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ABSTRACT OF THE DISSERTATION 

 

Novel Deposition Methods for Group III-Nitride Films at Low Temperatures 

 

by 

 

Aaron J. McLeod 

 

Doctor of Philosophy in Chemistry 

University of California San Diego, 2023 

Professor Andrew Kummel, Chair 
 

 

As the scale of transistors in integrated circuits decreases and the density of transistors 

increases, the precision with which all processes must be carried out scales in all dimensions. 

This trend has led to the development of atomic layer deposition, a technique that utilizes 

complementary precursors to perform successive self-limiting surface reactions to deposit 

materials on a monolayer-by-monolayer basis. In this work, variations of atomic layer 

deposition and a complementary physical vapor deposition technique are used to deposit 

aluminum nitride and gallium nitride films at temperatures compatible with industry limitations. 



xx 

 

In chapter two, a technique performed in a similar fashion as atomic layer deposition is 

described using a novel precursor combination to deposit aluminum nitride at 400 ˚C and 580 

˚C. This technique. pulsed chemical vapor deposition, varies from atomic layer deposition in 

that the surface reactions are not self-limiting; however, precisely controlling precursor dosing 

and purging results in process control with equivalent atomic-level precision. This technique is 

demonstrated to deposit polycrystalline and epitaxial films with near bulk density on silicon and 

silicon carbide substrates, respectively, at temperatures below reported methods in the literature. 

Chapter three describes atomic layer annealing for the deposition of polycrystalline 

gallium nitride films at 275 ˚C. In this method a brief inert ion bombardment is performed 

following each precursor dosing cycle to crystallize deposited material. Radio-frequency bias 

applied to the substrate during deposition is shown to modulate the kinetic energy of 

bombarding ions. This allows the intensity of the resulting collision cascades to be controlled 

such that the crystallinity of the deposited film can be maximized. Atomic layer deposition is 

performed at the same temperature as a control, but results in deposition of only amorphous 

films. 

The final chapter describes DC reactive magnetron sputtering of aluminum nitride. The 

crystal structure of deposited films as a function of varied process parameters is investigated ; 

improvements in crystal structure correlate to improved thermal conductivity in sub-micron 

thick films. These studies demonstrate the potential of aluminum nitride as a heat spreading 

material as three-dimensional integration becomes a means by which to further increase 

transistor density in integrated circuits. 
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CHAPTER 1 
 

INTRODUCTION 
 

 

1.1 The Need for Low Temperature Deposition Processes for Group III – Nitride Materials 

Group III – nitride materials, such as AlN, GaN, and InGaN, have grown in importance to 

the microelectronics industry over recent years. Aluminum nitride, for example, is a piezoelectric 

material used in RF filters for mobile phones and is of particular interest as a heat spreading 

material in the current dawn of advanced packaging [1–3]; gallium nitride is a desirable electronic 

material for applications where high voltage, speed, and heat tolerance are required such as in 

electric vehicle transformers and in aerospace applications [4,5]; indium gallium nitride is a 

promising candidate for the construction of next-generation micro-light emitting diode 

(microLED) display technologies [6,7]. The varied properties of this class of materials will lead to 

a broadened scope of applications in coming years. Accordingly, processes by which high-quality 

films of these materials can be deposited while maintaining compatibility with current 

microelectronics fabrication techniques are of great interest to the materials community. The most 

universal restraints imposed require that deposition process do not damage underlying structures 

and materials necessary for the fabrication of microelectronic devices; examples of these restraints 

are maximum allowed deposition temperatures, avoidance of reagents that produce corrosive 

byproducts, and limits on ion current and kinetic energy in plasma-based processing. 

The goal of this dissertation is to describe advancement in deposition processes for 

aluminum nitride and gallium nitride that present the ability to deposit higher-quality films on a 

wider range of substrates than was previously possible. These advances may find relevance in the 

ever-broadening scope of application of Group III – nitride materials. 
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1.2 Atomic Layer Deposition and Annealing 

As microelectronic devices are scaled to dimensions on the order of tens of atoms rather 

than tens of microns, precisely controlling deposition processes has become of the utmost 

importance. This has resulted in the growth of a field known as atomic layer deposition, in which 

self-limiting surface reactions are used to repeatedly deposit monolayers of material [8]. A 

schematic of this process is shown in Figure 1.1. Each reaction cycle consists of dosing a precursor 

and a co-reactant in an alternating fashion with separation between each dose accomplished using 

a purge of an inert gas. This reaction cycle is repeated until a film of the desired thickness is 

deposited. In sequence, this first allows the precursor to undergo chemical reaction with the growth 

surface after which excess precursor and reaction byproducts are swept away by the purge gas. 

The reactant is then dosed and allowed to react with the layer of atoms deposited by the precursor 

and the purge gas then sweeps away excess reactant and byproducts of this second reaction. This  

process typically results in the deposition of smooth and conformal films. 

To supply the activation energy needed for these surface reactions to occur, substrates are 

commonly heated to several hundred degrees Celsius, however the temperature of the subst rate 

must not be so hot as to cause the precursor or co-reactant to desorb or decompose before the 

surface reaction occurs. Combined, these requirements result in a finite substrate temperature 

“window” in which an ALD process may occur. 

There are many variations of atomic layer deposition, such as plasma-enhanced atomic 

layer deposition (PE-ALD), in which a plasma-generated species serves as the co-reactant, and 

atomic layer annealing (ALA), in which an inert plasma treatment follows each deposition cycle 

[9–12]. These techniques are utilized to deposit films at temperatures lower than what would 

otherwise be possible and/or to deposit films with enhanced properties.  
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1.3 Reactive Magnetron Sputtering 

Aluminum nitride is commonly deposited by reactive magnetron sputtering. In this process, 

an aluminum target is attached to a magnetron cathode powered by either a DC or RF power supply 

[13,14]. The substrate and/or chamber walls serve as the anode. A sputtering gas, commonly argon, 

and a reactive gas, in this case nitrogen, flow through the chamber in the desired ratio. When a 

potential is applied to the cathode a plasma is generated, causing ionized species to bombard the 

target surface and sputter aluminum atoms. Reactive nitrogen species generated in the plasma 

interact with both surface bound and sputtered aluminum species, which then deposit onto the 

substrate surface. Continual bombardment of the growth surface with these species results in the 

formation of dense films that typically adhere well to the underlying substrate.  

Parameters such as flow rates, partial pressures, magnetic configuration, applied voltage, 

applied power, and the distance between the target and substrate influence the characteristics of 

the deposited film [13–16]. Extensive optimization is needed to produce films with the desired 

stoichiometry, crystallographic orientation, residual strain, and morphology. In the case of 

aluminum nitride, chamber cleanliness and integrity are necessary to minimize oxygen 

contamination. 

 

1.4 Vacuum Chamber System 

To deposit films by these techniques, atomic layer deposition, atomic layer annealing, and 

DC reactive magnetron sputtering, a vacuum chamber system was constructed. A system of in-

vacuum transfer arms connects a load lock to a sputtering chamber, an ALD/ALA chamber, and 

an analytical chamber containing an x-ray photoelectron spectroscopy system. Further details on 

these chambers are found in the following chapters. 
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1.5 X-Ray Photoelectron Spectroscopy 

To characterize the composition of the deposited films, x-ray photoelectron spectroscopy 

was utilized. In this technique, an x-ray source is used to generate photoelectrons by irradiating 

the sample surface with x-rays. An electron energy analyzer, more specifically a double-pass 

cylindrical mirror analyzer in the case of the experiments reported in this work, is utilized to count 

the photoelectrons of a given kinetic energy. The binding energy of the photoelectrons is calculated 

using the equation: 

𝐾𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛  =  ℎ𝜈𝑥−𝑟𝑎𝑦 −  𝐵𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛  −  Φ𝑠𝑝𝑒𝑐𝑡𝑟𝑜𝑚𝑒𝑡𝑒𝑟  

where Φ𝑠𝑝𝑒𝑐𝑡𝑟𝑜𝑚𝑒𝑡𝑒𝑟  is the workfunction of the spectrometer. As the binding energy of electrons 

in each orbital of a given atom are known, this technique can be used to identify the elements 

present in a material. In practice, the detector is swept over a range of kinetic energies to generate 

spectra from which the chemistry of the local bonding environment of the corresponding atoms 

can be deduced based on binding energy shifts. The composition of the sample is determined by 

calculating the fractional area of peak(s) present in the binding energy region of one orbital type 

for each element over the sum of area from all analyzed regions. However, due to differing 

photoelectron yields for every element, these peak areas are first corrected using known Scofield 

relative sensitivity factors. 

 

1.6 X-Ray Diffraction and Reflectivity 

The crystallinity of the deposited films is frequently utilized as a metric to optimize process 

parameters in the following chapters. Two types of x-ray diffraction were utilized to determine 

film crystallinity, grazing-incidence x-ray diffraction for thin films (<50 nm) and Bragg-Brentano 

x-ray diffraction for thicker films (> 50 nm). In both cases, x-rays generated by a rotating copper 
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anode were directed at the sample and an x-ray detector was swept over a range of angles with 

respect to the sample surface, theta, by a goniometer. At angles of theta corresponding to inter-

planar spacing, the Bragg diffraction condition is fulfilled and the x-rays are coherently scattered 

such that they are detected. These two techniques differ in the position of the x-ray source: in the 

grazing-incidence geometry the source is stationary at a small angle, omega, with respect to the 

sample surface. This allows for a larger interaction area, enhancing diffraction signal from thin 

films and minimizing signal from the substrate material. In Bragg-Brentano x-ray diffraction, the 

x-ray source position changes relative to the sample surface at half the rate of the detector. This 

setup results in diffraction signal from the entirety of the film and even the substrate in certain 

cases. Additional metrics for process optimization were thickness and density of deposited thin 

films as determined by x-ray reflectivity profile fitting.  
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Figure 1.1 Atomic Layer Deposition Schematic. Both precursor and co-reactant in the gas phase 
are pulsed in an alternating fashion, with separation created using a purge gas. This allows each 

chemical to react with the growth surface separately while excess and byproducts are purged from 
the chamber. This process is repeated until a film of the desired thickness is deposited. 
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CHAPTER 2 

 

Pulsed Chemical Vapor Deposition for Crystalline Aluminum Nitride Thin Films and 

Buffer Layers on Silicon and Silicon Carbide 

2.1 Abstract: 

 Low temperature aluminum nitride (AlN) deposition has applications ranging from serving 

as a heat spreading material to serving as a buffer layer for III-V semiconductors on silicon or 

silicon carbide (SiC) for radio frequency, power, and microLED devices. While crystalline AlN is 

traditionally deposited at high temperature (>800 ˚C),  in the present study AlN is deposited on 

Si(100), Si(111), and 4H-SiC substrates by two modest temperature processes using a metal 

precursor with high thermal stability, tris(dimethylamido) aluminum, and a highly reactive 

nitrogen source, anhydrous hydrazine. A 580 ˚C pulsed chemical vapor deposition (CVD) process 

is compared to a more complex 400 ˚C atomic layer annealing process, in which the same 

precursors are utilized with periodic ion bombardment to induce film crystallinity. Films deposited 

by both processes template preferential c-axis orientation in subsequently sputtered AlN on 

unheated substrates. Both templating techniques demonstrate equivalent enhancements in 

crystallinity of the sputtered AlN relative to a non-templated sputtered film by x-ray diffraction 

and transmission electron microscopy studies. On 4H-SiC substrates, a comparison of sputtering 

directly and templating with the 580 ˚C pulsed CVD process reveals epitaxial deposition by the 

580 ˚C pulsed CVD process which extends into the low temperature sputtered AlN.  
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2.2 Introduction: 

Aluminum nitride (AlN) is a promising material due to its high thermal conductivity and 

close lattice match to gallium nitride (GaN) and indium gallium nitride (InGaN). Accordingly, 

AlN may find application as a heat spreading material and/or as a buffer layer material. [1–7] 

Deposition methods for crystalline aluminum nitride typically require temperatures exceeding 800 

˚C, such as metal organic chemical vapor deposition (MOCVD) and molecular beam epitaxy 

(MBE); this presents barriers to integration in back-end-of-line processing. [8–10]  For application 

of AlN as a buffer layer for the growth of GaN and InGaN on silicon (Si) and silicon carbide (SiC), 

high-quality crystalline AlN films with c-axis orientation are necessary. [7,11,12] Deposition 

methods at comparatively lower temperatures (~350 ˚C), such as plasma-enhanced ALD (PE-

ALD) and atomic layer annealing (ALA), can be used to deposit crystalline or polycrystalline AlN 

with less strain than films deposited at higher temperatures; however, PE-ALD produces non-

stoichiometric AlN films that are often nano-crystalline. [13–15] Atomic layer annealing has 

recently drawn attention for low temperature deposition of crystalline or polycrystalline AlN, 

however its practical utility is limited by low deposition rates due to lengthy ion bombardment 

treatments and the relative complexity of required deposition tools. [16,17] 

Trimethyl aluminum (TMA) is a common precursor for many deposition methods despite 

its thermal decomposition at temperatures above 350 ̊ C; this often results in films with substantial 

carbon contamination and nitrogen poor stoichiometry. [18–20] Tris(dimethylamido) aluminum 

(TDMAA) and related tris(diethylamido) aluminum (TDEAA) have shown recent promise for 

higher-temperature deposition, enabling deposition of AlN with minimal contamination to be 

deposited by ALD and ALA at temperatures above 350˚C. [18,21,22] This work demonstrates the 

use of tris(dimethylamido) aluminum (TDMAA) at 400 ̊ C and 580 ˚C to deposit AlN by a pulsed 
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chemical vapor deposition (CVD) method on non-lattice matched (Si) substrates and lattice-

matched (SiC) substrates in a homebuilt deposition chamber with growth rates up to ~45 nm/hour. 

At 400 ˚C substrate temperature, the films are nanocrystalline with random crystallite orientation, 

while at 580 ˚C the films show growth of columnar grains. Films produced by the pulsed CVD 

method at 580 ˚C are demonstrated to template preferential c-axis orientation in additional AlN 

deposited by reactive sputtering and are compared to sputtered AlN on a template layer deposited 

by ALA at 400 ˚C. Both films show a similar result in enhancing AlN (002) orientation. On 4H-

SiC, epitaxy is observed by the 580 ˚C pulsed CVD method, which greatly enhances the 

crystallinity of low temperature (< 100 ˚C) sputtered material when used as a templating layer. 

 

2.3 Materials and Methods: 

2.3.1 Substrates and Preparations 

Silicon wafers with (100) and (111) orientations were obtained from WaferWorld.  Silicon 

carbide wafers of 4H polymorph with a 4˚ off-c-axis cut were obtained from El Cat, Inc. Substrate 

coupons were degreased using acetone, methanol, and water (Fisher Scientific) and stripped of 

native oxide by a three-step cyclic etch in 2% HF in deionized water (VWR). Tris(dimethylamido) 

aluminum was supplied by EMD Performance Materials; anhydrous hydrazine was supplied by 

RASIRC. 

 

2.3.2 Chemical Vapor Deposition System 

The pulsed CVD was performed in a homebuilt vacuum chamber (walls heated to 90 ˚C, 

base pressure <1x10-4 Pa) pumped by an Edwards EPX 500 NE high vacuum pump with an in-

line liquid nitrogen trap. A tool schematic is shown in Figure 2.1. The deposition chamber is 
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attached to two additional vacuum chambers through an in-vacuum transfer system: the first 

containing a sputtering system and the second containing an x-ray photoelectron spectroscopy 

system.  

The pulsed CVD process was performed at substrate temperatures of 400 ˚C and 580 ˚C. 

The TDMAA precursor container was heated to 105 ̊ C for deposition and held at 85 ̊ C for storage. 

All precursor dosing was controlled by a LabView system and was performed in a manner 

consistent with ALD: the precursors were pulsed in an alternating fashion separated by brief 

periods of pumping. The process is denoted as pulsed CVD because the TDMAA precursor did 

not display self-limiting growth, as is characteristic of ALD processes, for the short pulse times 

utilized in this study. Similar behavior has been observed for the deposition of AlN using TDMAA 

and NH3. [23] Both precursor containers were pressurized with Ar prior to dosing; trace water and 

oxygen were removed from the Ar push gas using an Entegris GateKeeper purifier. The pulse 

times used for 400 ̊ C and 580 ˚C deposition are shown in Table 1.1 and were previously optimized 

to achieve 1.2 – 1.5 Ang./cyc. growth rates. [22] 

 

2.3.3 Deposited Thin Films and CVD-Templated Sputtered Films 

Table 2.2 describe the samples deposited for the three studies performed in this paper. An 

initial set of thin films with 40 nm target thickness were deposited by pulsed CVD on Si(111) and 

Si(100) at 400 ˚C and 580 ˚C to evaluate the effects of lattice mismatch and substrate temperature. 

A second set of depositions was performed on Si(111) to analyze the templating ability of the 580 

˚C pulsed CVD relative to a previously reported ALA technique using Ar ions bombardment at -

25 V DC substrate bias: a 20-30 nm template layer by either method was first deposited followed 

by 150-170 nm of sputtered AlN. [22] These two templated films are compared to a reference 190 
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nm AlN sputtered film deposited directly onto Si(111). A third set of depositions compares the 

effectiveness the 580 ˚C pulsed CVD template layers on 4H-SiC to a reference sputtered film; 20 

nm and 40 nm template layers were deposited and all samples were brought to a total thickness of 

190 nm by reactive sputtering. For all templated samples layer thicknesses are approximate and 

were based on observed growth rates. Reactive sputtering was performed using a 69% N2/31% Ar 

gas mixture (Praxair and AirGas, >99.999%) in a balanced magnetron configuration (Kurt J. 

Lesker Torus MagKeeper, >99.99% purity Al target) with 100 W DC power operating at 0.43 Pa 

as measured by a capacitance manometer (Kurt J. Lesker Co.). Samples were not actively heated 

during sputter deposition, however a thermocouple mounted on the sputtering stage showed 

increases from 20 ˚C to 70-80 ˚C following deposition.  

The surface composition of the films was determined by x-ray photoelectron spectroscopy 

(STAIB Instruments DESA 150 CMA, Mg K⍺ source) of the Al 2p, N 1s, C 1s, O 1s and Si 2p 

regions. Peak fitting (CASA XPS) was performed using a Shirley background profile and 

elemental composition was corrected using Scofield relative sensitivity factors. All photoelectron 

spectra were referenced to adventitious carbon at 284.8 eV. 

 

2.3.4 Characterization 

For all film depositions on Si(111) and Si(100), grazing incidence x-ray diffraction (GI-

XRD) was performed to analyze film crystallinity and preferred orientation (Rigaku SmartLab, Cu 

anode operating at 2 kW, parallel beam configuration, fixed 1.005˚ incidence angle). X-ray 

reflectivity measurements of the thin film samples from 0-3˚ 2θ were performed on the same 

instrument and were modeled using Rigaku GlobalFit software to determine film thickness and 

density. Bragg-Brentano x-ray diffraction was used for films deposited on SiC due to its 
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comparatively lower instrumental broadening; this allowed for resolution of AlN and SiC 

diffraction peaks that are not easily resolved in GI-XRD.  

Four types of transmission electron microscopy (TEM) were performed: bright filed (BF-

TEM), dark field (DF-TEM), scanning (STEM), and high-resolution (HR-TEM). Selected area 

electron diffraction (SAED) was also performed for films on SiC. All lamellae were prepared using 

a focused ion beam (FIB) milling system with thinning to approximately 40 nm by Covalent 

Metrology (Sunnyvale, CA). All TEM, STEM, and SAED was performed using a ThermoFisher 

Talos F200X G2 transmission electron microscope. 

 

2.4 Results and Discussion: 

2.4.1 Thin Films 

Representative composition data as determined by XPS is shown in Figure 2.2 for pulsed 

CVD thin film depositions at 400 ˚C and 580 ˚C on Si(111). At both substrate deposition 

temperatures, nearly 1:1 stoichiometric Al:N is observed with minimal oxygen and carbon content. 

The composition information reflects the composition of the top 3-5 nm of the AlN films. In-

vacuum transfer of the substrates through the load lock after deposition may result in slight 

oxidation of the AlN surface, meaning bulk oxygen content is also likely lower than is the surface 

composition determined by XPS and shown in Figure 2.2.  

Photoelectron spectra and corresponding peak fits used for the determination of film 

composition of these samples are shown in Figure 2.3. The Al 2p regions in Figure 2.3 (a) and (e) 

are fitted with a spin orbit split binding energy difference of 0.4 eV. The C 1s x-ray photoelectron 

spectra in Figure 2.3 (d) and (h) indicate adventitious hydrocarbon contamination of the film 

surfaces due to the presence of peaks at 284.8 eV, 287.3 eV, and 288.5 eV, corresponding to C-C, 
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C-O, and C=O bonds. At both deposition temperatures, no low binding energy peak is observed in 

the C 1s region indicating the absence of Al-C bonds. These observations suggest that the carbon 

content in the bulk of these films is likely lower than is observed on the film surface. This low 

carbon contamination is consistent with previous reports of TDMAA used for deposition of AlN 

and AlOx and is attributed to the lack of Al-C bonds in the precursor structure. [21]  

Note the N 1s spectra are fit using two peaks, as is customary in XPS characterization of 

aluminum nitride films; the main nitride peak is located at 397.0 eV and the higher binding energy 

peak at 398.8 eV corresponds to O-Al-N bonds likely present on the oxidized film surface. [24] It 

is commonly reported that the charge-balanced sum of nitrogen and oxygen content should equal 

that of aluminum. [24] While the stoichiometry of the bulk AlN was not measured (e.g., by depth 

profiling XPS), it is likely that the concentration of oxygen and nitrogen in the bulk of the films 

may equal that of aluminum and the films are, therefore, stoichiometric.  

Results from the grazing-incidence x-ray diffraction study are shown in Figure 2.4; Table 

2.3 lists the corresponding film thickness and density values, as determined by XRR, and AlN 

(002) peak full-width at half maximum (FWHM) as determined by GI-XRD. Polycrystallinity with 

preferential c-axis orientation is observed on both substrates at 580 ˚C whereas deposition at 400 

˚C is nanocrystalline on Si(111) and amorphous on Si(100). On Si (111) (Figure 2.4a), crystallinity 

is observed at 580 ̊ C with a preferred AlN (002) orientation, whereas at 400 ̊ C minimal diffraction 

signal is observed at the AlN (100) peak position. The full-width at half maximum intensity 

(FWHM) of the AlN (002) peak on the 580 ˚C film is 0.73˚ at a position of 36.2˚ relative to a 

theoretical position of 36.1˚. This may indicate that strain is present in the film, likely due to 

deposition on a non-lattice matched substrate. On Si (100) (Figure 2.4b), similar crystallinity is 

observed at 580 ̊ C with an AlN (002) peak of 0.75˚ FWHM at an angle of 36.1˚. When depositing 
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at 400 ˚C substrate temperature on Si (100), no crystallinity is detected. The XRR measurement 

and fit profiles for each film are shown in Figure 2.5. The decrease in signal observed beyond 1.5˚ 

2θ for the films deposited at 580 ˚C substrate temperature may be due to increased surface 

roughness, consistent with the growth of larger crystallites. 

As listed in Table 2.3, the films deposited at 580 ˚C have greater density than their 400 ˚C 

counterparts, with increases of 8.4% and 17.6% observed for the films on Si (111) and Si (100), 

respectively. It is noted that the largest film density observed, 3.11 g/cm3 for the film deposited at 

580 ̊ C on Si (111), is still less than that of bulk AlN at 3.26 g/cm3. This is likely due to the presence 

of amorphous material at grain boundaries and at the Si-AlN interface. 

The data in Figure 2.4, Figure 2.5, and Table 2.3 demonstrates that moderate increases in 

substrate temperature during pulsed CVD, such as increasing from 400 ˚C to 580 ˚C, can aid in 

developing crystalline structure on non-lattice matched substrates. The average crystallite size for 

any one condition is not limited by thickness as all films with observed crystallinity are of 

comparable thickness. The differences in crystallinity on Si (111) and Si (100) are consistent with 

the hexagonal wurtzite structure of aluminum nitride having a closer lattice match to the Si (111) 

face rather than the Si (100) face. [25]  

These GI-XRD results are complemented by the electron microscopy and diffraction 

studies of the thin films deposited at 400 ˚C and 580 ˚C, shown in Figure 2.6. Bright field TEM 

for these films is shown in panels (a) and (b), respectively. In the micrograph of the film deposited 

by pulsed CVD at 400 ̊ C, a nanocrystalline film with randomly oriented grains of ~5 nm diameter 

is observed. In contrast, the film deposited at 580 ˚C shows crystallites coalescing and taking on a 

columnar structure in which the crystallite diameter increases as a function of film thickness. These 

observations are confirmed by aperture-based dark field TEM used to highlight separate 
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crystallites, shown in Figures 2.6 (b) and (c). The 400 ˚C film appears nanocrystalline with rare 

instances of columnar grains. At 580 ̊ C, the columnar grain structure noted in bright field TEM is 

observed across the entire film as is evidenced by the diffraction of several columnar crystallites. 

When considering the GI-XRD, XRR, BF-TEM, and DF-TEM results altogether, it is evident that 

the 580 ˚C pulsed CVD process deposits films with superior crystallinity and more ordered grain 

structure than those deposited by the 400 ˚C process.  

 

2.4.2 Templated Sputtered Films on Si(111) 

For AlN to be utilized as a buffer layer for the growth of GaN and InGaN on silicon and 

silicon carbide, goals of the RF and microLED industries, thicker layers with c-axis orientation are 

necessary. In Figure 2.7, two samples of 181-196 nm total thickness are compared by STEM and 

GI-XRD: the first is a 31 nm layer of AlN deposited using the 580 ˚C pulsed CVD process to 

template 150 nm of sputtered AlN (red in GI-XRD); the second is a templated film comprised of 

an initial 21 nm layer of AlN deposited using ALA at 400 ˚C substrate temperature with 175 nm 

of sputtered AlN deposited on top (blue in GI-XRD); note the substrate temperature is below 100 

˚C during the sputtering process. ALA was performed using a 20 s ion bombardment at the end of 

each precursor dosing cycle, with Ar ions generated by an inductively coupled plasma source. For 

this ion bombardment process, the substrate was biased to -25VDC to accelerate the ions toward 

the growth surface to crystallize the material. Experimental details can be found in previous works. 

[22,26] These two templated films are also compared to a reference film of 190 nm sputtered AlN 

on Si(111) by GI-XRD (black line in GI-XRD comparison). AlN deposited by this sputtering 

condition showed 49.4 at.% Al, 42.5 at.% N, 5.1 at.% O, and 3.1 at.% C composition by XPS. 
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The GI-XRD comparison inset (Figure 2.7) shows that AlN (002) orientation is strongly 

preferred when the sputtering is performed on either the 580 ˚C pulsed -CVD or 400 ˚C ALA 

templating layer, both with AlN (002) FWHM of 0.64˚. The sputtered reference film has an AlN 

(002) FWHM of 0.79˚ and shows mixed AlN (002) and AlN (103) orientation which is not 

desirable for the intended applications. The increase in preferential AlN (002) orientation is likely 

the result of local domain epitaxy across the template-sputtered interface, as both the 580 ̊ C pulsed 

CVD process and 400 ˚C ALA process have been shown to deposit films with AlN (002) 

orientation. [22] These results highlight that a templating layer deposited by pulsed CVD can be 

as effective as a templating layer deposited by the more complex ALA process in increasing the 

crystallinity of sputtered AlN.   

 

2.4.3 Templated Sputtered Films on SiC 

The crystallinity of sputtered material on 4H-SiC is also enhanced when grown on template 

layers deposited by the 580 ˚C pulsed CVD process. Shown in Figure 2.8 is a Bragg-Brentano 

XRD comparison: the first film is comprised of 190 nm of AlN sputtered directly onto 4H-SiC, 

the second and third films are comprised of 20 nm and 40 nm of AlN deposited by the 580 ˚C 

pulsed CVD process which were brought to a total thickness of 190 nm with sputtered AlN. 

Relative to the reference sputtered film with 0.38˚ FWHM, the 20 nm and 40 nm templated films 

show drastically sharper peaks at 0.17˚ and 0.18˚ FWHM, respectively, indicating superior 

crystallinity of the templated films. This increase in crystallinity is particularly notable since the 

sample temperature during sputtering was below 100 ˚C. 

The efficacy of the pulsed CVD templating layers on SiC are made clear by the TEM, 

SAED, and HR-TEM shown in Figure 2.9. The 20 nm template layer deposited by the 580 ˚C 
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CVD process is shown in Figure 2.9 (a). This CVD layer is grown epitaxially, as is demonstrated 

by the SAED pattern in Figure 2.9 (b), which shows a single crystal-like pattern, and the HR-TEM 

shown in Figure 2.9 (c), where the lattice fringes of the SiC and AlN appear regularly spaced and 

uninterrupted. In comparison, TEM of the directly sputtered film in Figure 2.9d reveals an initial 

amorphous layer of ~3-4 nm thickness. Additionally, the SAED pattern shown in Figure 2.9e 

reveals diffraction rings from a film of polycrystalline nature columnar grains at various tilt angles 

relative to the SiC diffraction pattern. The HR-TEM, Figure 2.9 (f), of this film more clearly shows 

this initial amorphous region, with crystallites developing quickly thereafter.  

Further analysis of the epitaxial relationship of the CVD-templated sputtered film shown 

in Figure 2.9 (a) is shown in Figure 2.10. Fast Fourier transform (FFT) analysis was performed 

from the HR-TEM image for five ~10 nm x 10 nm regions each of the substrate (I-V), the CVD 

layer (VI-X), and the sputtered layer (XI-XV). Each of the FFT regions shows the expected pattern 

for the 4H-SiC and AlN wurtzite structures, with matching orientation along the c-axis. This 

indicates that the epitaxial relationship observed between the SiC substrate and the CVD AlN layer 

creates long-range order and effectively templates the sputtered AlN layer. 

The epitaxial growth of the 580 ˚C CVD template layer may be the result of comparatively 

greater adatom mobility on the growth surface due to the considerably higher substrate temperature 

and slower growth rate. In comparison, the initial amorphous region of the directly sputtered film 

may be the result of the combined higher deposition rate and a comparatively colder initial growth 

surface as the SiC substrate was not actively heated during sputtering. These effects likely resulted 

in constrained surface adatom mobility. For films deposited on SiC, these XRD, TEM, and SAED 

results demonstrate that the enhancement mechanism of the sputtered material is not a function of 
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the CVD template layer thickness, but rather is the result of sputtering AlN onto a highly crystalline 

and lattice-matched CVD template layer.  

 

2.5 Conclusions: 

These results demonstrate that a 580 ˚C pulsed CVD process for aluminum nitride is a 

viable alternative to more complex techniques such as atomic layer annealing and techniques 

requiring substantially greater substrate temperatures, such as MBE and MOCVD. Using 

tris(dimethylamido) aluminum and anhydrous hydrazine, crystalline films with low oxygen and 

carbon content can be achieved at temperatures as low as 400 ˚C, though substantially 

improvement in crystallinity and density is observed at 580 ̊ C. When performed on SiC substrates, 

the 580 ˚C process demonstrates an epitaxial relationship with the substrate and forms a single 

crystal; this greatly enhances the crystallinity of reactively sputtered AlN with no active substrate 

heating. This technique may find use for the growth of crystalline AlN buffer layers for GaN and 

InGaN on silicon and silicon carbide, enabling a decrease in substrate costs for RF power 

electronics and for thermally conductive buffer layers for microLED devices. 
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Table 2.1 Pulsed CVD Dosing Conditions at 400 ˚C and 580 ˚C. Dosing times and pump times for the TDMAA 

and N2H4 precursors at the 400 ˚C and 580 ˚C substrate temperature conditions.  

 
 400 ˚C 580 ˚C 

TDMAA Dose 150 ms 90 ms 

Post-TDMAA Pump 4 s 4 s 

N2H4 Dose 100 ms 80 ms 

Post-N2H4 Pump 8 s 8 s 
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Table 2.1 List of Sample Depositions and Deposition Methods. Three sets of samples for comparisons in this 

chapter deposited by various techniques. Thicknesses of thin films were measured by XRR, while those for templated 

films were measured in TEM and estimated ba sed on growth rates for the films on Si(111) and 4H-SiC, respectively. 

 

Comparison Set Sample Description Substrate 

Thin Film or Template 

Layer Thickness (nm) 

Sputtered Layer 

Thickness (nm) 

Thin Films 

400 ˚C Pulsed CVD 

Si (111) 44.6 

N/A 

Si (100) 41.3 

580 ˚C Pulsed CVD 

Si (111) 43.8 

Si (100) 44.6 

Templated Films 

on Si(111) 

580 ˚C Pulsed CVD 

Si (111) 

31 ~150 

400 ˚C ALA, Ar -25V 

DC 

21 

~175 

Sputtered Reference N/A ~190 

Templated Films 

on 4H-SiC 

580 ˚C Pulsed CVD 4H-SiC 

 

~20 ~170 

~40 ~150 

Sputtered Reference N/A ~190 
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Table 2.2 Thin Film Properties for Pulsed CVD AlN. Substrate and deposition temperature for thin films deposited 

at 400 ̊ C and 580 ̊ C alongside thickness and density as measured by XRR and the AlN (002) diffraction peak FWHM 

and position measured using GI-XRD.  

 
Substrate Deposition 

Temperature (˚C) 

Thickness 

(nm) 

Density 

(g/cm3) 

AlN (002) 

FWHM (deg.) 

AlN (002) Peak 

Position (deg.) 

Si (111) 400 44.6 2.86 N/A N/A 

580 43.8 3.11 0.73 36.2˚ 

Si (100) 400 41.3 2.59 N/A N/A 

580 44.6 3.09 0.75 36.1˚ 
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Figure 2.1 Chamber Schematic Diagram. Chamber schematic showing separate pulsed CVD and ALA chamber 

(bottom right), sputtering chamber (bottom left), and analytical chamber (top) linked through an in -vacuum transfer 

system. 
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Figure 2.2 Composition of Pulsed CVD AlN vs Temperature. Film composition data for pulsed CVD at substrate 

temperatures of 400 ̊ C (44.9 nm thick) and 580 ̊ C (43.8 nm thick) on Si(111) as determined by XPS. Note, these are 

surface compositions and bulk contaminants ma y be lower.       
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Figure 2.3 High Resolution X-Ray Photoelectron Spectra. X-Ray photoelectron spectra of the Al 2p, N 1s, O 1s, 

and C 1s regions for films deposited by (a -d) the 400 ˚C and (e-h) 580 ˚C pulsed CVD AlN processes on Si(111).  
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Figure 2.4 Crystallinity Analysis for Pulsed CVD AlN vs Temperature. Crystallinity Analysis for Pulsed CVD 

AlN vs Temperature. GI-XRD patterns for AlN films deposited at 400 ̊ C and 580 ̊ C by pulsed CVD on Si (111), left, 

and Si (100), right.  
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Figure 2.5 X-Ray Reflectivity Measurement and Fit Profiles. X-Ray reflectivity profiles for the films deposited at 

400 ˚C on Si (111) and Si (100), and at 580 ˚C on Si (111) and Si(100), panels (a), (b), (c), and (d), respectively.  
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Figure 2.1 BF-TEM and DF-TEM of pulsed CVD films on Si (111). BF-TEM (top) and DF-TEM (bottom) of 

pulsed CVD films deposited on Si (111) at (a,c) 400 ˚C and (b,d) at 580 ˚C. 
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Figure 2.2 STEM Comparison of 580 ˚C CVD and 400 ̊ C ALA Templated Films and GI-XRD Comparisons. 

STEM Comparison of grain structure by STEM in 580 ˚C pulsed CVD-templated sputtered AlN (left) and 400 ˚C 

ALA-templated sputtered AlN (right) on Si(111). Grain boundaries are manually traced in the top sputtered layer to 

visually aid in comparison.  
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Figure 2.3 Bragg-Brentano XRD comparison of the AlN (002) diffraction peaks of three films on 4H-SiC with 

190 nm total thickness. Bragg-Brentano XRD patterns of the AlN (002) diffraction peaks of three films on 4H-SiC 

with 190 nm total thickness. The first film is an entirely sputtered film with 0.38˚ FWHM; the second and third films 

are composed of 20 nm and 40 nm 580 ̊ C pulsed CVD template layers f ollowed by 170 nm and 150 nm of sputtered 

material, respectively. The second and third films have FWHM of 0.17˚ and 0.18˚ respectively.  
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Figure 2.4 Electron Microscopy Comparisons of a 580 ̊ C Pulsed CVD Templated Film and a Directly Sputtered 

Film on SiC Substrates. TEM, selected area electron diffraction, and HR-TEM, respectively, of the 20 nm 580 ˚C 

CVD templated film (a,b,c) and the directly sputtered film (d,e,f) on 4H-SiC substrates.  
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Figure 2.5 Fast Fourier Transform Analysis of a CVD-Templated Film on SiC. TEM image of the 20 nm 580  ̊C 

CVD templated - 170 nm sputtered AlN film on SiC with matching FFT patterns for the substrate (I -V), 580 ˚C CVD 

AlN layer (VI-X), and the sputtered AlN layer (XI-XV) at the bottom.  
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CHAPTER 3 

 

Atomic Layer Annealing with Radio Frequency Substrate Bias for Control of Grain 

Morphology in Gallium Nitride Thin Films 

3.1 Abstract: 

A method of performing atomic layer annealing with RF substrate bias on insulating and 

amorphous substrates is demonstrated for GaN deposition at 275 ˚C. GaN is typically deposited 

by MOCVD or MBE at >600 ˚C, resulting in strain upon cooling; this makes low temperature 

process alternatives desirable. Tris(dimethylamido) gallium (III) and hydrazine served as 

precursors while Ar and Kr were used for ion bombardment. Optimization of substrate bias 

potential is demonstrated by GI-XRD and XRR. Reference films were deposited by thermal ALD 

and non-substrate biased ALA processes. XPS surface and depth-profiling studies show that 

applied RF bias decreases film oxygen and carbon content relative to the reference films; these 

films also show crystallites broadening with increasing film thickness by TEM in contrast to the 

reference films. In summary, ALA with RF substrate bias is demonstrated as an effective method 

to deposit GaN thin films at a low deposition temperature on insulators. 

 

3.2 Introduction: 

Gallium nitride and other III-V materials are commonly deposited using high-temperature 

techniques, such as metal organic chemical vapor deposition (MOCVD) and molecular beam 

epitaxy (MBE) at temperatures exceeding 800 ˚C [1–13]. These elevated temperatures are often 

necessary to promote reactivity of gaseous nitridation agents, such as ammonia or 

nitrogen/hydrogen mixtures, and to crystallize the deposited material. GaN is typically deposited 

on sapphire or silicon carbide substrates, commonly requiring thick aluminum nitride (AlN) buffer 
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layers [3,5,6]. However, these elevated temperatures often produce stress in the films upon cooling 

due to differences in thermal expansion coefficients [1,7,8]. Accordingly, lower-temperature 

deposition methods and post-deposition annealing treatments for III-V materials are a focus of the 

materials science community [14–17]. 

Plasma-enhanced chemical vapor deposition (PE-CVD) and plasma-enhanced atomic layer 

deposition (PE-ALD) have shown promise for III-V materials; however, at low deposition 

temperatures compatible with standard techniques and equipment, PE-CVD and PE-ALD often 

produce films with high oxygen and carbon contamination [14,16,18–28]. Atomic layer annealing 

(ALA) processes have demonstrated an ability to further crystallize films deposited by both PE-

ALD, where plasma-generated species serve as the co-reactant, and traditional thermal ALD with 

a chemical co-reactant [29–33]. In an ALA process, following each deposition cycle, a short 

bombardment with inert ions enhances surface adatom mobility and promotes the deposition of 

crystalline materials [29–34]. This allows for the healing of defects, such as amorphous chains on 

the growth surface and lattice vacancies on and below the growth surface. ALA processes may 

also produce films with comparatively lower contamination levels, as periodic ion bombardment 

may effectively heat the growth surface thereby desorbing residual ligands and contaminants and 

may sputter surface-bound contaminants, such as oxygen [29,32,33]. 

Applying DC bias to conductive substrates during the ALA treatment allows the 

momentum of the bombarding ions to be controlled; this additional tuning ensures that sufficient 

momentum is transferred to atoms on the growth surface to heal defects while remaining under 

damage, implantation, and sputtering thresholds [32,33]. Similar observations have been made in 

PE-ALD processes with applied substrate bias [21,35,36]. The use of a substrate bias decouples 

the tuning of ion momentum from tuning of the ion flux, which primarily depends on the power 
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applied to the plasma source. To date, ALA with substrate bias has been limited to DC bias applied; 

accordingly, development of ALA with RF substrate bias enables expansion of the ALA technique 

to insulating and patterned substrates without risk of damage due to charge buildup [32,33,37]. In 

the present study, RF substrate bias was applied during the ALA ion bombardment to deposit 

gallium nitride (GaN) on intrinsic silicon with 100 nm of thermal oxide (SiO2/Si) substrates. 

GaN was chosen as a model system due to the potential of a low-temperature deposition 

method to produce polycrystalline thin films or crystalline material on lattice-matched substrates. 

Advances in low temperature deposition on non-lattice matched substrates could lead to 

widespread implementation of GaN in lower-cost applications [18,38,39]. GaN is a desirable 

material due to its large breakdown voltage and high mobility compared to silicon; it is utilized 

alongside InGaN in many photonic and optoelectronic devices and is of considerable interest to 

the microLED industry [9,40–46]. 

 

3.3. Materials and Methods: 

3.3.1 Substrates and Handling 

Silicon (100) wafers with a 100 nm thick thermal oxide layer (SiO2/Si) were purchased 

from University Wafter. Substrate coupons were diced, degreased using 30 s rinses of acetone, 

methanol, and water, and dried under N2 before insertion into a load-lock vacuum chamber 

attached to the deposition and analysis chambers. 
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3.3.2 Atomic Layer Annealing Vacuum Chamber 

Atomic layer annealing was performed in a homebuilt vacuum chamber system with a 

remote inductively coupled plasma (ICP) source (PIE Scientific Semi-KLEEN Sapphire Plasma 

Cleaner) and a homebuilt radio-frequency biased stage assembly. The stage was heated by an 

embedded cartridge heater controlled by a variable AC transformer such that the substrates in the 

sample carrier were heated to 275 ̊ C, as determined by prior calibration studies. This chamber was 

pumped by a turbomolecular pump (Pfeiffer HiPace 300P). The walls of the atomic layer annealing 

chamber were heated to 90 ̊ C while all tubing leading to the turbomolecular pump was not heated; 

an in-line liquid nitrogen trap (A&N Corp.) was filled approximately 20 minutes before each 

deposition to condense trace contaminants out of the gas phase. This resulted in a base pressure of 

8x10-7 Torr.  

 

3.3.3 Precursors, Dosing, And Plasma Treatment 

Tris(dimethylamido) gallium (III) (TDMAGa, STREM Chemicals) was heated to 110 ˚C 

for deposition and held at 90 ˚C for storage; the dosing line was constantly heated to 115 ˚C. 

Anhydrous hydrazine was supplied by Rasirc, Inc and neither the precursor bottle nor the dosing 

lines were heated. Accordingly, the reported ALA technique is based on a thermal ALD process 

rather than a PE-ALD process. Argon push gas was used for both precursors and was purified 

using an Entegris GateKeeper placed just before the precursor containers. All precursor dosing 

and plasma treatment, a schematic of which is shown in Figure 3.1, was controlled by a LabView 

program. Each dosing cycle consisted of a 200 ms TDMAGa pulse (~40 mTorr) and a 175 ms 

hydrazine pulse (~60 mTorr) followed by purge times of 3 s and 7 s, respectively.  
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Approximately 7 sccm of Ar (PraxxAir 99.99%) or Kr (AirGas, 99.99%) was flowed 

through the vacuum chamber throughout the entire deposition, meaning this gas serves as both 

purge gas during precursor dosing and as the source of ions for plasma treatment. This brought the 

background pressure to 6 mTorr. To strike a plasma in the downstream ICP source (25 W, 13.560 

MHz), an additional 20 sccm of gas was introduced for 1.5 s, briefly increasing the chamber 

pressure to 12 mTorr. An additional 500 ms long pulse of the desired ALA treatment gas at 80 

sccm was used to extend the plasma into the deposition chamber. Following return to the 

background pressure of 6 mTorr, radio frequency bias was applied to the substrates for 8 s; this 

bias was supplied by an RF power supply (Manitou Systems Inc., 13.555 MHz) with the applied 

power adjusted to produce the desired substrate bias as indicated by the power supply display. All 

depositions were performed for 300 cycles.  

 

3.3.4 Deposition of Reference Samples 

An atomic layer deposition reference sample was deposited, where each cycle consisted of 

steps I-V from Figure 3.1. ALA reference samples without an applied substrate bias were also 

deposited, with each cycle consisting of steps I-IX in Figure 3.1. Ions generated by the ICP source 

produced a small self-bias of -4 V for both Ar and Kr.  

 

3.3.5 X-Ray Diffraction and X-Ray Reflectivity 

Grazing incidence x-ray diffraction (GI-XRD) and x-ray reflectivity (XRR) measurements 

were performed on a Rigakuy SmartLab system with a Cu anode operating at 2 kW under parallel 

beam configuration. GI-XRD measurements were performed using an incidence angle of 1.005˚ 

over a range 25-45˚ 2𝜃; diffraction peaks were analyzed using Rigaku GlobalFit software. XRR 
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profiles were obtained over 0-4˚ 2𝜃 and were modeled to an R2 value of less than 0.02 using Rigaku 

GlobalFit software to determine film thickness and density. 

 

3.3.6 Spectroscopic Ellipsometry 

Spectroscopic ellipsometry (SE) was performed using a J.A. Woollam M-2000D 

instrument at 500 wavelengths across a 193-1000 nm range and at a 75˚ incidence angle. The data 

was modeled using CompleteEASE software with an SiO2 layer of 100 nm thickness and a GaN 

layer of thickness equivalent to that determined by XRR. The fit refractive index, n, of the films 

is reported at 633 nm. 

 

3.3.7 Analytical Vacuum Chamber and X-Ray Photoelectron Spectroscopy 

Following deposition, each set of samples was transferred without vacuum break to a 

separate chamber (Omicron VT) containing an x-ray photoelectron spectroscopy (XPS) system 

(STAIB Instruments DESA 150 CMA, Mg K⍺ source 1253.6 eV). A combination of 

turbomolecular, ionization, and titanium sublimation pumps utilized in this chamber maintained a 

base pressure of 5x10-10 Torr. Photoelectron spectra of the Ga 3d, N 1s, and O 1s regions were 

recorded at a 45˚ collection angle. Composition of the films was determined by peak f itting in 

CASA XPS 2.3 software using Shirley background profiles and correction using Scofield relative 

sensitivity factors. 

 

3.3.8 Depth Profiling X-Ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy with depth profiling was performed on a f ilm deposited 

using the Ar -14 V RF-biased ALA condition. Due to technical difficulties, this film was deposited 
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with chamber pumping performed by a turbomolecular pump with an integrated Holweck backing 

stage (Edwards EPX 500 NE). This required minor adjustments to precursor pulse lengths and gas 

flow rates to maintain equivalent dosing and plasma treatment pressures. The spectroscopy was 

performed in a Thermo Fisher Scientific Nexsa Surface Analyzer XPS instrument and was 

analyzed using Thermo Fisher Scientific Avantage (version 5.9925) software at Wayne State 

University. Sputtering was performed over a 2 mm x 2 mm area using argon ions supplied by an 

argon sputter gun positioned at a 45˚ angle with respect to the substrate normal. Incremental 

sputtering was performed in 30 s etch intervals with 500 eV acceleration potential. Measurements 

were made over a 0.2 mm2 area using an Al Kα (1486.6 eV) X-ray source at a chamber base 

pressure of 10−8 Torr. High-resolution photoelectron spectra were collected for the Ga 2p, N 1s, O 

1s, C 1s, and Si 2s ionization regions. Shirley background fitting was used in fitting peak areas 

from the high-resolution scans. The etching and characterization was performed for a total of 60 

increments. 

 

3.3.9 Transmission Electron Microscopy 

Lamellae from selected films were prepared by Eurofins EAG (Sunnyvale, CA) with final 

thinning to approximately 30 nm. Transmission electron microscopy (TEM) was performed on a 

ThermoFisher Talos F200X instrument at 200 kV acceleration in bright field configuration.  Image 

acquisition was performed using a Ceta 4k x 4k CMOS camera and Velox software. Fast Fourier 

Transform (FFT) and image processing was performed using Gatan Microscopy Suite software.  
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3.4 Results and Discussion: 

3.4.1 X-Ray Diffraction and X-Ray Reflectivity 

Grazing incidence x-ray diffraction was used to quantify the crystallinity of the deposited 

thin films and XRR was used to determine both density and thickness. All films deposited were of 

30-35 nm thickness, except for those deposited at -44 V bias. A reference film deposited by thermal 

ALD was amorphous as determined by GI-XRD and had 5.08 g/cm3 density as determined by 

XRR. All films deposited by ALA, both with and without radio frequency (RF) substrate bias, 

demonstrated diffraction at the expected (002) diffraction angle for gallium nitride (GaN). The 

GaN (002) diffraction regions for all films are shown in Figure 3.2; peak full width at half 

maximum (FWHM) and density by XRR are plotted as a function of substrate bias in Figure 3.3. 

In the reference depositions performed without RF bias applied, further denoted “ICP Only,” a 

small -4 V self-bias developed. For these inductively coupled plasma (ICP) only processes, both 

argon and krypton produced films with increased density relative to the thermal ALD reference 

film at 5.70 g/cm3 and 5.62 g/cm3 respectively. These films demonstrated GaN (002) FWHM 

values of 0.76˚ and 1.02˚ respectively, indicating a nano-crystalline morphology. 

Applying RF bias to the substrates during each ion bombardment step further increased 

crystallinity, as is shown by a smaller GaN (002) FWHM, and increased density. At -14 V, films 

deposited using Ar and Kr bombardment show significant improvement over the ICP only 

processes: GaN (002) peak FWHM decrease to 0.57˚ and 0.65˚, respectively and film densities are 

closer to that of bulk GaN (6.15 g/cm3) at 6.07 g/cm3 and 6.09 g/cm3.  Applying greater bias beyond 

-14 V shows only slightly increased density; this may indicate that at -14 V the bombarding ions 

for both process gasses have sufficient momentum transfer to the growth surface to begin to heal 

defects such as vacancies and amorphous chains. These densities are greater than that reported by 
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several PE-ALD techniques in the literature, ranging from 5.36 g/cm3 -5.95 g/cm3, highlighting 

the ability of substrate-biased ALA to densify the material deposited by ALD [27,47]. 

Film quality based on GaN (002) FWHM and density increase for the Ar and Kr processes 

at -24 V. The smallest GaN (002) FWHM of the Ar processes is observed at this condition 0.54˚. 

The density of this film is a bulk-like 6.14 g/cm3. For the process run with Kr at -24 V, the (002) 

peak FWHM decreases to 0.58˚ and the density is slightly lower, at 6.11 g/cm3. The optimal 

condition for Kr identified in this set is -34 V, where the film shows the most narrow (002) FWHM, 

0.51˚, and a bulk-like density of 6.16 g/cm3. The variance between Ar and Kr in the bias at which 

optimal film quality is observed may be the result of differences in how the bombarding ions 

interact with the growth surface. 

At -44 V, both Ar and Kr ALA processes show significantly increased (002) FWHM. 

Further, the thickness of these films deviated from that of films produced at all other conditions, 

decreasing to 24.3 and 27.3 nm, respectively; this may be the cause of the decreased peak intensity 

observed in Figure 3.2. These observations are consistent with the onset of sputtering by the 

bombarding ions.  

 

3.4.2 Spectroscopic Ellipsometry 

The refractive indicies of the films deposited using the Ar -34 V and Kr -34 V bias 

conditions were determined to be 2.133 and 2.318 at 633 nm, respectively. These results are 

comparable to those of polycrystalline GaN films deposited by both PE-ALD and PE-CVD 

[25,27,48–50]. The Kr -34 V process result is within 3% of that of bulk GaN at 2.385 and is 

competitive with reported values for MOCVD processes, ranging from 2.24 to 2.397 [51–53]. 
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3.4.3 X-Ray Photoelectron Spectroscopy 

Composition of the films produced by the thermal ALD process, the ICP only processes, 

and the conditions at which Ar and Kr showed optimal crystallinity are shown in Figure 2.4. This 

composition information was determined by x-ray photoelectron spectroscopy (XPS) with 

corresponding photoelectron spectra and peak fits shown in Figure 3.5. It is noted that although 

films do not show 1:1 Ga:N stoichiometry, the films may be stoichiometric, as the large difference 

in binding energies between the Ga 3d region and N 1s regions at 19 eV and 397 eV, respectively, 

may result in varied photoelectron yield that is not entirely accounted for by the Scofield relative 

sensitivity factors utilized in calculating film composition. The thermal ALD film demonstrates 

the greatest oxygen content of 1.7 at.%. Atomic layer annealing reduces this contamination in all 

cases, with the largest oxygen reductions observed upon applying additional RF substrate bias to 

0.4% and 0.7% for the Ar and Kr processes, respectively. This is consistent with ion bombardment 

resulting in the preferential sputtering of contaminants, such as residual ligands, and light 

elements, such as oxygen and carbon, from the growth surface during deposition. These results are 

a significant improvement over some of the lowest reported oxygen content of 1-2 at.% in the PE-

ALD literature [27,29]. Due to the presence of multiple features in the C 1s region, carbon content 

was not analyzed in these experiments; however, carbon KLL Auger signal was not observed in 

any initial XPS survey scans. 

 

3.4.4 Depth Profiling X-Ray Photoelectron Spectroscopy 

The depth-dependent composition of an additional film deposited on SiO2 using the Ar -

14 V condition is shown in Figure 3.6, as determined by depth-profiling XPS. Due to the exposure 

of the sample to atmosphere prior to characterization, the surface of the film oxidized to 
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approximately 9.2% O. The surface oxidation reduced to the baseline level of oxygen detected in 

the film after 8 etching steps. The bulk of the film has an average composition of 48.4% Ga, 49.6% 

N, 1.8% O, and 0.2% C. The higher observed oxygen content in the bulk of the film relative to the 

in-vacuo XPS performed immediately after sample deposition may be due to edge effects, as the 

2 mm width of the sputtered region is close to the 2.5 mm width of the substrate coupon. These 

discrepancies may also be due to differences in fitting procedure and sensitivity factors for the two 

XPS instruments. The low carbon content in the bulk of the film is consistent with ion 

bombardment promoting desorption of residual ligands and contaminants from the growth surface 

during each ALA cycle. It is possible that ALA with further increased substrate bias potential, 

such as the optimal -24 V and -34 V conditions, may demonstrate lower bulk oxygen content due 

to increased kinetic energy of the bombarding ions sputtering contaminants from the growth 

surface. 

 

3.4.5 Transmission Electron Microscopy Analysis 

The transmission electron microscopy (TEM) and accompanying fast Fourier transform 

(FFT) analysis for a film deposited by each of the ICP only, -24 V, and -34 V conditions with Ar 

and Kr is shown in Figure 3.7. Enlarged versions with polycrystalline grains outlined and enlarged 

FFT patterns of these micrographs are shown in Figures 3.8-3.13. The ICP only films deposited 

using Ar and Kr, Figures 3.7 (a) and (d), respectively, demonstrate an amorphous region nearest 

to the substrate interface identified by the presence of rings rather than discrete diffraction spots 

in the FFT analysis region I. A morphology of packed crystallites develops with increasing film 

thickness as shown by the presence of arcs in the FFT analyses for regions II -IV. Notable is the 

absence of any progressive strengthening of diffraction spots with film thickness; this indicates 
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that film is composed of packed nanocrystalline regions without preferred orientation. This may 

be due to the bombarding ions having kinetic energy sufficient to increase local surface adatom 

mobility leading to the creation of nanocrystalline regions, but insufficient to facilitate the 

development of long-range order. This is consistent with the large GaN (002) FWHM and low 

density of these films as identified by GI-XRD and XRR (Figures 3.2 and 3.3).  

The -24 V conditions for Ar and Kr, 2.7 (b) and (e), respectively show an amorphous layer 

similar to that of the ICP only conditions at the interface; however, in these films, crystallinity 

increases with further deposition. This is observed by the broadening of crystalline regions with 

increasing film thickness in the micrographs and gradual strengthening of diffraction spots in the 

FFT patterns from regions II to regions IV. Of note is the significant tilting of grains in the Kr -24 

V film, which is visible in the TEM and in the orientation of the FFT patterns. This tilting may 

have produced a broadened (002) diffraction peak in GI-XRD, as indicated in Figures 3.2 and 3.3.  

Shown in Figure 3.7 (c) and (f) are the micrographs for -34 V conditions for Ar and Kr. These 

films demonstrate morphologies and increases in crystallinity with thickness similar to the films 

deposited at -24 V, which is consistent with only minute differences identified by GI-XRD and 

XRR. The ability of the -24 V and -34 V ALA deposition processes to facilitate long-range order 

indicates that increased kinetic energy of the bombarding ions may induce collision cascades 

capable of healing sub-surface defects during the growth process. It is also possible that the 

increased kinetic energy may be responsible for sputtering any oxygen from the growth surface, 

leading to the lower oxygen content as detected by XPS (Figure 3.4). 
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3.5 Conclusion: 

The present results demonstrate the ability to RF substrate-biased atomic layer annealing 

on amorphous and insulating substrates to deposit polycrystalline GaN of greater quality than 

reference depositions performed by thermal ALD or ALA without applied substrate bias. The 

optimization of bias potential is necessary to ensure that the kinetic energy of the bombarding ions 

remains below sputtering and implanting thresholds. The GI-XRD and XRR results demonstrate 

marked increases in film density and decreases in diffraction peak width at moderate -24 V and -

34 V biases with ion bombardment by Ar and Kr. The in-vacuuo XPS composition analysis 

demonstrates that applied substrate bias in an ALA process can improve film composition by 

reducing oxygen content. Comparison of films deposited by the -24 V and -34 V RF-biased ALA 

conditions using TEM and FFT analysis demonstrates that while ALA without substrate bias can 

deposit polycrystalline films, an applied RF bias enables the development of long-range order in 

the deposited material. In comparison to previous DC-biased ALA studies of aluminum nitride, 

with this RF-biased study, minimal difference exists in the morphology of films deposited using 

Ar and Kr plasma treatment. This technique may find use in the deposition of high quality 

polycrystalline thin films at low temperatures on amorphous and insulating materials commonly 

utilized in optoelectronics, back-end thin film transistors, and metal semi-damascene deposition 

processes. 
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Figure 3.1 Precursor Pulsing, Purging, and Plasma Treatment Schematic. Each ALA cycle consisted of the 

following steps:  I. Either Ar or Kr served as both purge gas and as the plasma treatment gas.  II. TDMAGa pulses 

were 200 ms in duration and approximately 40 mTorr, followed by a 3 s purge (III).  IV. A 175 ms pulse of hydrazine 

increased the chamber pressure to approximately 60 mTorr and was followed by a 7 s purge (V).  VI. Additional gas 

required to strike a plasma in the remote ICP source was introduced, which brought the chamber pressure to 12 mTorr.  

VII. The plasma was contained in the remote ICP source until a  larger pulse of gas extended the plasma into the 

deposition chamber (IX).  X. Upon pumping down to the constant 6 mTorr purge pressure, RF bias (if utilized) was 

applied to the substrates for 8 s. 
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Figure 3.2 Grazing-Incidence X-Ray Diffraction of All Films. The GaN (002) diffraction peak region for each 

deposited film is shown. The thermal ALD process was only performed with Ar purge gas and shows that the film is 

amorphous. The ICP Only processes deposited weakly polycrystalline films, while films deposited with ap plied RF 

bias demonstrate stronger crystallinity as indicated by the more narrow and more intense diffraction peaks. Note that 

the diffraction peaks are most narrow for the Ar -24 V and Kr -34 V conditions. Increasing the bias to the -44 V 

condition resulted in both decreased peak intensity and increased width, indicating that the ion bombardment was 

likely too energetic and began damaging the films. 
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Figure 3.3 Film Quality as a Function of Substrate Bias. The GaN (002) diffraction peak FWHM determined by 

GI-XRD and density determined by XRR fitting for the ALA films deposited using Ar and Kr as the process gasses. 

Both Ar and Kr showed similar initial results, with improvements in film quality at -4 V (ICP only) process, and 

further improvements at -14 V. For the set of processes using Ar, optimal crystallinity was observed at -24 V, whereas 

Kr showed optimal crystallinity at -34 V. At -44 V, film quality degraded significantly, indicating the onset of 

sputtering and/or ion embedding. 
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Figure 3.4 Film Composition Determined by X-Ray Photoelectron Spectroscopy. The composition of the top 3-5 

nm of films produced by the reference thermal ALD process, the reference Ar and Kr ICP only processes, and the 

optimal Ar -24V and Kr -34 V processes. Note that all ALA conditions show decreased oxygen content relative to the 

thermal ALD film, with greatest reduction observed on both samples with applied RF bias. Note that 1:1 Ga:N 

stoichiometry is not observed, however this may be an effect of the large differences in binding energies between the 

Ga 3d and N 1s photoelectron binding energies. 
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Figure 3.5 X-Ray Photoelectron Spectra for Regions Used to Determine Surface Composition. The Ga 3d, N 1s, 

and O 1s photoelectron spectra region used for calculating film composition are shown for selected process conditions 

– thermal ALD, Ar ICP only, Ar -24 VSB, Kr ICP Only, and Kr -34 VSB. The background and peak shapes used in 

fitting are shown. Note that the N 1s region was fit with two peaks as is characteristic for group III nitride materials. 
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Figure 3.6 Film Composition by Depth Profiling X-Ray Photoelectron Spectroscopy. A GaN thin film deposited 

using the RF-biased Ar -14 V condition on an SiO2 substrate shows an oxidized surface due to atmospheric exposure 

before analysis and a relatively pure bulk region with average 48.4% Ga, 49.6% N, 1.8% O, and 0.2% C content.  
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Figure 3.7 Transmission Electron Microscopy and Fast Fourier Transform Analysis. Thin films of GaN 

deposited on SiO2 using Ar (a-c) and Kr (d-f) as the ion source in ALA at various bias potentials. Note that the ICP 

only condition did not utilize an applied RF bias, however the downstream plasma itself generated a -4 V potential. 

The ICP only films (a, d) are polycrystalline with grains of varied orientations, as is indicated by the presence of ring-

like patterns in the FFT analyses. The -24 V films (b, e) show more columnar-like growth with FFT patterns 

demonstrating the development of well-defined crystallites of a single orientation throughout the deposition process. 

The -34 V films (d, f) show morphology similar to that of the -24 V films.  
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Figure 3.8 TEM and FFT of Film Deposited by the Ar ICP Only Condition. The film deposited by the Ar ICP 

only condition demonstrates densely packed nanocrystallites without preferential orientation. Lines drawn to guide 

the eye. The FFT regions I-IV all show diffraction rings with a minimal amount of discrete diffraction spots, indicating 

that crystallites are present, however alongside a large amount of amorphous material.  

 

  

  

  

 

  

   

  
   

 

 

           

        



60 

 

 
 

Figure 3.9 TEM and FFT of Film Deposited by the Ar -24 V RF bias Condition. The film deposited by the Ar -

24 V applied RF bias condition demonstrates grains of columnar morphology and preferential c-axis orientation. Lines 

drawn to guide the eye. The FFT regions I -IV show an improvement in crystallinity consistent with a nearly -

amorphous interface to developed crystallites at the film surface. 
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Figure 3.10 TEM and FFT of Film Deposited by the Ar -34 V RF bias Condition. The film deposited by the Ar -

34 V applied RF bias condition demonstrates largely columnar grains with preferential c -axis orientation. Lines drawn 

to guide the eye. The FFT regions I-IV show an improvement in crystallinity consistent with a nearly-amorphous 

interface to large crystallites at the film surface. 
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Figure 3.11 TEM and FFT of Film Deposited by the Kr ICP Only Condition. The film deposited by the Kr ICP 

only condition demonstra tes densely packed small grains without preferential orientation. Lines drawn to guide the 

eye. The FFT regions I-IV all show diffraction arcs with a minimal amount of discrete diffraction spots, indicating 

that crystallites are present but do not have a preferred orientation. 
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Figure 3.12 TEM and FFT of Film Deposited by the Kr -24 V RF bias Condition. The film deposited by the Kr -

24 V applied RF bias condition demonstrates a large amount of tilted but columnar grains. Lines drawn to guide the 

eye. The FFT regions I-IV show an improvement in crystallinity consistent with a nearly -amorphous interface to 

developed crystallites at the film surface. 
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Figure 3.13 TEM and FFT of Film Deposited by the Kr -34 V RF bias Condition. The film deposited by the Kr -

34 V applied RF bias condition large columnar grains with preferential but tilted c-axis orientation. Lines drawn to 

guide the eye. The FFT regions I-IV show an improvement in crystallinity consistent with a nearly -amorphous 

interface to large crystallites at the film surface. 
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CHAPTER 4 

 

High Thermal Conductivity of Sub-Micron Aluminum Nitride Thin Films Sputter-Deposited at 

Low Temperature 

4.1 Abstract: 

Aluminum nitride (AlN) is one of the few electrically insulating materials with high 

thermal conductivity, but high-quality films typically require high deposition temperatures >800 

˚C. For thermal management applications in dense or high-power integrated circuits, it is important 

to deposit heat spreaders at lower temperatures without affecting the underlying electronics. Here 

we demonstrate 100 nm to 1.7 um thick AlN films achieved by low-temperature (<100 ˚C) 

sputtering, correlating their thermal properties with their grain size and interfacial quality, which 

we analyze by x-ray diffraction, transmission x-ray microscopy, Raman and Auger spectroscopy. 

Controlling the deposition conditions through the ratios of inert Ar with reactive N2 demonstrates 

a ~3x variation in thermal conductivity (36-104 Wm-1K-1) of ~600 nm films, with the upper range 

representing a record for such film thicknesses at room temperature. Defect densities are estimated 

from the thermal conductivity measurements, providing insight into the thermal engineering of 

AlN that can be optimized for application-specific heat spreading or thermal confinement. 

  

4.2 Introduction: 

The generation of heat impedes the performance and longevity of nearly all modern 

electronic devices [1–3]. This is especially true in high-density integrated circuits [4] and power 

or radio frequency (RF) electronics [3,5], where elevated temperatures reduce transistor 

performance, increase leakage, and ultimately diminish the device lifetime [6–8]. A mere 5 ˚C 

increase in temperature above the optimum operating range can halve the lifetime of a device [7,9]. 
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Thermal management could be achieved by actively tuning heat flow and managing thermal 

transients, e.g. with the use of emerging thermal transistors and d iodes [10–12]. Passive 

approaches involve simply using thin films to block or route heat away from hot spots in 

electronics. Such heat spreaders must have high thermal conductivity while being electrical 

insulators to isolate devices - a set of properties that are common only to a few materials, like 

aluminum nitride, boron nitride, and diamond.  

In particular, AlN has attracted much attention due to its large band gap (6.1 eV) [13,14] 

and bulk thermal conductivity (~340 Wm-1K-1) [15,16]. Indeed, bulk-like thermal conductivities 

have been demonstrated for AlN films on the order of hundreds [16], tens [16,17], and several 

microns [17–20] in thickness, but such films are typically deposited at over 800 ˚C. High 

temperatures are incompatible with many requirements of fabricating integrated circuits, where 

low-temperature (<400 ˚C) deposition  is required for back-end-of-line (BEOL) processes [21–

23]. Moreover, integrated electronics would also benefit from thinner, microscale films of AlN, 

whose thermal conductivity has not been optimized, and their thermal limits remain poorly 

understood. Devices fabricated with AlN, for example, can be compositionally complex and the 

literature remains unclear as to the dominant phonon scattering mechanisms in sub-micron 

versions of these materials [24,25]. In general, there is a lack of systematic investigation 

surrounding the generation of defects within AlN films that can be understood and utilized for 

thermal control. 

In this work, AlN films are deposited by low-temperature (<100 ˚C) DC reactive balanced 

magnetron sputtering with thicknesses ranging from 100 nm to 1.7 m. The thermal conductivity 

of the films is determined by time-domain thermoreflectance (TDTR) and is correlated with 

microstructural properties, such as grain size and morphology, as determined by x-ray diffraction 
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(XRD) and transmission electron microscopy (TEM), respectively. For films of roughly 600 nm 

in thickness, the thermal conductivity can be tuned by a factor of three by controlling the sputtering 

gas composition during deposition, with the upper end ~104 Wm-1K-1 representing a record value 

for this thickness range at room temperature. Comparing these results with models based on the 

Boltzmann Transport Equation (BTE) for phonons show that defect densities are being modulated 

over an order of magnitude, resulting in the observed large range in film thermal conductivity.  

 

4.3 Materials and Methods 

4.3.1 AlN Film Deposition 

The AlN films were deposited in a home-built vacuum chamber system comprised of a 

load lock and sputtering chamber, each pumped by individual turbomolecular pumps with base 

pressures 4 × 10−7  Torr and 1 × 10−7  Torr, respectively. 

The Silicon (111) and c-Al2O3 substrates were used in this work were prepared by a 

degrease with acetone, methanol, and water followed by three cycles of an HF etch consisting of 

submersion in 2% HF for 30 seconds and rinsing with deionized water for 30 seconds. All 

substrates were dried under N2. The sapphire substrates were cleaned using the same degrease 

process followed by a 20 minute etch in a 3:1 bath of sulfuric acid and phosphoric acid held at 80 

∘C. Following the etch, sapphire substrates were rinsed with deionized water for 15 seconds before 

drying under N2. The substrate coupons were then loaded into the load-lock chamber for pump 

down; substrates were only transferred into the sputter chamber after the load -lock had reached its 

base pressure. 

A 2” Al target (99.999%, Kurt J. Lesker Co.) was attached to the sputter cathode (Torus 

MagKeeper 2, Kurt J. Lesker Co., balanced magnetron configuration) which was fitted with a 
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pneumatic shutter. The target to substrate distance was approximately 10 cm. The substrates were 

transferred into the sputtering chamber under 20 sccm of Ar and were placed on a grounded copper 

stage with integrated water-cooling capability. The chamber pressure was brought to 6 mTorr with 

Ar for a two minute target cleaning at 100 W DC. Following this clean, a ramp to the desired 

N2/Ar gas composition at approximately 3 mTorr pressure was performed over approximately two 

minutes. Select depositions were repeated using Kr in place of Ar. A brief pre-sputter of 

approximately 30 seconds was performed against the target shutter before beginning reactive 

sputter deposition using 100 W DC. Growth rates ranged from ∼4-6 nm/min in this configuration. 

The Ar, and N2 gasses were obtained from AirGas (99.99%); Kr was obtained from Praxair 

all gas flows were controlled by a home-built system of mass flow controllers and were purified 

by an Entegris GateKeeper mounted just before the gas inlet to remove trace oxygen and water 

contaminants. Pressures were measured using a capacitance manometer (Kurt J. Lesker Co.) 

mounted on the body of the sputtering chamber. 

AlN films were deposited using balanced DC sputtering [29,30], as depicted in Figure 3.1a. 

Two series of AlN films were deposited (Figure 3.1b); the first used a standard gas composition 

of 25% Ar and 75% N2 with film thicknesses of 685 nm, 1156 nm, and 1735 nm on both Si(111) 

and c-Al2O3  substrates. The data for these films are summarized in Table 3.1. 

The second series of films approximately 600 nm in thickness were grown to demonstrate 

the tunability of the room temperature (RT) thermal conductivity () via manipulation of the 

sputtering gas composition. Deposition details for these films can be found in Table 3.2 using both 

Si(111) and c-sapphire substrates with gas compositions varied from 19% to 41% Ar and 58% to 

80% N2, shown in Figure 3.1b. Two of the samples in this series were deposited using a 10 ˚C 

cooled stage during deposition. 
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An 80 nm Al film was then deposited on top of all the samples via electron beam 

evaporation (AJA International Inc., ATC-E Series) to facilitate thermal measurements by acting 

as an optothermal transducer. Deposited at a nominal chamber pressure of 9.8×10−7 Torr with a 

0.5 Å s−1 deposition rate, the thickness of the Al films was determined via scanning electron 

microscopy (SEM). 

 

4.3.2 Diffraction, Ellipsometry, and Transmission Electron Microscopy 

Following deposition of the AlN films, all samples were analyzed by Bragg-Brentano x-

ray diffraction (XRD) to assess their crystallinity using a Rigaku Smartlab system (Cu anode 

operating at 2 kW). Grain sizes were estimated by the Debeye-Scherrer formula based on AlN 

(002) diffraction peak full-width at half max (FWHM) fits determined using Rigaku GlobalFit 

software.  This is given by:  

𝐶. 𝑆. =
0.94𝜆

𝛽𝑐𝑜𝑠(𝜃)
 

 

where C.S. is the estimated crystallite size, 𝜆 is the x-ray wavelength, 𝛽 is the peak FWHM in 

radians, and 𝜃 is the diffraction angle. We note that although this model was originally intended 

for powders, the estimated crystallite sizes, i.e. grain sizes, provided are intended solely for 

comparative purposes within our datasets.  

The thickness of the sputtered films was measured using a J.A. Woollam M-2000D 

spectroscopic ellipsometer at 75˚ incidence angle across 500 wavelengths from 190 nm to 1000 

nm. 

Lamellae from select samples on c-sapphire substrates were prepared using a focused ion 

beam system with final thinning to ~35 nm by Eurofins EAG Laboratories (Sunnyvale, CA). 
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Transmission electron microscopy (TEM) and high-resolution TEM (HR-TEM) was performed 

using a ThermoFisher Talos F200X G2 instrument equipped with a Ceta CMOS camera and 

double-tilt sample holder. All image processing and fast Fourier transform (FFT) analysis was 

performed using Gatan Microscopy Suite.  

 

4.3.3 Time-Domain Thermoreflectance 

The thermal conductivity of the AlN films was measured with time-domain 

thermoreflectance (TDTR), an optical pump-probe method used extensively to determine the 

thermal properties of nanoscopic materials [26–28]. The focused radii of the beams were 

determined through knife-edge measurements and measured to be 5.36 ± 0.1 and 3.19 ± 0.05 for 

the pump and probe, respectively. A pump power of 9.5 mW was utilized and modulated with a 

frequency of 10 MHz. The probe, set to 3 mW, was focused concentrically with the pump onto the 

sample surface using a 20× objective lens. Thermoreflectance data were then fit to the solution of 

a 3D heat diffusion model for a multi-layer stack of materials and the unknown properties of 

interest are used as parameters to converge measurement and theory. 

We note that all controlled parameters were obtained from either independent 

measurements or from the literature. As such, the thermal conductivity of  our Al transducer and 

substrates were independently determined with TDTR. The thickness of the Al transducer was 

provided by scanning electron microscopy (SEM) using a our reference Si(111) substrate sample 

to avoid substrate charging. The resulting uncertainties for independent measurements were 

inputted into a thermal model to produce the total uncertainty of the measurement. The results are 

listed in Table 3.3. 
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The measurable properties in a TDTR measurement critically depend on the sensitivity of 

the measured signal to said properties when described by a multilayer heat diffusion model. As 

such, the sensitivity of the measured TDTR signal to an unknown property 𝑥 is defined as 

𝑆𝑥 =
∂𝑙𝑛(𝑀𝑆)

∂𝑙𝑛(𝑥)
 

where 𝑀𝑆 is the measured signal, the ratio (Vin/Vout) in this work. As discussed briefly in the main 

text, sensitivity calculations were performed for AlN thin film system considering both Si(111) 

and c-Al2O3 substrates. Input properties for these calculations are summarized in Table 3.3, where 

we applied typical AlN/substrate and Al/AlN thermal boundary conductances of 200 

MWm−2K−1 . We assumed 20, 40, and 80 Wm−1K−1 for the 100, 600, and 1700 nm films, 

respectively.  

 

4.4 Results and Discussion 

4.4.1 Experiment Design 

The films were characterized by Bragg-Brentano x-ray diffraction (XRD), an example of 

which is shown for the set of films with varied thickness in Figure 4.1 (c). In addition, high-

resolution transmission electron microscopy (HR-TEM) was performed on the most thermally 

dissimilar samples. Time domain thermoreflectance (TDTR), seen in Figure 4.1 (d-f), was 

performed on all films.  

A schematic of the AlN film specimens measured in this work are displayed in Figure 4.1 

(d), consisting of an aluminum (Al) opto-thermal transducer, an AlN film, and a Si(111) or c-Al2O3  

substrate. Thermal properties were determined by TDTR, an optical pump-probe technique 

described extensively in prior works [26–28]. In TDTR, an ultra-fast laser is used to both induce 

(pump) and monitor (probe) modulated heating on the surface of sample as a function of pump-
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probe time-delay. The thermal conductivity and thermal boundary conductances are then 

determined by fitting the intensity of the ratio V in/Vout to a 3D heat diffusion model for a multi-

layer stack of materials. Given the measurement conditions provided in section 4.3.3, the 

measurement is primarily sensitive to cross-plane thermal conductivity as shown by the sensitivity 

calculations displayed in Figure 4.1 (e), which show the sensitivity to the relevant properties for 

100-1700 nm AlN films on an Si(111) substrate. This is attributed to the disparity between the 

root-mean-square (RMS) average laser spot radius wRMS and the in-plane thermal penetration 

depth that induces 1D heat transfer [31]. 

The high thermal conductivity and sub-micron thicknesses of these AlN films complicate 

the extraction of thermal properties and thus warrant an optimization approach. As the thermal 

penetration into the sample becomes comparable to the film thicknesses, the thermal boundary 

conductances on either side of the film increasingly influence the total thermal resistance of the 

measured system. As seen in Figure 4.1 (e), both the Al/AlN and AlN/Si interfaces contribute 

prominently to the thermal response for a 100 nm AlN film, while the AlN-Si interface becomes 

insensitive with a 1700 nm AlN film, i.e. it is thermally thick. For the ~600 nm films, however, 

the contribution of the AlN/Si interface is diminished but still significant. Films on c-Al2O3 were 

analyzed in a similar manner but with slightly greater uncertainties in the thermal interfaces due 

to the increased contribution of the substrate to the probed thermal resistance [33]. Input material 

characteristics and resulting sensitivity analyses for all fitting can be found in Table 4.3 and Figure 

4.2. 
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4.4.2 Benchmarking 

Cross-plane thermal conductivities for these AlN films are provided in Figure 4.3 (a) with 

deposition temperature and are compared to values reported in the literature [17–19,32,34–40]. 

Here, films are distinguished by their thickness: red, green, and blue symbols for films greater than 

2 m, 1-2 m, and less than 1 m in thickness, respectively. In addition to the relatively low 

deposition temperature of the films in this study, reaching temperatures of less than 100 ˚C during 

deposition due to plasma exposure (the stage was not actively heated), represent some of the 

highest reported thermal conductivities for AlN films in the sub-micron regime. Further, the 

depositions performed with the stage cooled to 10 ˚C are estimated to have been deposited at 70 

˚C due to ambiguity in the sample temperature as a result of thermal gradients. In contrast, most 

chemical and physical deposition methods rely on heating substrates to several hundred degrees 

Celsius to effectively crystallize deposited material, in turn producing films with greater thermal 

conductivity.  

The thermal conductivity of our AlN films sputtered at BEOL-compatible temperatures are 

compared with results from other works as a function of film thickness in Figure 4.3 (b); these 

results are represented by filled symbols that are either red or blue, for films on c-Al2O3  and 

Si(111), respectively. In the sub-micron regime, the high thermal conductivity of our films 

indicates decreased defect density and reduced boundary scattering effects that typically plague 

non-epitaxial thin films, regardless of deposition technique. Indeed, minimizing defect densities 

and promoting the growth of larger grains is the primary focus of thin film synthesis in electronic 

heat-spreading applications [41,42]. However, the integration of materials with a wide range of 

thermal conductivities at low temperatures is desired for strategic heat spreading or thermal 

confinement, exemplified by the yellow shaded region in Figure 4.3 (b) showing the range of 
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thermal conductivities achieved via sputtering gas manipulation. Figure 4.3 (c) magnifies this 

region to show that the AlN thermal conductivity for the set of ~600 nm films can range from 104 

to 36 Wm-1K-1; a nearly three-fold change. 

 

4.4.3 Time Domain Thermoreflectance Results 

The modulation of thermal conductivity in these AlN films by tuning the sputtering gas 

composition was employed to understand the underlying mechanisms of improvement. Figure 4.4 

(a) plots the thermal conductivity with respect to N2 gas concentration of the ~600 nm films on 

both c-Al2O3 and Si(111) in red and blue, respectively, with open symbols representing samples 

deposited using a cooled stage. Note that the balance gas is Ar such that it comprises the full gas 

mixture, i.e. Ar (%)=1-N2 (%). Deposition on a non-cooled stage with lower N2 concentrations of 

59% to 75% yielded lower thermal conductivity values <50 Wm-1K-1. Conversely, an 80% N2 

deposition environment produced the most thermally conductive film among those that were not 

cooled. This is in contrast to work by Shinoda et al., who implemented a low N2 concentration of 

30% to produce films of high crystallinity, though with RF reactive magnetron sputtering and 

substrate temperatures exceeding 900 ˚C [43]. Conversely, Kumada et al. reported optimal N2 

concentrations of 40-50%, but with lower substrate temperatures of approximately 500 ˚C [44]. 

The general trend between higher N2 concentrations and lower substrate temperatures in the 

literature and in this work, highlights the complex interplay of sputtering yield and reactive species 

present in the plasma with the substrate, where both thermal energy from heating and surface 

bombardment with various species determine the properties of the deposited film. 

Depositions performed using the cooled stage produced the most thermally conductive 

films in this work and some of the largest values reported in the field. Average grain sizes are 
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provided in Figure 4.4 (b), estimated using the FWHM of the AlN (002) diffraction peak and the 

Debye-Scherrer Equation, and reveal a positive correlation between crystallite size and thermal 

conductivity. Such a trend is consistent with decreased phonon scattering at grain boundaries, 

which is often the dominant scattering mechanism in dielectrics and semiconductors [45]. For 

clarity, these data are combined in Figure 4.4 (c) to show the generally positive correlation between 

thermal conductivity, nitrogen content, and average crystallite size. It is well established that 

increasing the substrate temperature enhances surface migration and thus, crystalline quality. 

However, increased compressive stress at the AlN/substrate interface can occur during the post -

deposition cooling process [44], which can play a major role in determining overall crystallinity 

[46].  

 

4.4.4 Transmission Electron Microscopy 

TEM was performed on three films deposited on c-Al2O3  to gain insight into the 

microstructural features that influence transport. Figure 4.5 shows cross sections of two films 

deposited without stage cooling: (a) the most thermally insulating film deposited using 66% N2, 

and (b) a film deposited using 75% N2 with a larger thermal conductivity value. Grain boundaries 

are outlined to reveal a noticeable difference in their size and frequency, in agreement with both 

the estimated crystallite sizes and the thermal conductivity values (~38 and ~50 Wm-1K-1, 

respectively). Figure 4.5 (c) is shown to isolate the effect of the cooled stage since it was also 

deposited using 75% N2. With crystallite sizes of roughly 70 nm, this film is also the most 

thermally conductive reported in this work (~104 Wm-1K-1) and clearly exhibits larger grains than 

either of the films presented. 
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Further inspection of the HR-TEM images suggests that the state of the film-substrate 

interface is a potential driver for transport, as shown in Figure 4.6. Analysis by fast Fourier 

transform (FFT) is provided for each film in three different near-interface regions (I-III) and for 

each underlying c-Al2O3 substrate (IV) for comparison. An amorphous layer develops at the 

AlN/c-Al2O3 interface for the film deposited with 66% N2, further confirmed by the presence of 

rings rather than discrete diffraction spots in Figure 4.6 (a), I-III. This amorphous layer may be the 

result of an excess of energetic Ar ions bombarding the growth surface during initial deposition, 

resulting in amorphization at the initial stages of growth, as observed in existing literature reports 

[19]. This effect is reduced for both films deposited using 75% N2, using the non-cooled and cooled 

stages in Figure 4.6 (b) and (c), respectively. Both these films exhibit stronger crystallinity above 

the interface and an `abrupt' character that is more prominent still for the film deposited with a 

cooled stage. It is likely that the substrate cooling in Figure 4.6 (c) may have minimized adatom 

mobility during the initial growth, considering established qualitative models attributing such 

mobility to larger nucleation sites for crystal growth [44]. However, lower substrate temperatures 

can also provide a more favorable thermodynamic environment for the formation of nuclei, thereby 

leading to the formation of more uniformly sized and evenly distributed crystallites. Coupled with 

suspected reduced strain due to higher quality interfaces, both effects can lead to a more relaxed 

crystal lattice structure upon cooling, resulting in fewer defects and a more ordered crystal 

structure [47–49]. In practice, these effects are most easily observed in the larger and more 

uniformly sized crystallite columns in Figure 4.6 (c) as compared to Figure 4.6 (b).  
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4.4.5 Thermal Boundary Conductance Predictions 

Thermal boundary conductance measurements of the AlN/substrate interface reaffirm our 

microstructural results and lend validity to the most thermally conductive films reported in this 

work. In Figure 4.7, the extracted AlN/substrate thermal boundary conductance values are 

compared with predictions from the diffuse mismatch model (DMM) [50,51] with a Born von 

Karman (BVK) phonon dispersion approximation. The DMM thermal boundary conductance 

𝐺𝐷𝑀𝑀  from material A to B is given by: 

𝐺𝐴 →𝐵 =
1

4
 ∑ ∫ 𝑣𝐴𝑗 ℏ𝜔 𝐷𝐴(𝜔)

𝜕𝑓𝐵𝐸
0  (𝜔,𝑇)

𝜕𝑇
𝛼𝐴→𝐵 𝑑𝜔

∞

0
𝑗

 

where j is the phonon branch, 𝑣 is the phonon velocity in material A, 𝐷𝐴(𝜔) is the phonon density 

of states in material A, 𝑓𝐵𝐸
0  (𝜔, 𝑇) is the Bose-Einstein equilibrium function, and 𝛼𝐴→𝐵 is the 

transmissivity from material A to B. Despite the DMM's inability to capture atomic-scale interface 

characteristics [52], it is in broad agreement with our measured values for samples deposited with 

a non-cooled stage, ranging from ~170 to ~280 MWm-2K-1. However, the general effect of a cooled 

stage is to increase the AlN/substrate thermal boundary conductance, seen as the open symbols in 

Figure 4.7. This increase is more notable for AlN on c-Al2O3, which is also the substrate that 

produced our most thermally conductive film attributed to more favorable lattice matching 

compared to Si(111). Indeed, stage cooling also increased the AlN/substrate thermal boundary 

conductance of films deposited with Kr gas in place of Ar, thus reinforcing this trend. Though 

large uncertainties prevent a more decisive conclusion due to suppressed sensitivities typical of 

embedded interfaces, the sharp increase of thermal boundary conductances is evident. This is 

important from a device perspective, where high quality interfaces not only promote crystalline 

growth, but can also dissipate more thermal energy to mitigate high operating temperatures and 

hot spots [27]. 
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4.4.6 Boltzmann Transport Modeling 

The underlying phonon scattering mechanisms in these AlN films were analyzed via an 

analytical model based on the Boltzmann transport equation (BTE). We employed a treatment of 

the BTE in a paradigm similar to past works [16,53–55] 

𝜅 =
1

3
 𝐶𝑣λ =

1

3
 ∑ ∫ ℏ𝜔 𝐷(𝜔)

𝜕𝑓𝐵𝐸
0  (𝜔,𝑇)

𝜕𝑇
 𝑣𝑗

2 τ𝑗(𝜔) 𝑑𝜔
𝜔𝑚𝑎𝑥

0
𝑗

 

where 𝐶 is the volumetric heat capacity, λ is the phonon mean free path, 𝜔𝑚𝑎𝑥  is the Debeye cutoff 

frequency, and τ (𝜔) is the phonon relaxation time. Umklapp, defect, and boundary scattering 

comprise the relaxation time and are summed in accordance to Matthiessen's rule. Specifically, the 

point defect scattering rate can be expressed as [56]: 

1

𝜏𝐷

=
𝑉

4𝜋𝑣3
 𝜔4  ∑ 𝑓𝑖

𝑖

 (
𝑚 − 𝑚𝑖

𝑚
)

2

  

where 𝑓𝑖 is the fractional concentration of the ith impurity atom, and 𝑚 and 𝑚𝑖 are the masses of 

original and ith impurity atoms, respectively. We make an important simplification in light of 

previous studies [16,57] that suggest Al vacancies play a dominant role due to the large atomic 

mass difference between Al and common impurities (e.g. Si, O, C, and N atoms). As such, the Al 

defect density is used as a fitting parameter in conjunction with our experimental data.  

The foregoing BTE model sheds light on the degree of defect modulation occurring in our 

AlN films, shown in Figure 4.8 (a). Here, a solid black line is provided to indicate the model 

behavior in the limit of no defects, and a fit of the model to the thickness-dependent experimental 

data using the standard 75% N2 composition is also shown for comparison. Remarkably, changing 

the sputter gas composition alters the defect densities in the present films by over an order of 

magnitude, from 1.6x1020 to 1.9x1021 cm-3. Such values are in agreement with similar predictions 
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for AlN films, though the purest films still possess a defect density an order of magnitude larger 

than bulk [16].  

 

4.4.7 Further Context 

Finally, Figure 4.8 (b) provides a landscape of other materials used in electronic devices 

with respect to deposition temperature [16,58–68]. There is a clearly negative correlation between 

the thermal conductivity and deposition temperature in all the materials shown that is emphasized 

by the multi-colored arrow. In this context, materials exhibiting both high thermal conductivity 

and electrical resistivity deposited at low temperatures are desirable, especially with subsequent 

annealing steps that can introduce atomic diffusion and severe thermal stresses between dissimilar 

materials. Our results substantiate the modulation of thermal conductivity while maintaining <500 

˚C BEOL temperatures using WBG materials, and are thus attractive candidates for integration in 

electronic device applications requiring high operating frequencies and the handling of high power 

density [3,5].  

 

4.5 Conclusion 

To conclude, we use sputter deposit AlN films ranging from 100 nm to 1.7 m in thickness 

on Si(111) and c-Al2O3  substrates at low temperature (<100 ˚C). At thicknesses of roughly 600 

nm, a ~3x change in thermal conductivity was observed by controlling the sputtering gas 

composition during deposition. We elucidated these effects via direct characterization with XRD, 

TEM, and HR-TEM and are complemented by thermal conductivity measurements performed by 

TDTR. These results are further investigated using analytical models based on the Boltzmann 

Transport Equation and reveal estimated defect densities varying over an order of magnitude. 
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Record high thermal conductivity values are reported for depositions performed using a cooled 

stage, which demonstrated improved film morphology. Across the entire sample set, correlations 

between thermal conductivity and microstructure confirm the importance of  grain size and the 

quality and uniformity of the interfacial crystallinity, which are further reinforced by 

measurements of thermal boundary conductance. Overall, these results show the potential of wide-

bandgap semiconductors as thermal routing materials with BEOL-compatible deposition 

parameters. Understanding the nature and origins of thermal transport is not only theoretically 

important with regard to scattering dynamics, but increasingly technologically relevant for 

application-specific strategic heat spreading or thermal confinement. 
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Table 4.1 Sputtered AlN Films with Varied Thickness. Thickness, thermal conductivity, AlN (002) diffraction peak 

width, and estimated grain size for films of varied thickness deposited using a 75% N2 and 25% Ar mixture on a non-

chilled sample stage. 

 

Substrate d [ nm ] 𝜅 [ W m−1 K−1 ] (002) FWHM [ ˚ ] C.S. [ nm ] 

Si(111) 100 18.7 ± 4.6 0.998 9.0 

 300 25.5 ± 4.7 0.660 13.2 

 647 51.1 ± 5.0 0.260 33.6 

 800 48.1 ± 6.4 0.620 14.0 

 1156 124.3 ± 19.4 0.194 45.2 

 1735 125.7 ± 21.4 0.186 47.0 

c-Al2O3   647 68.1 ± 8.6 0.207 42.2 

 1156 122.8 ± 20.4 0.195 44.8 

  1735 118.9 ± 18.4 0.152 57.5 
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Table 4.2 Conditions for ~600 nm Thick Sputtered AlN Films. Deposition conditions, film thicknesses, thermal 

conductivities, AlN (002) diffraction peak full-width at half max values, and estimated grain sizes for the measured 

films deposited using various sputtering gas compositions. 

 

Substrate Cooled? N2% Ar% d [nm] 𝜅 [W m−1 K−1] (002) FWHM [˚] C.S. [nm] 

c-Al2O3    59 41 645 48.3 ± 5.0 0.262 33.3 

 66 34 607 36.1 ± 3.8 0.303 28.8 

 69 31 600 50.8 ± 6.2 0.185 47.2 

 75 25 685 50.6 ± 3.3 0.168 52.0 

Y 75 25 670 103.9 ± 17.9 0.126 69.3 

 80 20 639 74.9 ± 6.4 0.215 40.6 

Y 80 20 668 62.9 ± 6.9 0.222 39.4 

Si(111)  59 41 645 43.2 ± 4.3 0.242 36.1 

  66 34 607 38.1 ± 3.2 0.198 44.1 

  69 31 600 50.2 ± 5.4 0.205 42.6 

  75 25 685 43.7 ± 4.2 0.222 39.3 

 Y 75 25 670 78.5 ± 10.3 0.168 52.0 

  80 20 639 79.8 ± 5.5 0.177 49.3 

 Y 80 20 668 66.9 ± 8.4 0.185 47.2 

  



90 

 

Table 4.3 Film Properties Table for Sputtering Gas Composition Study. Properties used to determine the cross-

plane thermal conductivity (𝛋⊥) and boundary conductances (𝐆s) of the AlN thin films. The volumetric heat 

capacities(cp) are taken from the literature and the thermal conductivity of the Al transducer (𝛋𝐀𝐥) was found from 

TDTR using companion samples during the Al deposition. The thicknesses for AlN and Al were measured with 

ellipsometry and scanning electron microscopy (SEM), respectively. 

 

Material  cp [MJ m−3 K−1] 𝜅⊥ [Wm−1K−1] 𝜅⊥/𝜅∥  Film thickness [nm] 

Al 2.44 ± 0.05  151.2 ± 25.0 1 81.1 ± 1.3 

AlN 2.68 ± 0.08  𝜅⊥,AlN ± 𝜎 1 100−1700 

Si 1.66 ± 0.09  142.0 ± 12.0 1 1 × 105  

c-Al2O3 3.10 ± 0.09  42.5 ± 3.3 1 1 × 105  
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Figure 4.1 Experimental overview. (a) An illustration of our balanced DC magnetron sputtering deposition of AlN 

films using a standard sputter gas mix of 25% Ar and 75% N2. (b) A schematic for the AlN film thickness variations 

explored in this work, along with their deposition on both Si(111) and c-Al2O3. The ~600 nm films are used to highligh t  

the tuning of thermal transport via manipulation of the sputtering gas composition. (c) Bragg-Brentano x-ray 

diffraction (XRD) spectra are shown for the AlN films of various thicknesses deposited on Si(111), the results of 

which are used to estimate the grain size. (d) A simplified schematic of the TDTR measurement of the multilayer stack 

of materials used to determine thermal properties of the AlN films. (e) Sensitivity to the cross- and in-plane thermal 

conductivity ⊥/ll, Al-AlN thermal boundary conductance G1, and AlN-substrate thermal boundary conductance G2, 

and (f) characteristic model fits for the AlN films on Si ranging from 100 to ~1700 nm in thickness. Input properties 

for these calculations are given in Table 3.3. 

 
  



92 

 

 
 

Figure 4.2 TDTR Sensitivity Analyses. The TDTR measurement sensitivity for the cross- and in-plane thermal 

conductivity (𝜿⊥ 𝐚𝐧𝐝 𝜿∥), the Al/AlN thermal boundary conductance (𝑮𝟏), and the AlN/substrate therma l boundary 

conductance (𝑮𝟐) for AlN films on (a) c-Al2O3 and (b) Si(111). The thicknesses of the AlN films are provided in the 

insets. 
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Figure 4.3 Literature Comparisons of AlN Thermal Conductivity Values. The room-temperature thermal 

conductivity of our AlN films (filled square symbols) as functions of (a) deposition temperature and (b) thickness with 

those from the literature. In (b), diamond symbols are single crystal samples: Slack [59] (black), Rounds [69] (red), 

and Xu [16] (blue). Square symbols are polycrystalline films: Kuo [19] (orange), Jacquot [70] (light blue), Zhao [34] 

(purple), Choi [35] (red), Duquenne [36] (green), Pan [37] (cyan), Aissa [38] (pink), Bian [39] (dark green), Yalon 

[40] (black), Cheng [17] (yellow), and Koh [18] (brown), Bellerk [71] (magenta). Round symbols correspond to 

amorphous thin films: Zhao [34] (purple) and Gaskins [72] (black). The yellow shaded region emphasizes the range 

of thicknesses with which we demonstrate the modulation of thermal conductivity, magnified in (c) to show a ~3x 

change.  
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Figure 4.4 Thermal Conductivity and Correlation Analysis. Correlations between Thermal Conductivity, Grain 

Size, and Gas Composition for ~600 nm AlN Films (a) Thermal conductivity with respect to N2 concentration and (b) 

grain size. The relationship between grain size and thermal conductivity is consistent with t he importance of grain 

boundary scattering on thermal transport. Open squares represent films deposited on a cooled stage and exhibit the 

largest thermal conductivities. (c) Grain size with respect to N2 concentration. We note that the data at 75% N2 

concentration is slightly offset for clarity. 
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Figure 4.5 Grain Morphology Analysis by TEM. Transmission electron micrographs showing the full grain 

morphology for three sputtered films on c-Al2O3  using different conditions: (a) 66% N2 and 34% Ar on a non-chilled 

stage, (b) 75% N2 and 25% Ar without stage cooling (c) 75% N2 and 25% Ar with the stage cooled to 10 ˚C throughout 

deposition. Grain boundaries are outlined to guide the eye.  
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Figure 4.6 TEM and FFT Analysis of the Film-Substrate Interface. HR-TEM and FFT analysis of film crystalline 

at the substrate interface of three key films deposited on c-Al2O3 using different conditions: (a) 66% N2 and 34% Ar 

on a non-chilled stage, (b) 75% N2 and 25% Ar without stage cooling, (c) 75% N2 and 25% Ar with the stage cooled 

to 10 ˚C throughout deposition. 

  



97 

 

 

Figure 4.7 Thermal Boundary Conductance at the Film-Substrate Interface. The AlN/substrate thermal boundary 

conductances, G2, determined for our AlN films deposited on both Si(111) and c-Al2O3. Note the increasing trend of 

the AlN-substrate thermal boundary conductance upon stage cooling suggesting the creation of a more well-matched 

interface, further reinforced by the TEM analysis in Figure 4.6. 
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Figure 4.8 Estimated Defect Densities and Literature Comparisons. Thermal conductivity with respect to (a) film 

thickness and (b) deposition or synthesis temperature. In (a), the lines correspond to BTE predictions by fitting a defect 

density to the experimental data, revealing a modulation of roughly an order of magnitude. (b) A plot of thermal 

conductivity as a function of deposition temperature demonstrates the appeal for BEOL-compatible deposition of AlN 

films with high thermal conductivity relative to other materials commonly used in electronic  devices [16,58–68]. 
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