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ABSTRACT 

III-Nitride based high electron mobility transistors (HEMT) have been in the 

forefront of the 5G LTE revolution and continue to show promise for next-generation 

terahertz (THz) communications and radar detection systems.  GaN-based HEMT devices 

possess wide bandwidth and high breakdown voltage due to their high electron velocity, 

high-density two-dimensional electron gas (2DEG), and large breakdown field. More 

recently, AlGaN/GaN-based transistors for terahertz (THz) emitters and detectors have 

been reported that can operate from 0.75 THz to 2.1 THz. Furthermore, AlGaN/GaN 

HEMTs grown on silicon are reported to have switching speeds as high as ∼150 GHz, 

while the power densities can exceed 12 W/mm, as well as under harsh operational 

conditions. The maximum radio frequency (RF) power densities for GaN-based HEMTs 

reported to date is 41.4 Wmm-1 at 4 GHz. However, the currently fielded and commercially 

available HEMTs are operating at only 5-6 Wmm-1. This massive gap in performance is 

due to power loss because of self-heating in the HEMT device, which degrades the power 

added efficiency (PAE) and eventually causes device failure. This self-heating effect is 

quite severe and can cause a temperature rise in the device as high as 350 ˚C while 

operating at 7.8 Wmm-1. Creating a low thermally resistive pathway using chemical vapor 

deposition (CVD) diamond at very close proximity to the self-heating source could 

effectively dissipate heat, thereby mitigating the self-heating problem. The challenge here 

is to find the thinnest possible dielectric adhesion layer with low thermal boundary 
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resistance (TBR) to facilitate diamond growth on the HEMT and to protect it from the 

harsh CVD diamond growth environment.  

In-situ SiNx using metal organic chemical vapor deposition (MOCVD) has been 

developed and optimized for use as a dielectric adhesion layer to facilitate diamond growth. 

The effect of reactant gas stoichiometry of in-situ SiNx passivation on structural and 

electrical properties of MOCVD grown AlGaN/GaN HEMT structures on 100 mm Si (111) 

is reported.  A systematic study on the effect of constituent gas flows on surface 

morphology and growth rate is reported.  X-ray reflectometry and atomic force microscopy 

is performed to determine the surface morphology and thickness of the near-surface layers.  

Conformal coverage of SiNx with abrupt SiNx -III-Nitride interface is confirmed by 

transmission electron microscopy.  When the growth rate of the in-situ SiNx is less than a 

critical threshold of 10 nm/hr, the AlGaN barrier layer is significantly etched.  The charge 

density of the 2DEG induced at the AlGaN/GaN interface due to polarization and surface 

state filling is evaluated with Hg-probe C-V profile and calculations based on strain 

relaxation. Sheet charge density, electron mobility, and sheet resistance were determined 

by measuring Cloverleaf Hall structures. Passivated samples with growth rates higher than 

the critical threshold show excellent suppression of strain relaxation in the barrier layer.  In 

addition to the strain induced carrier density, surface state filling with in-situ SiNx 

passivation contributes 8-12% of the total sheet charge density. Increased sheet charge 

density as high as 1.07E13 cm-2, mobility up to 2500 cm-2V-1s-1 and sheet resistance as low 

as 275 Ω/sq is observed for the in-situ passivated samples.   
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Integration of diamond and AlGaN/GaN HEMTs terminated with an in-situ grown 

SiNx interface layer via MOCVD is also investigated. The effect of diamond growth on the 

structure and interface properties of the HEMT is studied using high-resolution x-ray 

diffraction, micro-Raman spectroscopy, atomic force microscopy and scanning 

transmission electron microscopy (STEM). No structural or physical damage is observed 

to the HEMT device layers as a result of the hot filament chemical vapor deposited 

diamond fabrication process. TEM cross-section confirms the smooth and abrupt interface 

of in-situ SiNx/AlGaN/GaN before and after the diamond growth, with no detectable 

carbon diffusion into the GaN buffer layer. However, selective degradation of the in-situ 

SiNx dielectric adhesion layer was observed at the SiNx/diamond interface. Using time 

domain thermoreflectance (TDTR) the effective isotropic thermal conductivity of the 

diamond was determined to be up to 176 – 35/ + 40 W/m-K. The effective thermal 

boundary resistance of the diamond/GaN interface (including the SiNx and additional 

layers) was as low as 31 - 2.6/+ 2.5 m2K/GW. 
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 INTRODUCTION 

III-Nitride based semiconductor devices possess wide bandwidth and high 

breakdown voltage simultaneously due to their high electron velocity, high two-

dimensional electron gas (2DEG, for heterostructures) and large breakdown field. Wide 

bandgap, polar semiconductor gallium nitride (GaN) based high electron mobility 

transistors (HEMTs) have demonstrated high-frequency power amplification from the S-

band to W-band with high power-added efficiencies (PAE) and substantially higher output 

power densities than its competitors, GaAs- or InP- based devices. The maximum RF 

power densities for GaN-based HEMTs reported to date is 41.4 W mm−1 at 4 GHz. 1  More 

recently, AlGaN/GaN-based transistors for terahertz (THz) emitters and detectors has been 

reported that can operate from 0.75 up to 2.1 THz. 2–4  Furthermore, a heterojunction field-

effect transistor (HFET) grown on silicon is reported to have a switching speed as high as 

∼160 GHz with power densities >12 W/mm under harsh operational conditions.5,6  

The AlGaN/GaN heterostructure has two inherent polarization effects, namely 

spontaneous polarization due to electronegativity and lack of crystal inversion symmetry, 

and piezoelectric polarization due to lattice mismatch and thermal strain.  Therefore, a high 

polarization induced electric field is generated within the wurtzite crystal, which creates a 

charge separation between the surface and interface.7  If a polarization induced 2DEG is 

created at the AlGaN/GaN interface, a sheet of opposite charge is also created on the top 

surface of the AlGaN layer, making the HEMT device highly sensitive to surface states 

and any modification of surface state filling7,8. 
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As reported by R. Vetury et al. 9 and G. Meneghesso et al. 10 the virtual channel 

that is created by the surface states is the reason for degradation and dispersion and can be 

successfully mitigated by passivating the III-N surface. Using an operando photoelectron 

nanospectroscopy, K. Omika et al. explained the role of SiNx in surface electron trapping11. 

SiNx passivation reduces the surface-trapped electrons by about 10 % indiscriminately 

across the surface, which leads to weakening of the local electrical field11. This reduction 

of the surface-electron traps could be the result of the formation of a chemical bond 

between SiNx and the AlGaN/GaN HEMT surface12. An ideally passivated AlGaN/GaN 

HEMT should have proper surface state filling to avoid any dispersion due to unsatisfied 

surface dangling bonds and at the time should prevent any relaxation of the pseudomorphic 

AlGaN barrier layer. 

As previously reported, in-situ SiNx suppresses the strain-relaxation in the barrier 

layer, thereby preventing partial relaxation in the pseudomorphically grown AlGaN (> 20 

nm) barrier layer13–15. The degree of suppression of strain-relaxation should depend on the 

stoichiometry and, hence, the mechanical property of the SiNx. Although suppression of 

strain relaxation using in-situ SiNx has been previously reported, the effect of constituent 

gas chemistry and, hence, the stoichiometry on the degree of strain-relaxation has not been 

adequately studied. To realize the true potential of in-situ SiNx passivation, and to thereby 

design a perfect passivating layer for AlGaN/GaN HEMT, the co-relation between the SiNx 

stoichometry and the suppression of strain-relaxation and surface state filling needs to be 

correctly understood.  

For GaN-based HEMT or HFET, the high current driven through the channel is 

confined to the very narrow, < 10 nm, 2DEG and therefore produces significant self-
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heating (as high as 350 C for GaN on Si) in the active region of the device 16. Since the 

2DEG and the active GaN/AlGaN layers are very thin, the dissipation of heat from the self-

heating source is predominantly vertical.16 Therefore, a low resistance thermal pathway 

from the self-heating source to the nearest heat sink (high thermal conductive substrate) is 

very much desired.  

Owing to the outstanding thermal conductivity which can reach up to 2000 W/m-

K, chemical vapor deposited (CVD) poly-crystalline diamond is being developed as a 

better heat spreading substrate than SiC and Al2O3. Moreover, diamond can provide 5 times 

better near junction local thermal conductivity than SiC. 17,18 Effective heat spreading in a 

GaN-on-diamond system is not determined only by the thermal conductivity of CVD 

polycrystalline diamond but also on the effective thermal boundary resistance (TBReff) at 

the GaN to diamond interface. Since diamond does not directly grow on GaN, a dielectric 

adhesion layer (typically < 100 nm SiNx) is applied at the GaN-diamond interface. 18,19 

SiNx has very low thermal conductivity; from ~ 1 - 12 W/m-K 20 where for GaN it is 130 

W/m-K and for diamond up to 2000 W/m-K. 17 Therefore, having such a layer at the 

interface causes a huge thermal mismatch and results in an increased TBR.  

To realize the full potential of the GaN-on-diamond system TBR has to be 

minimized.  This research project proposes to understand the heat dissipation from the self-

heating source to the heat spreader substrate, to find ways to reduce TBR using ultra-thin 

in-situ SiNx dielectric adhesion layer.   
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1.1 GaN/AlGaN-based HEMT 

In general, III-nitrides exist in two different structural forms, either the wurtzite 

(hexagonal) or zincblende crystal structure. Wurtzite has two lattice constants: a and c, but 

zincblende has only one: a, as all three edges of the interpenetrating cubic structure are 

identical. 21 Among the two, the wurtzite structure is the thermodynamically stable phase 

under typical conditions. The metastable zincblende structure is formed mainly when GaN 

is grown on a cubic material such as GaAs and 3C-SiC under strictly controlled conditions. 

22 Normally, III-nitrides crystallize in the hexagonal (wurtzite) phase. The existence of 

strong spontaneous and piezoelectric fields is a unique feature of the hexagonal III-nitrides 

grown along the c-axis. 22,23 Parameters like lattice constant ao (the basal edge length), co 

(height of the hexagonal lattice cell) and uo (cation-anion bond length ratio along [0001] 

direction) define the wurtzite structure as shown in Figure 1.1 The subscript “o” indicate 

that these values are the equilibrium lattice. For an ideal wurtzite structure crystal the co /ao 

ratio equals 1.633 and the value of uo is 0.374. 21 Zincblende and wurtzite both have polar 

axes (lack of inversion symmetry). In the wurtzite structure the bonds in the <0001> 

direction and for zincblende in <111> direction are all faced by nitrogen (N) in the same 

direction while the cation (Ga) is in the opposite direction. Both surface and bulk properties 

depend on whether the surface is nitrogen or metal atom faced. 24 

The typical growth direction of hexagonal GaN is normal to the {0001} basal plane, 

where the atoms are arranged in bilayers consisting of two closely spaced hexagonal layers, 

one with cations and the other with anions, such that the bilayers have polar faces.24 

Therefore, for GaN, the basal surface is either Ga- or N-faced. Ga face doesn’t mean Ga-
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terminated rather it means Ga on the top position of the {0001} bilayer corresponding to 

[0001] polarity (Figure 1.1). 

 

Figure 1.1 Wurtzite structure of Ga-face and N-face GaN. 7 

The term “termination” should only be used to describe a surface property. A surface 

which is N-face might be Ga-terminated if it is covered with gallium atoms, but without 

flipping the crystal it will never be Ga-faced. More importantly the (0001) and (0001̅) 

surfaces of GaN are inequivalent (by convention, the [0001] direction is given by a vector 

pointing from a Ga atom to a nearest neighbor N atom) 24 Lack of inversion symmetry in 

III-nitrides along the hexagonal c-axis provide nanoscopic spontaneous polarizations. 

Furthermore, tensile or compressive strain due to lattice mismatch in AlGaN/GaN-type 

heterostructures induces piezoelectric polarization. 23 

1.1.1 Spontaneous polarization 

The position of the nitrogen in the periodic table (the most electronegative Group-

V and the topmost smallest atom) makes it special among other III-V compounds, as this 

has a significant impact on properties. The electronic configuration of a N atom is 1s22s22p3 

and indicates empty outer orbitals. Therefore, the electron involve in the covalent gallium-
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nitrogen bond will be strongly attracted by the Coulomb potential of the N atomic nucleus. 

This implies the bond between gallium-nitrogen (or, generally, the group III metal atom 

and nitrogen) will have stronger iconicity than any other III-V covalent bond. This iconicity 

of the metal-nitrogen bond causes nanoscopic polarization and will result in a macroscopic 

polarization as large as 3 MV/cm, along the hexagonal c-axis, because the wurtzite GaN 

crystal has lack of inversion symmetry parallel to [0001] 21,22. As this polarization occurs 

absent any strain in the lattice and in equilibrium lattice conditions, this is said to be 

spontaneous. In the case of the AlGaN/GaN heterostructure, spontaneous polarization is 

more significant than the piezoelectric polarization. 22 

Spontaneous polarization is strongly affected by the non-ideality of a crystal 

structure. All four bonds in the tetrahedral structure have equal ionicity but only the bond 

along the hexagonal c-axis contribute to the spontaneous polarization because the other 

three are aligned in such a way that each counteract the effect of adjacent similar bonds 

and, therefore, no net polarization. 22 If the co /ao ratio decreases, e.g., co decreases and ao 

increases, the three bonds obtain a wider angle from the c-axis and their resultant dipole 

compensation decreases. All of these factors contribute to the increase in the macroscopic 

spontaneous polarization. Table 1.1 shows the non-ideality increase as the co /ao ratio shifts 

from the ideal value of 1.633. Spontaneous polarization increases going from GaN to AlN. 

As noted, the orientation of the polarization is positive pointing from the metal cation (Ga, 

Al, In) to nitride anion. Therefore, spontaneous polarization for Ga-face nitrides is 

negative, i.e. directed toward the substrate, while for N-face the direction is toward the 

surface of the layer sequence. 21,22 
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Table 1.1 Spontaneous polarization for different materials. 23 

Material AlN GaN InN 

co /ao 1.6010 1.6259 1.6116 

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

 

Figure 1.2 a) Crystal structure, polarization induced bound sheet charge, and spontaneous 

and piezoelectric polarization direction for both N-face and Ga-face. b) 2DEG formation 

in pseudomorphic GaN/AlGaN/GaN heterostructures with Ga-face and N-face polarity. 23 

1.1.2 Piezoelectric polarization: 

Due to the difference in lattice constant between AlN and GaN, a significant lattice 

mismatch takes place when AlGaN is grown on GaN. Strain is induced in the III-N crystal 

as a result of this lattice mismatch which results in a displacement of the anion-sublattice 
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to the cation-sublattice. The result of this phenomenon is an induced piezoelectric 

polarization. The piezoelectric tensor is comprised of three independent components (C6ν 

point group). 23,24 

 

The relevant relationship can be derived from two of these components which gives 

the piezoelectric polarization PPE as  

𝑃𝑃𝐸   =  𝑒33𝜀𝑧 +  𝜀11(𝜖𝑥 + 𝜖𝑦)            (1.1) 

Where 𝜖𝑧 = (c-co)/co is the strain along the c-axis, isotropic in plane strain, 

𝜖𝑥 = 𝜖𝑦 = (𝑎 − 𝑎𝑜), e33, e31 are the Piezoelectric coefficients, and a, c, are the 

lattice constants of the stained layer. The relation between lattice constants in the hexagonal 

AlGaN system is given by  

𝑐−𝑐0

𝑐0
= −2 

𝐶13

𝐶33
 
𝑎−𝑎0

𝑎0
  (1.2) 

Where C13 and C33 are elastic constants. Combining equation (1.1) and (1.2), the 

piezoelectric polarization along the hexagonal c-axis can be determined by, 

𝑃𝑃𝐸   = 2 
𝑎−𝑎0

𝑎0
 (e31 - e33

𝐶13

𝐶33
 . )      (1.3) 

From a microscopic point of view, a strain in the lattice parallel or perpendicular to 

the c-axis creates an internal displacement of the metal sublattice with respect to the 

nitrogen sublattice. 23 Piezoelectric polarization is positive for compressive strain and 

negative for tensile strained AlGaN layers. Therefore, the orientation of spontaneous 
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polarization and piezoelectric polarization is parallel in case of tensile strain and opposite 

of each other in case of compressive strain. Here, we are considering the case where the 

AlGaN barrier is grown on a GaN buffer layer and as a result the AlGaN barrier layer is 

grown under tensile strain. For a case like this as shown in Figure 1.2, the direction for 

spontaneous polarization and piezoelectric polarization is parallel to each other and the 

sum of both spontaneous and piezoelectric polarization gives the total polarization, 

𝑃 = 𝑃𝑃𝐸 +  𝑃𝑆𝑃   (1.4) 

As seen in Table 1.1, both the spontaneous and piezoelectric polarization increases 

from GaN to AlN, the total polarization for a strained (or even for unstrained) AlGaN layer 

has to be larger than that of a fully relaxed GaN buffer layer. As a result, both negative 

spontaneous polarization and negative piezoelectric polarization within the AlGaN layer 

under tensile strain points from nitrogen to the nearest neighbor metal atom (Ga or Al) 

along the hexagonal c-axis. As a result of all these factors, total polarization of both AlGaN 

and GaN layers act toward the substrate.   

Polarization induced charge density is determined by a gradient associated with the 

polarization in space and is defined as, 

𝜌𝑝 =  −∇ 𝑃               (1.5) 

In any top/bottom layer AlGaN/GaN or GaN/AlGaN heterostructure the 

polarization causes a fixed density of polarization charge and can be defined by, 

𝜎(𝑃𝑃𝑆 + 𝑃𝑃𝐸) = 𝑃(𝑏𝑜𝑡𝑡𝑜𝑚) − 𝑃(𝑡𝑜𝑝) 

 = {𝑃𝑃𝑆(𝑏𝑜𝑡𝑡𝑜𝑚) + 𝑃𝑃𝐸(𝑏𝑜𝑡𝑡𝑜𝑚)}−{𝑃𝑃𝑆(𝑡𝑜𝑝) + 𝑃𝑃𝐸(𝑡𝑜𝑝)} 
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= {𝑃𝑃𝐸(𝑏𝑜𝑡𝑡𝑜𝑚) − 𝑃𝑃𝐸(𝑡𝑜𝑝) } −{ 𝑃𝑃𝑆(𝑏𝑜𝑡𝑡𝑜𝑚) − 𝑃𝑃𝑆(𝑡𝑜𝑝) } 

=  𝜎(𝑃𝑃𝐸) +  𝜎( 𝑃𝑆𝑃)  (1.6) 

1.1.3 AlGaN/ GaN HEMT structure 

The AlGaN/GaN heterostructure is composed of two different bandgap materials 

stacked on top of each other, typically referred to as the barrier and channel layer, 

respectively. In general, a thin, strained and unintentionally doped AlGaN layer is grown 

on top of an unintentionally doped insulating GaN layer. The schematic diagram in Figure 

1.3 shows the basic single structure HEMT with its corresponding band diagram at flat 

band, or unbiased, condition. 

 

Figure 1.3 AlGaN/GaN HEMT structure showing polarization charge distributions at 

different interfaces and corresponding band diagram showing various charges at different 

interfaces, including the 2DEG at the AlGaN/GaN interface. 

AlGaN and GaN have inherent polarization effects. Therefore, a high polarization 

induced electric field is generated in the AlGaN barrier layer for Ga-face crystal and the 

top surface donor state at the top interface would donate the electrons to form a 2DEG at 

the AlGaN/GaN heterojunction without any bias applied to the gate. 25 Therefore devices 

produced therein are normally ON.    
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1.2 Metal organic chemical vapor deposition system for III-Nitride deposition 

Metal organic chemical vapor deposition (MOCVD) is a non-equilibrium 

semiconductor film deposition technique which involves gas phase transport of 

organometallic precursors (OM), hydrides (the nitrogen source, such as ammonia) and 

carrier gases onto a heated substrate where the precursors are pyrolyzed and film is 

deposited24. MOCVD growth has very complex growth chemistry and the growth is also 

influenced by the reactor’s flow dynamics, especially the reactor chamber geometry. 

MOCVD reactor system design requires simultaneous considerations of thermodynamics 

and kinetics because they critically affect the structural, electronic and optical properties 

of grown thin films, as well as uniformity, controllability and run-to-run repeatability of 

the growth process26.  

The basic MOCVD reactor must have three major components as shown in Figure 

1.4 (a): (i) the gas delivery system, (ii) the reactor growth chamber and (iii) exhaust system.  

The detailed chemical reactions involve in a MOCVD process are very complicated 

in nature. However, the process can be represented by a very simple formula for a reaction 

of III-V employing metal-organic precursors (R3M) and hydride precursors26, 

 𝑅3𝑀(𝑔) + 𝐸𝐻3(𝑔) → 𝑀𝐸(𝑠) + 3𝑅𝐻 ↑ (𝑔) (2.1) 

where M is a Group III metal atom, e.g., Ga, Al or In; R is an organic radical, typically 

CH3(methyl) or C2H5 (ethyl); E is a Group V atom e.g., As, P or N; and H is atomic 

hydrogen. The main difference of MOCVD compared to other CVD processes stems from 

the use of organometallic precursors. Compound semiconductors such as GaN, AlN and 

their alloys can be grown by MOCVD by using precisely controlled mass flow controllers 

(MFCs) and pressure controller (PCs). A simplified schematic diagram of a basic MOCVD 
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system and its various parts are shown in Figure 1.4 For a III-Nitride MOCVD system, 

precursors and their transport system are completely different than a conventional CVD 

process. MOCVD of III-V compound semiconductors generally employs mixtures of 

Group III metal-organic and Group V hydride precursors in a carrier gas. Typical carrier 

gases are H2, N2, or a mixture of H2 and N2, and the precursors are transported by the one 

or more carrier gases and injected into an open-tube process chamber26.  

 

Figure 1.4 (a) General schematic diagram of an MOCVD system showing the main 

components only. 26 (b) Schematic diagram of a bubbler used for organometallic 

precursors and (c) run vent manifold used for MOCVD reactor 27.     

 

The most common OM precursors used for MOCVD are trimethylaluminum 

(TMA) (liquid at room temperature), trimethylgallium (TMG) (liquid at room 

temperature), and trimethylindium (TMI) (solid at room temperature). The OM precursors 

come in a sealed metal container because of their pyrophoric nature. The special metal 
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container is called a ‘bubbler’ as shown in Figure 1.4 (b) Since OM precursors are either 

liquid or solid at room temperature, they are kept in temperature-controlled baths and a 

carrier gas is flowed into the bubbler where it enters through a dip tube submerged in the 

OM. After the carrier gas bubbles through the OM liquid precursors, they become saturated 

based on the vapor phase of the OM above the liquid surface.  Unless the gas flow rate is 

too high, the bubbling action sets up an equilibrium between the condensed phase and the 

vapor phase. 

For typical III-Nitride growth via MOCVD, multiple layers of materials are 

deposited and abrupt interfaces between layers is necessary to realize III-Nitrides 

heterostructures. The flow from the bubbler to the reactor is, therefore, controlled in a 

precise way by linking a normally closed valve to a normally open valve in a configuration 

known as a run/vent manifold illustrated Figure 1.4 (c). Initially, the flow is directed to the 

vent line which bypasses the reactor and valves are activated when flow to the reactor is 

required27. In the switching manifold, the individual precursor gas flows are switched, 

combined and routed into either the growth chamber or the vent (exhaust) line, while 

maintaining a differential pressure of nearly zero between the ‘‘run’’ and ‘‘vent’’ line so 

that the gas flow switching transient is minimized and does not affect the growth process26. 

More details of the MOCVD process with mass flow calculations, OM and reactor design 

are found elsewhere.26 
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Figure 1.5 Various parts of the MOCVD reactor at Texas State. (a) Main deposition 

chamber, (b) bubblers and associated MFCs and PCs, and (c) magnified view of the 

hydrogen purifier.  

The Texas State MOCVD reactor used for this dissertation research is shown in 

Figure 1.5 which was donated by M/A-Com Inc. and was installed in 2014.  This reactor 

was in production before being decommissioned in 2014.  As seen from the images, the 

design is much more complex than the simple schematics shown in Figure 1.5. The main 

chamber and load lock is seen in Figure 1.5 (a) along with pyrometer, gas lines and 

electrical feed through. The bubblers and purifier, as seen in Figure 1.5 (b) and (c), are 

connected to the main chamber through the run/vent manifold via MFCs and PCs. The 
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ammonia, silane, nitrogen and hydrogen gas cylinders are stored in separate gas cabinets. 

Each gas storage unit has adequate safety systems involving the metallic case and exhaust 

system with sensors to detect leaks. Hydrogen is used as the carrier gas and nitrogen is 

used for purging. Hydrogen, nitrogen, and ammonia are delivered in high pressure 

cylinders. The growth parameters for various nitride semiconductors are different in terms 

of V/III gas phase ratio, pressure and temperature. A baseline AlGaN/GaN HEMT on Si 

recipe is generally employed and includes a thin (< 1 nm) AlN profile layer at the 

AlGaN/GaN interface, a growth temperature of ~1020 °C and a chamber pressure between 

30 and 100 Torr.   

To optimize the growth of in-situ SiNx on the baseline AlGaN/GaN HEMT, first a 

200 ppm 6N pure SiH4 in H2 cylinder was used as the Si precursor. After initial 

experiments, higher SiH4 concentration was needed and a 2 % SiH4 in H2 cylinder was 

installed. Due to environmental restrictions we kept the SiH4 concentration to less than 4 

% to minimize the complexity of handling hazardous gases. Details of the experimental 

growth process is described later. 
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 STRUCTURAL CHARACTERIZATION OF OF AlGaN/GaN HEMT BY 

XRD 

2.1 Introduction  

X-ray diffraction (XRD) is a non-destructive technique widely used to determine 

different structural parameters such as thickness, interplanar spacing (and, thereby, lattice 

parameters; in-plane and out-of-plane), stress-strain state, composition of alloys and defect 

densities. For the III-Nitrides, single crystal large area homo-substrates (AlN or GaN) are 

only available in small size and low quantity and are, thus, highly priced. Thus, the typical 

choice of growing III-Nitrides is to use a foreign substrate such as silicon, sapphire, or 

silicon carbide24. Among these choices, GaN on Si is widely used due to its availability as 

a large area substrate compared to sapphire or SiC and most importantly, due to low-cost 

and processability. Due to the high lattice mismatch (17% between GaN and Si (REF)) and 

difference in thermal expansion coefficients (TEC) (as high as 56%), heteroepitaxial 

growth typically results in high levels of film strain, defect formation (unintentional 

doping,  point defects) and generation of extended defects such as stacking faults and 

dislocations22,28.  

The typical epitaxial sequence of growing GaN on Si starts with an AlN nucleation 

layer, which not only provides lower strain with Si, owing to its closer lattice match with 

Si compared to GaN, but also prevents the Ga-Si eutectic phase transformation24. AlN has 

a lattice constant smaller that GaN which provides compressive strain to the GaN layer 

grown above the AlN nucleation layer, this compressive strain balances the tensile strain 

which occurs during cool down from the growth temperature to room temperature due to 

the difference in TEC between GaN and Si29.  
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Determining the lattice parameters for III-Nitrides (such as alloy composition and 

lattice strain) via XRD measurement is challenging for various reasons. The first difficulty 

arises from the fact that the reported reference cell parameters and elastic constants have a 

wide range of values29. Therefore, the choice of the set of cell parameters impacts the 

determined lattice parameters.  

The second problem is to select an appropriate reference for comparing 

measurements. For a precise measurement, the substrate is typically used as a reference to 

minimize errors. III-nitride semiconductors are typically grown on Si (111), SiC and 

Sapphire (0001). In the case of III-nitride growth on a sapphire substrate, there is a 30° in-

plane rotation between the substrate and epilayer30.  For GaN on Si, the substrate and epi-

layer peaks are widely separated. Furthermore, for asymmetric reflections, the epi-GaN (h 

k l) and substrate Si (h k l) are not in the same plane. Therefore, it is very challenging to 

use the substrate as the reference for asymmetric scans for heteroepitaxial III-Nitride layers 

on silicon. Finally, again, due to the lattice mismatch and TEC difference in all the 

transition and buffer layers, such as AlN, GaN or any of their alloys (AlxGa1-xN), there 

exists some degree of residual stress31. So, taking an epilayer as a reference is not 

appropriate.  Therefore, the reference choice of either partially relaxed AlxGa1-xN, GaN or 

the substrate as a reference comes with pros and cons.  

Choosing Si as the reference has some advantages, especially that its lattice 

parameters and elastic constants are well established. By choosing an appropriate 

asymmetric reflection, for example, around the GaN (10-14) plane which is in the vicinity 

of Si (313) as reported by Kadir et al.30, one can calculate both reference and epi-layer 

lattice parameters within a single scan. Although Si has well-established lattice parameters 
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and elastic constants, due to intentional and/or unintentional substrate miscut, III-nitride 

crystallographic tilt has been observed on Si(111) substrates32,33. H. Liu et al. showed that 

having a tilt of 0.2° can cause a change of 0.029 Å to the lattice constant of a relaxed GaN 

layer which could lead to an inaccuracy of Δεxx = 0.92 % in the in-plane strain measurement 

which is greater than the largest in-plane strain in the structure (typically AlN)34. On the 

other hand, GaN is on the same azimuth as AlN and AlGaN, so there is no crystallographic 

tilt between GaN and AlN (or AlGaN), Thus, GaN is the more reliable reference and is 

widely used for strain measurements for GaN-on-Si, GaN-on-SiC and sapphire29,32,35.  

One can try to compensate for the residual strain issue by choosing a strain invariant 

reflection plane such as reported by Wallis et al.31 They determined strain invariant 

asymmetric reflection planes, such as GaN (20-24) and GaN (20-25), from the relationship,  

𝛿𝑑

𝑑
=  

𝛿𝑎

𝑎
(1 − (

1+𝜈

1−𝜈
) 𝑐𝑜𝑠2(𝜃)) (2.1) 

Where  is Poisson’s ratio and θ is the angle between the epilayer normal, typically 

(0001), and the asymmetric (h k l) reflection. When 1 − (
1+𝜈

1−𝜈
) 𝑐𝑜𝑠2(𝜃) = 0, the d spacing 

is no longer affected by the biaxial strain. The determination of plane direction depends on 

Poisson’s ratio and reported values do vary depending on the material quality and growth 

conditions. These sources of variation must be considered when measuring composition. 

From the discussion above, using symmetric and asymmetric diffraction, composition and 

stress-strain states of III-Nitride layers have been evaluated. In most of the reports, 

however, the AlGaN layers used to determine composition and strain have been sufficiently 

thick and, hence, relaxed. 30,31 S.K. Jana reported detailed HRXRD studies of 

AlGaN/InGaN/GaN heterostructures with a 20 nm AlGaN layer grown on sapphire36 but 
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didn’t compare all the possible reflection combinations. S Maglhaes et. al. reported on the 

determination of Al composition in AlInGaN-GaN-sapphire by HRXRD and compared 

with other techniques like Rutherford back scattering (RBS) and atom probe tomography 

(APT), but the HRXRD analysis was, again, limited. Therefore, to date, there has not been 

a detailed HRXRD analysis of fully strained AlGaN/GaN on Si where the effect of the 

different choices of asymmetric reflections on the determination of Al composition for 

fully strained pseudomorphically grown (>20 nm) AlGaN barrier layer has been assessed. 

This chapter reviews the previously determined methods and compares the different 

reflection plane choices and suggests a more suitable method of determining the 

composition and stress-strain state of a fully pseudomorphically strained AlGaN barrier 

layer. 

2.2 Experimental Details:  

GaN(cap)/AlGaN(barrier)/AlN(profile)/GaN(buffer) HEMT structures with three 

different transition layer schemes were grown using a custom-built cold wall, shower head 

MOCVD system on low resistivity (40 Ω-cm) on-axis Si(111) substrates. Trimethylgallium 

(TMGa), Trimethylaluminium (TMAl) and Ammonia (NH3) were used as precursors with 

H2 as the carrier gas. For each of the three growth schemes, growth was initiated using AlN 

as a nucleation layer on Si to avoid Ga and Si eutectic phase formation. Subsequent AlxGa1-

xN transition layers were grown to compensate for thermal expansion mismatch and lattice 

mismatch. For sample SG1, two-step graded transition layers with x = 0.51 for transition 

layer one (TL1) and x = 0.26 for transition layer two (TL2) were used. For sample SG2, 

one additional transition layer with x = 0.75 was added to the transition layers of SG1 to 

additionally compensate the TEC and lattice mismatches. Finally, a third sample, CG, 
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contains a continuous graded transition layer where the Al composition is varied from 

100% to 0% (i.e., AlN to GaN) within the transition layer thickness. Figure 2.1(a)-(c) 

illustrates the three experimental structures. An 870 nm thick unintentionally doped GaN 

buffer layer was grown on the transition layers (SG1, SG2, and CG).  The device layers 

included a 1.5 nm AlN profile, a 20 nm strained Al0.26Ga0.74N barrier layer and, finally, a 

~ 1.5 nm GaN cap, all grown at 1020 °C with a chamber pressure of 100 Torr.  

X-ray reflectometry (XRR) of the AlGaN/GaN was performed using a Bruker 

SmartLab 3kW system to determine the thickness of the top active layers. A two-bounce 

Ge (220) X2 monochromator with a 1D HyPix detector was used for HRXRD reciprocal 

space mapping (RSM) around the GaN asymmetric (10-14), (10-15) and symmetric (0002) 

planes to determine the stress and composition of the constituent layers. The measurements 

were performed using grazing exit (GE) geometry to minimize instrument induced 

aberration. For the GaN (20-25) reflection a two-bounce Ge (220) X2 monochromator on 

the incident side was used, coupled with a two-bounce Ge (220) X2 analyzer on the receiver 

side and 0D detector to enable measuring the high angles of the 2nd order diffraction peaks. 

The measurements were performed using a grazing incident (GI) geometry. For all of these 

measurements, the sample tilt axis (χ) to the surface normal was kept at (χ = 0), and the 

asymmetric reciprocal points were accessed by compensating the incident angle, ω, 

accordingly, as discussed below. A Bruker Dimension ICON system was used in tapping 

mode for AFM measurements of the HEMT surface. Visible (532 nm) micro-Raman 

measurements were performed to assess the structural and interface properties of the III-

Nitride layers.37 Bulk samples were used to determine the GaN (TDI, Inc.) and AlN 
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(Crystal IS) reference phonon energies. Further details of the measurements can be found 

elsewhere.37,38 

 

Figure 2.1 Schematic diagram of the AlGaN/GaN HEMT structures with different 

transition layer combinations. (a) Two-step graded transition layer (SG1), (b) three-step 

graded transition layers (SG2), and (c) continuous graded transition layers (CG). 

2.2.1 XRD fundamentals  

X-ray diffraction involves probing a crystal with x-ray radiation which has a 

wavelength (λ) with the same order of magnitude as the lattice spacing (d) of the crystal as 

represented in Figure 2.2. X-rays are produced by bombarding a metal (typically Cu) with 

energetic electrons in a vacuum tube and, typically, monochromatic x-rays are selected. 

The electron cloud surrounding each atom in the crystal scatters the x-rays. When the path 

difference between the incident and diffracted beams is an integer multiple of the 

wavelength (nλ), there will be constructive interference, and the diffracted intensity will be 

maximum. This is the basis of Bragg’s law, and it relates the lattice spacing (d) between 

the planes of atoms where diffraction is occurring to the angle (θ) which is the angle 

between the incident and outgoing beams to the plane of atoms. For a monochromatic x-

ray beam, according to Bragg’s law, constructive interference should follow, 
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𝑛𝜆 = 2𝑑𝑆𝑖𝑛θ        (2.2) 

Experimentally, using a diffractometer, the angle 2θ is measured, and n is the order 

of the diffraction peak. The crystal works as a 3D diffraction grating. So, if the sample or 

the diffractometer is moved, a 3D array of diffraction maxima can be probed. Each set of 

crystal planes will produce a diffraction spot; the position and shapes of the diffraction 

spots are inversely related to the spacing of the planes and size of the crystallites. The 

crystal spacing is related to the real space and the diffraction spots with reciprocal space, 

thereby forming a 3D reciprocal lattice. In reciprocal space, each spot represents a crystal 

plane. To construct a reciprocal lattice from a crystal, each point associated with each 

lattice plane are plotted. This is done by choosing an origin and drawing a vector, Q, which 

is pointed outward from the origin and in the direction of the normal of that particular set 

of crystal planes. The magnitude of this vector, |Q| = 1/d, where d is the interplanar lattice 

spacing29. To construct the whole space, a point is plotted at the endpoint of the vector and 

is repeated for each set of planes until an entire reciprocal space has been created. 

Consequently, the direction remains the same in both real and reciprocal space, but 

distances are inverted. For example, in reciprocal lattice space in Figure 2.3, if, for 

instance, there is an increase in in-plane strain, it will cause the out of plane (0002) 

interplanar distance in the GaN lattice to decrease; i.e., shift toward the origin (following 

the crystals Poisson response).  

Diffraction spots in 3D reciprocal space are shown in Figure 2.3, where the 

scattering vector Q = Kh-K0, where Kh, and K0 are incident and diffracted beams, 

respectively. The scattering vector, Q, can be a ‘probe’ used to evaluate reciprocal lattice, 

and its length can be altered by changing the angle 2θ. By varying ω, the angle at which 
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the incident beam meets a crystal plane, a different direction and orientation of Q can be 

probed. For a plane that is not parallel to the substrate, the value of ω would differ from 

that of θ.  Therefore, it is useful to think of the reciprocal space always following the real 

crystal and if the crystal is moved with respect to the incident beam, so does the reciprocal 

space, accordingly. Therefore, different areas of reciprocal space can be investigated, either 

by altering the crystal orientation or by changing the length of the probe, S, by changing 

the angles ω and 2θ. 29 

Figure 2.2  Schematic of x-ray diffraction. (a) Requirement for Bragg diffraction. (b) 

Relationship between incident (K0) and diffracted (Kh) beam to the diffraction vector, Q. 

Dotted lines represent the atomic planes which may not be parallel to the sample surface. 

Figure 2 is recreated from an earlier report by Moram et al. 29 

The Ewald sphere construction is often used to illustrate reciprocal space, as shown 

in Figure 2.3. The same vectors are shown along with a sphere of radius 1/λ (centered at 

the start of the incident beam vector, k0). This sphere shows which part of reciprocal space 

can be explored with Q, for a given wavelength λ and angle θ. As θ increases, the length 

of the scattering vector, Q, increases up to a maximum possible length of 2/λ (i.e., twice 
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the length of the incident vector k0). Where the sphere touches a spot, diffraction occurs. 

For a reciprocal lattice space such as represented in Figure 2. 3, not all the points can be 

accessed. For a given λ and maximum θ value, the indicated outer circle limits the 

accessible points.  

On the other hand, an offset in ω can be applied (offset = θ ± φ), but the grey areas 

indicated in Figure 2.3 are the regions where the sample itself will block the incident or 

the outgoing beam. However, if an alternate geometry can be used, then the shaded region 

may be accessible through transmission geometry (i.e., through the sample crystal). Most 

commonly, to access spots that are out of the page, as indicated in Figure 2.4, the sample 

is rotated 90° about φ, and a χ offset is used to give a skew symmetry. For any asymmetric 

lattice point for which θ ≠ ω, an appropriate ω can be achieved by either changing ω by 

adding the angle between the surface normal of the epilayer to the surface normal of the 

asymmetric plane, φ. This can be done by either keeping the incident angle ω = θ but 

adjusting χ by χ = φ or keeping χ = 0 but adjusting the ω as ωi = θ+ φ, known as grazing 

exit geometry (GE), or ωe = θ- φ. known as grazing-incident geometry (GI). These offsets 

are calculated using standard equations for interplanar angles ϕ and interplanar distance39 

d as represented in Table 2.1. (h'i'k'l') are the corresponding Miller indices for the 

associated asymmetric planes and d' (h'i'k'l') is the interplanar distance.  

GE vs. GI geometry is also equivalent to mirror planes, for example, (10-14) to (-

1014)39. Either geometry may be used and the choice depends on the measurement set-up 

because, depending on the incident angle, the x-ray beam penetration in the sample is 

different40 and the diffracted beam could be either broadened or shortened.  29 40 
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Figure 2.3 A section through reciprocal space for [0001] oriented GaN. The shaded 

regions are reciprocal spaces where the beam are blocked. K0 and Kh have a length of 

(1/λ), where λ is the x-ray wavelength. The figure is recreated from Moram et al.29 

 

Figure 2.4 Various diffraction geometries. The figure is recreated from Moram et al.29 
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Table 2.1 Calculated Bragg’s angles (2θ) for different accessible asymmetric planes, 

corresponding inclination angles (ϕ) from the surface normal, and calculated symmetric 

& asymmetric incident angles ωi= θ+ϕ & ωe= θ-ϕ for grazing exit (GE) and grazing 

incident (GI) geometry.  

  

Interplanar 
Angle Bragg Angle 

Symmetric 

Incident 
Angle GE GI 

(h'i’k’l’) d’(h' i’ k' l') ϕ 2θ θ = ω ωi= θ+ϕ ωe= θ-ϕ 

1 0 -1 4 0.1174 25.14 82.03 41.15 66.16 15.87 

1 0 -1 5 0.0971 20.58 104.97 52,49 73.07 31.90 

1 0 -1 6 0.0825 17.37 138.04 69.02 86.39 51.64 

2 0 -2 4 0.0945 43.19 109.14 54.56 97.76 11.37 

2 0-2 5 0.0829 36.91 136.46 68.23 105.14 31.32 

1 1 0 4 0.1006 39.11 99.92 49.46 89.07 10.85 

0 0 0 2 0.2592 0 0  0 0 

 

2.2.2 Determination of AlN composition in AlxGa1-xN for partially- or fully-strained 

layers   

Typically, RSM data are presented in a contour representation of diffraction 

intensity in reciprocal space coordinates, Q(hkl)z and Q(hkl)x. Peak positions in this coordinate 

system are readily converted into interplanar spacing (dz, dx), and, hence, the lattice 

constants (c, a). The reciprocal lattice vector Q(hkl) for a given hkl plane is defined in terms 

of interplanar spacing dhkl and lattice parameters a and c as follows, 

𝑄(ℎ𝑘𝑙) =
1

𝑑ℎ𝑘𝑙
 =  √

4(ℎ2+𝑘2+ℎ𝑘)

3𝑎2 +
𝑙2

𝑐2                                                                                                          (2.3) 

Now, for a given reciprocal lattice point with hkl index, the out-of-plane (along c-axis) and 

in-place (along a-axis) reciprocal lattice vectors can be expressed as, 

𝑄(ℎ𝑘0)x =
1

𝑑(ℎ𝑘𝑙)𝑥
 =  √

4(ℎ2+𝑘2+ℎ𝑘)

3𝑎2                                                                                                             (2.4) 
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And  

𝑄(00𝑙)z =
1

𝑑(ℎ𝑘𝑙)𝑧
 =  

𝑙

𝑐
                                                                                                                                       (2.5) 

Thus, symmetric GaN (0002) and asymmetric (10-14), (10-15) and (20-25) reflections can 

be expressed as, 

𝑄(104)x =
1

𝑑(100)𝑥
 =  

2

√3

1

𝑎
                                                                                                                                (2.6) 

𝑄(104)z =
1

𝑑(004)𝑧
 =  

4

𝑐
          (2.7) 

𝑄(105)x =
1

𝑑(100)𝑥
 =  

2

√3

1

𝑎
                                                                                                                                (2.8) 

𝑄(105)z =
1

𝑑(005)𝑧
 =  

5

𝑐
       (2.9) 

𝑄(205)x =
1

𝑑(200)𝑥
 =  

4

√3

1

𝑎
                                                                                                                             (2.10) 

𝑄(205)z =
1

𝑑(005)𝑧
 =  

5

𝑐
          (2.11) 

𝑄(002)z =
1

𝑑(002)𝑧
 =  

2

𝑐
        (2.12)         

From the above expressions, the a and c lattice constants can be determined for all epitaxial 

Al(Ga)N layers including AlN and GaN using 𝑄(ℎ 𝑘 𝑙 )x, and 𝑄(ℎ𝑘𝑙)z coordinates.                                                                                                           

For unstrained or partially strained thick (> critical thickness) AlxGa1-xN layers, such as 

TL1 and TL2, a single diffraction measurement, e.g. c lattice constant, and Vegard’s Law41 

are sufficient for determining the AlN composition (x).  Vegard’s law 41 states that the 

lattice parameter of any alloy will vary linearly between the end constituents. To find 𝑥 =

𝐴𝑙%, the a and c lattice parameters, according to Vegard’s law, are 
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𝑐𝐴𝑙𝐺𝑎𝑁(𝑥) = 𝑥𝑐𝐴𝑙𝑁 + (1 − 𝑥)𝑐𝐺𝑎𝑁  (2.13) 

Or  𝑥 =  
𝑐𝐴𝑙𝐺𝑎𝑁−𝑐𝐺𝑎𝑁

𝑐𝐴𝑙𝑁− 𝑐𝐺𝑎𝑁
  (2.14) 

With this equation, one can easily solve for x, given that the lattice parameters for fully 

relaxed GaN, AlN (𝑐𝐴𝑙𝑁, 𝑐𝐺𝑎𝑁 & 𝑎𝐴𝑙𝑁 , 𝑎𝐺𝑎𝑁) and AlGaN layers (𝑐𝐺𝑎𝑁 & 𝑎𝐴𝑙𝑁) are 

measured. Vegard’s law is reliable for theses alloys since the lattice mismatch between 

AlN and GaN is less than 2%.29  

Uniaxial strain can be calculated from the following equations, 

In-plane strain,                             𝜀𝑥𝑥 =
(𝑎𝑚−𝑎0 )

𝑎0 
   (2.15) 

Out of plane strain,                    𝜀𝑧𝑧 =
(𝑐𝑚−𝑐0 )

𝑐0 
  (2.16) 

Here, 𝑎0 , and 𝑐0  are the relaxed lattice constants from literature, given in Table 2.2, and 

𝑎𝑚 and  𝑐𝑚  are the measured lattice parameters from HRXRD. 

For a fully strained AlxGa(1-x)N layer, where 𝑥 is unknown, and using Vegard’s Law to 

express the relaxed alloy lattice parameters and elastic constants (𝐶𝑖𝑗), the in-plane and out-

of-plane strain relation can be written as,42,36 

𝜀𝑧𝑧 = −𝐷 × 𝜀𝑥𝑥   (2.17) 

𝜀𝑧𝑧 = −
2𝜈

1−𝜈
𝜀𝑥𝑥 = −(

2𝐶13

𝐶33
) × 𝜀𝑥𝑥  (2.18) 

The above relationship can be rewritten as follows,  

𝑐𝑚(𝑥)−𝑐0(𝑥)

𝑐0(𝑥)
=

−2𝐶13

𝐶33
×

𝑎𝑚(𝑥)−𝑎0(𝑥)

𝑎0(𝑥)
= −

2𝑣(𝑥)

1−𝑣(𝑥)
×

𝑎𝑚(𝑥)−𝑎0(𝑥)

𝑎0(𝑥)
, (2.19) 
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Here, “𝑐(𝑥)” and “𝑎(𝑥)” are the c-axis and a-axis lattice parameters, respectively. The 

subscripts “𝑚” and “0” refer to the measured and relaxed lattice parameters, respectively. 

𝑣 is Poisson’s ratio,  𝐶13 and 𝐶33 are the components of the elastic stiffness tensors.  

Where,  

𝑣(𝑥) = 𝑥𝑣𝐴𝑙𝑁 + (1 − 𝑥)𝑣𝐺𝑎𝑁                                                                                                              (2.20) 

𝐶0(𝑥) = 𝑥𝐶0
𝐴𝑙𝑁 + (1 − 𝑥)𝐶0

𝐺𝑎𝑁  (2.21) 

𝑎0(𝑥) = 𝑥𝑎0
𝐴𝑙𝑁 + (1 − 𝑥)𝑎0

𝐺𝑎𝑁 (2.22) 

𝑐𝑚(𝑥)−[𝑥𝐶0
𝐴𝑙𝑁+(1−𝑥).𝐶0

𝐺𝑎𝑁]

[𝑥𝐶0
𝐴𝑙𝑁+(1−𝑥).𝐶0

𝐺𝑎𝑁]
=

−2[𝑥𝐶13
𝐴𝑙𝑁+(1−𝑥).𝐶13

𝐺𝑎𝑁]

[𝑥𝐶33
𝐴𝑙𝑁+(1−𝑥).𝐶33

𝐺𝑎𝑁]
×

𝑎𝑚(𝑥)−[𝑥𝑎0
𝐴𝑙𝑁+(1−𝑥).𝑎0

𝐺𝑎𝑁]

[𝑥𝑎0
𝐴𝑙𝑁+(1−𝑥).𝑎0

𝐺𝑎𝑁]
,                                    

(2.23) 

By considering x as a rational fraction, the above equations reduce to a simple third order 

polynomial as, 

𝐴𝑥3 + 𝐵𝑥2 + 𝐶𝑥 + 𝐷 = 0,                                                                                                                 (2.24) 

Where, A, B, C, and D are coefficients. 

The measured lattice parameters 𝑐𝑚(𝑥) were determined from RSM around the 

GaN (0002) reflection and lattice parameters 𝑎𝑚(𝑥) from RSM around the GaN (10-14), 

(10-15) and (20-25) reflections. (For examples, refer to Figures 2.8-2.10.) By solving Eq. 

(2.24), the AlN mole fraction for the fully strained AlGaN barrier layer can be determined. 
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Table 2.2 Relaxed lattice parameters for AlN and GaN and corresponding elastic 

constants.43 

 a0 c0 C13 C33 C11 C12 Poisson’

s ratio 

GaN 3.189 5.186 106 ± 20 398 ± 20 390 ±15 145 ± 20 0.210 

AlN 3.112 4.982 108 ± 5 373 ± 10 396 ± 10 137 ± 10 0.224 

 

2.2.3 Bi-axial stress from HRXRD  

By determining the exact 𝑥 value for the strained barrier layer, 𝜀𝑥𝑥 and 𝜀𝑧𝑧 can be 

determined. Strain in III-Nitride layers may be composed of hydrostatic (𝜀ℎ) and biaxial 

(𝜀𝑖𝑖
𝑏) components36,44,45, where i represents direction; x or z. Due to the significantly 

different covalent radii of the Ga and the N atoms, GaN is prone to native defect 

formation.44 It is well known that GaN-on-Si grown by MOCVD contains a significant 

concentration of point defects which can affect the lattice parameters through local 

expansion or contraction (depending on the density and types of point defects), thereby 

causing hydrostatic strain in the crystal.46 The hydrostatic strain can be quantified using 

 𝜀ℎ =
∆𝑐

𝑐0
=

∆𝑎

𝑎0
 = 𝑏𝐶, where 𝑏 is an expansion (contraction) factor for an individual defect 

and 𝐶 is their concentration.44 For heterostructure epitaxial growth (e.g., AlGaN/GaN on 

Si or diamond on GaN) biaxial strain is induced in the Al(Ga)N layers due to the lattice 

mismatch between layers and different TECs.42,44,46 Therefore, to better understand the true 

nature of the strain and the material quality before and after diamond growth, these strain 

components are considered. Uniaxial in-plane and out-of-plane strain can be expressed as 

a linear combination of biaxial strains (𝜀𝑧𝑧
𝑏 , 𝜀𝑥𝑥

𝑏 ), along c and a directions, respectively, and 

hydrostatic strain 𝜀ℎ as follows [38],[40],  

 𝜀𝑧𝑧 = 𝜀𝑧𝑧
𝑏 + 𝜀ℎ   (2.23) 
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 𝜀𝑥𝑥 = 𝜀𝑥𝑥
𝑏 + 𝜀ℎ  (2.24) 

Considering both biaxial and hydrostatic strain contributions, the strain relation can be 

rewritten as follows,44 

  𝜀𝑧𝑧 =
𝑐−(𝑐0−∆𝑐)

𝑐0−∆𝑐
 , and  (2.25) 

 𝜀𝑥𝑥 =
𝑎−(𝑎0−∆𝑎)

𝑎0−∆𝑎
  (2.26) 

From the strain relation and rearranging the above equation, the hydrostatic strain can be 

expressed in terms of uniaxial strain and Poisson’s ratio by the following expression, 

 𝜀ℎ =  
1−𝑣

1+𝑣
(𝜀𝑧𝑧 +

2𝑣

1−𝑣
𝜀𝑥𝑥  ). (2.27) 

Using the lattice parameters and elastic constants shown in Table 2.2, the strains are 

evaluated for sample SG1, SG2 & CG. The corresponding in-plane biaxial stress 𝜎𝑏𝑠 in the 

III-Nitride layers can be expressed in terms of biaxial strain and biaxial elastic modulus, 

 𝑀𝑓 = 𝐶11 + 𝐶12 − 2
𝐶13

2

𝐶33
 

 𝜎𝑏𝑠 = 𝑀𝑓𝜀𝑥𝑥
𝑏  (2.28) 

Here, 𝐶𝑖𝑗 are the elastic constants of the corresponding III-Nitride layers. 

2.2.4 Bi-axial Stress from Raman 

The 𝐸2 
2  peak positions in GaN and AlN layers are sensitive to stress37,44. GaN is 

transparent to visible light and as such, excitation from the 532 nm visible laser provides 

an average stress profile for the entire GaN buffer layer. Peak positions (ω) and line width 

are determined by fitting the data using a Lorentzian function. Relaxed GaN and AlN 
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reference peaks are determined to be GaN 𝐸2 
2  ω0 = 568.24 cm-1 and AlN 𝐸2 

2  ω0 = 656.72 

cm-1.  Biaxial stress 𝜎𝑥𝑥 values are determined using the following equation37 

𝜎𝑥𝑥 = 𝛥𝜔/𝐾𝑅 = (𝜔 − 𝜔0)/𝐾𝑅 (2.29) 

where, 𝐾𝑅 is the Raman stress factor. For the 𝐸2 
2  phonon, 𝐾  𝑅

𝐸2
2

= −3.4 ± 0.3 cm-1/GPa 

was used 4849. Table 2.4 tabulates the residual biaxial stress along the a-axis in the GaN 

and AlN layers.  

2.3 Results and Discussion 

To evaluate the AlGaN/GaN HEMT surface morphology grown with different 

transition layer schemes tapping mode AFM was performed, as shown in Figure 2.5. 

Figure 2.5(a) shows the top GaN (cap) surface morphology with the two-step graded 

transition layer (SG1), (b) shows the surface of SG2 sample and (c) shows the surface 

morphology of continuous graded (CG) transition layers. Characteristic AlGaN/GaN 

HEMT morphology is observed. The RMS roughness from these 1 μm x 1 μm scans are 

0.20 nm for SG1 and SG2, and 0.15 nm for CG. Further comparative analysis of the AFM 

data indicates that adding the extra transition layer in SG2 has reduced the surface pitting 

texture. Furthermore, for the CG transition layers, the defects are minimum. This could be 

due to the additional transition layers providing better TEC and lattice mismatch and, 

thereby, better accommodating the strain which would result in less strain in the GaN buffer 

layer thereby reducing the dislocation defects threading from the buffer.   

Figure 2.6 shows the specular XRR reflection spectra for the AlGaN/GaN 

heterostructures.  For samples SG1, SG2, and CG, well defined periodic Kiessing fringes 

are observed. 29  Since periodicity of the fringes directly relates to the thickness of each 
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constituent layer, a Fast Fourier Transform (FFT) of e spectrum resolves the individual 

contribution of each layer.  Using Riguaku’s GlobalFit software, which incorporates both 

optimization (Extended Fourier Transform) and refinement (least-square) of the layer 

parameters, thicknesses, interface roughness, and material density of each layer is 

estimated.50 The thickness of the barrier layers was found to be 17 ± 1 nm for SG1 and 18 

± 1 nm for both SG2 and CG.  All samples exhibit identical peak reflection intensities 

which indicates the surface layers are comprised of substantially the same material.  

Figure 2.5 Measured and simulated grazing incidence Figure 2.6 2D AFM images of 1 

μm x 1 μGaN/(cap)AlGaN(barrier)/AlN(profile)/GaN(buffer) surface confirming the 

smooth GaN cap surface with atomic step flow 

For high-performance AlGaN/GaN HEMTs, it is highly beneficial that the GaN buffer 

layer is strain free and fully relaxed. For heteroepitaxial growth of GaN-on-Si, the 

challenge is to minimize the TEC mismatch and lattice mismatch between the AlN 

nucleation layer to the GaN buffer layer. A smooth, continuous transition from the 

nucleation layer to the GaN buffer should reduce the strain in GaN thereby ensuring the 

strain-free buffer layer. To measure the impact of the different transition layer schemes 

on the AlGaN/GaN HEMT in view of the stress-strain state of the GaN buffer, HRXRD 

based RSM was performed. x-ray reflectivity data for the three experimental transition 
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layer structures.Figure 2. 7 Measured and simulated grazing incidence x-ray reflectivity 

data for the three experimental transition layer structures. 

Figure 2. 6 Measured and simulated grazing incidence x-ray reflectivity data for the three 

experimental transition layer structures. 

Figure 2.7 shows the RSMs around the GaN symmetric (0002) reflection. The data 

are presented in a contour plot in reciprocal coordinates Qx and Qz. The color schemes 

show the variation in the intensity of the diffracted beam, with red representing the highest 

diffraction intensity while blue represents the lowest. Clear and distinct reciprocal points 

are observed for the binary AlN and GaN layers, and all the transition layers (TL0, TL1 & 

TL2) for sample SG1, Figure 2.7(a), and SG2, Figure 2.7(b). These data confirm the 

compositions of the various step graded transition layers. For sample CG, Figure 2.7(c), 

the contour plot shows a continuous peak which starts from AlN and continues to the GaN 

buffer layer and confirms a continuous alloy transition for AlxGa1-xN from x = 100 to x = 

0. Table 2.3 represents the out of plane lattice constant c determined from Eq-(2.5) and the 

2 4 6 8

In
te

n
s
it

y
 (

a
.u

)

2-theta

 CG

 Simulated Data

SG1

 SG2



35 
 

AlN composition in AlxGa(1-x)N transition layers from equation Eq-(2.14).  For SG1 and 

SG2, TL1’s AlN% is x = 0.52 & 0.50, respectively, and TL2’s AlN% is x = 0.28 & 0.26, 

while TL0’s AlN% is x = 0.75.  

Table 2.3 Out-of-plane lattice constant c and transition layer composition determination 

from RSM around the GaN symmetric (0002) reflections. 

 SG1 SG2 CG 

 c Al % = x c 
Al% = 

x c Al% = x 

AlN 4.972  4.971  4.971  

AlGaN(TL0)   5.023 0.75   

AlGaN(TL1) 5.073 0.52 5.076 0.50   

AlGaN(TL2) 5.125 0.28 5.127 0.26   

GaN 5.184  5.182  5.183  
 

  

Figure 2. 8 RSM contour plots of the AlGaN/GaN HEMT wafers with AlN, GaN, TL0 (Al0.75 

Ga0.25N), TL1 (Al0.51 Ga0.49N), TL2 (Al0.26 Ga0.74N) and barrier layer (Al0.27 Ga0.73N) peaks 

collected around their symmetric (0002) reflections. (a) Step graded transition layer stack 1 (SG1) 
(b) Step graded transition layer stack 2 (SG2) (c) continuous graded transition layer (CG).  The 

axes are converted to Qz and Qz reciprocal coordinates (Qz = 1/dz; Qx = 1/dx). The color schemes 

show the variation in the intensity of the diffracted beam, with red represents the highest 

diffraction intensity while blue represents the lowest. 
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Since the strained AlGaN barrier layer has similar AlN composition to TL2 

(Al0.26Ga0.74N), neither the symmetric (0002) HRXRD or RSM scans can independently 

resolve the barrier layer as they have nearly identical interplanar spacings along the c-axis. 

Therefore, RSM around the asymmetric (10-14), (10-15) and (20-25) reflections was 

performed to analyze the strained AlGaN barrier layer. Using the strain sensitive RSM, the 

thin (20 nm) AlGaN barrier layer can be independently measured and the impact of the 

different transition layer schemes on the GaN buffer and the barrier layer characteristics 

can be accurately ascertained. The composition of the barrier layer determines the band 

offset and spontaneous polarization while the tensile strain in the barrier layer determines 

the piezoelectric polarization and, thus, the total induced 2DEG sheet charge density in the 

AlGaN/GaN heterostructure. Thus, the exact quantification of these parameters is of utmost 

important to accurately predict the electrical performance of the AlGaN/GaN HEMT.  

Figure 2.8 presents the HRXRD RSM data around the GaN (10-14) reflections (a) 

SG1, (b) SG2 and (c) CG. Figure 2.9 presents the HRXRD RSM data around the GaN (10-

15) reflections (a) SG1, (b) SG2 and (c) CG. Figure 2.10 presents the HRXRD RSM data 

around the GaN (20-25) reflections (a) SG1, (b) SG2 and (c) CG. The XRD goniometer 

was first normalized to the GaN asymmetric peaks using a GE geometry for (10-14) and 

(10-15) and adjusting the incident beam angle by adding the angular distance from the 

surface normal to the asymmetric reflections as described in the previous sections (see 

Table 2.1). For the GaN (20-25) reflection GI geometry was used.  The vertical dotted line 

in each panel represents the zero-relaxation line along the GaN a-axis. For any layer grown 

pseudomorphically on GaN, its peak will lie on the zero-relaxation line. For (10-14) and 

(10-15) reflections the diffraction peaks for AlN, TL0, TL1, and TL2 lie on the right side 



37 
 

of the zero-relaxation line corresponding to partially or fully relaxed layers. On the other 

hand, for (20-25) reflection these peaks lie on the left side of the zero-relaxation line. This 

is because due to GI geometry, the accessible reflections are mirror planes to those accessed 

in GE geometry. Because the asymmetric reflections are very sensitive to the strain state, 

the fully strained pseudomorphically grown AlGaN barrier layer diffraction peak is clearly 

separated from the TL2 peak and lattice matched to the GaN buffer along Qx (the a-axis). 

The thin barrier layer (< 20 nm) peak’s vertical spread is expected for a pseudomorphically 

grown thin film.29 Distinct barrier layer peaks are visible in all scans given in Figures 2.8-

2.10, (highlighted within the dotted ellipse indicated on each figure). The exact 

determination of in-plane, a, and out-of-plane lattice parameter, c, allows accurate 

evaluation of the barrier layer’s structural properties.  The barrier layer lattice parameters 

a and c are calculated from the peak position in the reciprocal space. These parameters are 

then substituted into equations Eq-2.17-2.23. For the (10-14) and (10-15) reflections, the 

relaxed c lattice parameters for AlN and GaN are taken from the symmetric (0002) 

measurement as presented in the Table 2.2. Finally, the 3rd order polynomial Eq-2.24 is 

solved to determine the real root x, and thereby determine the barrier layer AlN 

composition. In the case of the (20-25) reflection, all lattice parameters for both binary 

layers (AlN & GaN) and the ternary (AlGaN barrier) layer are taken from the RSM scan 

(Figure 2.10).  

Uniaxial strains 𝜀𝑧𝑧 and 𝜀𝑥𝑥 are calculated from the measured parameters using equations 

Eq 2.13 & 2.14. The hydrostatic strain (𝜀ℎ) components are determined from Eq 2.27 and 

the biaxial strain along the x-axis 𝜀𝑥𝑥
𝑏  is determined using Eq 2.24 as tabulated in Table 
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2.4. Finally, biaxial stresses are calculated using equation Eq 2.29 (see Table 2.4). The 

elastic constants are taken from previously reported values, presented in Table 2.2.  

From the (10-14) and (10-15) reflection data, biaxial strain in the barrier layer is higher 

than that of GaN and AlN. This is because the thin (<20 nm) barrier layer is 

pseudomorphically grown on GaN and is fully strained. On the other hand, the strain in 

AlN is also higher than GaN. This is because AlN is grown directly on Si which has a 

substantial lattice mismatch with AlN, compared to the GaN buffer layer that is grown on 

the strain engineered transition layer schemes. Biaxial stress values, which are directly 

corelated to strain values, follow the same trend. SG1 has two transition layers whereas 

with SG2, an additional transition layer (TL0, with x = 0.75) was engineered to ensure a 

more gradual transition from AlN, compare to SG1. From the stress-strain values shown in 

Table 2.4 it is evident that the GaN stress in SG2 has reduced by 40% - 50% compared to 

SG1 (i.e., from 0.66 to 0.48 GPa). Furthermore, for CG where a continuous graded 

transition layer is employed, the GaN buffer strain has further reduced to the point that it 

is fully relaxed compared to SG1 and SG2. These HRXRD trends are consistent with the 

GaN and AlN stress data from visible Raman measurements, also shown in Table 2.4. The 

AlN nucleation layer exhibits consistent stress values for all transition layer structures and 

is confirmation of the validity of the different measurement approaches. The variation in 

the XRD and Raman stress values arise from the fact that the Raman stress factor used here 

(3.4 GPa/cm) is obtained from a reported value38 and not from these samples. 

Discrepancies in the reported stress factors and elastic coefficients may be attributed to 

differences in defect densities in the III-Nitride layers investigated by the different 
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researchers, which has an impact on the strain values, particularly 𝜀ℎ, and Poisson’s 

ratio.44,51 

For the (20-25) reflection data as presented in Figure 2.10 lattice parameters, Al 

compositions, strain relaxation and corresponding biaxial stresses in the barrier layer is 

evaluated as presented in Table 2.4. The AlN and GaN buffer layer lattice parameters are 

also evaluated. While the composition of the barrier layer determined shows consistent but 

slightly higher Al% for all the stack compare to (10-14) and (10-15), the bi-axial stress 

values even for the binary partially relaxed (AlN and GaN) layers are inconsistent compare 

to the Raman stress result. The evaluated stresses as shown in Table 4.2 are of compressive 

in nature. The inconsistency in the stress values could come from the fact that GaN (20-

25) reflection is strain invariant and are not sensitive bi-axial stress.31,52 

To ascertain the confidence in the measured and calculated parameters, an 

uncertainty analysis was performed considering several different sources of uncertainty 

while determining the RSM peak positions. For the SmartLab Rigaku system with an 

optical precision ≤ 4 arcsec, the instrumental contribution to the uncertainty in determining 

the 2-theta position (and interplanar spacing) is negligible. However, uncertainty arises 

from the step size in ω-space (0.03˚).  The maximum uncertainty is estimated using the 

half-width half-maximum (HWHM) of the GaN buffer layer peaks in reciprocal space. 

First, for biaxial strain, the biaxial stress uncertainty is 0.0004 GPa, or 0.06 % of the 

determined 0.66 GPa value (specifically, the biaxial stress of SG1 from the (10-14) 

reflection data).  
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Table 2.4. Comparison of stress-strain in GaN, AlN and fully strained AlGaN barrier 

layer, and AlN composition in the barrier layer from different asymmetric reflections (10-

14), (10-15) and (20-25) and visible Raman measurements. 

  SG1 SG2 CG 

  Barrier GaN AlN Barrier GaN AlN Barrier GaN AlN 

F
ro

m
 (

1
0

-1
4

) 
 

re
fl

ec
ti

o
n

 

a (Å) 3.188 3.193 3.124 3.191 3.191 3.123 3.183 3.185 3.118 

Biaxial 

 strain 

(𝜀𝑥𝑥
𝑏 )% 

0.68 0.16 0.39 0.64 0.10 0.36 0.43 -0.02 0.27 

AlN% 27.9   26.9   24.8   

Biaxial 

 stress 

(GPa) 

2.83 0.66 1.70 3.05 0.48 1.679 2.12 -0.12 1.37 

F
ro

m
 (

1
0

-1
5
) 

 

re
fl

ec
ti

o
n

 

a (Å) 3.188 3.188 3.119 3.186 3.189 3.121 3.179 3.183 3.115 

Biaxial 

 strain 

(𝜀𝑥𝑥
𝑏 )% 

0.585 0.023 0.276 0.577 0.066 0.331 0.364 -0.08 0.206 

AlN% 27.9   28.5   24.7   

Biaxial 
 stress 

(GPa) 

2.78 0.11 1.30 2.74 0.31 1.55 1.74 -0.41 0.96 

F
ro

m
 (

2
0

-2
5
) 

re
fl

ec
ti

o
n

 

a (Å) 3.152 3.153 3.086 3.154 3.154 3.088 3.153 3.155 3.091 

Biaxial  
strain 

(𝜀𝑥𝑥
𝑏  % 

-0.24 -0.87 -0.61 -0.23 -0.82 -0.55 -0.31 -0.83 -0.49 

AlN% 30   29.1   26.4   

Biaxial  
stress 

(GPa) 

-1.14 -4.14 -2.87 -1.1 -3.9 -2.54 -1.45 -3.99 -2.31 

Vis 

Raman 

Biaxial  

stress 
(GPa) 

 0.59 1.33  0.29 1.31  0.01 1.3 

 

The uncertainty resulting from the empirical values of the elastic constants (𝐶11, 

𝐶12, 𝐶13,  𝐶13) was also considered. Published elastic constants used here vary up to 19 % 

as reported in the literature by Vurgaftman et al.43 and by Wright et al.53, as shown in Table 

2.2. This results in a biaxial stress uncertainty of ± 0.07 GPa, which is 11 % of the 

determined GaN biaxial stress value of 0.66 GPa, given in Table 2.4. The barrier layer 

composition measured from the combination of the GaN symmetric (0002) and asymmetric 

(10-14) or (10-15) reflections are very close, while there is a consistent increase in the 
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AlN% in the (20-25) reflection data, as seen in Table 2.4.  A proper comparison of these 

methods in terms of determining the composition could be made by comparing this non-

destructive XRD based method to a direct physical quantization such as atomic probe 

tomography. 

Figure 2.8 RSM contour plots of the AlGaN/GaN HEMT wafers with AlN, GaN, TL0 (Al0.75 

Ga0.25N), TL1 (Al0.51 Ga0.49N), TL2 (Al0.26 Ga0.74N) and barrier layer (Al0.27 Ga0.73N) reflections 

collected around their asymmetric GaN (10-14) reflection. (a) Step graded transition layer stack 
1(SG1) (b) Step graded transition layer stack (SG2) (c) continuous graded transition layer (CG). 

The dotted line indicates the zero-relaxation line along the crystallographic a-axis. The dotted 

ellipses highlight the strained barrier layer peaks. The axes are converted to Qz and Qz reciprocal 

coordinates (Qz = 1/dz; Qx = 1/dx). 

Due to the light mass of Al, this method should be preferred over secondary ion 

mass spectroscopy or Rutherford backscattering. As evidenced in Table 2.4, stress 

determination using the GaN (20-25) reflection does not correspond to the Raman stress 

data and is substantially different than the stresses calculated by the (10-14) and (10-15) 

reflections. Therefore, strain determination using this particular reflection is considered 

inaccurate. Furthermore, while both (10-14) and (10-15) reflections give reasonable stress-
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strain values for AlN and GaN compared to Raman, in terms of determining structural 

properties, the (10-14) reflection is recommended over the (10-15) reflection. This is 

because RSM around the (10-14) reflection provides a more differentiated barrier layer 

peak that is fully separated from TL2, while for (10-15) there is a small overlap between 

them. One other benefit of using (10-14) is that the radial axis coverage is less than that of 

(10-15) which makes the scan faster, which is also true compared to the (20-25) data 

collection time. 

  

Figure 2.9 RSM contour plots of the AlGaN/GaN HEMT wafers with AlN, GaN, TL0 (Al0.75 

Ga0.25N), TL1 (Al0.51 Ga0.49N), TL2 (Al0.26 Ga0.74N) and barrier layer (Al0.27 Ga0.73N) reflections 
collected around their asymmetric GaN (10-15) reflection. (a) Step graded transition layer stack 

1(SG1) (b) Step graded transition layer stack 2(SG2) (c) continuous graded transition layer (CG). 

The dotted line indicates the zero-relaxation line along the crystallographic a-axis. The dotted 

ellipses highlight the strained barrier layer peaks.  
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Figure 2.90 RSM contour plots of the AlGaN/GaN HEMT wafers with AlN, GaN, TL0 (Al0.75 

Ga0.25N), TL1 (Al0.51 Ga0.49N), TL2 (Al0.26 Ga0.74N) and barrier layer (Al0.27 Ga0.73N) reflections 
collected around their asymmetric GaN (20-25) reflection. (a) Step graded transition layer stack 

1(SG1) (b) Step graded transition layer stack 2(SG2) (c) continuous graded transition layer (CG). 

The dotted line indicates the zero-relaxation line along the crystallographic a-axis. The dotted 

ellipses highlight the strained barrier layer peaks 

 

As noted previously, the fully strained barrier layer’s AlN composition may be determined 

using just the RSM scan around the (20-25) reflection. However, to calculate the barrier 

layer physical properties and, hence, the electrical properties of the AlGaN/GaN HEMT, 

both AlN% and strain must be evaluated. By choosing only the (20-25) reflection, one 

would be restricted to compositional determination, only. In addition, the radial coverage 

for the (20-25) reflection is larger and requires a 0D detector (point detector) to reach the 
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high GI angle while the other reflections, (10-15) and (10-14), can be scanned using a 1D 

detector, which has a much faster scan rate than the 0D detector. For example, for an 

accurate RSM scan around (10-14) (as applied in this study) it takes about 2.5 hours, the 

(10-15) scan is somewhat longer at 3.5 hours, while for (20-25) the scan time is greater 

than 6 hours. 

 

 

2.4 Conclusions  

In this chapter experiments involving AlGaN/GaN HEMTs on 100 mm, low 

resistance Si (111) wafers with three different transition layer schemes are reported. The 

surface morphology of the AlGaN/GaN HEMTs were evaluated using atomic force 

microscopy (AFM), and the thickness of the top surface layers was determined from x-

ray reflectivity measurement. High resolution x-ray diffraction (HRXRD) 

characterization of the stress-strain state and Al composition of the fully strained barrier 

layer is evaluated using different combinations of symmetric and asymmetric reflections. 

Residual stress in binary AlN and GaN is also characterized using visible micro Raman 

measurement. Stress values determined from Raman were compared with different 

schemes of HRXRD measurements and it is found that reciprocal space mapping around 

the GaN (10-14) reflection is more reliable compared to other asymmetric reflections. 
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 EFFECT OF REACTANT GAS STOICHIOMETRY OF IN-SITU SiNx 

PASSIVATION ON STRUCTURAL PROPERTIES OF MOCVD GROWN 

AlGaN/GaN HEMTS 

 

3.1 Introduction 

The AlGaN/GaN heterostructure has two inherent polarization effects, namely 

spontaneous polarization due to electronegativity and lack of crystal inversion symmetry, 

and piezoelectric polarization due to lattice mismatch and thermal strain, discussed in the 

Introduction.  Therefore, a high polarization induced electric field is generated within the 

wurtzite crystal, which creates a charge separation between surface and interface.23  If a 

polarization induced 2DEG is created at the AlGaN/GaN interface, a sheet of opposite 

charge is also created on the top surface of the AlGaN layer, making the HEMT device 

highly sensitive to the surface states and any modification of surface state filling.13  Drain 

current collapse and DC-RF dispersion are two obstacles to producing high efficiency 

AlGaN/GaN HEMT devices.  As reported by R. Vetury et al. 9 and G. Meneghesso et al. 

10 the virtual channel that is created by the surface states is the reason for the degradation 

and dispersion and can be successfully mitigated by passivating the III-Nitride surface.   

Several studies regarding the benefits of in-situ SiNx as a passivating layer for 

AlGaN/GaN over ex-situ passivation have been published. 13,14,15  Among the reports, Ma 

et al. investigated in-situ SiNx passivation at elevated temperature (1080 to 1145 °C) on 

AlN/GaN HEMT15,54, while P. Gamarra et al. reported MOVPE grown in-situ SiNx on 

InAlGaN/GaN HEMT at 875 °C 55.  While the effectiveness of the MOCVD grown in-situ 
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SiNx as a passivating layer has been established, there is a lack of detailed studies on the 

effect of constituent gas ratios on growth mechanisms of in-situ SiNx on AlGaN as well as 

the surface morphology and electrical properties, at typical AlGaN/GaN growth conditions.  

In this chapter, in-situ SiNx grown by MOCVD at typical AlGaN/GaN growth 

temperature and pressure is reported. The effect of individual constituent reactant gases on 

the growth mechanism and morphology of SiNx and the suppression of strain relaxation in 

the barrier layer and concurrent 2DEG carrier density due to the in-situ passivation layer is 

studied.  

3.2 Materials and Methods 

First, an AlGaN/GaN HEMT baseline heterostructure was grown by MOCVD at 

1020 ℃ while keeping the chamber pressure between 30 Torr (for AlN growth) and 100 

Torr (for the remaining III-Nitride structure). This unpassivated structure is referred to as 

the baseline reference sample (REFF).  The details of the growth parameters and layers 

thickness with corresponding alloy compositions are described in Chapter 2. Experimental 

samples were produced by introducing various silane (SiH4)-ammonia (NH3) ratios to the 

chamber for 15 minutes, while maintaining the same temperature and chamber pressure of 

the HEMT structure. 

Tapping mode atomic force microscopy (AFM) was used to ascertain surface 

morphology.  Several X-ray diffraction (XRD) techniques were employed utilizing a 

Rigaku SmartLab 3 kW system.  The thickness of the near-surface layers was measured by 

x-ray reflectometry (XRR).  The measured XRR data were fitted using GlobalFit software.  

High resolution x-ray diffraction (HRXRD) with a Ge (220)×2 monochromator was used 
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to image the reciprocal space map (RSM) around the GaN asymmetric (10-14) reflections 

and symmetric axis coupled scan of the III-Nitride layers around the (0002) reflections.  

By combining the in-plane lattice constant, a, from (10-14) reflections and out of plane 

lattice constant, c, from symmetric (0002) reflections, the composition and in-plane strain 

of the barrier layer was determined using strain-corrected Vegard’s law42,56 discussed in 

Chapter 2.  Furthermore, Al composition for the relaxed AlxGa1-xN transition layers (x = 

0.51 - 0.52 for TL1, and x =0.25 - 0.26 for TL2) were determined using Vegard’s law for 

the c-plane (out of plane) lattice constant from the symmetric GaN (0002) reflection data.  

Scanning transmission electron microscopy (STEM) was used to analyze the interface 

characteristics and layer thicknesses of the passivated and unpassivated samples. Cross-

sectional samples were prepared using standard focused ion beam (FIB) techniques using 

a FEI Helios Nanolab 400 DualBeam system by first depositing a protective Pt layer and 

milling using a 30 kV accelerating voltage.  A final polishing step was then done with an 

accelerating voltage of 2 kV to remove surface damage.  Bright-field and high-angle 

annular dark-field (HAADF) images of the samples were collected using a JEOL ARM 

200F operating at 200 kV.  Hg-probe C-V measurements were performed to evaluate the 

effect of the passivation on AlGaN/GaN HEMT using a Materials Development 

Corporation (MDC) system.  Total carrier density induced at the AlGaN/GaN interface was 

evaluated by strain relaxation-based calculations.57 

3.3 Results  

The first in-situ passivation experiment ascertained the effect of SiH4 concentration 

on SiNx thickness and surface morphology.  Samples A, B and C, detailed in Table 3.1, 

were grown with SiH4 flows ranging between 0.05 to 0.53 mol/min while keeping the 
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NH3 flow constant, at 0.60 mol/min, and maintaining the chamber pressure at 100 torr and 

a growth temperature of 1020 °C.  Figure 3.1(b) shows the specular XRR reflection 

spectrum from the SiNx + barrier layer structures.  For samples B, C, and REFF, well 

defined periodic Kiessing fringes were observed. 29  Since periodicity of the fringes directly 

relates to the thickness of each constituent layer, a Fast Fourier Transform (FFT) of the 

spectrum resolves the individual contribution of each layer.  Using Riguaku’s GlobalFit 

software, which incorporates both optimization (Extended Fourier Transform) and 

refinement (least-square) of the layer parameters, thicknesses, interface roughness and 

material density of each layer is estimated. 50  The R factor (reliability of the fit, or a 

measure of agreement between the experimental and fitting parameter)58 for the fitted 

curves ranges between 0.029 to 0.033.  Figure 3.1(a) shows the growth rate of SiNx with 

respect to the SiH4 flow, and associated barrier layer thicknesses.  The dashed line in 

Figure 3.1(a) indicates the thickness of the baseline REFF sample.  The growth rate of the 

in-situ SiNx is linearly dependent on the SiH4 concentration.  For sample A, with the lowest 

SiH4 flow, 0.05 μmol/min, there is no apparent growth of SiNx as indicated by the absence 

of Kiessing fringes in Figure 3.1(b).  Furthermore, the III-N barrier layer has been etched, 

as confirmed by RSM with the absence of the barrier layer peak (Figure 3.4, discussed 

later).   

The highest growth rate of 17.4 nm/hr is achieved for sample C with a SiH4 flow 

rate of 0.53 μmol/min.  For sample B, while the SiNx growth rate is 8.4 nm/hr, it is also 

observed that ~ 30 % of the barrier layer has been etched, compared to the REFF sample 

(20.1 nm barrier layer thickness as indicated by the dashed line in Figure 3.1(a)).  The 



49 
 

effect of reduced thickness is evident in the XRR scan shown in Figure 3.1(b), as fringes 

become wider spaced with the reduction of the overall stack (SiNx + AlGaN) thickness.   

Table 3.1 Reactant gas flow conditions of the experimental samples with associated SiNx 

growth rate, AlGaN barrier layer thickness and AFM RMS roughness.  

 

Similar barrier layer etching while growing in-situ SiNx with low SiNx  growth rate 

(< 10 nm/hr) has been reported by Lugani et al. for InGaN/GaN at 875 °C and by Ma et al. 

at (1080 °C to 1145 °C) for AlN/GaN HEMT structures. 54,59  Selective etching of GaN 

with SiH4, for either intentional reduction of threading dislocations in GaN heteroepitaxy60, 

or for decorating dislocations for better contrast61 in the MOCVD environment, has been 

reported by others.  Etch selectivity is due to a higher etch rate at screw and mixed 

dislocation cores, compared to edge dislocations.  This has been attributed to the lack of 

atomic steps on the surface at edge threading dislocations, but are present around screw 

and mixed threading dislocations, and the associated favorable step-edge etching by SiH4 

60.  Therefore, the etching process is dominated by the SiH4 induced etching rather than 

decomposition of GaN at elevated temperature (> 870 °C) in a nitrogen overpressure 

environment.  In these samples, the selective etching of GaN with SiH4 is an effect of two 

   
AFM 

RMS 

Roughnes

s 

1 μm by 1 

μm (nm) 

From XRR Data 

 SiH4 

(μmol/min) 

SiH4/NH3 

(x1E-6) 

Barrier 

(nm)  

SiNx 

(nm)  

Growth 

Rate 

(nm/hr) 

A 0.05 0.09 0.68   0 0   0.0 

B 0.27 0.44 0.49 13.6 2.1   8.4 

C 0.53 0.89 0.51 18.6 4.3 17.4 

D 0.53 1.85 0.82 20.0 2.9 11.6 

E 0.53 24.0 0.64 14.2 1.9   7.3 

REFF N/A N/A 0.15 20.1 N/A N/A 
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different mechanisms.  Initially, when the SiH4 is introduced to the chamber, it encounters 

the surface GaN cap layer and GaN etching begins around the screw and mixed dislocation 

cores.  Simultaneously, SiNx  is deposited as a discontinuous porous film and this fractal 

like film acts as a mask for selective SiH4 etching of the Al(Ga)N, but over time these 

fractals coalesce 54.  If the growth rate of the SiNx is not sufficiently high, the initial 

selective etching of Al(Ga)N will leave pitted features as seen in the 3D AFM images in 

Figure 3.1(c) (i.e., samples B and C).   

As shown in Figure 3.1, the increased SiH4 flow and concomitant higher growth 

rate of SiNx reduces the etching of the underlying AlGaN barrier layer.  This is because the 

higher SiH4 flow readily incorporates more Si from SiH4, which can dominate the 

competing SiH4 induced etching of Al(Ga)N thereby reducing etching.  Figure 3.1(c) 

shows tapping mode 1µm × 1µm 3D AFM images of the different sample surfaces with 

the line scan profiles given as insets to the images.  The REFF sample AFM image indicates 

the representative surface comprising the GaN (cap) layer of the unpassivated HEMT. For 

sample A, the GaN buffer layer surface is imaged (due to complete etching of the entire 

AlGaN barrier layer).  For sample B, the AFM image is of the SiNx coated AlGaN barrier 

layer surface, while for sample C, the SiNx coated GaN cap layer is imaged.  The standard 

HEMT (REFF) wafer has a very smooth surface (RMS = 0.15 nm) with atomic steps 

present.   

For sample A, the etched surface is substantially pitted, with RMS roughness of 

0.68 nm, as the barrier layer has been completely etched.  For sample B, the height of the 

pits is less than sample C (see inset images) indicating that surface damage is more 

prevalent with sample B compared to sample C.  This is due to the SiNx growth rate for 
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sample C being twice that of sample B, indicated in Figure 3.1(a), which provides faster 

coalesce of the SiNx fractals thereby reducing surface damage. 

 

Figure 3.1 (a) Growth rate and barrier layer thickness variation with SiH4 flow while 

keeping NH3 and H2 flows constant.  The dashed line is the REFF sample barrier layer 

thickness, (b) XRR profile of SiNx/GaN/AlGaN/AlN/GaN HEMT heterostructure with 

fitted curves (RED), and (c) 1µm × 1µm 3D AFM images of the passivated in-situ SiNx 

surface.  The inset is the line scan of the marked region (red line) on the AFM image. 

From the results of the first experiment, it is ascertained that with increased SiH4 

flow and, thus, increased growth rate, better surface coverage is achieved, and III-Nitride 

etching is reduced or mitigated.  The second experiment evaluated the effect of the NH3 

flow on the SiNx growth process.  Samples D and E were grown with a constant (high) 

flow of 0.53 µmol/min SiH4 (identical to sample C) while varying the NH3 flow from 0.026 

mol/min to 0.60 mol/min, as indicated in Table 3.1.   
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Figure 3.2 (a) Growth rate and barrier layer thickness variation with ammonia flow while 

keeping SiH4 and H2 flows constant.  The dashed line is the REFF sample barrier layer 

thickness, (b) XRR profile of SiNx /GaN/AlGaN/AlN/GaN HEMT heterostructure with 

fitted curves (RED), and (c) 1µm × 1µm 3D AFM images of the passivated in-situ SiNx 

surface.  The inset is the line scan of the marked region (red line) on the AFM image. 

Figure 3.2 indicates the effect of NH3 flow on the SiNx growth parameters.  For 

sample E, with the lowest NH3 flow (0.02 mol/min), the SiNx growth rate is 7.3 nm/hr, and 

the barrier layer (~ 14 nm) is partially etched (~ 20 % compared to the REFF sample).  (The 

thinning of the barrier layer is also observed by RSM measurement, compared to the REFF 

sample, shown in Figure 3.4.)  This is due to the low cracking coefficient of NH3, such 

that with lower NH3 flow there are not enough N adatoms present at the surface to fulfill 

the necessary bonding for SiNx to achieve higher growth rate.  Furthermore, insufficient N 

adatoms can lead to surface decomposition of the III-Nitride layers.24  For samples C and 

D where the growth rate is 17.4 and 11.6 nm/hr, respectively, the III-Nitride barrier layer 

is substantially unchanged compared to the REFF sample.  Furthermore, from the AFM 
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images (see Figure 3.2(c)) the density of the island (pit) like features is decreasing with 

increased NH3 flow which suggests that lateral growth of SiNx has increased with 

increasing NH3 thereby reducing the underlying etching of the III-Nitride layers.   

The AFM images in Figure 3.2(c) shows the SiNx surface exhibits island-like 

features.  To investigate in greater detail, high resolution TEM was performed to observe 

the SiNx-Al(Ga)N interface.  Figure 3.3 shows TEM images of sample D.  Figure 3.3(a) 

shows a HAADF image of a pit formed as a result of etching of the AlGaN barrier layer.  

The SiNx is seen as the dark layer between AlGaN and Ti.  Figure 3.3(b) shows a high 

resolution HAADF image at the edge of the pit shown in Figure 3.3(a).  The SiNx 

conformally coats both the pitted and unetched AlGaN surface.  Figure 3.3(c) is an atomic 

resolution bright-field image of the etched AlGaN barrier/SiNx interface showing that the 

AlGaN maintains atomic abruptness after etching.  In HAADF the observed intensity 

increases with the atomic number of the elements present.  This allows distinguishing 

regions of differing chemical composition.  In Figure 3.3(a) and (b), the SiNx appears as a 

dark region because it is on average composed of lighter elements than the AlGaN barrier 

layer and Ti protective layer.  The images show a cross-section of the SiNx-Al(Ga)N 

interface in the vicinity of an etched pit.  The lateral dimension of the pit is ~ 71 nm with 

a height of ~ 3 nm.  The higher magnified images (Figure 3.3(b) and (c)) indicate an abrupt 

interface between SiNx and Al(Ga)N.  The SiNx is continuous and the AlGaN-SiNx 

interface is smooth.  SiNx has grown conformally on and around the pitted AlGaN features.  

These data are explained by, first, the SiNx has fractal growth on the Al(Ga)N surface while, 

second, simultaneously selectively etching the exposed Al(Ga)N surface by SiH4.  Thus, 

the fractal distribution of SiNx acts as a mask and facilitates selective etching of the 
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Al(Ga)N surface with SiH4.  Finally, once the SiNx lateral growth coalescences, the 

Al(Ga)N layer is protected from the reactive SiH4 environment and the etching ceases. 

Figure 3.4 shows HRXRD RSM of the REFF AlGaN/GaN HEMT and samples A-

E, around the asymmetric III-Nitride (10-14) reflections.  The measurements were 

performed using grazing exit (GE) geometry to minimize instrument induced aberration.  

The data are shown in a contour representation of diffraction intensity in reciprocal space 

coordinates Q(hkl)z and Q(hkl)x.   

 

Figure 3.3  STEM cross-section images from sample D of the SiNx-Al(Ga)N interface in 

the vicinity of a pit.  (a) HAADF image of pitting formed as a result of etching of the 

AlGaN barrier layer.  (The SiNx is the dark layer between the AlGaN and Ti.)  (b) High 

resolution HAADF image showing the edge of the pit in (a). The SiNx conformally coats 

the structure.  (c) Atomic resolution bright-field image of the SiNx / AlGaN barrier layer 

region.   

The color scheme indicates variation in intensity of the diffracted beam with red 

representing the strongest intensity while blue represents the lowest.  Thus, the peak 

positions in this coordinate system can be converted into interplanar spacing (dz, dx), and, 

hence, the crystal lattice constants (c, a) 29.  

Strained lattice constants, 𝑎𝐴𝑙𝐺𝑎𝑁,𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑  and 𝑐𝐴𝑙𝐺𝑎𝑁,𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 , of the AlGaN barrier 

layer are determined from the RSM of the asymmetric GaN (10-14) plane.  Strain 
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relaxation 𝑟(𝑥), which is a measure of the degree of relaxation, is determined from the in-

plane lattice constant, a, according to,   

𝑟(𝑥) =
𝑎𝐴𝑙𝐺𝑎𝑁,𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑−𝑎𝐺𝑎𝑁

𝑎𝐴𝑙𝐺𝑎𝑁,𝑟𝑒𝑙𝑎𝑥𝑒𝑑 −𝑎𝐺𝑎𝑁
  (3.1) 

The vertical dashed lines on Figure 3.4 represent the fully relaxed, or zero-

relaxation, GaN a-axis.  Because the AlGaN barrier layer is grown pseudomorphically on 

GaN, the lattice matched barrier layer peak (within the ellipses) lies on the GaN zero-

relaxation line.  As discussed previously, if the in-situ SiNx growth rate is less than 10 

nm/hr, the barrier layer is etched as evident for sample A in Figure 3.4 where there is no 

barrier layer peak within the ellipse, as well as for samples B and E, where the barrier layer 

peak intensity is reduced.  The high SiNx growth rates for samples C and D allow for quick 

coalescent and minimal to no degradation of the AlGaN barrier layer as indicated by the 

nominally unchanged barrier layer peak intensities compared to the REFF sample. 

Piezoelectric and spontaneous polarization have significant impacts on the 

AlGaN/GaN HEMT 2DEG properties.  For all sample with in-situ SiNx, the degree of strain 

relaxation has decreased, as summarized in Table 3.2, which suggests that upon cooling, 

the SiNx has restricted relaxation of the barrier layer. 62 

For a given AlN mole fraction, considering the contribution of the strain relaxation, 

piezoelectric polarization of AlxGa1-xN can be expressed as, 57 

𝑃𝑃𝐸,𝐴𝑙𝐺𝑎𝑁 = 2 × [1 − 𝑟(𝑥)] ×
𝑎𝐺𝑎𝑁−𝑎𝐴𝑙𝐺𝑎𝑁

𝑎𝐴𝑙𝐺𝑎𝑁
(𝑒31 − 𝑒33

𝐶13

𝐶33
) (3.2) 

Elastic stiffness constants 𝑒31, 𝑒33 , 𝐶33 , and 𝐶33 are  estimated using linear 

approximation57 for corresponding x values determined using strain corrected Vegard’s law 
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as reported by Darakchieva et al. 63.  The relaxed lattice parameter and elastic constants 

used herein are taken from Gatabi et al. 57 

 

Figure 3.4 RSM of REFF AlGaN/GaN HEMT on Si with AlN nucleation layer (AlN) and 

two step-graded AlGaN transition layers (TL1 and TL2) along with samples A-E 

measured around the asymmetric (10-14) reflections.  The vertical dashed lines show the 

zero-relaxation GaN a-axis and the ellipses indicate the AlGaN barrier layer peak 

position.  Coordinate axes are given in Qz and Qx reciprocal coordinate (Qz = 1/dz; Qx = 

1/dx)   

The AlGaN barrier layer spontaneous polarization is represented as, 

𝑃𝑆𝑃,𝐴𝑙𝐺𝑎𝑁 =  𝑥. 𝑃𝑆𝑃,𝐴𝑙𝑁 + (1 − 𝑥). 𝑃𝑆𝑃,𝐺𝑎𝑁 (3.3) 

Due to inherent spontaneous polarization effects in Al(Ga)N and strain induced 

piezoelectric effects in the AlGaN barrier, the 2DEG is formed at the AlGaN/GaN interface 

(without any intentional doping).  Interface sheet charge density for an unpassivated 
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AlGaN/GaN heterostructure, in terms of both piezoelectric and spontaneous polarization, 

can be written as, 23,57 

𝜎𝑠 =
𝑃𝑆𝑃,𝐴𝑙𝐺𝑎𝑁+𝑃𝑃𝐸,𝐴𝑙𝐺𝑎𝑁−𝑃𝑆𝑃,𝐺𝑎𝑁−𝐶𝐴𝑙𝐺𝑎𝑁∗𝜓

1+𝐶𝐴𝑙𝐺𝑎𝑁
𝜋ℏ2

𝑞2𝑚∗

 (3.4) 

Where 𝑞 is the electron charge (1.6E-19 C), ℏ is reduced Planck’s constant 

(6.62607E-34 m2KgS-1), 𝑚∗ =  0.22 𝑚𝑒 (𝑚𝑒 is electron mass), and 𝜓 = ɸ𝑏 − 𝛥𝐸𝐶 .  Here, 

ɸ𝑏 is the AlGaN surface potential, 𝛥𝐸𝐶  is the conduction band offset at the AlGaN/GaN 

interface, and 𝐶𝐴𝑙𝐺𝑎𝑁 is the AlGaN capacitance per unit area.  𝐶𝐴𝑙𝐺𝑎𝑁 =
𝜀0𝜖𝐴𝑙𝐺𝑎𝑁

𝑡𝑏𝑎𝑟𝑟𝑖𝑒𝑟
 has been 

determined using 𝑡𝑏𝑎𝑟𝑟𝑖𝑒𝑟 values by XRR.  For the unpassivated AlxGa1-xN/GaN REFF 

sample with 𝑡𝑏𝑎𝑟𝑟𝑖𝑒𝑟= 20 nm, x = 0.28 and with a strain relaxation of 6.9%, the 

approximated sheet charge density is determined to be 9.5× 1012 cm-2. 

The 2DEG density of the passivated SiNx/AlGaN/GaN can be expressed as, 

𝜎𝑠,𝑝𝑎𝑠𝑠𝑖𝑣𝑎𝑡𝑒𝑑 =
𝑃𝑆𝑃,𝐴𝑙𝐺𝑎𝑁+𝑃𝑃𝐸,𝐴𝑙𝐺𝑎𝑁−𝑃𝑆𝑃,𝐺𝑎𝑁−𝐶𝐵∗𝜓𝑃

1+𝐶𝐵
𝜋ℏ2

𝑞2𝑚∗

 (3.5) 

Where, 𝐶𝐵 is the series combination of the AlGaN and in-situ SiNx capacitances, 

and 𝜓𝑃 = ɸ𝑏 − 𝛥𝐸𝐶 − 𝛥𝐸𝐶,𝑖𝑛𝑐 .  𝛥𝐸𝐶,𝑖𝑛𝑐 is the conduction band offset from AlGaN to in-

situ SiNx, and ɸ𝑏 is the in-situ SiNx surface potential 𝐶𝐵 is given as, 

1

𝐶𝐵
=

1

𝐶𝐴𝑙𝐺𝑎𝑁
+

1

𝐶𝑆𝑖𝑁𝑥
=

𝑡𝑏𝑎𝑟𝑟𝑖𝑒𝑟

𝜀0𝜖𝐴𝑙𝐺𝑎𝑁
+

𝑡𝑆𝑖𝑁𝑥

𝜀0𝜖𝑆𝑖𝑁𝑥
 (3.6)  

𝐶𝐵 is calculated for 𝑡𝑏𝑎𝑟𝑟𝑖𝑒𝑟 and 𝑡𝑆𝑖𝑁𝑥  thicknesses measured by XRR.  Table 3.2 

gives the sheet charge densities evaluated using Equations 3.4 and 3.5 where a fixed 

dielectric constant of 𝜖𝑆𝑖𝑁𝑥 = 7.25 is applied.  Lattice parameters (𝑎𝐴𝑙𝐺𝑎𝑁 , 𝑎𝐺𝑎𝑁 , 𝑎𝐴𝑙𝑁) for 
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these calculations are taken from the measured values from RSM of the asymmetric GaN 

(10-14) reflections while (𝑐𝐴𝑙𝐺𝑎𝑁 , 𝑐𝐺𝑎𝑁 , 𝑐𝐴𝑙𝑁) are measured from symmetric GaN (0002) 

reflections.  A sensitivity analysis was performed to ascertain the uncertainty regarding the 

(assumed fixed) dielectric constant of the different stoichiometric SiNx, using reported 

values of 𝜖𝑆𝑖𝑁𝑥  ranging from 5.8 to 8.2 by J. Ma et al. 54  The calculated variation in total 

sheet charge density across this range of values is less than 1% of the polarization induced 

charge shown in Table 3.2.  Therefore, the values in Table 3.2 accurately represent 

experimental variation in the samples.   

For all in-situ SiNx passivated samples, the sheet charge density is increased 

compared to the unpassivated REFF sample; Table 3.2, last column.  (Except for sample 

A, in which the AlGaN barrier layer has been completely etched.)  This increase in charge 

density can be attributed to two factors.  First, the reduction in strain relaxation, from 6.9 

% (REFF) to between 1.5 and 2.6 % (B-E), increases the piezoelectric polarization, because 

the direction of the tensile stain induced piezoelectric polarization in the AlGaN barrier 

layer is in the same crystallographic direction as the spontaneous polarization. 62  Second, 

mitigation of the AlGaN/GaN surface dangling bonds by donor like atoms provides a 

positive interface charge at the SiNx-AlGaN interface.  In order to separate these factors, 

the contribution of the induced sheet charge density due to strain relaxation only has been 

calculated and is shown in Table 3.2.  Thus, the contribution from mitigation of interface 

states is 8.4 – 12 % of the total charge density. This range may be due to the varied 

constituent gas ratios (SiH4/NH3) between samples B to E which may produce different 

stoichiometric ([Si]/[N]) ratios within the SiNx passivation layers typical of this type of 

high temperature MOCVD grown SiNx reported earlier by J. Ma et al.54  Surface states 
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filling with different stoichiometric SiNx and the impact on 2DEG charge density has been 

previously reported. 64   

An assessment of the effect of in-situ SiNx passivation on the electrical properties 

of the AlGaN/GaN HEMT has been conducted via Hg-probe C-V.  Figure 3.5 shows C-V 

results of the passivated (A-E) and unpassivated (REFF) samples.  The voltage is varied 

from positive to negative using a 50 mV/s step at 100 kHz.  Low residual capacitance Cmin 

with a sharp transition from 2DEG accumulation to depletion, and a flat plateau (C0), 

corresponds to a typical AlGaN/GaN HEMT C-V profile. 15,55  Figure 3.5(a) compares 

samples A, B, and C with varying SiH4 flow with the REFF sample.  For sample C, the 

threshold voltage (|VT|) is increased compared to REFF because the SiNx dielectric 

thickness contributes to the depth of the 2DEG below the sample surface, consistent with 

published results.65  Correspondingly, the reduced thickness of the AlGaN barrier layer for 

sample B justifies the lower |VT| compare to REFF.  For sample A, the C-V profile deviates 

from the typical HEMT due to the completely etched barrier layer, confirmed by XRR 

(Figure 3.1(a)) and RSM (Figure 3.3), discussed previously.  Because the barrier layer is 

not present in sample A, the C-V profile could be due to diffusion of Si into the GaN acting 

as an n-type dopant and producing a near-surface n-GaN region 66 

Figure 3.5(b) compares the C-V profiles of samples C, D, and E with varying NH3 

flows to the REFF sample.  For samples C and D, the barrier layer thickness is substantially 

identical to the REFF sample, but with an additional 4.34 nm SiNx for C and 2.90 nm SiNx 

for D (Table 3.1).  The correspondingly larger |VT| values are, therefore, justified as the 

depth of the 2DEG from the surface has increased.  For sample E, the total stack (SiNx + 
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Barrier) thickness (~16 nm) is less than the REFF sample (~20 nm), and therefore, the 

positive shift in |VT| is due to additional charge carriers provided to the channel.   

Table 3.2 Al mole fraction, strain relaxation and polarization induced charge density 

calculated from XRD parameters.  

 

AlN% in 

AlGaN 

Barrier 

Layer 

 

Barrier 

Layer 

Strain 

Relaxation 

(%) 

Calculated Sheet Charge Density 

(cm-2) 

Induced, due to 

strain relaxation  
Including SiNx 

A N/A N/A  N/A 

B 29.2 2.6 0.96E+13 1.09E+13 

C 27.2 1.5 0.98E+13 1.06E+13 

D 28.1 1.6 0.99E+13 1.09E+13 

E 27.0 1.6 0.93E+13 1.03E+13 

REFF 27.8 6.9 0.95E+13  

 

 

 

Figure 3.5  Hg-probe C-V of the in-situ SiNx passivated HEMT samples compared with 

the unpassivated REFF sample.  (a) C-V profile of the HEMT structures produced with 

varying SiH4 flow during SiNx growth, and (b) with varying NH3 flow.   
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3.4 Conclusions 

In conclusion, effects of varied SiH4 and NH4 gas flow ratios for growing in-situ 

MOCVD SiNx passivation of AlGaN/GaN HEMTs is studied.  The growth rate and 

morphology of the in-situ SiNx strongly depends on the constituent gas ratios.  SiH4 induced 

selective etching of the underlying III-Nitride layers is prevalent with lower SiH4 and with 

lower NH3 gas ratios.  This selective etching of III-Nitride material with SiH4 is due to two 

mechanisms: SiH4 induced etching of the Al(Ga)N around screw and mixed dislocation 

cores, and simultaneous selective SiH4 etching of the Al(Ga)N around fractal like SiNx 

masking during the initial stages of growth before SiNx coalescence.  It is observed that 

with increased SiH4 flow and, thus, increased SiNx growth rate, faster surface coverage is 

achieved, and III-Nitride etching is reduced or mitigated.  It is also observed that SiNx 

lateral growth increases with increasing NH3 flow while reducing the RMS surface 

roughness.  Suppression of stress relaxation in the barrier layer has been observed for 

passivated samples, which provides increased piezoelectric polarization in the barrier layer.  

Both the suppression of the strain relaxation and surface state filling provides an increased 

2DEG sheet charge density at the AlGaN/GaN interface.  
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 CO-RELATION OF CONSTITUENT GAS CHEMISTRY AND 

STOICHIMETRY OF IN-SITU SiNx TO THE STRUCTURAL AND 

ELECTRICAL PROPERTIES OF AlGaN/GaN HEMT 

4.1 Introductions   

In-situ SiNx suppresses strain-relaxation in the barrier layer, thereby helping 

prevent relaxation in the pseudomorphically grown AlGaN (> 20 nm ) barrier layer13–15.  

The degree of suppression of strain-relaxation should depend on the stoichiometry and, 

hence, the mechanical properties of the in-situ SiNx.  Although suppression of strain 

relaxation using in-situ SiNx has been previously reported, the effect of constituent gas 

chemistry (and stoichiometry) on the degree of strain-relaxation has not been adequately 

studied.  To realize the full potential of in-situ SiNx passivation, and thereby design an 

improved AlGaN/GaN HEMT passivating layer, the co-relation between the SiNx 

stichometry and the suppression of strain-relaxation and surface state filling must be 

understood.  

In this chapter, in-situ SiNx grown by MOCVD at typical AlGaN/GaN growth 

temperature (1020 °C) and pressure (100 Torr) as a passivation layer for AlGaN/GaN 

HEMTs is studied.  The electrical properties (sheet resistance, electron mobility and sheet 

charge density) have been determined of the passivated AlGaN/GaN heterostructures 

together with the degree of strain relaxation in the barrier layer and the stoichiometry (x = 

[N]/[Si]) of the in-situ SiNx layer using x-ray photoelectron spectroscopy (XPS).  Finally, 
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the relationship between SiNx stoichiometry and electrical and mechanical properties of 

the AlGaN/GaN HEMT is presented and explained.  

4.2 Experimental Details 

In-situ SiNx passivated AlGaN/GaN HEMT structures were grown using the Texas 

State MOCVD system on low resistivity (40 Ω-cm) on-axis Si (111) substrates.  The details 

of the baseline unpassivated HEMT structure (REF) and the thicknesses of the 

corresponding layers are discussed in the previous chapter.  Finally, 2% SiH4 in Hydrogen 

(H2) gas with Ammonia (NH3) was introduced to the chamber keeping the same 

temperature and pressure of the HEMT structure to minimize any process dependent 

degradation.  Experimental in-situ SiNx passivated samples (labeled A1, B1, C1, and D1) 

were produced by introducing various silane-ammonia ratios to the chamber.  

Tapping mode AFM was used to ascertain surface morphology.  The thickness of 

the near-surface layers was measured by x-ray reflectometry (XRR).  In-plane lattice 

constant, a, was obtained from the GaN (10-14) reflections and the out of plane lattice 

constant, c, from the symmetric GaN (0002) reflections.  The composition and in-plane 

strain of the barrier layer was determined using strain-corrected Vegard’s law.  Al 

composition for the relaxed AlxGa1-xN transition layers (x = 0.51 - 0.52 for TL1, and x 

=0.25 - 0.26 for TL2) were determined using Vegard’s law for the c lattice constant from 

the symmetric GaN (0002) reflection data.   

X-ray photoelectron spectroscopy (XPS) was performed to determine the 

stoichiometry (x= [N]/[Si]) of the in-situ SiNx.  Cloverleaf Hall structures were fabricated 

to characterize the electrical properties of the in-situ SiNx passivated AlGaN/GaN HEMTs.  

First, clover-leaf Hall structures were mesa isolation using photolithography. The Oxford 
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100 Plasma Lab inductively coupled plasma (ICP)/ reactive ion etching (RIE) system was 

used for dry etching of the in-situ SiNx.   

 

 

Figure 4.1  Schematic diagram of in-situ SiNx passivated HEMT. 

To ensure a slow etch rate C3F8 (20 sccm) + Ar (5 sccm) gas was flowed to the 

chamber while maintaining a pressure of 20 mTorr with an ICP/RIE power of 150W/15W 

at 60 °C, which results in a 15 nm/min etch rate.  For III-Nitride dry etching, BCl3 (25 

sccm) + Cl2 (10 sccm) gas was flowed to the chamber kept at 60 °C and 40 mTorr with a 

power of 750W/75W ICP/RIE, which produced a 120 nm/min etch rate.  After defining the 

mesa isolation, Ohmic contact openings were made with a second photolithography mask 

followed by slow etching of the SiNx to avoid damage to the AlGaN barrier layer surface.  

Ohmic contact metal pads are defined by Ti (20 nm)/ Al (150 nm)/ Ni (10 nm)/ Au (150 

nm) metal deposition by e-beam evaporator followed by metal lift-off.  After metal liftoff, 
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a 30 sec 850°C rapid thermal annealing was performed.  (Annealing conditions were 

investigated, optimized and calibrated (i.e., the minimum contact resistance, Rc, identified) 

by measuring Rc of circular TLM structures.)  A 30 sec 850°C anneal in N2 environment 

yields an Rc of 8.65E-8 Ω-cm2.  To minimize process variation, the metal contacts for all 

samples were grown in a single run, and all wafers were loaded in one RTP annealing run.  

The Hall devices were characterized using the BioRad Hall system applying a 0.33 Tesla 

alternating magnetic field.   

4.3 Results and discussion  

From the previous experiment discussed in Chapter 3, SiH4 induced selective 

etching of the underlying III-Nitride layers is prevalent with lower SiH4 and with lower 

NH3 gas ratios.  It was observed that with increased SiH4 flow and, thus, increased SiNx 

growth rate, faster surface coverage was achieved, and III-Nitride etching was reduced or 

mitigated.  However, the previous experiments were limited by the SiH4 cylinder 

concentration.  Thus, in these experiments, a higher concentration SiH4 cylinder (2% in 

H2) was installed that provides constituent gas ratios (R = SiH4/NH3) from 4.44 to 88.9 E-

6.  This ratio range was investigated in a 4-step increment; A1, B1, C1 and D1 which is up 

to 1000X greater SiH4 concentration compared to the previous experiment.  Table 4.1 gives 

the growth conditions for the four experimental wafers.  

Figure 4.2 gives 1 μm x 1 μm 2D AFM images of the surface of the AlGaN/GaN 

HEMTs.  Figure 4.2(a) is from the unpassivated baseline sample (REF), and (b)-(e) are 

the in-situ SiNx passivated samples; A1, B1, C1, and D1, respectively.  Figure 4.3 shows 

corresponding 5μm x 5μm 2D AFM images of the samples.  Typical surface morphology 

for the REF AlGaN/GaN HEMT is confirmed as shown in Figure 4.2(a) and 3(a).  For the 
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sample with the lowest R values  (R = 4.44 E-6 for A1, shown in Figure 4.2(b) and 3(b)), 

some surface degradation is evident due to SiH4 induced selective etching.  However, with 

increasing R (higher SiH4 content) the surface damage is reduced for sample B1 (Figure 

4.2(c) and 4.3(c)) and fully mitigated for samples C1 and D1 (Figure 4.2(d) and (e) and 

Figure 4.3(d) and (e), respectively).  For C1 and D1, the SiNx mimics the HEMT surface 

features and there is no surface damage.  The AFM surface roughness is minimized (0.13 

nm for 1μm x 1μm) and is lower than the baseline REF (0.26 nm) which confirms that 

higher SiH4 content not only eliminates surface damage but also by reconstructing the 

surface it is reducing the surface roughness.  

To measure the thickness of the near-surface layers, x-ray reflectometry (XRR) was 

performed.  Figure 4.4 shows the specular XRR reflection spectra taken from the SiNx + 

barrier layer structures.  GlobalFit software is used to simulate the XRR data using the 

referenced material’s density (GaN, AlN, and AlGaN) to fit for barrier layer thickness, 

SiNx thickness, and densities.  The dotted lines represented the simulated data.  A 

reasonable agreement is obtained between the measured data and simulated data, as 

indicated in Figure 4.4.  The calculated thickness of the in-situ SiNx is tabulated in Table 

4.1.  The corresponding growth rates have been calculated and compared with the AFM 

roughness and constituent gas flows and given in Figure 4.5.  The SiNx growth rate, 

determined by XRR, is approximately linearly dependent on R (note the discontinuity in 

the abscissa of Figure 4.5). The AFM roughness is reducing with increasing R values and 

plateauing at a minimum for the two highest gas flow ratio conditions (C1 and D1). The 

highest growth rate achieved is for sample D1 at 5.5 nm/min, which is a 30X over the 

growth rate measured in the previous experiment with 200 ppm SiH4 (see Chapter 2).  With 
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increasing growth rate, lateral coverage is increased, thereby explaining the elimination of 

surface damage while reducing the overall roughness of the surface via reconstruction.  

Table 4.1 Growth conditions and measured structural properties for the experimental 

wafers.   

 
SiH4/

NH3  

(1E-6) 

XRR SiNx 

thickness 

(nm) 

AFM 

RMS 

roughnes

s (nm) 

FWHM 

(arcsec) 

GaN 

(0002) 

Al composition 

(%) 

TL2 TL1 
Barrie

r 

A1 4.44 6.4 0.40 572 26.4 52.4 28.1 

B1 8.89 9.1 0.38 572 26.1 52.1 27.7 

C1 22.22 7.4 0.17 590 26.2 51.8 27.0 

D1 88.93 10.7 0.13 594 26.1 52.2 28.8 

REF  (AlGaN 17.9) 0.26 587 26.0 51.8 26.5 

 

 

Figure 4.2 1μm x 1μm 2D AFM images of the AlGaN/GaN HEMTs, (a) unpassivated 

baseline sample (REF) (b)-(e) in-situ SiNx passivated samples A1, B1, C1, and D1, 

respectively.  
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Figure 4.3 5μm x 5μm 2D AFM images of the AlGaN/GaN HEMTs, (a) unpassivated 

baseline sample (REF) (b)-(e) in-situ SiNx passivated samples A1, B1, C1, and D1, 

respectively.  

 

Figure 4.4 Measured and simulated grazing incidence XRR spectra of the in-situ SiNx 

passivated AlGaN/GaN HEMT heterostructures.  The dotted lines show the simulated 

data.  
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Figure 4.5 Relationship between constituent gas flow ratio (SiH4/NH3) to the surface 

roughness and SiNx growth rate.  

 

HRXRD RSM around the GaN asymmetric (10-14) and symmetric (0002) 

reflections were performed to determine the stress-strain state in the barrier layer, as well 

as to characterize the other III-Nitride layers.  The full-width half-maximum (FWHM) of 

the GaN (0002) rocking curve ( scan), given in Table 4.1, ranges between 572 arcsec 

and 594 arcsec for all samples, which confirms the consistency of the growth process and 

high quality of the baseline heterostructure.  Using Vegard’s law the AlN composition of 

the transition layers (TL1 and TL2) was determined from the RSM around the (Al)GaN 

(0002) reflections as presented in Table 4.1.  The AlN compositions are very consistent, 

within 1% variation, which again confirms the consistency of the baseline growth process.  

A symmetric scan around GaN (0002) reflection cannot resolve the barrier peak as 

TL2 has nearly the same AlN composition as the barrier layer.  However, the strain 
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sensitive GaN (10-14) asymmetric scan can fully resolve the barrier layer peaks as 

discussed in Chapters 2 and 3.  Figure 4.6 shows RSMs of the REF AlGaN/GaN HEMT 

around the asymmetric (10-14) reflections.  The vertical dashed line indicates the zero-

relaxation GaN a-axis, and the ellipses indicate the AlGaN barrier layer peaks for the 

different samples.  A fully strained AlGaN barrier layer will lie on the zero-relaxation line.  

The figure shows the contour maps in reciprocal coordinates Qz and Qx (Qz = 1/dz; Qx = 

1/dx).  The right-side scans show the barrier peaks of the passivated samples A1, B1, C1, 

and D1.  For all samples, a distinct barrier layer peak is observed.  The consistent barrier 

layer peaks in the passivated samples with comparable size and shape to the REF (baseline) 

sample ensures that there has not been damage to the structural quality of the barrier layer.  

Due to the very high TEC of amorphous SiNx compared to the III-Nitride layers 

and its atomic level adhesion with the underlying layers, in-situ SiNx suppresses strain 

relaxation in the fully strained barrier layers.  Following the approach discussed in Chapters 

3 and 4, the fully strained barrier layer’s compositions (x) is calculated from the lattice 

parameters a and c determined from the GaN asymmetric (10-14) and GaN symmetric 

(0002) reflections. Corresponding strains, strain relaxation and stress values are determined 

as presented in Table 4.2.  All in-situ SiNx passivated wafers show a degree of suppression 

of strain relaxation in the pseudomorphically grown barrier layer. Detail of the equations 

and processes to determine strain, strain-relaxation and bi-axial stresses have been 

discussed in Chapter 2&3. 
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Figure 4.6 RSMs of REF AlGaN/GaN HEMT on Si with AlN nucleation layer and two 

step graded AlGaN transition layers (TL1 and TL2) around the GaN asymmetric (10-14) 

reflections.  The vertical dashed lines show the zero-relaxation GaN a-axis, and the 

ellipses indicate the AlGaN barrier layer peak position.  The figure shows the contour 

map of the reciprocal space in reciprocal coordinates Qz and Qx (Qz = 1/dz; Qx = 1/dx).  

The right-side scans show the barrier peaks of passivated sample A1, B1, C1, and D1. 

XPS based surface analysis is performed to estimate the stoichiometry of the 

MOCVD grown in-situ SiNx.  Deconvolution and peak fittings were performed using 

Origin 2016 software.  First, charge correction was performed to compensate for insulator 

charging using the 285 eV C1s peak as reference.  The peaks were then fitted using a 

Gaussian function and Shirly background subtraction method.  Deconvoluted peaks were 

fitted using bounds to limit, and accurately identify, different chemical bonding energy 

contributions; Si-Si, Si-N, and Si-O-N. 



72 
 

Table 4.2 The structural and electrical properties of in-situ SiNx passivated AlGaN/GaN 

HEMT with SiNx stoichiometry  

 

 

 

Figure 4.7 shows the deconvoluted peaks of Si2p excitation.  As evident from the 

figures, each of the samples has strong Si-N bond formation for both stoichiometric Si3N4 

and non-stoichiometric SiNx.  With increasing SiH4/NH3 ratio, the Si-Si bond contribution 

increases (dark blue curves) which suggests that with increasing SiH4 content, there are 

additional Si atoms available for bonding that are not saturated by N atoms.  Figure 4.8 

shows the N1s peak for the four passivated samples.  For all samples, the peak lies between 

396 and 397 eV, which is characteristic of Si3N4 bonding67. 

To analyze the SiNx stoichiometry (x = [N]/[Si]) the peak area sensitivity method 

is employed, which is more accurate than other methods such as intensity67.  For a sample 

with a homogeneous analysis volume, the number of photoelectrons per second in a 

specific spectrum is given by67:  

I = nfσθyλAT  (4.1) 

Where n is the number of atoms of the element per cm3 of the sample, f is the x-ray flux in 

photons/cm2-sec, σ is the photoelectric cross-section for the atomic orbital of the interest 

  XPS Hall Data XRD Data 

 SiH4/NH3 

(*1E-6)  

x= 

[N]/[Si]  

Rs 

ohm/sq  

cm
2
V

-

1
S

-

1
(1E3) 

μ 

cm
-2

 

(1E13) 

Ns 

Strain 

Relaxation 

%  

Stress (GPa) 

  Barrier  GaN  
A1 4.44 1.37 330 1800 1.04E+13 13.4 3.25 0.79 

B1 8.89 1.31 320 1890 1.03E+13 9.6 2.76 0.22 

C1 22.22 1.13 325 2140 8.97E+12 2 3.45 0.92 

D1 88.93 1.11 275 2500 8.91E+12 2.1 4.08 1.4 

REF   484 1650 7.81E+12 17.3 2.97 0.77 
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in cm2, θ is an angular efficiency factor for the instrumental arrangement based on the 

angle between the photon path and detected electron, y is the efficiency in the photoelectric 

process formation of photoelectrons in the sample, A is the area of the sample from which 

photoelectrons are detected, and T is the detection efficiency for electrons emitted from the 

sample.  The above equation can be rewritten as follows:  

 n =  I/fσθyλAT  (4.2) 

For a specific XPS system, the denominator of Eq 4.2 can be defined as the atomic 

sensitivity factor (ASF), S.  If a line from each of the two elements is strong, we can 

consider  

n1

n2
=

I1/S1

I2/S2
    (4.3)  

The above expression may be used for all homogeneous samples if the ratio S1/S2 

is independent of the matrix materials.  However, quantities such as σ and λ certainly varies 

from material to material although the ratios 𝜎1/𝜎2 and 𝜆1/𝜆2 remain constant.  Thus, a set 

of values of S for all the elements can be developed.  Considering the variation in the 

angular set-up, multiple sets of S values may be needed.  So, a general expression for 

composition can be written following Eq 4.3 as follows,  

  Cx= 
n𝑥

∑ ni
=

I𝑥/Sx

∑ Ii/S𝑖
  (4.4) 

Using the empirical values for ASF at 54.7˚reported by Moulder et al. 67 the 

stoichiometry, x = [N]/[Si], of SiNx is determined as presented in Table 4.2 and also co-

related with the constituent gas chemistry as showed in Figure 4.9(iii).  
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Figure 4.7  XPS analysis of in-situ SiNx comparing the Si2p spectra for SiNx grown on 

experimental wafers A1-D1.  XPS data indicate peak shifts to binding energies at 99.5 eV 

(Si-Si), 101.8 eV (Si-N), and the formation of the Si-O-N bond. 
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Figure 4.8  XPS analysis of in-situ SiNx comparing the N1s spectra for SiNx grown on 

experimental wafers A1-D1.   

 

Electrical properties (sheet resistance, mobility & sheet charge density) were measured by 

the cloverleaf Hall structure fabricated by photolithography, metal liftoff and ICP/RIE 

based dry etch, using the Bio-Rad Hall measurement system at Texas State.  Figure 4.9 

correlates the properties of the in-situ SiNx passivated AlGaN/GaN experimental wafers.  

The properties being compared to the constituent SiH4-NH3 gas flow ratio, R, includes, (i) 
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strain relaxation, (ii) biaxial stress, (iii) SiNx stoichiometry, (iv) 2DEG sheet charge 

density, (v) 2DEG Hall mobility, and (vi) 2DEG sheet charge density.  The horizontal 

dashed lines on the graphs indicate the unpassivated REF baseline data.   

All the passivated experimental samples show suppression of strain relaxation in the barrier 

layer, shown in Figure 4.9(i), with a trend of reducing strain with increasing R, reaching a 

minimum (i.e., nearly fully strained AlGaN barrier) for samples C1 and D1.  Suppression 

of strain relaxation follows the stoichiometry (x = [N]/[Si]) of the in-situ SiNx as shown in 

Figure 4.9(iii).  With increasing Si content the SiNx density increases, which results in 

stiffer SiNx, and explains the increase in the suppression of strain relaxation68.  With lower 

strain relaxation, the higher the AlGaN barrier layer strain, which produces higher biaxial 

stress as evidenced in the data in Figure 4.9(ii).  An increase in the biaxial tensile stress in 

the AlGaN barrier layer should increase the piezoelectric polarization electric field, which 

should improve the 2DEG sheet charge density7.  In addition, wafers with higher R 

(SiH4/NH3 ratio) and lower x = [N]/[Si] provide the maximum suppression of strain 

relaxation (2 %) which yields the largest biaxial tensile stress, 4.1 GPa for sample D1, in 

the barrier layer compared to 17.3 % for the reference wafer.  

The 2DEG sheet charge density induced at the AlGaN/GaN interface is an interplay 

between polarization induced sheet charge density and surface state filling with proper 

chemical surface bonding.  All the in-situ passivated wafers have higher sheet charge 

density compared to the unpassivated REF wafer.  The samples with highest x values 

(Figure 4.9(iii)); A1 with 1.37 and B1 with 1.31, have the highest sheet charge densities; 

1.04E13 and 1.03E12 cm-2, respectively.  While the barrier layer stress for samples C1 and 

D1 are highest; 3.5 GPa and 4.1 GPa, respectively, the reduction in the 2DEG sheet charge 
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density in these samples could be due to not only the surface state filling with lower N 

content but also from the higher biaxial tensile stress in the GaN buffer; 0.92 GPa for C1 

and 1.39 GPa for D1, compared to the stress in A1; 0.76 GPa.  Higher tensile stress in the 

GaN buffer would provide a piezoelectric field opposite to the barrier layer stress induced 

piezoelectric polarization.  All in-situ SiNx passivated HEMT samples have higher 

mobility, as high as 2500 cm2/V-s for D1 and 2140 cm2/V-s for C1, compared to 1650 

cm2/V-s for the unpassivated REF baseline.   

The higher electron mobilities of for all the passivated samples could be due to the 

higher barrier layer strain relaxation suppression, which makes the interface between 

AlGaN/GaN more abrupt compared to the unpassivated HEMT.  A more abrupt 

heterostructure interface would reduce alloy scattering of the 2DEG at the AlGaN/GaN 

heterointerface.   

M. Azize et al. reported a 20% higher electron mobility under 0.16% biaxial strain, 𝐸𝑥𝑥
𝑏 . 69  

Kang et al. reported higher 2DEG conductivity for AlGaN/GaN HEMTs under external 

stress70.  A theoretical study by Dreyer et al. indicates a lower effective charge carrier mass 

under external stress71.  Therefore, the outstanding charge mobility of sample D1 may be 

due to a combination of (a) the lowest x value (x = 1.13, Si rich SiNx) contributing to low 

interface alloy scattering due to the more abrupt heterointerface, (b) minimal barrier layer 

relaxation, and (c) lower effective mass of the carriers in the channel due to the higher 

strain in the GaN material comprising the 2DEG channel.  These three characteristic 

features of the optimized in-situ SiNx passivation process conspire to create the lowest 

sheet resistance of 276 Ω-sq for sample D1, which is a 43% reduction compared to the 

unpassivated REF sample’s 484 Ω-sq sheet resistance.  Furthermore, this sheet resistance 
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value represents a 27% reduction compared to the standard ex-situ PECVD SiNx passivated 

REF sample sheet resistance (380 Ω-sq). 

 

 

Figure 4.9 Effect of constituent gas flow ratio (R= SiH4/NH3) on (i) barrier layer strain 

relaxation, (ii) barrier layer biaxial tensile stress, (iii) SiNx stoichiometry, (iv) 2DEG 

sheet charge density, (v) 2DEG mobility, and (vi) sheet resistance.  The dashed lines 

represent measurements from the unpassivated AlGaN/GaN HEMT (REF).   
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4.4 Conclusions 

Increasing the constituent gas ratio (R = SiH4/NH3), thereby providing higher SiH4 

content, increases the SiNx growth rate, enabling quicker lateral coverage and eliminating 

surface damage.  

The enhanced electrical properties are attributed to the simultaneous effects of SiNx 

induced suppression of strain relaxation in the barrier layer, increased GaN buffer stress 

and surface state filling by optimizing the [Si]/[N] stoichiometry.  The sample with high N 

content in the SiNx exhibits high strain relaxation (13%), the largest sheet charge density 

1.04E13 cm-2 and 1800 cm-2V-1s-1 mobility.  These results are attributed to surface state 

filling with higher N content providing increased donor surface states to yield the high 

2DEG.  Finally, the combination of (a) low x (Si rich SiNx) contributing to low interface 

alloy scattering and a more abrupt heterointerface, (b) minimal barrier layer relaxation, and 

(c) lower effective mass of the carriers in the channel due to the higher strain in the GaN 

material results in an optimized in-situ SiNx passivation process.  The resulting 2DEG has 

the lowest sheet resistance (276 Ω-sq) representing a substantial reduction compared to the 

REF structure, whether unpassivated or PECVD SiNx passivated.   
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 OVERVIEW: SELF-HEATING IN AlGaN/GaN HEMTS, AND DIAMOND 

AS A HEAT SPREADER 

5.1 Self-heating in AlGaN/GaN HEMT 

Self-heating is one of the biggest challenges needing to be overcome to realize the 

full application potential of AlGaN/GaN HEMTs.  Using ultra violet (UV) micro-Raman 

spectroscopy, Nazari et al. reported the temperature rise near the 2DEG channel is as high 

as 350 C above ambient for an AlGaN/GaN based HEMT with an input power of 7.8 

W/mm.16  Figure 5.1 indicates the depth dependent profile of temperature rise estimated 

by UV and visible micro-Raman spectroscopy at two different input powers 

(IDSVDS/channel length).  The horizontal range for these data corresponds to the thickness 

averaged by each measurement, while the vertical range corresponds to error bars based on 

fitting the Raman data.16  The comparison of self-heating induced temperature rise between 

different published results is difficult because each research group has different device 

designs.  I.e., their devices have different substrate materials, barrier/buffer (AlGaN/GaN) 

layer thicknesses, gate layout, number of gate fingers, device density and heat sinking 

approaches.  For a similar AlGaN/GaN transistor grown on silicon device, Beechem et al. 

reported a self-heating induced temperature rise of ∼300 °C with an input power of ∼2.8 

W/mm based on visible micro-Raman measurements72 while Sarua et al. reported a 

temperature rise of ~ 300 °C for an input power of 3.65 W/mm 73.  Due to this self-heating 

effect, the channel current (𝐼𝐷𝑆𝑆) drops significantly which significantly lowers the 

performance of such devices 16,73–75.   
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Figure 5.2 shows the side by side comparison of 𝐼𝐷 vs. 𝑉𝐷  for GaN-on-diamond 

and GaN-on-Si.  Due to the self-heating effect 𝐼𝐷 is more sensitive to the pulse length for 

GaN-on-Si HEMTs than GaN-on-diamond.76  Power added efficiency, 𝑃𝐴𝐸 % = 

𝑃𝑜𝑢𝑡

𝑃𝐷𝐶
 ( 1 − 1/𝐺) × 100 %, is a key measure of a power amplifier, where 𝑃𝑜𝑢𝑡 is output 

power and 𝑃𝐷𝐶  is the DC power drawn from the bias power supply.77  Since, 𝑃𝑜𝑢𝑡 ∝ 𝐼 𝐷𝑆𝑆 , 

𝐼𝐷𝑆𝑆 droop due to self-heating directly affects the efficiency of the devices.77  Jessen et al. 

first demonstrated a working AlGaN/GaN HEMT attached to a CVD diamond wafer 

manufactured by Group4 and Emcore. 78  This technological achievement proved the 

feasibility of using polycrystalline CVD diamond as a substrate material to maximize the 

heat extraction from high power HEMTs. 

Figure 5.1 Temperature rise in different regions of an AlGaN/GaN heterostructure at two 

different input powers obtained from Raman measurements along with thermal 

simulation results (dashed graphs) for input powers of 7.8 W/mm (filled squares) and 2.6 

W/mm (empty squares).  Vertical solid lines separate different layers in the device, and 

the vertical dashed line separates two AlGaN TLs.16 
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Thermal conductivity of CVD grown diamond can be as high as 2000 

Wm−1K−1 for bulk material over 500 µm thick 17.  Utilizing the advantage of the high 

thermal conductivity of CVD diamond and placing it proximate to the heat source (2DEG 

channel), Raytheon and TriQuint reported a reduced operating temperature of a GaN 

transistor on GaN/Diamond substrate by 40-45% compared to GaN-on-SiC. 79,80  While 

comparing with GaN-on-Si, Felix et al., reported the temperature reduction is ~ 85% of its 

original temperature rise 76.  Figure 5.3 shows a comparison between AlGaN/GaN HEMTs 

on different substrates (solid rectangle) for GaN-on-Si, (open diamond) for GaN-on- SiC 

and (solid circle) for GaN-on-diamond.  The temperature rise is maximum for GaN-on-Si 

and minimum for GaN-on-diamond while GaN-on-SiC falls in the middle.  Different colors 

represent two different data sets for different samples. 74  

 

Figure 5.2 Current droop measured from GaN-on-diamond (left) and GaN-on-silicon 

(right) HEMTs with various pulsed dc duty-cycles.   

5.2 Diamond as a Heat Spreader 

Published literature suggests that there are three different approaches to incorporate 

diamond with GaN.  The first approach, shown in Figure 5.4(a), involves growth of 
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AlGaN/GaN device layers on silicon (111) substrates by MOCVD.  Then, using low 

temperature wafer bonding, a sacrificial silicon handle wafer is attached to the front-side 

of the GaN epi wafer to facilitate removal of the host silicon substrate.  The host silicon 

substrate and epitaxial transition layers (TL) are removed.  Next, a dielectric layer 

(typically SiNx)
73,76,81,82 deposited onto the epi-inverted GaN buffer as an adhesion layer to 

facilitate seeding with nano-diamond.  Approximately 100 µm of polycrystalline diamond 

is grown on the SiNx.  Finally, the handle wafer is removed and the GaN/diamond wafer is 

ready for device processing. 74,76 

 

 

Figure 5.3 Temperature rise near the 2DEG channel measured by IR as a function of 

substrate material at various input powers.  Solid rectangle for GaN-on-Si, open diamond 

for GaN-on- SiC and solid circle for GaN-on-diamond.   

The second approach, shown in Figure 5.4(b), involves growing AlGaN/GaN 

device structures on SiC, Si or Al2O3 substrates by MOCVD.  The wafer undergoes front 

side processing first, followed by bonding a silicon carrier to facilitate substrate removal 
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83.  The GaN and diamond surfaces are prepared for dielectric layer deposition and 

subsequent low temperature (>150 ⁰C) bonding.  

The third approach is more direct where no wafer bonding or handle wafer is 

required. In this approach, shown in Figure 5.4(c), the AlGaN/GaN HEMT is grown on Si 

or SiC with a GaN cap on top, followed by subsequent deposition of a dielectric adhesion 

layer for seeding to facilitate the diamond growth on top.  The substrate and the transition 

layers are removed to realize device processing on the N-face GaN buffer layer. 76  

Figure 5.4 Schemetic process flows for incorporating diamond as a heat spreader for 

AlGaN/GaN HEMTs:  (a) direct growth of diamond on the back side of the GaN buffer 

layer after the substrate and the TLs have been etched, while bonding a temporary handle 

wafer at the front side using wafer bonder, (b) low temperature wafer bonding of 

diamond with dielectric adhesion layer grown on the GaN buffer back side epilayer, and 

(c) the direct approach of diamond growth on the front side of the epilayers after 

subsequent growth of a dielectric layer for seeding adhesion. 74,76 

(a)  

 

                   (b) 

 

 

(c) 
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5.3 Effect of TBR on GaN-on-diamond performance  

Effective heat spreading within a GaN-on-diamond wafer does not solely depend 

on the thermal conductivity of CVD diamond, but also the effective thermal boundary 

resistance (TBReff) at the interface of GaN and diamond. 82,84  This TBReff is the effect of 

acoustic mismatch between materials which includes the dielectric interlayer used for 

diamond growth seeding, and the defective transition region at the dielectric layer/diamond 

interface, also referred to as the nucleation layer, or nano crystalline diamond (NCD) layer. 

84  Therefore, TBReff is not the discrete boundary resistance but it is a collective contribution 

of multiple resistance components: i) The thermal resistance of low-quality GaN regions 

near the dielectric adhesion layer/diamond interface, 𝑅𝐵𝑟(𝐺𝑎𝑁), ii) the two boundary 

resistances at the adhesion layer interfaces with the GaN and the diamond,  𝑅𝐵𝑟(𝐺𝑎𝑁 −

𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 + 𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 − 𝑑𝑖𝑎𝑚𝑜𝑛𝑑), iii) the internal thermal resistance of the dielectric 

adhesion layer, 𝑅𝐵𝑟(𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐), and iv) the thermal resistance of near interfacial diamond, 

𝑅𝐵𝑟(𝑁𝐶𝐷).  All these resistances lump together to give the effective thermal boundary 

resistance (TBReff), 
79 

           TBReff  =  𝑅𝐵𝑟(𝐺𝑎𝑁 − 𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐) + 𝑅𝐵𝑟(𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 − 𝑑𝑖𝑎𝑚𝑜𝑛𝑑) 

+ 
𝑑𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐

𝑘𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐
 + 𝑅𝐵𝑟(𝑁𝐶𝐷)  (5.1) 

Or, TBReff  =  𝑅0 +
𝑑𝑆𝑖𝑁𝑥

𝑘𝑆𝑖𝑁𝑥
   (5.2) 

  [ 𝑅0 =  𝑅𝐵𝑟(𝐺𝑎𝑁 − 𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐) + 𝑅𝐵𝑟(𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 − 𝑑𝑖𝑎𝑚𝑜𝑛𝑑) 

+𝑅𝐵𝑟(𝑁𝐶𝐷)] 



86 
 

Where, 𝑑𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐  is the thickness of the dielectric adhesion layer and 𝑘𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐  is 

the thermal conductivity of the dielectric adhesion layer.  From equation (5.2), it is clearly 

evident that TBReff ∝ 𝑑𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 ; TBReff ∝ 1/𝐾𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 , therefore using a ultra-thin 

dielectric layer with better thermal conductivity is key to minimizing TBReff . 

Reported measured values suggest that TBReff  for GaN-on-diamond ranges from 10 

to 50 m2K/GW 16,19,76,84–86 which are low in comparison to GaN-on-SiC and GaN-on-Si. 73  

But to realize the full potential of the GaN-on-diamond system, TBReff, which constitutes a 

significant portion of the overall wafer thermal resistance, must be minimized.   

To date, the reported choice of dielectric adhesion layer for diamond seeding to 

facilitate diamond growth is SiNx, with thickness ranging from 28 nm to 100 nm. 20,84,86  

Using SiNx as a dielectric adhesion layer, J. Cho et al., showed that TBReff is dominated by 

the effective thermal resistance of SiNx, 𝑅𝐵𝑟(𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐) in this case, 𝑅𝐵𝑟(𝑆𝑖𝑁𝑥). 20  Table 

5.1 summarizes the published extracted thermal resistance of different samples measured 

by time domain thermoreflectance (TDTR).  The minimum TBReff resistance is found to be 

17.5 m2K/GW for the thinnest SiNx layer, and most importantly, the contribution to 

effective thermal resistance for dielectric adhesion layers 𝑅𝑡ℎ(𝑆𝑖𝑁𝑥) is almost 80% for 

both cases (either SiNx on GaN or SiNx on diamond). 20  This is because the extracted 

thermal conductivity of the dielectric layer was very low, ranging from 𝑘𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 = 0.94 

Wm−1K−1 to 1.1 Wm−1K−1, compared to the measured thermal conductivity for GaN, 

𝑘𝐺𝑎𝑁 = 170 ± 10 Wm−1K−1, and for diamond, 𝑘𝑑𝑖𝑎𝑚𝑜𝑛𝑑 = 1500 ± 10 Wm−1K−1. 20  

This result suggests that reducing the thermal resistance of the dielectric layer could result 

in the optimal total reduction of TBReff which would lead to maximum extraction of the 

dissipated heat energy and, thus, realizing the highest performance GaN-on-diamond 
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device.  Sun et al. varied the SiNx thickness to verify that the dielectric layer thickness has 

a linear relation with TBR.  Figure 5.5 shows TBReff as a function of the dielectric layer 

thickness, 𝑑𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 .  Here the solid squares represent the TBReff for hot filament (HF) 

CVD diamond, and the solid circles are for microwave (MW) CVD growth. 

Table 5.1. Extracted thermal properties of SiNx on diamond and GaN samples measured 

at room temperature using TDTR.  𝑅𝐵𝑟(𝐴𝑙−𝑆𝑖𝑁) represents the Al-SiNx TBR, 𝑅𝐵𝑟(𝑆𝑖𝑁𝑥) 

represents the effective SiNx resistance and TBReff represents the total summed resistance 

of 𝑅𝐵𝑟(𝐴𝑙−𝑆𝑖𝑁) and 𝑅𝐵𝑟(𝑆𝑖𝑁𝑥). 20 

Sample 𝑅𝐵𝑟(𝐴𝑙−𝑆𝑖𝑁) 

m2K/GW 

𝑅𝐵𝑟(𝑆𝑖𝑁𝑥) 

m2K/GW 

TBReff   

m2K/GW 

O
n
 

D
ia

m
o
n
d

 13 nm SiNx N/A N/A 17.5 ±0.6 

24 nm SiNx 4.8 ±0.2 21.6 ±0.7 26.4 ±0.9 

36 nm SiNx 5.5 ±0.3 36.8 ±0.8 42.3 ±1.1 

O
n
 G

aN
 12 nm SiNx N/A N/A 17.2 ±0.7 

23 nm SiNx 7.5 ±0.2 22.0 ±0.9 29.5 ±1.1 

35 nm SiNx 5.3 ±0.3 37.3 ±1.5 42.6 ±1.8 

 

Figure 5.5 TBReff of GaN-on-diamond as a function of the SiNx layer thickness.  The data 

broadly follow a linear fit and the thermal conductivity of the amorphous SiNx layer is 

estimated to be 1.9  ± 0.4 W/m-K from the slope. 84 
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5.4 Proposed Solution:  

Considering the studies discussed above, the effective thermal boundary resistance 

TBReff can be reduced by either, 

i) Reducing the thickness (𝑑𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐) of the dielectric adhesion layers (see Eq 

(5.2)), 

ii) Finding new material(s) other than SiNx with better thermal conductivity 

(𝑘𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐) and adhesion property, and/or 

iii) Obtaining the thinnest possible diamond nucleation layers or nano crystalline 

diamond layer. 

This dissertation will focus on the first approach listed above.  
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 STRUCTURAL AND INTERFACE ANALYSIS OF DIAMOND ON 

AlGaN/GaN HEMT UTILIZING AN IN-SITU SiNx INTERLAYER GROWN 

BY MOCVD 

 

6.1 Introduction  

For GaN-based HEMTs, the high current driven through the channel is confined to 

the very narrow, < 10 nm, 2DEG and therefore produces significant self-heating (as high 

as 350 C for GaN on Si) in the active region of the device.16  Since the 2DEG and the 

active GaN/AlGaN layers are very thin, the dissipation of heat from the self-heating source 

is predominantly vertical.16  Therefore, a low resistance thermal pathway from the self-

heating source to a nearest heat sink (e.g., a high thermally conductive substrate) is highly 

desired.  

Owing to its outstanding bulk thermal conductivity, which can exceed 2000 W/m-

K,87 CVD polycrystalline diamond is the superior choice as a heat spreading material, 

especially when compared with standard GaN-based substrates such as Si, 6H-SiC and 

Al2O3 .  Altman et al. used diamond as a substrate to show a 2.7X reduction in the thermal 

resistivity and 3X increase in device areal density compare to GaN-on-SiC devices. 88  To 

achieve maximum benefit of diamond heat spreading, the diamond thin film must be in 

direct contact with the HEMT stack, and most preferably to the topmost AlGaN barrier 

layer nearest the device active region.  

Inclusion of a diamond heat spreader with the AlGaN/GaN HEMT can be realized 

in different ways.  One approach is to replace the original III-Nitride growth substrate by 
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wafer bonding of a diamond substrate to the AlGaN/GaN HEMT.  A second approach is 

direct growth of diamond on the back (GaN) side of the wafer.49,74,86  In both approaches, 

discussed in detail in Chapter 5, additional processing steps are required, such as transfer 

to a handle wafer, substrate removal, wafer bonding, and/or handle wafer removal.  The 

electrical, chemical, and thermal properties (thermal conductivity of diamond and thermal 

boundary resistance)74,88 of the GaN-diamond interfaces have been extensively studied 

with these approaches.  

A third approach to achieve the desired diamond integration is directly growing the 

CVD diamond layer on the epi-side (top AlGaN surface) of the passivated active layer.89–

97  Challenges to diamond-on-AlGaN/GaN growth include degradation of III-Nitride layers 

in the harsh CVD environment98 and thermal stresses due to the mismatch of the materials’ 

TECs.38  Changes in the stress-strain state in this AlGaN/GaN heterostructure, especially 

in the fully strained pseudomorphically grown AlGaN barrier layer, could have a 

significant impact on the 2DEG properties24.  Previous reports, such as A. Wang et al97, 

have shown the overall impact of stress due to high temperature CVD diamond cap 

integration with a dielectric adhesion layer through simulation (thermal stress on GaN, 

SiNx and Diamond) and Raman measurements (bulk GaN).  The strain in 

pseudomorphically grown AlGaN barrier layers acts differently than that of bulk GaN.  

Therefore, for a proper understanding of the impact of CVD diamond integration induced 

stress-strain state on the 2DEG properties, the barrier layer stress should be evaluated.  

However, this cannot be done exclusively with Raman.  Using direct diamond growth, a 

25% improvement in breakdown voltage99 and a 20% lower channel temperature at 

equivalent power dissipation have been reported.96  Zhou et al. predicted that a 15% 
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reduction in self-heating for devices based on similar material stacks can be realized with 

CVD diamond grown on the HEMT structure.93  While the potential effectiveness of this 

approach is very promising, detailed studies of the diamond-AlGaN/GaN interface 

properties, as well as the impact of the diamond growth on the III-Nitride materials, 

requires further investigation.   

In this chapter, in-situ SiNx grown by MOCVD immediately following the 

AlGaN/GaN HEMT growth is reported.  Subsequently, CVD diamond deposition is 

conducted in Texas State’s HFCVD growth system.  The impact on the material properties 

(stress/strain state) of the III-Nitride layers before and after diamond growth by high-

resolution x-ray diffraction (HRXRD) based reciprocal space mapping (RSM), and from 

visible and ultraviolet (UV) micro-Raman measurements was evaluated.  HRXRD based 

RSM measurements around the GaN (10-14) asymmetric peak allowed accurate 

calculations of the in-plane barrier layer strain thereby obtaining a more accurate stress-

strain profile of the AlGaN/GaN heterostructure than characterizing by only Raman (which 

cannot resolve the AlGaN barrier layer, separately).  The details of the measurement 

approaches are discussed in Chapter 2.  Scanning transmission electron microscopy 

(STEM) imaging was performed to evaluate the structural and elemental properties of the 

in-situ SiNx passivated AlGaN/GaN HEMT interface before and after the diamond growth.  

Finally, time domain thermoreflectance (TDTR) was performed to evaluate the thermal 

conductivity of the CVD diamond and the effective thermal boundary resistance (TBReff) 

of the diamond/GaN interface.  
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6.2 Experimental Details 

Figure 6.1(a) shows a schematic diagram of the target diamond-on-AlGaN/GaN 

HEMT structure.  First, in-situ SiNx passivated AlGaN/GaN HEMT was grown on Si (111) 

by MOCVD as discussed in Chapters 2-4.  For the experimental wafers, SiH4 was 

introduced to the chamber while keeping the same temperature and chamber pressure (100 

Torr) of the GaN cap layer to produce the ~ 46 nm thick in-situ SiNx layer.  

 

Figure 6.1 (a) Schematic of the target diamond-on-AlGaN/GaN HEMT structure using 

MOCVD grown in-situ SiNx as the dielectric adhesion layer (not drawn to the scale), and 

(b) Bright-field STEM images of the structure after diamond growth. Inset indicates the 

in-situ SiNx/GaN(cap)/AlGaN(barrier)/GaN interface region, post diamond growth.   

For the diamond CVD process, nano-diamond seeds were dispersed using a photoresist 

based spin coating technique as reported by Ahmed et al. 100  A power of 6 kW was driven 

through an array of 9 tungsten wires of 0.01̎ diameter, which resulted in a 2200 °C wire 

filament temperature.  The rotating substrate was positioned 6 mm from the tungsten wire 
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array to produce a substrate temperature of 720-750 °C and uniform diamond growth rate.  

Growth was carried out for 7 h using 60 sccm of methane and 3 sccm of oxygen with 2000 

sccm of hydrogen into the HFCVD chamber while maintaining a pressure of 20.8 Torr.  As 

discussed below, this process resulted in 1.46 ± 0.10 µm thick fully coalesced diamond and 

uniform coverage across the wafer.   

X-ray reflectometry (XRR) of the in-situ SiNx was performed to determine the initial 

thickness and density of the MOCVD grown SiNx dielectric adhesion layer.  HRXRD RSM 

was performed around both the GaN asymmetric (10-14) and symmetric (0002) planes to 

determine the stress and composition of the constituent layers before and after diamond 

deposition.  Tapping mode AFM measurements of the in-situ SiNx surface, before diamond 

growth, and of the diamond surface after growth were taken to evaluate roughness and 

grain size.  Visible (532 nm) and UV (363.8 nm) micro-Raman measurements were 

performed to evaluate the structural and interface properties of III-Nitride layers and to 

ascertain the effects on the GaN before and after diamond growth.37  Bulk samples were 

used to determine the GaN (TDI, Inc.) and AlN (Crystal IS) reference phonon energies.  

Further details of the measurements are given in previous chapters, and can also be found 

elsewhere.37,38 

STEM was used to analyze the interface characteristics and layer thicknesses before 

and after diamond deposition.  Cross-sectional samples were prepared using standard 

focused ion beam (FIB) techniques using a FEI Helios Nanolab 400 DualBeam system by 

first depositing a protective Pt layer and milling using a 30 kV accelerating voltage.  A 

final polishing step was then performed with an accelerating voltage of 2 kV to remove 

surface damage.  Bright-field and high-angle annular dark-field (HAADF) images of the 
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samples, as well as electron energy loss spectroscopy (EELS), were collected using a JEOL 

ARM 200F operating at 200 kV. 

Finally, time domain thermoreflectance (TDTR) measurements101 were performed to 

evaluate the diamond/GaN thermal boundary resistance (TBR) and the thermal 

conductivity of the polycrystalline diamond.  To perform the TDTR, a 96 nm layer of Al 

was deposited by e-beam evaporation at room temperature. 

6.3 Results and Discussion  

Figure 6.2 shows specular x-ray reflection from the SiNx/ GaN (cap)/ AlGaN (Barrier)/ 

AlN (profile)/ GaN layer structure, prior to diamond growth.  The data exhibit well defined 

periodic Kiessing fringes and are modeled using layer thicknesses, interface roughness, 

and material density of each layer as parameters.  (Rigaku GlobalFit, which incorporates 

both optimization and least-square refinement, discussed in Chapter 2 and published 

elsewhere.50  The layer thicknesses were determined to be 45.9±0.1 nm for SiNx, 0.5±0.1 

nm for the GaN cap, and 20.4±0.1 nm for the AlGaN barrier. 

The SiNx density obtained from the model, 3.47 gm-cm-3, is higher than that of 

plasma enhanced chemical vapor deposition (PECVD) SiNx (2.0 - 2.8 gm-cm-3) as reported 

by Huang et al.102 and low pressure chemical vapor deposition (LPCVD) SiNx (2.9 - 3.1 

gm-cm-3)  reported by Stoffel et al.103, while comparable to MOCVD SiNx (3.6-3.8 gm-

cm-3) reported by Gamarra et al.55  The derived growth rate for the in-situ MOCVD SiNx 
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was ~ 2 nm/min.  From XPS surface stoichiometric analysis, x = [N]/[Si] for this SiNx layer 

was found to be 1.13. 

Figure 6.2 Measured and simulated grazing incidence x-ray reflectivity of the in-situ SiNx 

passivated III-Nitride HEMT heterostructure. 

Figure 6.3(a) shows a 5 μm x 5 μm AFM image of the in-situ SiNx surface before 

diamond deposition.  Very smooth step-flow growth surface morphology is obtained with 

RMS roughness (Rq) of 0.43 nm.  Figure 6.3(b) shows a 10 μm x 10 μm AFM image of 

the diamond surface after 7 h growth.  Coalesced diamond coverage is confirmed.  The 

RMS surface roughness is 92.4 nm while the average grain size and distribution calculated 

by the linear intercept method was 0.73 ± 0.32 μm, for this 1.25 − 0.12
 + 0.12 µm thick diamond 

film (measured from STEM).   

6.4 HRXRD results 

HRXRD measurements were used to determine whether the underlying III-Nitride 

layers have been protected during 7 h of diamond growth in the HFCVD environment.  

HRXRD 2-Theta/Theta scans in Figure 6.4 show the diffraction patterns before and after 

diamond growth.  The III-Nitride (GaN, AlN, TL1, and TL2) second order (0002) 

diffraction peaks are present and have not substantially changed before and after diamond 

growth.  This confirms that the III-Nitride layers beneath the AlGaN barrier layer are fully 
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protected by the in-situ SiNx passivation layer during diamond CVD.  Following diamond 

growth, the corresponding diamond (111) diffraction peak is present at 43.90º.  The FWHM 

of the GaN (0002) ω-scan, before and after growth, are 587±1 and 598±1 arcsec, 

respectively.  This 2 % increase, post diamond growth compared to pre growth, is 

 

 

Figure 6.3 AFM images of (a) 5 μm x 5 μm in-situ SiNx surface, and (b) 10 μm x 10 μm 

diamond surface confirming the smooth, continuous in-situ SiNx surface and fully 

coalesce diamond film. 

consistent with similar in-situ SiNx passivated HEMT structures (600 arcsec) grown 

by MOCVD as reported by M. Germain et al.14 

Since the strained barrier layer (Al0.27Ga0.73N) has similar composition as TL2 

(Al0.26Ga0.74N), the symmetric (0002) HRXRD scan cannot independently resolve the 

barrier layer as they have nearly identical interplanar spacings along the c-axis.  Therefore, 

RSM around the asymmetric (10-14) plane was performed to analyze the strained AlGaN 

barrier layer, as described in detail in Chapter 2.  Figure 6.5 presents the HRXRD RSM 

data before (left) and after (right) diamond deposition.  The XRD goniometer was first 
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normalized to the GaN (10-14) peak.  The data are presented in a contour representation of 

diffraction intensity in reciprocal space coordinates Q(hkl)z and Q(hkl)x.  Peak positions in this 

coordinate system are readily converted into interplanar spacing (dz, dx), and hence the 

lattice constants (c, a).  The details of the lattice constant determination have been 

discussed in Chapter 2.  The vertical dotted line in each panel represents the zero-relaxation 

line across the GaN a-axis.  For an AlGaN barrier layer grown pseudomorphically on GaN, 

the barrier layer peak (within the dotted ellipse) lies on the zero-relaxation line.  The 

diffraction peaks from the AlN, TL1, and TL2 layers lie on the right side of the zero-

relaxation line corresponding to partially or fully relaxed material.   

 

Figure 6.4 HRXRD 2-Theta/Theta spectrum of the AlGaN/GaN structure on Si (111) 

before and after diamond growth.  

The measured lattice parameters 𝑐𝑚(𝑥) were determined from RSM around the 

GaN (0002) reflection and lattice parameters 𝑎𝑚(𝑥) from RSM around the GaN (10-14) 

reflection (see Figure 6.5).  By solving Eq. (2.22), the AlN mole fraction for the fully 

strained AlGaN barrier layer was determined to be 𝑥 =  27 %.  By determining the exact 

𝑥 value for the strained barrier layer, 𝜀𝑥𝑥 and 𝜀𝑧𝑧 were determined and are presented in 

Table 6.1.  
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With the lattice parameters and elastic constants taken from Table 2.2, biaxial stresses in 

the AlN and GaN layers are determined.  Vegard’s law is employed for the barrier layer 

material using the AlN mole fraction (𝑥 =  27%) discussed earlier.  Biaxial stresses for 

GaN, AlN and the strained barrier layer, using Eq. (2.27-28) are included in Table 6.1.  

Measured uniaxial lattice strain 𝜀𝑥𝑥 in the pseudomorphic barrier layer is +0.769 % 

(tensile).  The strain in the GaN, AlN, and barrier layers were in reasonable agreement with 

published reports. 30,36  The uniaxial strain in the GaN buffer and AlN nucleation layers are 

tensile in nature and arise from the TEC mismatch with the much thicker Si substrate.  The 

measured 𝜀𝑧𝑧 strain for the III-Nitride layers are compressive, as opposed to the in-plane 

strain.  

Using an analytical approach as reported by Anwar et al.104 piezoelectric and 

spontaneous polarization for the AlGaN barrier (PPE(Barrier), PSP(Barrier)) and GaN buffer layer 

(PSP(GaN)) have been calculated from XRD determined parameters represented in Table 6.2.  

There is a 3% change in the barrier layer biaxial strain state observed before and after 

diamond growth.  The piezoelectric polarization before the diamond growth is PPE(Barrier)= 

-0.00945 C/m2 while the post diamond PPE(Barrier)= -0.00906 C/m2.  Finally, the total 2DEG 

sheet charge density Ns has been calculated before and post diamond deposition.  Total 

2DEG sheet charge density induced before the diamond deposition is found to be 1.04E+13 

cm-2 while the sheet charge density after the diamond deposition was found to be 

0.994E+13 cm-2, which is a 4.5% reduction, pre-diamond deposition. To check the 

confidence of the measured parameters, uncertainty analysis was performed considering 

the different sources of uncertainty while determining the RSM peak positions.  For the 

SmartLab Rigaku system with optical precision ≤ 4 arcsec, the instrumental contribution 
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to the uncertainty in determining 2-theta position (and interplanar spacing) is negligible, 

however, uncertainty arises from the step size in ω-space (0.03˚).   

 

Figure 6.5 RSM contour plots of the AlGaN/GaN HEMT wafers with AlN, GaN, TL1 

(Al0.51 Ga0.49N), TL2 (Al0.26 Ga0.74N) and barrier layer (Al0.27 Ga0.73N) reflections 

collected around their asymmetric (10-14) planes. The dotted line indicates the zero-

relaxation line along the crystallographic a-axis. The dotted ellipses highlight the strained 

barrier layer peaks. The axes are converted to Qz and Qz reciprocal coordinates (Qz = 1/dz; 

Qx = 1/dx). The color scheme shows the variation in intensity of the diffracted beam, with 

red represents the highest diffraction intensity while blue represents the lowest. 
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The maximum uncertainty is estimated using the half-width half-maximum 

(HWHM) of the GaN buffer layer peaks (prior to diamond deposition) in reciprocal space.  

First, for biaxial strain, the biaxial stress uncertainty is 0.0003 GPa, or 0.05 % of the 

determined 0.58 GPa value.  On the other hand, the uncertainty for determining hydrostatic 

strain is 8X its calculated value, again, based on the HWHM.  Because the hydrostatic 

strain component is small (< 0.1 %, discussed previously), we conclude that the 

measurement uncertainty is insignificant.  

Table 6.1 Measured lattice parameters along both a-axis and c-axis, calculated uniaxial 

strain, hydrostatic and biaxial stress from the measured lattice parameters, before and 

after diamond growth. 

 
Before Diamond Growth   

 Measured lattice 

constant (Å) 

Measured 

Strain (%) 

Hydro-

static 

Strain 

𝜀ℎ 

(%) 

Biaxial Strain 

(%) 

Biaxial 

Stress 

(GPa) 

  a c εxx εzz  𝜀𝑥𝑥
𝑏  𝜀𝑧𝑧

𝑏  𝜎𝑏𝑠 

Barrier 3.1911 5.1178 0.769 -0.265 0.099 0.669 -0.365 3.16 

GaN 3.1926 5.1827 0.115 -0.071 -0.006 0.121 -0.065 0.58 

AlN 3.1232 4.9720 0.327 -0.201 0.007 0.334 -0.193 1.57 

 After Diamond Growth 

Barrier 3.1913 5.1178 0.712 -0.288 0.064 0.648 -0.352 3.06 

GaN 3.1932 5.1813 0.133 -0.098 -0.018 0.151 -0.080 0.72 

AlN 3.1229 4.9709 0.350 -0.198 0.008 0.326 -0.189 1.53 

 

The uncertainty resulting from the empirical values of the elastic constants (𝐶11, 

𝐶12, 𝐶13,  𝐶13) was also considered, analogous to the approach discussed in Chapter 2.  

Published elastic constants used here vary up to 19 % as reported in the literature by 

Vurgaftman et al.43 and by Wright et al.53, and shown in Table 2.2.  This results in a 
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biaxial stress uncertainty of ± 0.07 GPa, which is 10 % of the determined GaN (post 

diamond growth) biaxial stress value of 0.72 GPa, given in Table 6.1.  From this 

analysis, and using the worst-case uncertainty based on the elastic constants, the change 

in biaxial tensile stress before (0.58±0.05 GPa) to after (0.72±0.07 GPa) diamond 

deposition is outside the bounds of the experimental uncertainty.  Thus, we conclude that 

there is an increase in the stress due to diamond deposition.  Nevertheless, this increase in 

stress is still significantly below the critical tensile stress (> 20 GPa) for material 

deformation.105 Micro-Raman results 

Figure 6.6 shows UV (a) and visible (b) micro-Raman spectra for the HEMT stack 

prior to and following diamond growth.  Due to the shallow optical penetration depth (≤ 

100 nm) in the GaN,38 the UV spectra exhibit scattering from the thick buffer layer only.  

Observed are 𝐸2 
2 - and 𝐴1(𝐿𝑂)-symmetry phonons along with second-order quasi-𝐸1(𝐿𝑂) 

band 106 at 1476.2 cm-1.  Scattering from the GaN layer is strong when using 363.8-nm 

excitation due to resonance with the direct band gap.  The high background in the UV 

spectra arises from GaN photoluminescence (PL).  Post diamond deposition, we see the 

characteristic 𝑂(Γ)-symmetry phonon at 1332 cm-1 and, since diamond is transparent at 

this wavelength, the GaN buffer layer.  This diamond peak appears relatively weak due to 

the strong resonance with the GaN.  Since the III-Nitride layers and diamond are 

transparent to visible light, Raman spectra obtained with this excitation allow the entire 

material stack to be probed.  Consequently, these measurements provide an average 

property throughout the individual layers.  The visible micro-Raman spectra are presented 

in Figure 6.6(b), we observe GaN 𝐸2 
2  and 𝐴1(𝐿𝑂) phonons, the AlN 𝐸2 

2  band, and, post 

diamond deposition, the associated 𝑂(Γ) line.  
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The 𝐸2 
2  peak positions in GaN and AlN layers are sensitive to stress, while the 

𝐴1(𝐿𝑂) position and width are also sensitive to free-carrier concentration.  Peak positions 

and line widths were determined by fitting the data using the Lorentzian function.  Results 

are summarized in Table 6.2.  For the 𝐸2 
2  peak position and shift relative to our measured 

bulk values for GaN and AlN, the red shift in each case corresponds to biaxial tensile 

stress.49  This agrees with the XRD results and, as discussed above, is primarily attributed 

to TEC mismatches for each layer and the much thicker Si substrate.  Shifts in the GaN 𝐸2 
2  

peak positions, relative to the reference material, are consistent in the visible and UV 

measurements.  This consistency applies to the pre- and post-diamond growth comparison.  

Similarly, for the AlN 𝐸2 
2  band in the visible Raman spectra is consistent prior and 

post diamond growth.  Stress estimates from the Raman measurements may be obtained 

from the 𝐸2 
2  peak shifts using published stress factors,44,48,107,108 which vary between 

reports for both GaN and AlN.  For comparing with the XRD stress values presented in 

Table 6.1, the Raman-stress factor 4.20.3 cm-1/GPa of Kisielowski et al.44 was used.  

From the visible Raman, a stress value of 0.760.06 GPa was obtained prior to diamond 

growth which is close to being within the total error of the XRD result for 𝜎𝑏𝑠= 0.580.07 

GPa.  Following diamond growth, stress estimated from the Raman measurement is 

0.800.06 GPa which is within the total error of the XRD value of 𝜎𝑏𝑠 = 0.720.07 GPa.  

Similarly, the stress estimated for AlN depends strongly on the Raman stress factor and 

ranges from 1.360.32 to 0.950.22 GPa.108  These are slightly lower than the XRD values 

presented in Table 6.1.  Discrepancies in the reported stress factors and elastic coefficients 

may be attributable to differences in defect densities in the III-Nitride layers investigated 
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by the respective teams, which has an impact on the strain values, particularly 𝜀ℎ, and the 

Poisson ratio.44,51    

 

Figure 6.6 Ultraviolet (a) and visible (b) Raman spectra of the AlGaN/GaN HEMT taken 

before and after diamond growth. Detailed spectra of 𝐸2
2 (GaN, AlN) and A1(LO) (GaN) 

showing phonon redshift.  

The primary conclusion from the Raman 𝐸2 
2  measurements is consistency seen in 

values obtained from the GaN and AlN layers prior to and following the growth of the in-

situ SiNx and diamond layers. Shifts measured for the 𝐴1(𝐿𝑂) phonon from GaN are also 

reported in Table 7.2.  Results obtained using visible Raman scattering are different for 

the 𝐴1(𝐿𝑂) and 𝐸2 
2  phonons.  Since the 𝐴1(𝐿𝑂) shifts at a rate of ~ 2/3 that of the 𝐸2 

2 , 
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based on reported Raman stress factors for these two phonons,72 the observed shifts from 

the visible measurements are attributable to average stress in the GaN layer.  

Table 6.2 Peak positions from micro-Raman spectroscopy before and after diamond 

growth. Before and after comparisons are from spatially similar sample locations. 

Variation obtained by measuring at different positions on the samples range from 0.1 to 

0.3 cm-1 for visible and UV measurements, respectively. The measured reference values 

for GaN phonon energies are 570.0±0.1 cm-1 for 𝐸2
2 and 737.6±0.1 cm-1 for A1(LO). For 

the AlN reference, the measured value is 656.7±0.1 cm-1 for 𝐸2
2. 

 

Parameters Before diamond growth After diamond growth 

  
Peak 

position 

(cm-1) 

Relative shift 

(cm-1) 

Peak position 

(cm-1) 

Relative 

shift 

(cm-1) 
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GaN𝐸2
2 

(FWHM) (cm-1) 

566.8±0.1 

(3±0.1) 
-3.2±0.1 

566.6±0.1 

(3.4±0.5) 
-3.4±0.1 

GaN A1 (LO) 

(FWHM) 

733.3±0.1 

(6.4±.1) 
-2.3±0.2 

733.6±0.1 

(5.9±.1) 
-1.9±0.1 

AlN𝐸2
2 

(FWHM) 

650.6±0.1 

(4.1±0.2) 
-6.0±0.1 

650.8±0.1 

(3.2±0.3) 
-5.9±0.1 

Diamond O(Γ) 

(FWHM) 
  1333.2±0.1 

(6.4±0.1) 
 

U
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GaN𝐸2
2 

(FWHM) 

566.8±0.1 

(4.3±0.1 
-3.3±0.1 

566.6±0.1 

(4.1±0.2) 
-3.4±0.1 

GaN A1 (LO) 

(FWHM) 

736.1±0.1 

(14.0±.1) 
-1.4±0.2 

736.4±0.1 

(13.3±.3) 
-1.1±0.2 

Diamond O(Γ) 

(FWHM) 
    

1333.2±0.1 

(7.3±0.1)  

 

2nd-order quasi-

E1(LO) 

1474.8±0.1 

(20.4±0.2) 
  

1475.1±0.1 

(20.3±0.1) 
  

 

In the UV measurements, however, the shift observed for the 𝐴1(𝐿𝑂) phonon is 

smaller than what is expected from stress.  This is tentatively attributed to photo-induced 

free-carrier concentration estimated to be 𝑛 = (0.76 ± 0.31) × 1017 cm-3 based on the 

empirical formula of Hiroshi et al.109 
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6.5 Interface analysis by STEM 

Although the impact of CVD diamond integration on the structural and material 

properties of the AlGaN layers have been investigated through HRXRD and micro-Raman 

measurements, it is also important to examine the interface properties.  To do so, cross-

sectional STEM measurements were taken before and after diamond growth.  The bright-

field STEM images in Figure 6.7(a) and (b) both show an abrupt interface between the 

in-situ SiNx and AlGaN barrier layer.  A continuous SiNx layer is critical for effective 

passivation of state-of-the-art AlGaN/GaN HEMTs.55,110  However, minimizing the 

thickness of the SiNx layer is highly beneficial for heat transport from the 2DEG channel 

to the diamond.20,84  Through this research, a 45 nm in-situ SiNx passivation-adhesion layer 

as the ideal compromise for these diamond growth conditions.111  In particular, the selective 

thermochemical etching/degradation of the SiNx, shown in Figure 6.7(b), must be 

considered.  The initial 45 nm SiNx layer, while thinned to 20 nm in some regions, 

nonetheless remains continuous across the entirety of the AlGaN barrier layer.  The AlGaN 

barrier layer thickness is seen to be unaffected by the diamond deposition as indicated by 

the consistent 20 nm thickness after diamond growth, and in agreement with XRR.  

Additionally, Figure 6.7(b) shows a dark contrast region above the SiNx layer that is due 

to nanometer scale material from the filament depositing at the initial stage of diamond 

deposition.  This filament material is known to occur in HFCVD diamond112.   

Carbon diffusion during the CVD diamond deposition process into the GaN buffer 

layer can be detrimental to device performance and may result in severe current collapse.113   
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Figure 6.7 Bright-field STEM images showing the Al(Ga)N/SiNx layer interfacial region 

(a) before and (b) after diamond growth. EELS data comparison (c) point scan with 

extended collection time  

To evaluate carbon diffusion, TEM-EELS analysis was chosen because of its higher 

sensitivity to light elements compared to EDS114 and also to avoid issues with secondary 

x-ray fluorescence from the nearby diamond which could give inaccurate results.  Typical 

area mapping does not indicate carbon diffusion into the AlGaN/GaN layers.  However, 

point scans with extended collection times shown in Figure 6.7(c) were able to detect trace 
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amounts of carbon, likely near the detectable limit (generally accepted to be ~0.1 % for 

EELS), in the GaN cap and AlGaN barrier while the GaN buffer layer exhibits no carbon 

signal, which is identical to the point scan taken from the wafer before diamond deposition.  

6.6  Thermal Characterization by TDTR 

Determination of the diamond thermal conductivity and the diamond/GaN TBR 

was carried out using TDTR.  TDTR is an optical pump-probe method that utilizes an 

ultrafast laser with a sub-micron pulse width.  Polarizing optics are used to separate the 

pulses into separate pump and probe paths.  The pump beam then periodically heats the 

sample, while the probe beam provides information about the transient temperature decay 

at the surface of the sample.  More details of the system used in this study can be found in 

the literature.101  Due to the complexity of the diamond/HEMT structure in this work, the 

SiNx, GaN cap, AlGaN, and AlN between the CVD diamond and the GaN buffer layer 

were treated as a single interface.  This allowed for the determination of an effective TBR 

that includes the aforementioned layers.  Additionally, the relatively large surface 

roughness of the diamond, 92.4 nm RMS, complicates this measurement and contributes 

to the uncertainty.  Previous work has shown TDTR measurements with a diamond surface 

roughness RMS up to 100 nm115, however, this is not typical for the majority of reported 

TDTR studies.  By simultaneously fitting for the diamond thickness, diamond thermal 

conductivity, and diamond/GaN TBR we were able to determine the unknown parameters 

as well as check the diamond thickness as reported in the growth.  The parameters used in 

the model are given in Table 6.3.  

It has been shown that for thin diamond films the thermal conductivity is 

anisotropic due to the columnar polycrystalline growth.116  Here, the simplifying 
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assumption of an effective isotropic thermal conductivity is applied.  The diamond 

thickness determined from the fit was 1.46 − 0.10
 + 0.09 µm, which is in reasonable agreement 

with what is measured directly by STEM 1.25 − 0.12
 + 0.12 µm.  For this thickness the effective 

isotropic thermal conductivity of the diamond was 176 − 35
 + 40 W/m-K, and the effective TBR 

of the diamond/GaN interface (including the SiNx and additional layers) was 52.8 − 3.2
 + 5.1 

m2K/GW. It is important to note the significant difference between bulk diamond thermal 

conductivity and that of thin films.  The thermal conductivity of CVD diamond has been 

shown to be highly dependent on the thickness of the material due to the nature of the 

columnar growth structure98  For instance, Yates et al. have reported measurements of 

diamond films ranging from 5 µm to 13.9 µm in which the thermal conductivity was shown 

to vary from 712 W/m-K to 1362 W/m-K for the respective film thicknesses.  Additionally, 

their work demonstrated the ability to measure high quality bulk diamond with a thickness 

> 300 µm.  In the same work, the impact of boron doping demonstrated thermal 

conductivity values in a bulk sample of only 650 W/m-K, while samples with no additional 

doping were measured to be up to 2200 W/m-K 117.  Further work has demonstrated the 

significantly reduced and non-homogenous thermal conductivity of 1 µm diamond films 

by using TDTR to spatially map a suspended membrane.  Additionally, a thorough analysis 

of the implications of using TDTR to measure the thermal conductivity of both diamond 

films and bulk samples has been undertaken by Bougher et al., where they demonstrated 

the exceptional capabilities of TDTR as a method to measure the thermal conductivity of 

such materials 118.   

Measurement uncertainties were determined using a Monte Carlo method with the 

5th and 95th percentiles used as the upper and lower bounds.  This method has been 
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previously described in detail101 and consists of assigning each value in the thermal model 

a relative uncertainty.  For each parameter that is not included as a fit parameter a random 

distribution of possible values for the non-fit parameters is created based on the assigned 

uncertainty.   

 

Figure 6.8 (a) Experimental TDTR data (red circles) and the analytical fit solution (blue 

line). The experimental data is fit using a Levenberg-Marquardt algorithm that considers 

multi-variable and non-linear data fitting. This routine is used to compare the 

experimentally measured data to a solution for cylindrical radial heat transport through 

multiple thin films and has been extensively documented in literature 119 (b) Normal 

distribution of the effective diamond/GaN TBR as determined from the Monte Carlo 

uncertainty. Each fit parameter was estimated by considering the 50th percentile as the 

measured value, with the 5th and 95th percentile taken as the lower and upper bounds of 

uncertainty. The experimental data were subjected to 1000 iterations of the Monte Carlo 

method in order to obtain the normal distributions. 

 The thermal model is then fit to the experimental data multiple times with values 

for each of the non-fit parameters being randomly varied according to the previously 

assigned uncertainty.  This is performed until convergence on the fit parameters is reached 

and allows for a normal distribution for each of the fit parameters to be created.  In this 

work convergence was obtained after 500 iterations, however 1000 iterations were 

performed in order to create the normal distributions for each fit parameter.  Figure 6.8 

shows the TDTR data fit of the experimental data and the normal distribution of the 



110 
 

effective diamond/GaN TBR.  The thermal conductivity of the polycrystalline diamond 

and TBR values for the diamond/AlGaN/GaN HEMT interface are in the same range (for 

1000 ± 100 nm thick diamond, thermal conductivity 150 to 450 W/m-K, and TBR 50 to 95 

m2K/GW) as reported for a similar structure by Zhou et al.98 

The non-fit values used in the thermal model, shown in Table 6.3, were found in literature 

and have been consistent with what has been used in previous TDTR models.116  The 

thermal conductivity of the AlGaN was taken from data reported from Lui et al.120  In their 

work, they show no significant variation in thermal conductivity for AlGaN compositions 

consisting of Al varied between 0.2 and 0.8.  This is relevant since the present assumption 

is the two AlGaN layers are considered as a single layer in the model.  The AlN thermal 

properties used in the model were taken from Zhao et al.121, where they measured thin AlN 

films ranging from 100 nm to 1050 nm.  The value of 1.5 W/m-K is substantially lower 

than the extrapolated value of 320 W/m-K that was first inferred by Slack et al.122  This 

very large value considered single crystal, defect free AlN.  It has, however, been shown 

that AlN has a significant size dependence on thermal conductivity.123  In addition to a size 

dependence, the quality of AlN films which depends on deposition process, grain size, and 

impurity concentrations has been shown to have measured variations between 0.4 W/m-K 

to 270 W/m-K.124,125  In all cases, the thermal conductivity of the AlN in the present model 

is of little consequence to the fit values of the CVD diamond parameters because the AlN 

layer is buried below both the GaN and the AlGaN.  The use of a pulsed thermal technique 

such as TDTR will be limited due to the penetration depth of the thermal wave.126  In the 

case of the experimental stack there is no sensitivity to the AlN thermal conductivity 

regardless if it is 1.5 W/m-K or 300 W/m-K.  TDTR sensitivity has been well 
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documented,118 as it considers a fractional change in an independent parameter to the 

overall change in the reflectance signal.  It is clear from Figure 6.9 that changing the 

assumed AlN thermal conductivity from 1.5 W/m-K to 300 W/m-K has no impact on the 

measurement, while the other parameters of interest remain sensitive to the measurement.  

 

Figure 6.9 Sensitivity analysis of the TDTR model used in this work. It is clear that the 

diamond thickness is the most sensitive parameter and the fit value was found to be in 

good agreement with the STEM measurements. It is important to point out the lack of 

sensitivity to the thermal conductivity of the AlN layer. The solid red line indicates an 

AlN thermal conductivity of 1.5 W/m-K as was used in the model, while the dashed 

orange line is indicative of using an AlN thermal conductivity of 300 W/m-K. In both 

scenarios we had no sensitivity to this parameter, and it did not impact the other fit 

parameters of the model.  
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Table 6.3 Parameters used in TDTR model. The TBR between the Al/diamond and the 

effective TBR between the CVD diamond/GaN are also fit parameters. All other TBRs 

were held constant at 10 m2K/GW.  

Material Thickness (nm) 
Thermal Conductivity 

[W/m-K] 

Vol. Heat 

Capacity [J/m3K] 

Al 96 ± 3% 150 ± 5% 2.43E6 ± 2% 

CVD Diamond fit fit 1.73E6 ± 5% 

GaN 870 ±10% 130 ± 10% 2.64E6 ± 5% 

AlGaN 800 ± 10% 25 ± 10% 3.09E6 ± 5% 

AlN 426 ± 10% 1.5 ± 10% 2.41E6 ± 5% 

Si  Semi-inf 148 ± 5% 1.66E6 ± 5% 

 

6.7 Conclusions 

The effects of diamond growth on AlGaN/GaN HEMTs when protected by a 46 nm 

thick in-situ SiNx passivation/adhesion layer have been investigate.  The SiNx was grown 

using MOCVD in the same chamber and immediately following the III-Nitride growth 

process.  The diamond was grown in a HFCVD reactor.  

Structural integrity and materials properties of the AlGaN/GaN HEMT were 

evaluated using HRXRD, specifically RSM, and micro-Raman measurements.  HRXRD 

shows a slight increase in the biaxial stress in the GaN layer when comparing before 

(0.58±0.05 GPa) to after (0.73±0.07 GPa) diamond growth.  The RSMs show that the 

AlGaN barrier layer is unaffected by the diamond deposition.  Consistency in the GaN 𝐸2 
2  

shifts for both visible and UV Raman signifies that the GaN crystal quality is intact and 

uniform across the thickness before and after the diamond growth. 

Abrupt in-situ SiNx/AlGaN/GaN interface without any degradation is observed 
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before and post diamond growth.  Selective degradation to the in-situ SiNx layer at the 

SiNx/diamond interface is confirmed using STEM cross-sectional analysis.  Even with 

some selective degradation to the in-situ SiNx layer, there is still > 20 nm intact SiNx to 

protect the underlying III-Nitride layers.  Although the degree of degradation to the 

interface layers depends on the seeding density and diamond growth conditions, in these 

experiments, for 2% CH4 and with this seeding method, a 46 nm thick SiNx 

passivation/adhesion layer is sufficient to fully protect the AlGaN/GaN HEMT structure 

during HFCVD diamond growth.  

Finally, the thermal conductivity of polycrystalline diamond (176 + 40/-35 W/m-K) 

and the diamond-GaN interface TBR (52.8 + 5.1/-3.2 m2K/GW) values reported here are 

consistent with those reported for a similar material stack.93 
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 OPTIMIZATION OF THERMAL BOUNDRY RESISTANCE OF 

DIAMOND-AlGaN/GaN INTERFACE BY IN-SITU SiNx THICKNESS 

REDUCTION AND CVD DIAMOND GROWTH OPTIMIZATION 

7.1 Introductions 

TBReff is the effect of acoustic mismatch between materials which includes the 

dielectric interlayer used for diamond growth seeding, and the defective transition region 

at the dielectric layer/diamond interface, also referred to as the nucleation layer, or nano 

crystalline diamond (NCD) layer. 84  As discussed in Chapter 6, the thinner the dielectric 

adhesion layer the better the effective heat spreading from a self-heating AlGaN/GaN 

HEMT using a diamond heat spreader. 

However, thinning the dielectric adhesion layer comes with some serious 

challenges.  In particular, etching and decomposition of the underlying III-Nitride layers 

during harsh diamond growth condition is of substantial concern98 if the protective 

dielectric adhesion layer is not sufficiently thick.  As discussed in Chapter 6, higher seeding 

density results in quicker coalesce of diamond and reduced SiNx etching, thereby 

effectively protecting the AlGaN barrier layer.  As studied separately by my colleague 

which would be report elsewhere found that increasing the CH4 concentration during CVD 

diamond growth significantly increases the diamond growth rate, thereby ensuring quicker 

coalesce and lateral coverage.  The high growth rate also provides for a smoother diamond 

surface for an equivalent coalesced diamond thickness.  Having a smoother diamond 

surface would benefit the determination of thermal properties (TBR, thermal conductivity) 

of diamond-on-GaN by the time domain thermoreflectance (TDTR) technique.  
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Although successful integration of CVD diamond into AlGaN/GaN HEMTs has 

been achieved without any degradation and reasonable TBR values, there is still room for 

improvement to further reduce TBR to realize the most efficient thermal pathway to 

dissipate heat.  In this chapter further optimization of TBR is achieved by reducing the 

thickness of the dielectric adhesion layer while simultaneously increasing the CH4 content 

during CVD diamond growth.  Surface, structural and interfacial properties were 

determined using atomic force microscopy (AFM), x-ray reflectivity (XRR), high 

resolution x-ray diffraction, scanning electron microscopy (SEM) and TDTR.  

7.2 Experimental Details 

The standard baseline AlGaN/GaN HEMT structure was grown on a low resistivity 

(100 mm, 40 Ω-cm) Si (111) substrate using the Texas State MOCVD reactor127, followed 

by in-situ SiNx growth at 1020 °C and a chamber pressure of 100 Torr.  Two different in-

situ SiNx SiH4/NH3 ratios are evaluated: 22.2E-6 for sample X25 and 88.9E-6 for sample 

X100.  These conditions are identical to samples C1 and D1 researched in Chapter 4.  

Details of the in-situ SiNx passivated AlGaN/GaN HEMT growth process have been 

discussed in Chapters 4.   

For the diamond CVD process, a photoresist based seeding technique is used, as 

reported by Ahmed et al. 100  A power of 6 kW was driven through an array of 9 tungsten 

wires of 0.01̎ diameter, which resulted in a 2200 °C wire filament temperature.  The 

rotating substrate was positioned 6 mm from the tungsten wire array to produce a substrate 

temperature of 720-750 °C and uniform diamond growth rate.  Growth was carried out for 

7 h using 60 sccm of methane and 3 sccm of oxygen with 2,000 sccm of hydrogen (3% 

CH4 in H2) into HFCVD chamber while maintaining a pressure of 20.8 Torr.  As discussed 
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below, this process results in 315 to 353 nm ± 50 nm thick fully coalesced diamond and 

uniform coverage across the wafer. 

X-ray reflectometry (XRR) of the in-situ SiNx was performed to determine the initial 

thickness and density of the MOCVD grown SiNx dielectric adhesion layer.  HRXRD RSM 

was performed around both the GaN asymmetric (10-14) and symmetric (0002) planes to 

determine the stress and composition of the constituent layers before and after diamond 

deposition.  Tapping mode AFM measurements of the in-situ SiNx surface, before diamond 

growth, and of the diamond surface after growth were taken to evaluate surface roughness 

and diamond grain size.  

Cross-sectional samples were fabricated using the standard focused ion beam (FIB) 

technique using a FEI Helios Nanolab 400 DualBeam system by first depositing a 

protective Pt layer and milling using a 30 kV accelerating voltage.  A final polishing step 

was then performed with an accelerating voltage of 2 kV to remove surface damage.   

Finally, time domain thermoreflectance (TDTR) measurements101 were performed to 

evaluate the diamond/GaN thermal boundary resistance (TBR) and the thermal 

conductivity of the polycrystalline diamond.  To perform the TDTR, an 87 ±3 nm layer of 

Al was deposited by e-beam evaporation at room temperature. 

7.3 Surface, structural and interface characterization of Diamond-on-AlGaN/GaN 

HEMT  

The top surface layers were characterized using grazing incident XRR.  SiNx 

thickness was estimated by fitting the specular reflection spectrum using the Globalfit 



117 
 

software, as discussed in Chapter 2.  The thickness and the SiNx density of the passivated 

sample wafers are tabulated in Table 7.1.  

Table 7.1 Thickness of the top layers of in-situ SiNx passivated AlGaN/GaN HEMT 

wafers determined by XRR.  

 

 

 

To evaluate the surface morphology of the in-situ SiNx passivated HEMT, tapping 

mode AFM was performed.  Smooth surface morphology of the SiNx is observed without 

any degradation to the underlying III-Nitride layers as shown in Figure 7.1.  From the 2D 

AFM 5 μm x 5 μm scans, the RMS roughness for both samples, X25 and X100, is 0.39 nm.  

Figure 7. 2 shows the 2D AFM images of the CVD diamond surface for (a) 10 μm x10 

μm, and (b) 5 μm x 5 μm diamond surface of the sample X25.  Fully coalesced diamond is 

observed with an RMS roughness of ~38 nm for 10 μm x 10 μm scan while for a 5 μm by 

5 μm the roughness is found to be ~37 nm with grain-size of  ~375 ± 120 nm and ~340 ± 

110 nm calculated using the linear intercept method. The values are within their uncertainty 

limit, which proves consistency of grain size and roughness over a large area. 

To evaluate the effect of diamond growth on the in-situ SiNx passivated 

AlGaN/GaN HEMT structure, HRXRD measurements were used to determine whether the 

underlying III-Nitride layers have been protected during 3 h of diamond growth in the 

HFCVD environment.  HRXRD RSM scans around the asymmetric (10-14) III-Nitride 

planes, shown in Figure 7.3 and 7.4, indicate no change in the patterns before and after 

diamond growth which confirms the III-Nitride layers are not degraded during diamond 

 
X25 X100 

SiNx (nm) 35.9 36.0 

GaN (cap) (nm) 0.7 1.9 

AlGaN barrier 

(nm) 

20.2 20.0 
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CVD.  Specifically, distinct peaks for all the III-Nitride (GaN, AlN, TL1, and TL2) layers 

are present before and after diamond deposition.  The barrier layer peak (indicated inside 

the ellipse) is invariant before and after diamond deposition.  Thus, for both samples, X25 

and X100, the AlGaN/GaN heterostructure is not degraded confirming that the in-situ SiNx 

dielectric adhesion layer has fully protected the III-Nitride 

 

Figure 7.1 Tapping mode 2D AFM 5 μm x 5 μm images of the SiNx surface, (a) sample X25, 

and (b) sample X100. 
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Figure 7.2 AFM images of the diamond surfaces of sample X25, (a) 10 μm x10 μm diamond, 

and (b) 5 μm x 5 μm diamond surface confirming fully coalesced diamond. surface.   

While it is evident from Figures 7.3 and 7.4 that the structure of the AlGaN/GaN 

HEMT for both experimental samples are intact, to further characterize the interface SEM 

cross-sections were analyzed.  Figure 7.5 shows the cross-sectional SEM images of the 

diamond-on-AlGaN/GaN HEMT interfaces with the two in-situ SiNx dielectric adhesion 

layers.  An abrupt AlGaN/GaN interface is visible for both samples.  The SiNx dielectric 

layers are selectively etched, analogous to the experiments discussed in Chapter 6.  The 

SiNx in the X25 sample is somewhat more etched compared to the X100 sample.  This may 

be a result of the X100 SiNx, with x= [N]/[Si] =1.13, being slightly more dense than the 

X25 SiNx, with x = 1.17, and, thereby, being better able to withstand the harsh diamond 

growth environment.  Nevertheless, continuous SiNx-diamond interfaces are obtained for 

both samples ensuring that the there is no discontinuity to the III-Nitride surface and 
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enabling a good thermal pathway for heat transfer from the AlGaN/GaN HEMT to the 

HFCVD diamond.  

 

Figure 7.3 RSM contour plots of the X25 wafer collected around the asymmetric (10-14) planes 

before (left) and after (right) diamond deposition.  The dotted line indicates the zero-relaxation line 

along the crystallographic a-axis.  

 



121 
 

 

 

Figure 7.4 RSM contour plots of the X100 wafer collected around the asymmetric (10-

14) planes before (left) and after (right) diamond deposition. The dotted line indicates the 

zero-relaxation line along the crystallographic a-axis.  
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Figure 7.5 Cross-sectional SEM of Diamond-on-AlGaN/GaN HEMT with experimental 

in-situ SiNx dielectric adhesion layers, (a) X25 and (b) X100. 

 

7.4 Thermal Characterization by TDTR 

The detail of the TDTR measurement technique and the model employed in the present 

study is described in Chapter 6 and can also be found elsewhere101,117,118,128.  For simplicity, 

as with the previous study, the diamond/ HEMT structure (SiNx, GaN cap, AlGaN barrier, 

and AlN spacer) between the CVD diamond and the GaN buffer layer are treated as a single 

interface.  This allows for the determination of an effective TBR that includes the 

aforementioned layers.  By simultaneously fitting for diamond thermal conductivity, the 

diamond thickness, and diamond/ GaN TBR, the unknown parameters may be determined.  

Furthermore, the diamond thickness may be compared to SEM cross-section 

measurements.  The estimated data with their normal distribution from the fitted model is 

presented in Figures 7.6 and 7.7, along with a tabulated summary in Table 7.2.   
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As reported in Chapter 6, a thin CVD diamond film thermal conductivity is 

anisotropic in nature due to the columnar polycrystalline growth.116  However, a 

simplifying assumption was made to include an effective isotropic thermal conductivity.  

For the X25 sample diamond thickness (336±42 nm), the effective isotropic thermal 

conductivity of the diamond is 36 − 9
 + 19 W/m-K, and the effective TBR of the diamond/GaN 

interface (including the SiNx + profile(AlN) + barrier (AlGaN) + GaN cap layers) was 32 

± 3.6 m2K/GW.  For the X100 sample the effective isotropic diamond thermal conductivity 

is slightly higher, at 43 − 8
 + 15 W/m-K, and the effective TBR is slightly lower, at 31 ± 2.5 

m2K/GW.   

Figures 7.6 and 7.7 show the TDTR data for X25 and X100, respectively, 

presenting (a) the normal distribution of the effective diamond/GaN TBR, and (b) the 

normal distribution of thermal conductivity.  For sample X100, the diamond thickness is 

determined to be 334 ± 40 nm, the effective isotropic thermal conductivity of diamond 

layer is 43 +15/-8 W/m-K and the effective TBR for GaN-diamond interface is 31 ± 2.5 

m2K/GW.   

The TBR values for X25 are almost identical, even though the residual SiNx 

thickness is higher for X100.  This could be because of the denser SiNx in X100 which may 

have higher thermal conductivity compared to X25. 

For polycrystalline diamond of similar thickness (300 ± 100 nm), the thermal 

conductivity reported by Zhou et al.98 ranged from 50 to 125 W/m-K, which is higher than 

the values in the present study. This may be due to inclusions of impurities (W, WC) during 

HFCVD diamond growth.  However, the TBR’s range is ~ twice what have been found for 
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X25 and X100.  Nevertheless, the TBR values reported in the present study are the lowest 

measured for similar diamond-on-HEMT structures.  

Table 7.2 Thermal properties of the GaN-diamond interface from TDTR measurement  

 X25 X100 

GaN/Diamond 

TBC [MW/m2-K] 
31 ± 3.5 32 ± 2.6 

GaN/Diamond 

TBR [m2-K/ GW] 
32 ± 3.6 31 ± 2.5 

Diamond/Al TBC 

[MW/m2-K] 
105 ± 6 79 ± 2.7 

Diamond thermal 

conductivity           

[W/m-K] 

36 +19/-9 43 +15/-8 

Diamond thickness 

(nm) 
336 ± 42 334 ± 40 

 

Figure 7.6 Normal distribution of the (a) effective diamond/GaN TBC, and (b) thermal 

conductivity of CVD diamond of sample X25 determined from the Monte Carlo 

uncertainty. Each fit parameter was estimated by considering the 50th percentile as the 

measured value, with the 5th and 95th percentile taken as the lower and upper bounds of 

uncertainty. The experimental data were subjected to 1000 iterations of the Monte Carlo 

method in order to obtain the normal distributions. 
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Figure 7.7 Normal distribution of the (a) effective diamond/GaN TBC, and (b) thermal 

conductivity of CVD diamond of sample X100 determined from the Monte Carlo 

uncertainty. Each fit parameter was estimated by considering the 50th percentile as the 

measured value, with the 5th and 95th percentile taken as the lower and upper bounds of 

uncertainty. The experimental data were subjected to 1000 iterations of the Monte Carlo 

method in order to obtain the normal distributions. 

 

7.5 Conclusions 

 TBReff  across diamond-on-AlGaN/GaN HEMT using an in-situ SiNx dielectric 

adhesion layer is achieved by increasing the diamond growth rate compared to the study 

discussed in Chapter 6.  3.0% CH4 is used during diamond growth compared to the 

previously reported 2.0% CH4 to ensure a higher lateral coverage rate, thereby reducing 

the diamond growth induced etching of the in-situ SiNx.  36 nm thick in-situ SiNx is 

found to be sufficient to fully protect the AlGaN/GaN heterostructure during 3 h of 

diamond growth.  The lowest reported TBReff (31 ± 2.5 m2K/GW) for diamond-on-AlGaN 

is determined from time domain thermoreflectance (TDTR) measurement, while the 

thermal conductivity of the polycrystalline diamond is found to be 43 +15/-8 W/m-K  
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 CONCLUSIONS AND FUTURE WORKS 

8.1 Conclusions 

The MOCVD growth process of in-situ SiNx on AlGaN/GaN HEMTs is optimized 

at typical III-Nitride growth conditions without any degradation to the underlying 

AlGaN/GaN heterostructure. The in-situ SiNx passivated AlGaN/GaN HEMT is evaluated 

to study the effect of constituent gas chemistry on the AlGaN/GaN HEMT’s morphology, 

structural and electrical properties. Successful integration of HFCVD diamond on the 

AlGaN/GaN HEMT is realized using MOCVD grown in-situ SiNx as a dielectric adhesion 

layer to facilitate diamond seeding and to act as a barrier layer to protect the underlying 

III-Nitride layers from the harsh diamond growth environment. Structural and interface 

properties of diamond-on-AlGaN/GaN HEMT is evaluated to study the effect of diamond 

growth on the AlGaN/GaN heterostructure. Thermal properties of the diamond-on-AlGaN 

HEMT is determined to ascertain the thermal performance. The key findings learned from 

this dissertation project include:  

i. SiH4 induced selective etching of the underlying III-Nitride layers is prevalent 

with lower SiH4 and lower NH3 gas ratios.  

ii. The selective etching of III-Nitride material is a result of SiH4 induced etching 

of the Al(Ga)N around the screw and mixed dislocation cores, and simultaneous 

selective SiH4 etching of the Al(Ga)N around fractal-like SiNx masking during 

the initial stages of growth before SiNx coalescence. 

iii. With increased SiH4 flow and, thus, increased SiNx growth rate, faster surface 

coverage is achieved, and III-Nitride etching is reduced or mitigated.   
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iv. Suppression of strain relaxation in the barrier layer has been observed for 

passivated samples, which provides increased piezoelectric polarization in the 

barrier layer.   

v. Enhanced electrical properties are attributed to the simultaneous effects of SiNx 

induced suppression of strain relaxation in the barrier layer, increased GaN buffer 

stress and surface state filling by optimizing the x= [Si]/[N] stoichiometry.   

vi. The combination of (a) low x (Si-rich SiNx) contributing to low interface alloy 

scattering and a more abrupt heterointerface, (b) minimal barrier layer relaxation, 

and (c) lower effective mass of the carriers in the channel due to the higher strain 

in the GaN material results in an optimized in-situ SiNx passivation process. The 

resulting 2DEG has the lowest sheet resistance (276 Ω-sq) representing a 

substantial reduction compared to the unpassivated, or PECVD SiNx passivated, 

baseline reference structure.   

vii. A 46 nm thick in-situ SiNx passivation/adhesion layer is sufficient to protect the 

underlying III-Nitride layers while growing 7 hours of HFCVD diamond with 2% 

CH4.  

viii. Minimal change in residual stress state is observed before and after diamond 

growth on GaN.  

ix. Smooth, abrupt in-situ SiNx/AlGaN interface is observed before and after 

diamond growth via STEM, and from EELS analysis it is found that there is no 

detectable diffusion of C into the AlGaN/GaN heterostructure.  

x. Selective degradation of the in-situ SiNx dielectric layer is prevalent but is 

reduced with an increased CVD diamond lateral growth rate.  
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8.3 Future Works 

This dissertation research has been an effort to prove the feasibility of integrating 

AlGaN/GaN HEMT and CVD diamond using in-situ SiNx as a dielectric adhesion layer to 
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dissipate heat from the 2DEG self-heating source. Successful optimization of in-situ SiNx 

growth by MOCVD at typical III-Nitride growth conditions is realized. Using optimized 

in-situ SiNx as a dielectric adhesion layer, CVD diamond is successfully optimized and 

integrated into the AlGaN/GaN HEMT. Still, there are plenty of exciting research areas 

needing to be investigated, especially to achieve a functioning AlGaN/GaN HEMT with 

the highest power density possible. Here are some of the research ideas for future works.  

8.3.1 Device fabrication, electrical and thermal properties comparison of HEMT 

with different TL scheme 

Optimized step graded transition layers were grown and structural properties (Al % and 

stress profile) determined (See Chapter 2). The addition of an extra step graded transition 

layer (SG0) reduces residual stress in the GaN buffer layer while with a continuous graded 

transition layer (CG) the residual stress in GaN is entirely eliminated, making the GaN 

buffer fully relaxed. Clover-leaf Hall structures can be fabricated to determine the 2DEG 

mobility, sheet resistance and sheet charge density. Furthermore, diodes and/or transistors 

can be fabricated to realize the breakdown voltage, on-resistance and saturation current. 

Comparisons of electrical properties would provide insight into the effect of buffer layer 

stress contribution to the AlGaN/GaN heterostructure.  The difference in electro-thermal 

properties (temperature rise in the device during operation) due to different transition layer 

schemes can also be evaluated using 3D micro-Raman thermography, as reported by Nazari 

et al.129. Reduction of transition layer interfaces by switching to CG transition layer should 

provide better thermal performance.  
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8.3.2 Effect of in-situ SiNx passivated AlGaN/GaN HEMT on surface-state 

reduction, RF dispersion and device characterization  

Details of structural properties with outstanding 2DEG sheet resistance are 

demonstrated in Chapter 3. However, detailed insights into the surface state filling and 

surface state defect reduction need to be performed to understand better and to pinpoint the 

individual contribution of surface state filling to the 2DEG. C-V may determine the 

threshold voltages, and frequency dependent conductance measurements could be 

performed to interrogate the surface-state defect densities. Corresponding RF dispersion 

and transistor characteristics can also be determined by characterizing the in-situ SiNx 

passivated AlGaN/GaN HEMT fabricated via photolithography, metal liftoff and dry-etch 

processes.   

8.3.3 Build a theoretical model to explain the outstanding electrical performance of 

Si-rich in-situ SiNx passivated HEMT 

The typical theoretical model of the 2DEG induced at AlGaN/GaN HEMT seems 

inadequate to explain the outstanding 2DEG properties of Si-rich in-situ SiNx passivated 

HEMT, especially the near theoretical limit 2DEG mobility. The typical AlGaN/GaN 

heterostructure model does not consider the contribution of buffer layer piezoelectric 

contribution to the 2DEG. A new model considering the effect of both buffer layer and 

barrier layer piezoelectric contribution, as well as effective mass of the charge carrier 

within the strained buffer layer, needs to be developed to predict the 2DEG properties 

accurately. 
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8.3.4  Thermal conductivity comparison of PECVD or LPCVD vs in-situ SiNx   

Successful integration of CVD diamond to the AlGaN/GaN HEMT is realized using 

in-situ SiNx as a dielectric adhesion layer. And we have some preliminary data that show 

SiNx grown at elevated temperature is less susceptible to the diamond growth conditions 

than that of PECVD and LPCVD SiNx and has higher density. Although the stoichiometry 

of the in-situ SiNx is determined, proper determination of mechanical properties, optical 

properties and especially the thermal conductivity of in-situ SiNx need to be determined 

and compared with the typical PECVD and LPCVD SiNx.  

8.3.5 Fabrication of RF devices using Diamond-on-AlGaN/GaN HEMTs 

While the successful integration of CVD diamond with the AlGaN/GaN HEMT is 

realized with the lowest TBR values ever reported, fabrication and characterization of RF 

devices need to be performed to fully appreciate the thermal performance of this diamond 

on GaN stack. Maximum driving powers with corresponding temperature rises need to be 

evaluated.  

8.3.6 TBR Optimization of diamond-AlGaN/GaN HEMT by further thinning the 

SiNx thickness  

Higher seeding density with higher lateral diamond growth rate with increased CH4 

concentration seems to increase lateral coverage thereby suppressing degradation to the 

SiNx dielectric adhesion layer. By optimizing the seeding density and growth chemistry 

either by increasing CH4 concentration or perhaps by means of a catalyst such as Ni, the 

lateral growth rate of diamond and, hence, quicker coalesce of the diamond grains will 

minimize damage to the dielectric adhesion layer.   
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