 
dS=350um 

7.12 (c) 
7.12 (s) 

dS=351um 
10.83 (c) 
10.83 (s) 

110 0 0.64 
11.74 (c) 
11.39 (s) 

10.83 (c) 
10.83 (s) 

110 10-8 1 14.13 (c) 10.83 (c) 

110 2.10-9 0.95 12.22 (c) 10.83 (c) 

110 0 0.98 
dS =25 um 

9.34 (c) 
9.0 (s) 

dS =26um 
7.23 (c) 
7.23 (s) 

 

The thermal resistance of a single finger AlGaN/GaN HEMT grown on SiC 

silicon carbide HEMT is found to be higher that the thermal resistance of 

AlGaN/GaN HEMT grown on GaN.  If the buffer layer is including in the analysis, the 

thermal resistance of HEMT grown on SiC becomes even higher. The origin for this 

discrepancy can be clearly identified. From the simple model in Equation (5.7), the 

relative increase in thermal resistance originates from the presence of the thin film 

that cause a relative increase of 0.64/(0.64+1)=40% with no buffer layers. Analytical 

predictions are verified through finite element simulation. Figure 5.9 illustrates a two-

dimensional cross-sectional view of a single-finger structure. The temperature Ts is 
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calculated in the middle part of the gate region while the temperature Tint is 

deducted at the interface GaN/SiC 1um below the center of the gate. 

 

 
Figure 5.9. Cross-sectional schematic temperature distribution under the gate.  

 

Results are summarized in Table 5.2 below. 

 

Table 5.2. Simulated temperature values under the gate.  
 

 GaN/SiC bare SiC δT 

Ts 119.3°C 72.92°C 46.38°C 

Tint 59.11°C 55.27°C 3.84°C 

Ts-Tint    60.19°C 17.65°C 42.54°C 

 

The difference of surface temperature between a heat source on GaN/SiC 

and bare SiC is 119.3°C-72.92°C= 46.38°C. The difference of temperature across 

the layer Ts-Tint for the GaN/SiC device is 119.3°C-59.11°C= 60.19°C. The 

difference of temperature Ts-Tint across the top 1um layer of a bare SiC substrate is 

only 72.92°C-55.27°C= 17.65°C. As 60.19°C-17.65°C= 42.54°C, the temperature 

rise develops entirely across the thin layer.  

Simulation confirms an increase of 40 % in channel temperature due to the 

presence of a 1um GaN film. Yet, more can be said. The parameters responsible for 

temperature rise can be clearly identified. Equation (5.8) is key to thermal 

engineering. Ignoring the buffer layer, the film-to-substrate thermal conductivity ratio 

Ts 

Tint 

1 um 

b = Lg/2  
0.4 um 

SiC 

GaN or SiC 
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is 350/110= 3.18 and the film thickness to heater half-width ratio βF is 1/0.4= 2.5. 

Therefore the film-to-substrate ratio plays a leading role in the magnitude of the 

thermal resistance. The film-to-substrate thermal conductivity is perhaps even more 

important than βF. The thermal conductivity of the GaN layer is of utmost importance, 

probably almost as important as the thermal conductivity of the substrate. Table 5.1 

gives an excellent illustration. It would take a substrate with a thermal conductivity of 

419 W·K-1·m-1 to achieve higher thermal resistance than that obtained on GaN 

substrate. Moreover decreasing the silicon carbide substrate thickness aggravates 

the situation compared with GaN from Table 5.1. Simulation results have illustrated 

the accuracy of the model presently developed.  

 

5.4 Multifinger 

The previous section examined the device temperature rise for a device in a 

single-finger. The influence of multifingers on thermal resistance is analyzed. Again, 

simulation results were compared with analytical predictions. A typical cross-

sectional view of an isothermal profile in a half 8-finger structure is shown in Figure 

5.10 below. 

 

Figure 5.10. Cross-sectional view of temperature solution in a half structure of a 8-finger 
HEMT. 
 

Thermal resistance values were computed for Lg=0.4um and the result is 

shown in the table below. In the multifinger case, thermal resistance is lower with 

HEMT on SiC even when low thermally insulating buffer layer is included. This can 

be understood from Equation (5.7). The product RsmΔF is independent of the number 

of fingers whereas Rsm does dependent strongly the finger number. Physicaly, heat 

spreading occurs mostly in the substrate but represent a minor part in the 



 175

multilayers. Note that Rsm becomes independent of the number of fingers at large 

gate pitch or at elevated finger number as illustrated in Figure 5.6. It would take only 

two fingers with a gate pitch of 68um for the thermal resistance of a structure on 

GaN/SiC to be equivalent to the thermal resistance of a structure on GaN substrate, 

keeping the gate length at 0.8um and substrate thickness at 350um. For 2 fingers or 

more with a gate-to-gate spacing smaller than 68um, the thermal performance in the 

case of a SiC substrate should be higher than the thermal performance of a HEMT 

on a GaN substrate. 

 

Table 5.3 . Thermal resistance estimation in a 8 finger HEMT. Lg=2b=0.8um. c=calculated. s= 
simulated. Bold characters: substrate thickness dS=350um. Italic characters: dS=25um (~1mil). 
Fim thickness = 1um. 

 

Film Buffer Multilayer HEMT on SiC HEMT on GaN 

KF 
Rbuff 

[m2·K·W-1] 
ΔF 

RSiC+F [°C·mm/W] 
25°C 

RGaN [°C·mm/W] 
25°C 

0 0 0 
dS=350um 

20.6 (c) 
21 (s) 

dS=351um 
31.36 (c) 
31.95 (s) 

110 0 0.233 
25.53 (c) 
25.26 (s) 

31.36 (c) 
31.95 (s) 

110 10-8 0.356 28.06 (c) 31.36 (c) 

110 2.10-9 0.257 26.02  (c) 31.36  (c) 

110 0 0.9 
dS =25um 
9.78 (c) 
9.98 (s) 

dS =26um 
8.0  (c) 
8.81 (s) 

 

It remains that the thermal resistance of GaN/GaN HEMT is approaching the 

thermal resistance of GaN/SiC HEMT made on thinner substrate and with mutilayer 

of lower thermal conductivity. 
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Finally the thermal resistance was determined in the case of large gate 

length: Lg=5 um. 

 

Table 5.4. Thermal resistance estimation in an 8-finger HEMT. The gate length is now 5um 
(b=2.5um). c = calculated. s = simulated. Bold characters: substrate thickness dS=350um. Italic 
characters: dS=24um (~ 1mil). Fim thickness= 1um. 

 

Film Buffer Multilayer HEMT on SiC HEMT on GaN 

KF 
Rbuff 

[m2·K·W-1] 
ΔF 

RSiC+F [°C·mm/W] 
25°C 

RGaN [°C·mm/W] 
25°C 

0 0 0 
dS=350um 
18.94 (c) 
19.3 (s) 

dS=351um 
28.82 (c) 
29.4 (s) 

110 0 0.074 
20.34 (c) 
20.06 (s) 

28.82 (c) 
29.4  (s) 

110 10-8 0.313 24.87 (c) 28.82 (c) 

110 2·10-9 0.096 20.75 (c) 28.82 (c) 

110 0 0.377 
dS = 25um 

4.8 (c) 
5.39 (s) 

dS = 26um 
5.47 (c) 
6.29 (s) 

 

As the gate length increases, the dissipation performance of AlGaN/GaN SiC 

HEMT becomes clearly superior to that of homoepitaxially grown GaN HEMT. This is 

simply because the film thickness-to-heater half-width ratio drops. A question must 

be asked: why is the thermal resistance of GaN/GaN HEMT only 15% higher than 

that of GaN/SiC HEMT at a substrate thickness of 1 mil? Simply because at constant 

gate length, the thermal resistance (=RsmΔF) of the film is independent of substrate 

thickness as Equation (5.8) proves.  

In modern technology gate length are becoming increasingly shorter. Table 

5.3 is more representative of the thermal performance of AlGaN/GaN SiC HEMT 

than Table 5.4. 
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5.5 Conclusion 

An analytical model has been developed to capture governing parameters 

impacting the thermal design of AlGaN/GaN HEMT devices. The present model has 

been borrowed from state-of-the art developments in thermal engineering. Upon 

further refinements, this model has been brought to the field of device thermal 

modeling.  An important feature of the model is to be able to treat the effect of buffer 

layers analytically. Buffer layers represent an important characteristic of GaN-based 

technologies as GaN is grown on non native substrates. The impact of gate length, 

substrate thickness, gate pitch, gate width, film thickness, buffer layer and film 

thermal conductivities on thermal performance can be examined separately in these 

models. The complete mathematical development is addressed in Appendix A and 

Chapter 3. The model is accurate within a few percent compared with numerical 

simulations calculated for heat source to substrate thickness ratios greater than 10. 

Thanks to the characterization of the gallium nitride thermal conductivity in 

Chapter 4, it is possible to compare the thermal performance of AlGaN/GaN HEMT 

grown on SiC with the performance of AlGaN/GaN HEMT grown on gallium nitride. 

Single finger GaN/GaN HEMTs are more thermally advantageous compared to 

GaN/SiC HEMT. A significant part in discrepancy is accounted for by the contribution 

of the film-to-substrate thermal conductivity ratio. Multifinger HEMTs formed on SiC 

are expected to present higher thermal performance than multifinger HEMT formed 

on GaN substrates. This is because the thermal resistance is sensitive to heat 

spreading in the substrate. At short gate length and thin substrate, thermal 

performances of GaN/GaN HEMTs are expected to improve. Finally the presence of 

buffer layer between the gallium nitride layer and the silicon carbide substrate 

causes observable increase in thermal resistance.  
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Chapter 6  Summary and Conclusions 

The thermal properties of gallium nitride and gallium nitride based 

heterojunction field effect transistors (HFET) devices were investigated in order to 

identify major limitations in heat transfer. As a result, the potential of the 3ω 

differential technique to characterize the thermal conductivity of thin film GaN grown 

on sapphire or silicon was theoretically investigated. The thermal conductivity of 

hundreds of micrometers thick gallium nitride grown by hydride vapor phase epitaxy 

was measured using the 3ω slope method from 300K to 450K. Material properties 

including defect density were characterized and compared with previously measured 

thermal conductivity values. The heat model developed in this study along with 

experimental gallium nitride thermal parameters represented a starting point for the 

thermal modeling of GaN based Heterostructure Field Effect Transistors (HFET) 

devices. 

 

6.1 Summary 

 

6.1.1 Thin Film Thermal Conductivity Characterization Using the 3ω Method 

The potential to characterize the thermal conductivity of thin films for a single 

film-on-substrate system using the differential 3ω method was theoretically 

addressed when the film-to-substrate thermal conductivity ratio (kF/kS) was higher 

than one and when an interfacial boundary resistance existed between film and 

substrate. It was demonstrated that a thin thermally insulating buffer layer can be 

modeled by an interfacial boundary resistance. The impact of frequency affecting 

thermal conductivity extraction was also examined. 
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By expressing the general solution of the temperature oscillation for a 

multilayer stack, the expression for the temperature oscillation on a single film-on-

substrate system with thermal boundary resistance was deduced based on the 

concept of an apparent film thermal conductivity K1D. In the situation of low thermal 

conductivity films, the thermal boundary resistance measured from routine 

procedures must be modified by a correction factor. For arbitrary values of film-to-

substrate thermal conductivity ratios, the expression for the temperature oscillation 

was simplified so that the impact of governing parameters on the apparent thermal 

conductivity could be examined. The film effective resistance K1D was found to be 

quadratic with the film-to-substrate thermal conductivity ratio depending on the film 

thickness-to-heater width aspect ratio and the interfacial resistance. The film 

effective resistance K1D will take positive, infinite, or negative values depending on 

the film-to-substrate thermal conductivity ratio. It is worth noting that a change of 

sign in the effective film thermal conductivity as defined in Chapter 3 is peculiar to 

multi-dimensional time-independent heat conduction problems in contrast with one-

dimensional static cases.  

At film-to-substrate thermal conductivity ratios higher than unity such as 

GaN/Sapphire, the 3ω differential technique was found weakly sensitive on 

geometrical parameters such as film thickness and heater width, which would make 

experiments difficult to implement. The situation worsened dramatically when a 

thermally insulating buffer layer was introduced between film and substrate. 

Therefore in the regime of film-to-substrate thermal conductivity higher than unity, 

thermal parameter extraction is error prone compared to measurements on films 

where the thermal conductivity is much lower than the substrate thermal 

conductivity. 

 

6.1.2 Thermal Conductivity of Gallium Nitride. 

The thermal conductivity of undoped and iron doped hydride vapor phase 

epitaxy grown gallium nitride samples was measured from 300K to 450K using the 

3ω slope method. The highest thermal conductivity value was measured at room 

temperature at 230 W·K-1·m-1 on a 2mm thick iron doped specimen. A resistivity of 
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2·108 Ω·cm was measured of the same iron doped sample by hall measurements 

confirming the semi-insulating properties of this sample. Thermal conductivity values 

were measured following a routine procedure in the 3ω slope method except for two 

experimental data points at room temperature. In that particular case, the thermal 

conductivity was accurately deduced from a two-layer model to account for finite 

thickness effects in a finite element simulation approach. Overall, the thermal 

conductivity was monotonically increasing with gallium nitride thickness. It was 

established that thermal conductivity dependent on the logarithmic of the thickness 

was fully compatible with experimental results and were consistent with the case of 

extracted thermal conductivity assumed constant with layer thickness. 

Material properties were characterized using a variety of techniques including 

secondary ion mass spectroscopy, cathodoluminescence, atomic force microscopy, 

Nomarski images, photospectrometry, four-point probes, hall measurements  

(conducted by William C. Mitchel from AFRL/MLPS laboratories), and Electron 

Paramagnetic Resonance (EPR) (conducted by M.E. Zvanut from the University of 

Alabama at Birmingham). The undoped material presented concentration of 

impurities typical of undoped gallium nitride reported in the literature. Dislocation 

density was found to be accurately given from cathodoluminescence imaging while 

etch pit count was found to underestimate the dislocation density. The reduction in 

dislocation density was found to follow the model developed by previous authors 

down to 106 cm-2. On a 2mm thick iron doped sample, the average dislocation 

density was observed as low 5·10-4 cm-2 over several millimeter areas. Therefore the 

reduction in dislocation density with film thickness can be more efficient than 

accepted theoretical model would predict. From this standpoint, this work illustrates 

that hydride vapor phase epitaxy represents a genuine attractive and promising 

technique for the commercialization of gallium nitride substrate. 

By plotting the thermal conductivity against the dislocation density, the 

thermal conductivity was found to be strongly dependent on the logarithmic of the 

dislocation density for densities as low as a 5·10-6 cm-2. Below, the thermal 

conductivity saturated with dislocation density. By comparing with previous 

experimental work, the thermal conductivity dependence on dislocation density was 



 185

confirmed. Previous theoretical work based on a time approximation approach 

showed good qualitative agreements. By correcting for flaws in the theory of the 

relaxation time theory, fair quantitative agreement between theoretical expectation 

and measurements was found.  

Finally temperature dependent measurements beyond room temperature 

indicated that the thermal conductivity decreased inversely proportional to T-1.43 

similar to the thermal conductivity temperature dependence of gallium phosphide or 

silicon carbide. 

 

6.1.3 The Thermal Resistance of HFETs. 

An expression for the thermal resistance of multifinger field effect transistor 

was analytically derived. The latter model was employed in a comparative study 

between the thermal performance of AlGaN/GaN SiC multifinger HEMT and the 

thermal performance of homoepitaxially grown AlGaN/GaN multifinger HEMT. 

First a three-dimensional analytical model was developed to capture the 

governing parameters underlying thermal design of AlGaN/GaN HEMT devices. The 

present model was borrowed from state-of-the art developments in thermal 

engineering. Upon further refinements, this model was brought to the field of device 

thermal modeling.  The model analytically accounted for the effect of buffer layers on 

thermal resistance. This is an important feature as gallium nitride is grown on non 

native substrates with buffer layers. The impact of gate length, substrate thickness, 

gate pitch, gate width, film thickness, buffer layer and film thermal conductivities on 

thermal performance can be examined separately in these models. The complete 

mathematical development is addressed in Appendix A and Chapter 3. The model is 

accurate within a few percents from simulation for heat source to substrate thickness 

ratios superior to 10.  

Thanks to the characterization of the gallium nitride thermal conductivity 

presented in Chapter 4, it was possible to compare the thermal performance of 

AlGaN/GaN HEMT grown on SiC with the performance of AlGaN/GaN HEMT grown 

on gallium nitride. Establishing the dependence of thermal conductivity with film 

thickness and dislocation densities represented factors essential to the success of 
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the study. It was determined that single finger AlGaN/GaN/GaN HEMTs are 

thermally more advantageous than AlGaN/GaN/SiC HEMT. A significant part in 

discrepancy is accounted for by the film-to-substrate thermal conductivity ratio less 

than unity and nearly 0.3. It would take a thermal conductivity of 420 W·K-1·m-1 for 

silicon carbide to give a thermal advantage to single finger AlGaN/GaN/SiC HEMT 

over AlGaN/GaN/GaN HEMT with the parameters used in Chapter 5. Nonetheless, 

multifinger HEMTs formed on SiC substrates presented higher thermal performance 

than multifinger HEMT formed on GaN substrates. This was because the thermal 

resistance was strongly dependent on heat spreading in the substrate as the number 

of fingers increase. For instance, the thermal resistance of AlGaN/GaN/SiC HEMT 

became lower than that of AlGaN/GaN/GaN HEMTs for a two finger device with a 

gate-to-gate spacing lower than 68um assuming the same device parameters as in 

Chapter 5. However, at short gate length and thin substrate, the thermal resistance 

of GaN/GaN HEMTs was expected to improve and even catch up with the thermal 

resistance of AlGaN/GaN HEMT grown on thin SiC substrates. Finally the presence 

of buffer layer between the gallium nitride layer and the silicon carbide substrate can 

cause substantial increase in thermal resistance. Therefore reduction of the thermal 

resistance of the GaN layer on silicon carbide by growing high quality GaN with 

lateral epitaxial overgrowth or pendeo-epitaxy techniques would be a challenging 

task as the overall device thermal resistance decrease even further due to the 

presence of thermally insulating buffer layers such as SiO2 or voids. 

 

6.2 Future Directions 

While this work has addressed some of the issues related to the thermal 

characterization and modeling of gallium nitride material and device, there is still a 

number of topics to be examined.  

Though this work has established the strong dependence of the gallium 

nitride thermal conductivity on dislocation density, it is expected that point defects 

would impact the thermal conductivity of gallium nitride. The precise effect of 

oxygen, silicon, carbon, hydrogen, iron and gallium vacancies remains unclear. 

Furthermore, characterization of the thermal conductivity temperature dependence 
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in temperature range above 600K would complete the thermal property 

characterization of gallium nitride.  

This work has revealed the importance to clarify the relationship between 

thickness and dislocation density for hydride vapor phase epitaxy grown gallium 

nitride having dislocation densities well below 10-6 cm-2. Further studies would be 

necessary to narrow the origin of mechanisms underlying the effective reduction in 

dislocation density.  

Theoretical predictions in the thermal properties of AlGaN/GaN HEMT grown 

on gallium nitride substrate would need to be experimentally compared with thermal 

performance of AlGaN/GaN HEMT formed on semi-insulating gallium nitride 

substrate.   
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Appendix A  

3-Dimensional Solution of the Thermal Diffusion Equation for 
Periodic and Time-Independent Adjacent Strip Heat Sources 

Deposited on a Stratified Medium  

A.1 Presentation  

The purpose of this appendix is to calculate the temperature field T(X,y=0) at 

any location on the top surface of the multilayer system. The solution is sought for 

both time-independent and sinusoidal time varying heat sources. The ultimate goal 

is to express the average temperature ΔTq0 taken over the heater width of an 

arbitrary heater labeled q0. The solution will be applied to the simplified situation of 

equally spaced heaters of identical width delivering identical power per unit length. 

Consider a number of p infinitely long metal heater strips deposited parallel to 

one another on a n-layer system as shown in Figure A.1 below. 

 

Figure A.1. Schematic of parallel wires deposited on a multilayer stack.  
 

Given the linearity of the problem described in detail below, the solution is 

known beforehand via the principle of superposition applied to the case of a single 

heater. However, the superposition of the temperature T(X,0) deduced from a single 

heater can be applied to the multi-heater situation provided the distance between the 

point X and the heat source is conserved during superposition and provided each 

heater keeps a different width and heating power. In this appendix, full treatment of 
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the thermal diffusion equation will be presented. The principle of superposition can 

be applied to check the validity of the results. The next paragraph provides further 

details on the situation depicted in Figure A.1. 

As introduced earlier, p is the total number of heaters. The subscript q 

corresponds to the qth heater starting from the left. The qth strip source with half-

width bq is laterally centered at a distance sq from the origin of the horizontal axis 

and delivers a power per unit length Plq in the underlying stratified medium. Each 

metal strip heater is infinitely thin. The subscript j corresponds to the jth layer starting 

from the top. The jth layer has a cross plane thermal conductivity kyj, an in-plane 

thermal conductivity kxj, a cross-plane diffusivity αyj, and a thickness dj. In other 

words, each layer is homogeneous. Besides, in each layer one of the principal axes 

of the thermal conductivity tensor is perpendicular to the film plane with zero off-

diagonal. The thermal boundary resistance between the jth layer and j-1th layer is 

noted Rj-1,j ≥ 0. The nth layer is better referred to as the substrate. Each heat source 

varies sinusoidally with time and delivers heat uniformly at the same angular 

frequency ω over the heater width:  
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At ω=0, each metal heater will deliver a heat flux independent with time. In 

these conditions, the thermal diffusion equation becomes: 
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Assuming that the top surface of the stratified system is adiabatic between 

heaters, the boundary condition at the top of the first layer in the horizontal plane 

bears on the heat flux Qp delivered by p heaters: 
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The function RECTq(x) is unity for |x|<bq and zero otherwise. If the substrate 

is semi-infinite, the temperature is imposed to vanish at an infinite distance from heat 

sources. If the substrate is finite, the boundary condition at the bottom surface can 
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be isothermal or adiabatic. The time-independent solution corresponds to an angular 

frequency ω strictly zero provided an isothermal boundary condition is set at the 

bottom surface of the substrate. 

A.2 Resolution in the Two-Dimensional Case 

Amongst possible methods of resolution, the Green function, the Fourier 

transform or the separation of variable can be conveniently adopted. The method of 

separation of variable (in the spectral domain) has the advantage to indicate the 

adequate basis in the Hilbert space forming a solution of the aforementioned 

problem. However the Cartesian symmetry here is clear and the Fourier transform is 

preferentially adopted over the separation of variable.  
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The heat equation becomes one-dimensional in the Fourier space: 
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The Fourier transform of the boundary condition at the top surface of the 

multilayer system is deduced from basic Fourier transform properties: 
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Fourier transforms of boundary condition at the bottom surface of the 

substrate are trivial. The solution for the on-dimensional Equation (A.5) is sought at 

y=0. For a stratified medium, the solution to Equation (A.5) can be elegantly 

expressed in a recursive relationship following the one-dimensional algorithm in Ref. 

1. Intermediate steps of calculation can be found in Ref. 2 and Ref. 3 
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The temperature T(x,y=0) in the top plane between heaters and the stratified 

medium is easily deduced from the inverse Fourier transform.  
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Noting the inversion symmetry of this particular Fourier transform t→(-)t, it 

comes: 
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The change of variable tbq→u has taken place between Equation (A.8) and 

Equation (A.9). As expected, the temperature field is real at ω=0 and the 

dependency of the temperature on the position x is independent of the angular 

frequency ω≥0. Thus the average temperature at the interface between a given 

heater, say q0, and the underlying medium can be carried out by averaging over the 
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corresponding heater width 2bq0. The heater q0 is distant from the origin with a 

spacing sq0 as depicted in Figure A.2. 
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In these conditions, it comes: 
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ΔTq0 represents the temperature oscillation amplitude at the q0th heater due 

to the presence of a number p of sinusoidally periodic heat sources. In case of a 

time independent heat source ω=0, ΔTq0 represents a time-independent temperature 

rise. Considering a single wire p=1 and sq=sq0=0, Equation (A.11) is the expression 

for the temperature oscillation of a single wire given in Chapters 2 and 3. 

 

Figure A.2. ΔTq0 is the average temperature at the q0th heater caused by the presence of all 
heat sources including the q0th source itself. 

 

A.3 Identical Strip Sources 

In the case of equally spaced heat sources with spacing s and with identical 

width 2b and identical power per unit length Pl, the expression for the average 

temperature ΔT taken at the q0th heat source simplifies: 

Substrate 

1st pth qth 

bp b1 bq 

y 
x 

sq Sq0 

qoth 

ΔTq0 

bq0 
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The change of variable tb→u has taken place between Equation (A.11) and 

Equation (A.12). If s=0 for all p sources, the solution describes the temperature rise 

corresponding to a single strip but with a p-fold increase in power per unit length. For 

an odd number p=2q0-1 of equally spaced strip sources centered about the heater 

strip q0, the temperature oscillation of the q0th strip source is: 
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Figure A.3 illustrates the situation corresponding to Equation (A.13) in the 

particular case of p=3 strips. 

 

Figure A.3. Schematic cross-section for an odd number of identical strip sources on a 
multilayer stack. The average temperature ΔTq0 is taken for the middle heater. In this particular 
case, p=3 and q0=2. 
 

In the case of time independent identical strip heaters deposited on a bare 

anisotropic substrate, one can define the substrate to heater half-width ratio: βS= 

(kSxy)1/2dS/b (kSxy is the substrate anisotropy factor). Further simplifications can be 

carried out for βS>3 and s/b ratios smaller than βS but higher than 1.  
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s 

ΔTq0 

s 

b 
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(A.14) 

A justification can be given now. Let first consider the first expression (A.14a). 

Equation (A.14a) can be integrated in three blocks: from zero to 1/βs, then from 1/βs 

to one and finally from one to infinity:    duuf
S1
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1 S
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 where f(u) is the 

integrand in Equation (A.14a). The first integral  
S

duuf
1

0
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 

90967.0
tanh1

0
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u
 

after a change of variable and in the limit of infinite βS because sin2u/u2 becomes 

strictly unity. The last integral  duuf


1

becomes .38570
sin

1 3

2




du
u

u
 because now 

tanh(βSu) can be set strictly unity in the limit of infinite βS. The determination of 

 duuf
S


1

1 

is a little more delicate. First the terms tanh(βSu) and sin2u/u2 are both 

almost unity so that the integrand f(u) is almost du/u. More precisely  duuf
S


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1 
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 and in the limit of infinite βS, 

 
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1
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22sintanh

S
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uuuS


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= -

0.24696. Hence The expression (A.14a) is easily inferred. The simplification in 

Equation (A.14a) is less than 1% error for βS>3 and describe a situation 

corresponding to a strip source on a thick substrate. For thin substrates 

corresponding to small βS, it is easy to show that the left part of Equation (A.14a) 

reduces to
2

 S  with less than 1% error if βS<0.04. This is in agreement with one-

dimensional Fourier’s law as expected for a single wire on a very thin substrate with 

isothermal bottom boundary condition. It is straightforward to check that the 

temperature rise is ΔT=dS/kSy*(P/2bl). 
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The determination of Equation (A.14b) follows the same approach. First it is 

assumed that βS>>λ=sq/b>>1. The integral is decomposed into    duug
S1
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 where g(u) is the integrand in Equation (A.14b). 

Similarly to the previous case,  duug
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xx
as the term sin2u/u2 

becomes 1 as λ goes to infinity. In the last expression, α=βS/λ goes to infinity. When 

α is infinite,
   


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1

1costanh
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dx
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=-0.3307 so that   3307.0ln
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S
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duug . For 

the same reasons as previously explained and via adequate variable change, the 

third integration  
1

1 

duug = 
 




1

cos
du

u

u
=-0.3374 when λ is infinity. It does not take too 

much effort to demonstrate that the last integration  duug




goes to zero as λ goes to 

infinity. By noting that ln(4/π)=0.24156, Equation (A.14b) is easily derived and is 

plotted in Figure A.4 below. 
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Figure A.4. Equation (A.14b) is plotted versus s/b for different βS ratios. The solid line 
represents the left part of Equation (A.14b) while the dotted lines plot the approximated 
expression on the right hand part of (A.14b). The inset shows that the average temperature 
rise at a heater q0 (induced by another heater q distant s from the heater q0) can be 
approximated by simple expressions for three different ranges of s/b ratios. 

 

Equation (A.14b) is within less than1% error if 3<s/b<0.3 βS with βS>25. If 

Equation (A.14b) is to be within less than 5 % error, then the condition becomes: 

1<s/b<βS/2 with βS≥10. For a spacing-to-substrate thickness ratio higher than unity 

(s/dS>1), thermal coupling becomes negligible and the temperature rise decreases 

exponentially with the s/b ratio. While for s/b <1, ie for overlapping heat sources, the 

temperature rise varies linearly with the s/b ratio. 

The temperature T(x=0, y=0) at the center of the heater q0 can be deduced 

from the expression of ΔT by substituting 
2

2sin

u

u
→

u

usin
in Equation (A.14). The 

constant 1.0484 must be substituted by 1.24156 in Equation (A.14a). 

Considering an even number 2r of heaters with r≥1 deposited on an 

anisotropic substrate, It is easy to show from Equation (A.14) that the temperature 

rise of the center heater q0=r or q0=r+1 is: 
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For an odd number of heaters 2r+1 r≥1, the temperature rise of the center 

heater q0=r+1 is given as: 
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These formulas are valid within the framework of conditions discussed previously. 

A.4 3-Dimensional Resolution 

The solution follows the same methodology as in the two-dimensional case, 

the Fourier transform is taken over the rectangular heat source shown in Figure A.5. 

It is assumed for simplicity that all heaters are centered at z=0. 

 

Figure A.5. Three dimensional Rectangular heat source. 
 

The problem is quickly restated. The heat flux is uniformly generated over 

each rectangle area with a power Pq typically expressed in Watt: 
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At ω=0, each metal heater will deliver a heat flux independent with time. In 

these conditions, the thermal diffusion equation becomes: 

2cp=lq 

2bp 
y 

z 

x 

2bq 

2cq=lq 
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Assuming that the top surface of the stratified system is adiabatic between 

heaters, the boundary condition at the top of the first layer in the horizontal plane 

bears on the heat flux Qp delivered by p heaters: 
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The function RECTq(x,z) is unity for |x|<bq and |z|<c, zero otherwise. The two-

dimensional Fourier transform is: 
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The heat equation becomes one-dimensional in the Fourier space: 
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The Fourier transform of the boundary condition at the top surface of the 

multilayer system is deduced from basic Fourier transform properties: 
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Noticing the symmetrical role played by the heater width and heater length, 

the geometric means of the heater width and length is defined as aq=(bqcq)1/2. Thus 

the solution of the aforementioned problem is easily expressed. 
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The change of variable bqtx=ux and ty=uy/cq has occurred. Finally in Equation 

(3.1) the following substitutions must take place 
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 while bq must be substituted by aq in 

the other terms of Equation (3.1). In the case of a very long rectangular heat source 

compared to its width cq>>bq, Equation (A.23) reduces to (A.9) because 


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z

z
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u
and Plq = Pq/2bq. 

It has been assumed in this section that the sources were centered at z=0. It 

does not take much effort to generalize to the case of (p,m) heat sources on the y=0 

plane. By applying the translation transform z→ z-szk, where 1≤k≤ m and by adding 

an additional sigma symbol and appropriate notation, the solution is easily deduced. 

For heat source with arbitrary geometry, the Fourier transform of the source 

geometry can be taken directly or the source can be decomposed into small 

rectangles. In the special case of heat source with circular symmetry, the Hankel 

transform is used instead of the Fourier transform. In addition, Equation (3.1) can be 

generalized in the case of a heat source buried into a multilayer stack1. If layers are 

finite size in the direction parallel to the substrate with for instance adiabatic 

boundary on the side, the solution can be typically expressed as a Fourier series1. 

In our situation, we are interested in simple formulations. For instance a 

particular case concerns the temperature average taken at a heater q0 induced by 

identical parallel heaters with a length is much greater than the width. In that case, it 

may be more convenient to express M1/N1 as a function of b or b/c only. 
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and M1 an explicit function of b 

and Nq,j only. 

In time-independent steady state for a single wire on a anisotropic bare 

substrate with isothermal boundary condition on the back side, the temperature field 

on the y=0 plane is given by the simplified formula: 
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(A.25) 

KSzx=KSz/KSx and βSx= dS/b(KSx/KSy)1/2 and βSz= dS/c(KSz/KSy)1/2. In the case of 

a very long rectangular heat source compared to its width c>>b and compared to the 

substrate thickness (c>>dS), Equation (A.24) reduces to equation (A.12). 

Equation (A.25) averaged over the heater width 2b must retrieve Equation 

(A.14a) in the limit c goes to infinity. Equation (A.25) averaged over 2b at y=0 is 

plotted in Figure A.6 against βSz after normalization  with 
SySxkk

cP


2

. 
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Figure A.6. Normalized average temperature versus substrate thickness to heater half-length. 
In solid line is the analytical expression. The dashed line represented an approximated 
solution near βSz = 1. 
 

The solid line in Figure A.6 can be approximated within less than 7% error by 

the following expression for βSz<10 and 100<βSx<1000. 

ΔT2D is the average channel temperature rise calculated in a two-dimensional  

model. 
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Appendix B Solution for Temperature Dependent Thermal 
Conductivity  

B.1 Presentation  

The solution of the non-linear heat equation due to temperature dependent 

thermal conductivity k(T) can be solved using the Kirchhoff’s transformation1. From 

the homogoneous non-linear heat equation,  

0 Tk  (B.1) 

one can define an apparent temperature 

  02
0  Tk  (B.2) 

where θ relates to the thermal conductivity as: 
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Θ and T have the same heat flux and temperature boundary condition. 

Therefore given θ known, all is necessary to know is the solution of the heat 

equation at constant temperature. Typically Θ=P·R(T0) where P is the dissipated 

power and R0 is the thermal resistance at constant temperature, usually the ambient 

temperature (300K). We may now proceed to the determination of θ 

For semiconductor at or beyond 300K, it is fair to assume a relation of the 

type: 

    real
T

T
TkTk 



,
0

0











  

(B.4) 

Typically λ=1 to 1.5 for semiconductor material. Given the previous 

derivations, θ can be expressed as a function of T. 
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Typically in semiconductor devices operated at room temperature, it is fair to 

assume in most cases that the temperature Θ-T0=P.R(T0) is lower than T0, ie the 

temperature rise must be lower than 600K if the reference temperature is 300K. In 

that case, Equation (B.5) leads to a non-linear quadratic dependence of the 

temperature on the dissipated power: 

real
T

R
PPRTT 

0

2
2

0 2
  (B.6) 

It can be seen from the above expression that the device temperature rise T 

increases with higher values of λ. If λ=0, the thermal conductivity is independent of 

temperature and the temperature rise is linear with power. 

An important point that must be discussed concerns the applicability of the 

Kirchhoff’s transformation. The latter can be applied to piecewise inhomogeneous 

thermal conductivity such as a multilayer stack provided the ratio of thermal 

conductivity is temperature independent2. In case of semiconductor, it is easily the 

case. 
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Appendix C Estimation of Surface Heat Losses  

C.1 Presentation  

In this appendix, heat loss from the top surface of a multi-finger HEMT will be 

estimated in the case of an unpackaged structure exposed to air and tested from the 

top with probes. Such a structure is shown in the Figure 1 of Ref. 1. Heat loss arises 

from radiation losses and heat conduction through the top metal layers. Already the 

main result can be announced: top surface heat losses represent a minor 

contribution, if not negligible, compared to heat conduction in the substrate. This is 

because of the relative small dimensions of the HEMT structure (~200um x 200um), 

the small thickness of the metal layers, and a limited channel temperature rise 

compared to the absolute room temperature (300K). 

 

C.2 Heat Loss by Radiation. 

The power loss is estimated from: 

 4
0

4 TTAPloss    (C.1) 

σ=5.6703·10-8 W·m-2·K-4, A is the emitting area, ε≤1 is the emissivity (ε~1). 

The total length of a height-finger HFET with a 25um gate-to-gate spacing is 200um. 

Assuming an upper range of temperature at ~600K radiating over an overestimated 

length of 600um length (3 times the HFET length) and 250um width, Equation (C.1) 

yields a Ploss= 4·10-3 W/mm which is 2500 times lower than a typical achievable2 

input power density of 10 W/mm. This estimate is small because the channel 

temperature is actually not very high compared to the absolute room temperature 

and the area of radiation is relatively small. Note that In case of temperature rise 

smaller in magnitude than room temperature (300K), Equation (C.1) becomes a 

linear function with temperature following Ploss= G(T-T0) with G= 4εσAT03 

As the thermal conductivity of air (~0.025 W·K-1·m-1) is 50 times lower than 

the thermal conductivity of a typical insulating passivation layer such as silicon 
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nitride or SiO2, heat does not diffuse normal to the top of the sample. The top 

surface on the metal layer can be assumed adiabatic.  

Note that channel temperature measurements employing infra-red detectors 

for instance rely on the measurement of the radiation, ie the electromagnetic 

spectrum. The temperature is deduced provided the emissivity is known. Those 

techniques are therefore optical methods by essence. Webb provides deeper insight 

into the challenges of device thermal imaging4. 

 

C.3 Heat Loss by Conduction 

Since the top surface of the metal layer is adiabatic as shown in the previous 

section, the heat could only significantly diffuse laterally in the metal layer outward 

from the center of the device to the surrounding periphery and to the needle probes. 

It is assumed here that heat flows in a thin rectangular metal sheet around the 

device area set at constant channel temperature. Also assuming that the metal pads 

represent a perfect heat sink, the heat loss can be expressed as: 

 0TTGPloss   (C.2) 

This time G is the thermal conductance estimated as G=km/W*L*tm where 

km~100 W·K-1·m-1 is the metal thermal conductivity, L is the metal length and W the 

metal width. In the best case scenario, W is small while tm and L are large. 

 

Figure C.1. Metal layer characteristics 
 

The metal thickness layer can be approximately to be 1 um. From Figure 1 in 

Ref. 1, heat can be assumed to dissipate around the device in four rectangular 

sheets of W=~10um x L=~50um in a best case scenario always. In that situation, G 

Q 

W 

L 

tm 

T 
T0 
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=2 mW/K. With a channel temperature of 600K, the total power loss is overestimated 

to 3% of the total power assuming an input power of 10W/mm from a 250um wide 

eight-finger HFET device. Therefore in the best case scenario, heat losses due to 

the presence of the metal layer represent a few percent of the total dissipated 

power. Basically, the thermal conductance of the metal layer is small because the 

metal thickness is thin. Based on a numerical approach, Webb has studied the effect 

of surface metallization to shown that they can make an observable contribution to 

the reduction of thermal resistance3. He concluded that that the lateral heat flow 

would increase in significance as the width of the gate fingers decrease. Such an 

observation is in agreement with our predictions.  
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Appendix D Defect Density Characterization 

D.1 Introduction 

This appendix addresses the characterization of defect density in gallium 

nitride, and more precisely the characterization of dislocation density of sample A, B, 

C, D listed in Table D.1 corresponding to Table 4.1 in Chapter 4. To this effect, etch 

pit count (EPC) from atomic force microscopy scans and pantochromatic 

catholuminescence (CL) imaging have been carried out. The relation between the 

presence of subsurface defects and surface morphology was complemented by 

Nomarski optical microcraphs and secondary electron microscopy images. 

 

Table D.1. Samples were grown by hydride vapor phase epitaxy (Identical Table 4.1). 
Dislocation densities were taken from catholuminescence imaging. 

 
 

Sample 
ID 
 

 
Doping 

 
GaN 
layer 

 
Initial 

Thickness 
[um] 

 
Final 

Thickness 
[um] 

 
Resistivity 

[Ω.cm] 

 
Dislocations 
at surface 

[cm-2]  
 

A 
 

 
U 

 
epi 

 
~250 

 
200±70 

 
1-20 

 
4·107 

 
B 
 

 
U 

 
bulk 

 

 
~700 

 
370±20 

 
1-20 

 
1.5·107 

 
C 
 

 
U 

 
bulk 

 
1700 

 
1400±50 

 
1-20 

 
8.8·106 

 
D 
 

 
Fe 

 
bulk 

 
2000 

 
2000±50 

 
       2·108 

 
5·104 

 

It is known that catholuminescence can detect the presence of non-radiative 

recombination centers1. In gallium nitride, dislocations appear as dark spots on 

catholuminescence images because dislocations act as non-radiative recombination 

centers2,3. It was shown that there is a close one-to-one correspondence between 
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the presence of dark spots on CL images and dislocations on gallium nitride epitaxial 

films by cross checking with other techniques2-5. CL imaging has the advantage of 

reduced sample preparation and large scan areas but is limited to the 

characterization of dislocation density below 108 to 5·108 cm-2.  At high dislocation 

density, plane view or cross sectional view transmission electron microscopy (TEM) 

can be considered. In fact, the TEM technique is extremely valuable to characterize 

the nature of dislocations (mixed, edge, screw) present in gallium nitride as well as 

dislocation reduction mechanisms. Atomic force microscopy scans can also be 

utilized for the characterization of high density dislocation provided the surface 

remains atomically smooth2,4. 

In semiconductors, It is well known that non-radiative defects evidenced from 

the presence of dark areas in catholuminescence imaging1-3 will match the 

emergence of defects during etching experiment1-3. In the case of gallium nitride, 

anisotropy etching occurs in the vicinity of a dislocation termination to leaves pits 

behind that can be subsequently characterized by AFM scans2-5. However Hong et 

al.6 illustrated that pits do not systematically form at a dislocation termination. It was 

showed from TEM experiment that preferential etch occur due to nanopipes (open-

core srew dislocations). Several other authors are debating the experimental 

interpretations of the latter study; for instance, it is argued that TEM preparation 

induces the formation of dislocation4. Nevertheless, etch pit count is routinely 

performed in the gallium nitride community to characterize the dislocation 

density2,3,5. Etch pits can be hexagonal on Ga-Polar surface of gallium nitride or 

circular on N polar surface of gallium Nitride3. It is noteworthy that, depending on 

etching conditions, photo-assisted etching (PEC) results in the formation of 

whiskers, unlike pits, mainly because light recombine at dislocation thereby slowing 

down the etch rate3. Among the various solutions to etch gallium nitride are hot 

phosphoric acid (H3PO4), mixed H3PO4 / H2SO4, and molten potassium hydroxide 

(KOH). 

In this work, etching experiment was conducted as follows: Sample A and B 

were dipped in a 200°C phosphoric acid (HPO3) bath for 15 mn altogether, while 

sample C and D were left 200°C HPO3 bath for 30 mn. The samples were laid down 
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face up in a Teflon basket placed in a Pyrex beaker. The experimental calibration 

concerning etch rate, etchant volume, temperature stability, etc was achieved by 

monitoring the emergence of tiny pits from both optical micrograph and AFM scans 

on small dummy pieces diced from sample A and B. Great care on reproducible 

etching conditions must be adopted as the density and size of defects can vary 

significantly depending on varying experimental conditions. It was found from AFM 

scans that large micrometer size pits appeared on sample B much faster than on 

sample A after 1 minute dip in hot acid only. On each sample listed in Table D.1, 

catholuminescence imaging and optical micrograph were taken before and after 

etching. No appreciable variations in the density of dark spots were seen during CL 

imaging before or after etching.  
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D.2 Catholuminescence Prior to Etching (Sample A, B, C, D). 
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Figure D.1. Catholuminescence spectrum at 300K for sample A, B, C (undoped) and D (iron 
doped). The peak at 730nm is the second order diffraction of the band edge emission. The 
defect peak is absent for sample D or lies within the noise level. The probe current was 0.1nA 
for samples A, B, C and 3nA for sample D. 
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Figure D.2. 30x30um2 catholuminescence imaging prior to etching for a) Sample A and b)  
Sample B. The probe current was 10-10A. 

 

 

  

Figure D.3  Catholuminescence imaging prior to etching for c)  Sample C and d)  Sample D. 
The probe current was 10-10A. 
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D.3 Micrograph Before Etching (Samples C, D). 

 

     

Figure D.4. Micrograph of the gallium nitride surface morphology for c) Sample C and d) 
Sample D. Note the presence of large hillocks for sample C while striations are clearly visible 
for sample D. These morphologies are typical of HVPE grown gallium nitride surfaces7. 
 

D.4 Micrograph After Etching (Samples A, B, C, D) 

 

  Figure D.5. Typical micrograph of the surface of sample A after a 15mn 200°C phosphoric 
bath. It seems that pits cover the surface sample uniformly with a relative homogeneous size. 
Atomic force microscopy (AFM) images will complement the micrographs for analysis at 
submicron dimensions. AFM will actually show that pit sizes vary unhomogeneously. 

200 um 

A 

200 um 

50 um 
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Figure D.6. Typical micrograph at the surface of sample B after a 15mn 200°C phosphoric 
bath. Pits cover the sample surface non-uniformly with a strong variation in pit size. 

 

 

Figure D.7. Micrograph of c) Sample C and d) Sample D after a 30mn 200°C phosphoric acid 
dip (same bath). For sample C, the distribution of pits is homogeneous but pit sizes are large 
and mostly hexagonal. Pits can be counted from optical microscopy while AFM images will 
confirm the absence of nanoscopic pits. Almost no pits can be seen at the optical microscope 
on sample D over millimeter large area as illustrated in the particular case of the left figure d). 
Figure D.7 part (d) is a magnification of subsequent Figure D.11 part (iv) where the 
longitudinal feature can be seen 200um from the white arrow. 

 

c) d) 

B 

50 um 

50 um 20 um 
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D.5 AFM After Etching (Sample A, B, C, D) 

  

  

Figure D.8. Random 50X50um2 AFM scans on a) Sample A, b) Sample B, c) Sample C, d) 
Sample D. Same etching conditions as in Section A4. Both tens of micron and submicron pits 
are visible in a), whereas only large hexagonal pits are seen for c) sample C.  

D.6 Sample C 

      

Figure D.9. Peculiarity: i) At a boundary on sample C. Near-dislocation areas are not etched at 
same rate (if any). ii) Micrograph on hillock. Same etching conditions as in Section D.4. 

a) b) 

c) d) 
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i) 

a) 

C 
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200 um 200 um 
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Figure D.10. i) SEM ii) CL imaging at exact same location (10-10 A). Hexagons and circles in i) 
are representatively drawn at a matched dark spot in ii). Dark lines in i) are SEM artifacts.  

C i) 

C ii) 
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D.7 Sample D 

 

Figure D.11. Comparison between CL (10-10A), SEM, and micrographs taken at the same 
location on sample D 

 

 
 

Figure D.12. Enlargement of Figure D.11 part (i) suggesting that large pits are formed at a 
cluster of dislocations and that reaction between dislocation may be efficient in sample D.  

i) CL ii) SEM 

iii)  iv)  

200 um 20 um 
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Figure D.13. i) SEM  and ii) CL imaging on  semi-insulating sample D after 30mn etching (probe 
current: 3.10-9 A). 
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D.8 Conclusion 

The dislocation density was estimated from two different techniques: atomic 

force microscopy following etch pit (EPC) and from catholuminescence imaging 

(CL). The result is summarized in Figure D.14 below. 
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Figure D.14.Dislocation density versus thickness. ♦: KYMA technology ECP, ● KYMA-NCSU 
CL, ■ NCSU ECP. The solid line describes the model in Ref. 8 and reproduced in Ref. 7. 
 

In this study, It is found that etch pit count (EPC) underestimates the 

dislocation density especially at dislocation density higher than 106 cm-2. At short 

etching time (~1mn), the pit density was low, typically 2 or 3 pits were found per 

50umx50um area on sample A or B. Moreover the difficulty in conducting high 

resolution AFM scans was exacerbated due to the elevated surface roughness of 

thick HVPE acid-etched gallium nitride samples (~100nm deep pits). For long 

etching time, pits increase in size until coalescing. In that case, it is clear that etch pit 

count will underestimate the defect density. An intermediate situation was found 
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when sample A and B were etched for 15mn in 200°C phosphoric acid while sample 

C and D (with lower defect densities) were etched for 30 mn in 200°C phosphoric 

acid. Figure D.10 demonstrates that defects estimated from CL imaging outnumber 

defects estimated from etch pits from secondary electron scanning microscopy 

(SEM). Although plane-view images show most defects hexagonal, it is possible that 

circular defects formed. Indeed two circular defects in Figure D.10.i can be matched 

to at least two dislocations in Figure D.10.ii. At present, aside the dislocation density 

discrepancy, there is no explanation for the difference in kinetics from defect to 

defect and sample to sample although samples A, B, C, and D did not present an 

as-grown surface throughout the defect characterization experiment. For thermal 

conductivity characterization purposes, the samples had previously been coated with 

a 100nm oxide layer subsequently removed in buffer oxide etchant (BOE).  

At low dislocation density, microscope inspection following a generous hot 

acid overetch can lead to a satisfactory dislocation density characterization 

procedure although Figure D.11 clearly illustrates that such a method will tend to 

underestimate the dislocation density; pits may simply not always form as 

demonstrated in Figure D.11 and Figure D.12, or adjacent dislocations may not be 

counted due to coalescing pits forming during large overetching necessary for 

optical inspection. Overall, the most reliable dislocation density measurement is 

found to be deduced from catholuminescence imaging though it might present a 

propensity to overestimate the dislocation density1. 

The low dislocation density of ~5·104 cm-2 on sample D has been confirmed 

to a high level of confidence over a 1mm square area and redundantly observed 

over several square centimeter areas. It is easy to find 100umx100um sites with 

dislocation densities of ~1·104 cm-2 while some other regions can have as much as 

~1·105 cm-2 dislocation density. The dislocation density corresponding to sample D 

in Figure D.14 departs significantly from the model in Ref. 8 plotted in solid line in 

Figure D.14. Such a departure cannot be ascribed to measurement uncertainties 

alone. In the case of sample C, pits are associated with narrow dark spots (Figure 

D.10). However In the case of sample D, extended dark spots mostly centered on 

hexagonal etch pits were observed repeatedly (Figure D.12 and Figure D13). Higher 
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magnification CL imaging taken at slightly improved resolution was suggestive of the 

presence of dislocation clustering, probably reacting. Unfortunately SEM beam 

current induced charging prohibited image recording. 

Other authors9 have focused on the formation of HVPE gallium nitride grown 

with a low dislocation density from 104 to 106 cm-2. Large departure was observed 

from the model of Ref. 8 where an extensive treatment on the theory underlying 

dislocation density reduction is provided. The authors in Ref. 8 showed that edge 

dislocation is poorly efficient in fusion or annihilation processes compared to mixed 

dislocations. It is not impossible that the initial growth conditions underlying the 

formation of sample D have favored the formation of a high content of mixed 

dislocations whereas a higher content of edge dislocation would have been formed 

for sample C, accounting for the difference in observed dislocation clustering. 

Furthermore the effect of a high content of iron impurities on dislocation density has 

not been included in the model of Ref. 8. For comparison, the presence of point 

defects such as tellurium in gallium arsenide was shown to strongly influence the 

phonon-dislocation interaction10. Additional characterization will certainly benefit any 

studies on dislocation density reduction at low dislocation density content. 
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