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Professor Andrew C. Kummel, Chair 
 
 

 As traditional metal oxide semiconductor field effect transistors (MOSFETs) 

continue to be scaled to the atomic limit, the need for new materials and new passivation 

schemes to enable higher performance computing has continued to grow. Atomic layer 

deposition (ALD) has emerged as a potential solution for both thin film growth as well as 

materials passivation and because it occurs using surface reactions, the technique can be 

used in high aspect ratio, 3-dimensional structures commonly found in microelectronic 

circuits. This dissertation focuses on using variants of the ALD process for both materials 

passivation as well as materials synthesis. 

In chapter two, ALD half cycles were used to passivate PbSe nanoparticle solid 

films. PbSe other lead chalcogenide (PbX, where X = S, Se, or Te) nanoparticles are of 
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increasing interest both in light emitting as well as light harvesting applications due to their 

tunable optoelectronic properties. Though the materials system holds great promise, 

progress so far has been limited by the poor carrier transport in these nanoparticle films. 

Though this poor carrier transport can be due to mesoscale defects in the nanoparticle film, 

the inherent instability of these materials in ambient conditions also presents a challenge 

to their continued adoption. Using scanning tunneling microscopy/spectroscopy 

(STM/STS), it is shown that dosing with half cycles of trimethyl aluminum was able to 

repair trace oxidation, as evidenced by the elimination of midgap states in STS as well as 

enhanced transistor performance.  

In chapters three and four, a variant of ALD known as atomic layer annealing 

(ALA) was used to deposit crystalline, oriented AlN at low temperature and the mechanism 

of the ALA process is elucidated using both experimental as well as computational 

techniques. Crystalline AlN in particular is of interest due to the material properties of high 

thermal conductivity and high electrical resistivity. These materials can be used to eject 

heat from high density microelectronic circuits commonly found in logic applications or in 

high power circuits commonly found in radio frequency circuits. As power dissipation 

density in these circuits continues to increase, the ejection of heat becomes an increasingly 

important issue. Using ALA it is shown that high quality, crystalline films can be grown 

using the technique and by using both experimental techniques as well as molecular 

dynamics simulations, it is shown that ALA is a momentum transfer process. It is our hope 

that this better fundamental understanding of the process mechanism will lead to increased 

adoption of the process for other applications where the deposition of high quality 

crystalline materials is required.  



 

 1 

Chapter 1 

Introduction 

 

1.1 Scaling of Metal Oxide Semiconductor Field Effect Transistors 

 Traditional metal oxide semiconductor field effect transistors (MOSFETs) 

fabricated out of silicon have formed the backbone of modern computing and though there 

has recently been a movement away from the exclusive use of silicon, namely with the 

addition of high mobility channel materials such as SiGe alloys [1], the continued scaling 

of these devices towards the atomic scale poses a finite limitation on the future of these 

devices [2].  The continued push for higher performance and lower power consumption 

necessitates the use of new materials and with that new passivation techniques for these 

new materials in the complex, 3-dimensional geometries commonly found in modern 

microelectronic architectures. Due to its ability to deposit high-quality, conformal films 

with precise thickness control at relatively low temperatures, atomic layer deposition 

(ALD) is an increasingly common technique for thin film deposition in semiconductor 

processing.  

 This goal of this dissertation is to describe non-traditional applications of ALD, that 

is, using variations of the traditional ALD dosing scheme to passivate a new class of 

materials consisting of nanoparticle solids and for the deposition of crystalline materials at 

low temperatures. To that end, this thesis is largely split into two parts: using half cycles 

of atomic layer deposition for the passivation of PbSe solids and on the use of a 3-step 

variant of atomic layer deposition known as atomic layer annealing for the deposition of 

crystalline aluminum nitride at low temperature.  
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1.2 Fundamentals of Atomic Layer Deposition 

A typical ALD process consists of two, self-limiting half reactions where each 

precursor is dosed separately and sequentially (A-purge-B-purge pulse sequence). In the 

ideal case, each precursor chemisorbs to form a monolayer coverage and sequential cycles 

result in layer-by-layer growth with atomic-scale smoothness and conformal coverage. To 

prevent reactions in the gas phase, a pump or inert gas purge step typically follows each 

precursor dose; therefore, a prototypical ALD cycle consists of the following: (1) precursor 

A is introduced and chemisorbs with the sample surface, (2) an inert gas purge or pump 

step is run to remove excess unreacted precursor or reaction byproducts from the reaction 

chamber, (3) precursor B is introduced which also chemisorbs with the sample surface 

terminated in precursor A, and (4) an inert gas purge or pump step is run to remove excess 

unreacted precursor or reaction byproducts from the reaction chamber. These four steps 

comprise a typical ALD cycle and can be repeated any number of times to achieve the 

desired thickness. Fig. 1.1 contains a schematic of a generic ALD process using inert gas 

purge.  

 ALD processes generally have a finite temperature range over which self-limiting 

deposition occurs which is known as the ‘ALD window’ [3]. Outside of the ALD window, 

effects such as low reactivity or precursor desorption can lead to low growth rates with 

non-uniform coverage while other effects such as precursor decomposition or condensation 

can lead to high growth rates, resulting in non-conformal or rough films [4]. As the process 

window for most ALD processes is below ~ 400 °C, it is an attractive technique for back 

end of line processing, where thermal budgets are constrained to a maximum of ~ 450 °C.   
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1.3 Multi-chamber Vacuum System 

The vacuum chamber used for the experiments in this thesis was an Omicron 

variable temperature (VT) ultra-high vacuum (UHV) chamber equipped with a scanning 

tunneling microscopy/spectroscopy (STM/STS) system. The UHV system consisted of two 

chambers pumped by ion pumps and titanium sublimation pumps which enabled base 

pressures of ~5x10-10 Torr. The UHV chamber was additionally equipped with a non-

monochromated X-ray photoelectron spectroscopy (XPS) system. Attached to the UHV 

chamber were a home-built plasma-enhanced ALD (PEALD) chamber and DC/RF sputter 

deposition system (Fig. 1.2). Samples were inserted into the turbomolecular-pumped load-

lock and were transferred into one of the two deposition chambers before being analyzed 

in the UHV chamber. The PEALD chamber included a cryotrap was pumped via a 

turbomolecular drag pump with a base pressure of ~8x10-7 Torr while the sputter deposition 

chamber was pumped by a turbomolecular pump with similar base pressure. The ALD 

chamber contained a stage heated with an external cartridge heater enabling maximum 

substrate temperatures ~600 °C while also allowing for the use of DC or RF substrate 

biasing. The sputter deposition chamber used a multipurpose manipulator capable of 

substrate heating or cooling. ALD pulsing was controlled using pneumatically actuated 

diaphragm valves while the gas flows for both chambers were managed using mass flow 

controllers.  

Using this multi-chamber vacuum system allowed for the deposition and 

characterization of a variety of thin films in vacuo with minimal surface oxidation or 

contamination. Although films can be removed from vacuum and undergo processes such 

as high vacuum annealing or Ar sputtering, these processes are destructive and can often 
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convolute experimental results which makes it less favored when compared to a tool that 

can perform everything in vacuo. In the PEALD chamber, both thermal ALD or plasma 

processes could be run using Ne, Ar, Kr, N2, or NH3 gas and any variety of two room 

temperature sources and two hot sources. Examples of precursors used on the system 

include N2H4, TMA, TEGa, and NH3 (liquid sources) and TDMAA, TDMAGa, AlCl3, and 

AlH2 (hot sources). The plasma system consisted of a PIE remote plasma source with 

quartz tube that could be used for plasma cleaning, PEALD, or ALA. Ion energy could be 

tuned using a DC or RF biasing system incorporated into the stage design. 

 

1.4 Scanning Tunneling Microscopy 

STM was originally developed in 1981 by Binnig and Rohrer to study the surfaces 

of metals and semiconductors with atomic resolution [5-7]. The technique was used in 

chapter two of this thesis to study surface morphology, long range order of nanoparticle 

superlattices, and as an indirect measure of surface ligand coverage. The measurement 

setup is generally quite simple and as shown in Fig. 1.3, consists of an atomically sharp tip 

usually fabricated out of electrochemically etched tungsten. A small bias of ~2 V is applied 

to the tip and once the tip is approached to within a few angstroms of the substrate, a small 

tunneling current can be measured. This tunneling current increases exponentially as the 

tip-sample separation decreases and so by maintaining a constant tunneling current (using 

feedback electronics), surface topography and density of state (DOS) can be probed as the 

tip is scanned across the sample.  

When a negative bias is applied to the tip relative to the sample, electrons tunnel 

from the filled orbitals of the tip into the empty unoccupied orbitals of surface atoms 
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(empty state imaging).  Conversely, when a positive bias is applied to the tip relative to the 

sample, electrons from filled substrate atom orbitals tunnel into unoccupied orbitals of the 

tip (filled state imaging). Using this technique, atomic resolution images can be obtained; 

however, for many studies, the local DOS (LDOS) is the object of interest and so a 

complimentary type of measurement known as scanning tunneling spectroscopy (STS) is 

used.  

 

1.5 Scanning Tunneling Spectroscopy 

 STS is a complimentary technique to STM used to probe LDOS where instead of  

scanning across the sample surface to generate an image, the tip is paused over a single 

point and the voltage of the tip is swept while tunneling current is measured. To accomplish 

this measurement, the tip is positioned over the area of interest, the height is fixed, and the 

tip bias is modulated from ~ -2 V to ~ +2 V. While this measurement is taking place, a 

lock-in amplifier is used to superimpose an AC signal over the DC bias and the resulting 

in-phase AC component of the modulation voltage is used to extract the differential 

conductance (dI/dV). After normalizing this differential conductance to 𝐼/𝑉$$$$$, the resultant 

normalized differential conductance is proportional to the LDOS at the point where the 

spectra were taken [8]. The (dI/dV)/𝐼/𝑉$$$$$ spectra are then fit using a linear fit function 

described in detail by Feenstra et al. [9-10] to determine the onset bias relative to the Fermi 

level. 

Using the STS spectra, band gap energy, Fermi level (defined as 0 V bias) position, 

and conductance band and valance band edges can be determined as can the presence of 

states inside of the band gap. Using this technique both before and after sample treatment 
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provides great insight as to changes in the electronic structure of the material and can help 

elucidate the effectiveness of the passivation scheme being studied. Along with the removal 

of mid gap states, a common proxy for the removal of defects is Fermi level depinning 

whereby a Fermi level that was once pinned (not able to be modulated due to the presence 

of surface states in the band gap) becomes modulable once those defects are passivated or 

removed [11]. 

 

1.6 X-Ray Photoelectron Spectroscopy 

 XPS is a method of determining the surface chemical composition of a sample and 

as used extensively throughout all three chapters of this thesis. XPS relies on the 

photoelectric effect whereby an incident photon with known kinetic energy generates 

electron emission with a characteristic kinetic energy that is a function of the incident 

photon kinetic energy, the binding energy of the electron being release, and the work 

function of the spectrometer performing the measurement [12]. Briefly, the experimental 

setup uses a tungsten filament that is heated to generate electron emission. A Mg anode is 

biased at a potential of ~ 15 kV and as the electrons from the filament strike the anode, Mg 

Kα x-rays (hν = 1253.6 eV) are emitted. These x-rays pass through an Al window to out 

Bremsstrahlung radiation [13] and are then directed towards the sample. Under photon 

flux, core and valence electrons are emitted from the sample which are in turn collected by 

the electron analyzer. The electron analyzer used in this thesis was a double pass cylindrical 

mirror analyzer that used two concentric cylindrical anodes held at different potential to 

filter electrons by kinetic energy. After passing through electrons of a given energy, they 

reach the detector where the signal is multiplied and fed to a preamplifier to convert the 
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data into a spectrum of counts as a function of energy. Though the kinetic energy is the 

physically measured quantity, this value can easily be converted to the electron binding 

energy using the following equation: 

    KEelectron = Ehυ – BEelectron – Φspec.    (1.5.1) 

 The chemical shift of the binding energy of an electron gives great insight into the 

local bonding environment (reduction or oxidation of a particular species being studied) 

and in addition, XPS may be used to perform saturation studies or calculate overlayer 

thickness by measuring substrate attenuation.    
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Figure 1.1 Schematic diagram of a prototypical ALD process. Precursor A is 
dosed resulting in a self-saturating monolayer. After a purge/pump step to remove 
excess precursor A and reaction byproducts, precursor B is dosed which results 
in the addition of a monolayer of precursor B chemisorbed to the surface. This 
results in a high-quality, conformal film and the cycle can be repeated any number 
of times to achieve the desired film thickness.    
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Figure 1.2 Schematic diagram of the multi-chamber vacuum system. The UHV 
chamber contains both XPS as well as STM/STS. A sputter deposition system with one 
gun (DC or RF) is attached to the UHV system as is a custom PEALD chamber with 
cold trap and sample biasing capability. 
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Figure 1.3 Schematic diagram a typical STM imaging circuit. In filled state 
imaging the tip will be biased positively with respect to the substrate, causing 
electrons to tunnel from filled orbitals of the sample surface into empty state orbitals 
of the tip.  In empty state imaging the tip is biased negatively with respect to the 
sample, and electrons tunnel from filled states of the tip into empty unfilled states of 
the sample surface. The feedback electronics adjust tip-sample spacing to maintain 
constant tunneling current while the tip scans across the sample surface.  
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Chapter 2 

Electronic passivation of PbSe quantum dot solids by trimethylaluminum vapor 

dosing 

2.1 Abstract 

The inherent instability of PbSe quantum dot (QD) thin films in ambient 

atmospheric conditions presents a significant challenge to their use in devices. Using low-

temperature scanning tunneling microscopy and scanning tunneling spectroscopy, the 

electronic passivation of epitaxially-fused PbSe QD superlattices (epi-SLs) by 

trimethylaluminum (TMA) vapor dosing was studied. TMA dosing immobilizes loosely 

bound mobile adsorbates and passivates states on the surface of the QDs. X-ray 

photoelectron spectra of QD films prepared by dip coating show an aluminum surface 

concentration of <1% of a monolayer, consistent with the TMA binding only to defect sites. 

Field-effect transistor (FET) transport measurements of similar films confirm the impact 

of this trace surface state passivation. QD FETs dosed with TMA show a shift from p-

channel to n-channel behavior as well as a 20-fold increase in mobility and 300-fold 

increase in on/off ratio compared to devices before TMA dosing. Defect passivation by 

TMA vapor dosing may facilitate the integration of PbSe QD solids into future 

optoelectronic devices. 

 

2.2 Introduction 

Lead chalcogenide (PbX, where X = S, Se, or Te) quantum dots (QDs) are of 

interest for next-generation electronic and optoelectronic devices due to their tunable 

optical and electrical properties and enhanced ability to generate multiple excitons per 
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photon compared to their bulk semiconductor counterparts [1], [2], [3], [4]. Enhanced 

multiple exciton generation (MEG) opens the door to highly-efficient photovoltaics, and 

several groups report efficient MEG for colloidal PbX systems [5], [6], [7], [8], [9]. 

Superlattices (SLs) composed of “confined-but-connected” or “epitaxially fused” QDs 

(epi-SLs) are expected to generate bulk-like electronic mini-bands and exhibit high carrier 

mobility and diffusion length compared to conventional weakly-coupled QD solids [2], 

[10], [11]. Physical and electronic coupling between the QDs is achieved by exchange of 

oleate ligands with smaller ligands such as SCN−, S2−, or ethylene glycoxide that cause 

necking (limited crystallographic fusion) of the QDs [12], [13], [14], [15]. Despite strong 

electronic coupling, charge transport in epi-SLs can be severely limited by surface states 

[16] arising from undercoordinated surface atoms, non-stoichiometry, ligands, weakly-

bound adsorbates, or oxidation [17], [18], [19]. 

In this work, the local densities of states of monolayer (2D) and bilayer epi-SLs of 

PbSe QDs were measured by low-temperature scanning tunneling 

microscopy/spectroscopy (STM/STS) in ultra-high vacuum (UHV), and it was 

demonstrated that in vacuo dosing with trimethylaluminum (TMA) vapor improves STM 

imaging and passivates surface states to yield an electronically unpinned QD surface. X-

ray photoelectron spectra of similar TMA-dosed samples showed a very small aluminum 

coverage (<1% of a monolayer), indicating that TMA binds to only a small fraction of 

surface sites, which was hypothesized to be the most active surface defect states. TMA 

dosing also improved the performance of PbSe QD field-effect transistors (FETs). TMA-

dosed FETs showed a shift from p-channel to n-channel behavior as well as a 20-fold 
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increase in mobility and 300-fold increase in on/off ratio compared to devices without 

TMA dosing. 

 

2.3 Experimental 

2.3.1. Materials 

All chemicals were used as received unless otherwise noted. Lead oxide (PbO, 

99.999%) and selenium shot (99.999%) were purchased from Alfa Aesar. 

Trimethylaluminum (TMA, 98%) was purchased from both Strem Chemicals and Sigma 

Aldrich. Oleic acid (OA, technical grade, 90%), 1-octadecene (ODE, 90%), 

diphenylphospine (DPP, 98%), anhydrous hexanes (99%), anhydrous ethanol (99.5%), 

anhydrous toluene (99.8%), anhydrous octane (≥99%), anhydrous acetonitrile (99.99%), 

anhydrous isopropanol (IPA, 99.5%), anhydrous tetrachloroethylene (TCE, 99%), acetone 

(99.9%), ammonium thiocyanate (NH4SCN, 99.99%), and 3-

mercaptopropyltrimethoxysilane (3-MPTMS, 95%) were purchased from Sigma Aldrich. 

Trioctylphosphine (TOP, technical grade, >90%) was purchased from Fluka and mixed 

with selenium shot over a period of 24 h to create a 1 M TOP-Se stock solution. Prior to 

use, the NH4SCN was purified via recrystallization in anhydrous isopropanol. 

 

2.3.2. Quantum dot synthesis 

Oleate-capped PbSe quantum dots with a diameter of 6.5 nm were synthesized 

using standard air-free techniques. In a typical synthesis, PbO (1.5 g), oleic acid (5.0 g), 

and ODE (10.0 g) were mixed and degassed thoroughly in a three-neck round-bottom flask 

at room temperature. The mixture was heated to 110 °C in vacuum to form Pb(OA)2 and 
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to dry the solution. After 1.5 h, the Pb(OA)2 solution was heated to 180 °C in flowing 

argon, then 9.5 mL of a 1 M solution of TOP-Se containing 200 µL of DPP was rapidly 

injected into the hot solution. The QDs were grown at ~150 °C for 105 s, at which point 

the reaction was quenched with a liquid nitrogen bath and the injection of 10 mL of 

anhydrous hexanes. The QDs were purified in a N2-filled glovebox (<0.5 ppm O2) by three 

rounds of precipitation/redispersion using ethanol/hexane, then dispersed in toluene (1.75 

g L−1) for film fabrication. 

 

2.3.3. Basic characterization 

Optical extinction measurements of QDs dispersed in TCE were performed air-free 

with a PerkinElmer Lambda 950 spectrophotometer. Neat TCE served as the background 

for the solution measurements. The QD diameter and polydispersity were determined using 

the empirical relationship of Moreels et al. [20]. Scanning electron microscopy (SEM) was 

performed on an FEI Magellan 400L SEM operating at 10 kV and 25 pA. 

Small angle X-ray scattering (SAXS) measurements were performed on Beamline 

7.3.3 of the Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory 

using 10 KeV monochromatic X-rays (λ = 1.24 Å) with an energy bandwidth of 1%. A 

Dectris Pilatus 2 M detector with a pixel size of 0.172 × 0.172 mm and 1475 × 1679 pixels 

was used to record the 2D scattering patterns. A silver behenate standard was used to 

determine the sample-to-detector distance and beam center. For solution SAXS 

measurements, a 30 gL-1 octane suspension of QDs was drawn into a 2 mm × 0.2 mm glass 

capillary with a 0.150 mm wall thickness (Electron Microscopy Sciences). The solution 

was exposed to air briefly before and during measurement. The sample-to-detector distance 
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was 2994.78 mm as calibrated by the silver behenate standard. Signal was collected for 

120 s, and an octane-filled blank capillary was used for background subtraction. The Nika 

software package [21] in Igor Pro was used to azimuthally integrate (25–75°) the SAXS 

pattern and correct for the background using the octane-filled blank. Particle distribution 

fitting was performed using a spherical form factor with a Gaussian spread of QD diameters 

in the NIST SANS Analysis package [22] in Igor Pro. No instrumental broadening was 

included in the fitting procedure, which indicates that the reported polydispersity is likely 

an overestimation. 

 

2.3.4. Scanning tunneling microscopy 

Sub-monolayer QD films were prepared by dip coating in a N2-filled glovebox (<5 

ppm O2) adjacent to the STM instrument. First, oleate-capped PbSe QDs dispersed in 

toluene were dip coated onto a mechanically-exfoliated highly oriented pyrolytic graphite 

(HOPG) substrate. Once the toluene fully evaporated, the substrate was immersed in a 4 

mM solution of NH4SCN in acetone to trigger ligand exchange and epi-SL formation. The 

substrate was rinsed for 10 s in anhydrous acetonitrile, hexane, and again in acetonitrile to 

remove free ligands, dried, and transferred into a commercial Omicron VT UHV STM 

(base pressure = 1 × 10−11 Torr) using a glove bag purged with N2 to avoid air exposure. 

These samples were first measured before TMA exposure, then transferred in vacuo to an 

attached ALD chamber (base pressure ~10−6 Torr), dosed with TMA using multiple 350 

mTorr pulses (total TMA dose of 2–8 × 106 Langmuir), and transferred back to the STM 

chamber without air exposure. 
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STM topography images were acquired with a tungsten tip prepared by 

electrochemical etching of a tungsten wire. Images were acquired at 100 K in constant 

current mode (I = 0.03 nA) with a tip bias of +2 V. Scanning tunneling spectroscopy (STS) 

was performed at 100 K to investigate the electronic structure of the QDs using variable z-

mode over a bias range of −1 to 1 V. To determine the onset bias relative to the Fermi level 

(i.e., the valence and conduction band edge energies) from the (dI/dV)/(I/V) curves, STS 

curve fitting was employed as described in detail by Feenstra et al. [23], [24]. 

 

2.3.5. X-ray photoelectron spectroscopy 

Multilayer QD films for XPS characterization were deposited by manual layer-by-

layer dip coating [25] at UC San Diego using the same NH4SCN solution used to fabricate 

the STM/STS samples. These discontinuous films were amorphous (i.e., minimal QD 

positional order and epi-SL grains). The samples were transferred with minimal air 

exposure via glove bag to a monochromatic XPS system (Al Kα, hν = 1486.7 eV). XP 

spectra were acquired at a collection angle of 60° relative to the surface normal at a pass 

energy of 50 eV and step width of 0.1 eV. Analysis of the XPS data was performed in 

CasaXPS v2.3 using Shirley background subtraction and Schofield photoionization cross 

sectional relative sensitivity factors. 

 

2.3.6. Field-effect transistor measurements 

Multilayer QD film field-effect transistor (FETs) employed a bottom contact (5 nm 

Ti, 35 nm Au), global back gate geometry (p++ Si, 200 nm SiO2, Cox = 17.5 nF/cm2) with a 

channel length of 25 μm and width of 1000 μm. FET substrates were cleaned by successive 
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sonication in acetone, Millipore water, and IPA, blown dry with air, then treated with 15 

min of O2 plasma cleaning. The substrates were transferred into the glovebox and soaked 

in a 100 mM solution of 3-MPTMS in toluene for 1 h to improve QD adhesion, rinsed 

vigorously in neat toluene and dried in flowing nitrogen. Automated layer-by-layer dip 

coating of QD films was performed at UC Irvine using a Nima DC-4 dip coater in the 

glovebox. Substrates were dipped into a 3.9 gL-1 dispersion of QDs in hexane, followed by 

a 12 s soak in a 15 mM solution of NH4SCN in acetonitrile and finally a 3 s soak in neat 

acetonitrile. This process was repeated 10 times to generate ~40 nm thick QD films. The 

FETs were dosed with TMA in a low-vacuum ALD system (base pressure ~10−2 Torr) 

integrated into the glovebox. TMA was dosed for 100 ms (105–106 Langmuir) using a 

computer-controlled diaphragm valve. FETs were measured in the glovebox (<0.1 ppm O2) 

using a Keithley 2636B source-measure unit controlled by home-built LabView software. 

All measurements were performed at room temperature using a sweep rate of ~40 V/s to 

minimize artifacts from the bias-stress effect. 

 

2.4 Results and Discussion 

 2.4.1 Basic quantum dot film characterization. 

Figure 2.1a shows an optical extinction spectrum of a suspension of the oleate-

capped PbSe QDs used in this study (diameter of 6.6 ± 0.4 nm, band gap of 0.674 eV). The 

QD diameter was determined using both small angle X-ray scattering and the empirical 

sizing curve of Moreels et al.[20]. Sub-monolayer to bilayer thick films of these QDs were 

formed by controlled evaporation of a toluene suspension on freshly exfoliated highly-

oriented pyrrolitic graphite (HOPG) substrates (see Methods). Once dry, the samples were 
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immersed in a solution of ammonium thiocyanate in acetone to exchange the native oleate 

ligands and generate the epitaxially-fused SLs shown by SEM imaging in Figure 2.1b [26]. 

These samples feature small (10-100 nm) 2D epi-SL grains scattered across the substrate. 

The SL grains consist of 1-2 monolayers of QDs that are epitaxially connected across their 

{100} facets to form quasi-square lattices, similar to the structure of previously-reported 

2D epi-SLs [27-28]. Figure 2.1c is a representative scanning tunneling microscopy (STM) 

topography image of a smaller area of one of these samples showing that the quasi-square 

SL is clearly resolved. 

 

2.4.2 Scanning tunneling microscopy measurements of quantum dot film before and 

after TMA dosing 

Figure 2.2 presents STM images of an epi-SL sample before and after in vacuo 

dosing with 2 × 106 L of TMA vapor at room temperature. Before TMA dosing, the STM 

images exhibited temporal instability, scan artifacts, and high noise (Fig. 2.2a). After 

dosing, STM image quality was significantly enhanced (Fig. 2.2b). The improvement was 

quantified by measurement of the RMS surface roughness averaged over several QDs, 

which decreased from 0.28 to 0.15 nm. An increase in noise when surface adsorbates attach 

to STM tips is a well-known phenomenon that likely arises from adsorbates on the tip 

changing conformation during the scan, leading to instabilities in the tunneling current 

[29].  Therefore,  the improved image sharpness and decrease in RMS roughness is 

attributed to TMA-facilitated immobilization or removal of weakly-bound adsorbates such 

as physisorbed water and hydroxyl groups. 
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2.4.3 Scanning tunneling spectroscopy measurements of quantum dot film before 

and after TMA dosing 

 The local density of states (LDOS) of 40 QDs in the monolayer epi-SL grains was 

measured as a function of TMA dosing (Figure 2.3). STS traces were acquired at the center 

of the top {100} facet of each QD. Qualitative comparison of the normalized differential 

conductance (dI/dV)/(I/V) versus voltage traces before and after TMA dosing shows that 

the TMA treatment significantly increases the electrical band gap of the QDs (Fig. 2.3a).  

The band gap value were calculated from fits of the STS data following Feenstra et al. [23-

24]. Before TMA dosing, the measured band gap is 0.35 ± 0.07 eV, which is 0.32 eV 

smaller than the optical band gap of the QDs in solution (Fig. 2.1a) and 0.30 eV smaller 

than the optical band gap of the ligand-exchanged QD films. Figure 2.3b plots the electrical 

band gap versus the TMA dose. The band gap increases with increasing TMA dose until a 

dose of ~5 × 106 L, where it saturates at 0.65 ± 0.06 eV, close to the value of the optical 

band gap (Fig. 2.3b). This behavior is consistent with the passivation of gap states by TMA 

ostensibly via the reduction of trace selenium oxides that are known to create defect states 

and dangling bonds on PbSe QDs [17-18, 30]. Defect-induced band gap narrowing has 

been found on many other surfaces, including PbS QDs, [31] where density functional 

theory was used to model the generation of weakly-conductive midgap states caused by 

Pb:S off-stoichiometry, and Ge(100), where STM/STS was used to investigate H2O2 

passivation of Ge dangling bonds [32].  

 Figure 2.4a-d show pre- and post-TMA STS curves from mono- and bi-layer 

portions of the QD SL. The extracted difference between the intrinsic Fermi level and 

measured Fermi level of each sample (Ei-EF) is compiled in Figure 2.4e. The total TMA 
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dose was approximately 5 × 106 L, which is the same dose required to restore the band gap 

(see Fig. 2.3). STS traces were recorded on tens of QDs in each layer before and after 

dosing. Before TMA dosing, the QDs displayed predominantly p-type behavior (Ei-EF = 

0.11 ± 0.08 eV with Eg = 0.35 eV) in monolayer portions of the films and Ei-EF = 0.14 ± 

0.07 eV in bilayers (Figure 2.4a-b). After TMA dosing, QDs in the monolayer became 

intrinsic (Ei-EF = 0.05 ± 0.11 eV with Eg = 0.65 eV) while those in the bilayer remained p-

type (Ei-EF = 0.22 ± 0.06 eV). This Fermi level difference is consistent with band bending 

at the QD-HOPG interface. Prior to TMA treatment, the Fermi level may be pinned by 

surface defects (e.g., surface oxides), as was reported previously [33-34]. Following TMA 

treatment, the surface states are passivated, and the Fermi level becomes unpinned. Figure 

2.4f-g show band diagrams for both situations. Due to the smaller work function of the 

HOPG substrate relative to the QDs, downward band bending will occur in the QD layer 

when the Fermi level is unpinned (Fig. 2.4f). This band bending causes QDs in the first 

monolayer (at the QD-HOPG interface) to appear more intrinsic while those in the second 

monolayer appear more p-type, in line with our measurements of TMA-dosed samples. 

However, if the Fermi level is pinned by surface states with energies near the valence band 

edge, then Ei-EF should be independent of QD layer, as observed for samples before TMA 

dosing (Fig. 2.4g). 

 

2.4.4 XPS Study of QD surface oxidation 

X-ray photoelectron spectroscopy was performed to determine the coverage of 

TMA reaction products on the surface of multilayer QD films made by dip coating (see 

Methods). Multilayer amorphous films were used for XPS because the mono-/bi-layer 
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films used for STM/STS studies were too sparse to produce high signal-to-noise XP 

spectra. Figure 2.5 shows high-resolution XP spectra of the Pb 4f, Se 3d, O 1s, and Al 2p 

regions and quantification of the detected elements (Pb, Se, and C). It was expected that Al 

from TMA would bind to the surface of the QDs and be detectable by XPS. However, no 

aluminum or oxygen signal was observed before or after TMA dosing (Fig. 2.5d-e). 

Although there is no detectable oxygen and the chemical shift of Pb and Se suggest purely 

Pb-Se bonding without a large coverage of surface oxides, oxygen is a known acceptor in 

PbX QD films [35-36] and can likely dope the QDs at concentrations below the detection 

limit of XPS [17, 37-41]. The absence of oxygen signal, the chemical shift of the carbon 

peak (Fig. 2.5c), and SEM imaging of an identically prepared sample indicate that the large 

carbon signal originates from the HOPG substrate and not residual oleate ligands or 

adventitious hydrocarbons. The XPS data are consistent with TMA passivating surface 

states and/or removing ligands with a density below 1013 cm-2, which is 10× more than 

required to pin the Fermi level but still below the detection limit of XPS [42].  

 

2.4.5 Thermodynamic analysis of TMA reaction with trace oxides on PbSe 

A simple thermodynamic analysis can be employed to show that TMA is likely to 

react with all surface oxides. The primary oxidation products of PbSe QDs are PbO, SeO2, 

and PbSeO3 [18,43,44], as shown in equations 1-3:  

PbSe	(𝑠) + 	1.5	O!(𝑔) → 	PbO(𝑠) + 	SeO!	(𝑠) (1) 

PbSe	(𝑠) + 	1.5	O!(𝑔) → 	PbSeO"(𝑠) (2) 

PbSe	(𝑠) +	O!(𝑔) → 	Pb(𝑠) + 	SeO!(𝑠) (3) 
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Proposed mechanisms for the surface reaction of TMA and reduction of trace surface 

oxides are the following: 

1.5	SeO!	(𝑠) 	+ 	2	Al(CH")"(𝑔) 	→ 	3	C!H#	(𝑔) + 	1.5	Se	(𝑠) 	+ 	Al!O"	(𝑠) (4) 

	PbSeO"(𝑠) 		+ 	2	Al(CH")"(𝑔) 	→ 		 3	C!H#	(𝑔) + 	Se	(𝑠) + Pb	(𝑠) + 	Al!O"	(𝑠) (5) 

3	PbO	(𝑠) 	+ 	2	Al(CH")"(𝑔) 	→ 	3	C!H#(𝑔) 	+ 	3	Pb	(𝑠) + 	𝐴l!O"	(𝑠) (6) 

In reactions (4-6), the primary driving force for the reduction of surface oxides is the 

formation of aluminum oxide. Using known heats of formation, the reaction enthalpies for 

reactions (4-6) are calculated to be -1392 kJ/mol, -1217 kJ/mol, and -1091 kJ/mol 

indicating it is thermodynamically favored for TMA to react with all three of the common 

oxidation products on the surface of the QDs, thereby passivating defect states that are 

known to arise from the presence of mixed Se-containing oxides [19,30]. The electronic 

passivation of semiconductor surfaces via the reduction or removal of surface oxides and 

adsorbed water by TMA is favored by the large formation enthalpy of Al2O3 and is 

consistent with the so-called “TMA clean-up effect” observed for many semiconductors 

including GaAs [45-46], InAs [47], and Ge [48].  

 

2.4.6 Field Effect Transistor Measurements 

Field-effect transistors (FETs) were fabricated to independently assess the impact 

of TMA dosing on the electronic properties of multilayer QD films. A cartoon of the FET 

geometry is provided in Figure 2.6a. Pre-TMA devices exhibited significant drain current 

transients (Fig. 2.6b) resulting from the bias-stress effect [49]. Figures 2.6c-d show output 
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and transfer characteristics of these devices, which were p-channel with Ion/Ioff = 1.5 (at 

VSD = -10 V and VG = 0 vs. -40 V) and a linear hole mobility μlin,h = 0.07 cm2/Vs. The FETs 

were dosed with TMA and immediately remeasured. These TMA-treated FETs (Fig. 2.6e-

f) were dominant n-channel devices, Ion/Ioff = 440, μlin,e = 1.4 cm2/Vs, and improved drain 

current stability (see Fig. 2.6b). The 20-fold increase in mobility is likely due to the change 

in carrier polarity [50] and removal of in-gap defect states by TMA, in agreement with the 

STM/STS results demonstrating an unpinned Fermi level following TMA exposure. The 

300-fold increase in on/off ratio results primarily from a decrease in Ioff that we attribute to 

the passivation of shallow defect states associated with trace surface oxides. 

Similarly large increases in mobility have been observed by passivating trap states 

in transition metal chalcogenide QD devices using methods such as indium diffusion 

doping of CdSe QDs [51] and ALD alumina infilling of PbSe QDs [16]. However, this 

study is unique because it shows that trace amounts of surface oxidation (below XPS 

detection limits) are present even on ligand-exchanged QDs fabricated using “air-free” 

techniques and that TMA can effectively repair these defects. Additional experiments on 

PbSe QDs treated with 1,2-ethanedithiol (EDT) instead of NH4SCN demonstrate a 

compairtively minor improvement in FET performance. The FET data in Figure 2.6 are 

consistent with TMA eliminating surface oxidation products that result from exposure to 

trace oxygen and water during QD synthesis, purification, and storage [52]. These surface 

oxides generate high conductivity and p-channel behavior in PbSe QD films, which is in 

agreement with both the p-type behavior observed prior to dosing in the STS studies and 

the FET data [40]. By eliminating trace defect states with TMA dosing, both the carrier 

mobility and on/off ratio increase by 1-2 orders of magnitude. 
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2.5 Conclusions 

TMA dosing provides a facile means to remove trace surface oxides on PbSe QD 

films and yields insight into the origin and impact of electronic defects in these mateirals. 

Dosing with TMA was found to improve STM image quality, passivate defects, widen the 

local band gap, unpin the Fermi level, and improve charge transport and transistor 

performance, consistent with the removal of surface oxides and/or adsorbates present at 

coverages below 1% of a monolayer. XP spectra lacked Al and O signal following defect 

removal by TMA, demonstrating the low surface density of these defect states. Transistors 

were used to show the impact of this trace defect removal on charge transport. FETs 

exposed to TMA show a shift from p-channel to n-channel behavior as well as large 

increases mobility and on/off ratio compared to devices without TMA treatment. The data 

suggest that trace coverages of oxides and other adsorbate dopants (e.g., water) have a 

strong impact on electrical transport within these QD films. The demonstration of TMA 

passivation in these studies highlights the importance of developing passivation techniques 

to improve the design of QD solids for eventual integration into electronic devices and 

shows that an order of magnitude improvement in QD device performance can be obtained 

by effectively passivating these trace defect states. 
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Figure 2.1. The PbSe QD epitaxial superlattices studied by STM. (a) Optical extinction 
spectrum of the PbSe QDs dispersed in tetrachloroethylene. (b) Representative SEM image 
of 2D epi-SL grains on HOPG. (c) Corresponding STM topography image. 
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Figure 2.2. Effect of TMA dosing on STM image quality. STM images acquired at 
100 K in constant current mode (I = 0.03 nA) with a tip bias of +2 V (a) before and (b) 
after TMA dosing (2 × 106 L in high vacuum) and their corresponding RMS roughness 
values (Rq). TMA dosing improves imaging, consistent with the immobilization or removal 
of loosely-bound adsorbates that interfere with the STM tip. 
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Figure 2.3. Effect of TMA dosing on QD band gap. (a) Representative ST spectra 
(dashed lines) and fits (solid lines) for a PbSe QD before (red) and after (orange) a 5 × 106 
L dose of TMA. (b) Before TMA dosing, the STS-measured band gap of QDs in monolayer 
epi-SLs is only 0.35 ± 0.07 eV (avg ± 1 SD), much smaller than the optical band gap of the 
QD films (~0.65 eV). The band gap increases with increasing TMA dose until it saturates 
at 0.65 ± 0.06 eV, close to the value of the optical band gap. This behavior is consistent 
with the passivation of gap states by TMA. 
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Figure 2.4. Effect of TMA dosing on the Fermi level of QDs in the first and second 
QD monolayers. (a,b) Typical STS data (solid black lines) and fits [23-24] (dashed red 
lines) of TMA-treated QDs in the (a) first and (b) second QD monolayers on the HOPG 
substrate. The Fermi level of QDs in the first monolayer (Layer 1) is located near the 
middle of the band gap, while the Fermi level of QDs in the second monolayer (Layer 2) 
is significantly closer to the valence band edge (p-type). (c,d) Typical STS data (black) and 
fits (red) for QDs before TMA treatment, showing that QDs in the two layers have similar 
Fermi levels close to the valence band edge (p-type). (e) The relative Fermi level (Ei-EF) 
of QDs in the two layers before and after TMA dosing. Each line in the boxplot represents 
a quartile, with the middle line representing the data median. The small square denotes the 
average of the dataset while the whiskers denote the full data range. (f,g) Schematic band 
diagrams of the HOPG-QD system (f) with and (g) without TMA dosing. With dosing, QD 
surface states are passivated and the Fermi level is unpinned, resulting in downward band 
bending in the QD film after equilibration with HOPG and Fermi level positons near mid 
gap for QDs in the first monolayer and closer to the valence band edge for QDs in the 
second monolayer. Without dosing, QD surface states pin the Fermi level near the valence 
band edge, yielding very similar Fermi level positions for QDs in the two monolayers after 
equilibration with HOPG. 
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Figure 2.5. XP spectra before and after TMA dosing. (a-e) High-resolution XP spectra 
of (a) Pb 4f, (b) Se 3d, (c) Al 2p, (d) O 1s, and (e) C 1s before (red) and after (black) TMA 
dosing (107 L). Al and O are below XPS detection limits, demonstrating that nearly all of 
the QD surface sites are unreactive towards TMA. Pb and Se show no evidence for oxide 
formation. (f) Sample surface composition before and after TMA dosing. 
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Figure 2.6. Impact of TMA dosing on charge transport in QD field-effect transistors. 
(a) Schematic of the FET geometry. (b) Normalized drain current for a FET before and 
after TMA dosing. The applied source-drain bias was -10 V before dosing and +10 V after 
dosing. The data were normalized to equalize the change in drain current induced by a ±10 
V gate bias (negative before dosing and positive after dosing). (c) Output and (d) transfer 
curves for the FET before TMA dosing. (e) Output and (f) transfer curves immediately 
after exposure to TMA. 
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Chapter 3 

Tris(dimethylamido)aluminum(III) and N2H4: Ideal precursors for the low-
temperature  deposition of large grain, oriented c-axis AlN on Si via atomic layer 

annealing  
 

3.1 Abstract 

The low-temperature (< 400 oC) deposition of polycrystalline AlN films on silicon 

is demonstrated by atomic layer annealing (ALA) using either trimethyl aluminum (TMA) 

and anhydrous hydrazine (N2H4) or tris(dimethylamido) aluminum (TDMAA) and 

anhydrous N2H4 with an argon plasma treatment utilizing a DC bias to tune the ion energy. 

Using TDMAA and N2H4, high-quality AlN films are deposited with large grain size and 

low oxygen/carbon contamination which can be used as a templating layer for further high-

speed AlN film growth via sputtering. The deposition of high-quality AlN films deposited 

by ALA are successfully used as templates for sputtered AlN resulting in a >2x 

improvement in average grain size when compared to an analogous amorphous template 

layer. 

 

3.2 Introduction 

 High-quality, large-grained AlN films are of interest for use in a number of 

applications such as for heat spreading layers [1-3] or as a buffer/templating layer for 

further film growth [4-8], with deposition on Si being often required. As the typical 

deposition temperature for high-quality crystalline AlN is usually in excess of 800 oC [9-

10], there is a large amount of thermal strain in the films and it is advantageous to develop 

processes to lower the deposition temperature so that it is compatible with back end of line 
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(BEOL) processing. Plasma enhanced atomic layer deposition (PEALD) of AlN has been 

extensively studied as a potential solution [11-18]; however, this process relies on a 

reactive nitrogen-containing plasma (N2 or NH3) which can affect the stoichiometry of the 

deposited films and imposes a limit to the tunability of ion energy/momentum, which is 

key to depositing large grain crystalline films [19-23]. 

In this work, the low-temperature (< 400 oC) deposition of polycrystalline AlN 

films on Si(111) is demonstrated by atomic layer annealing (ALA) which is a variant of 

atomic layer deposition (ALD) that utilizes a third pulse of low-energy inert gas ions in 

addition to the usual metal and co-reactant pulses (See Fig. 3.1) [24]. Using this technique, 

the stoichiometries of the films are determined by  the thermal reaction of the metal and 

co-reactant while the crystallinity is controlled by the plasma treatment with a non-reactive 

gas. 

Using trimethyl aluminum (TMA) or tris(dimethylamido) aluminum (TDMAA) 

with the highly reactive nitrogen-containing precursor hydrazine (N2H4), AlN can be 

deposited at ~200 oC [25-26]; however, these films are amorphous. Using TDMAA with 

N2H4 or NH3 at temperatures >350 oC, polycrystalline films can be deposited in a purely 

thermal process; however, the reported grain sizes are small (<5 nm) or there is a mixture 

of polycrystalline and amorphous phases [27-28]. ALA has been used to deposit crystalline 

films such as AlN [24, 29] and GaN [30] on a near lattice-matched substrate (sapphire) at 

low temperatures, but a N2/H2 plasma was used and the effects of substrate biasing were 

not explored. 

In the present study of AlN ALA on Si (111) (a non-lattice matched substrate), two 

metal precursors (TMA and TDMAA) were compared using ultra-high purity anhydrous 
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N2H4 as a co-reactant and argon ions with tuned energy for the third pulse.  It was found 

that ALA deposition using TDMAA as the Al precursor resulted in high-quality AlN films 

with large grain size (>9 nm) and low C/O contamination (< 2 at. %) whereas films 

deposited using TMA had much higher carbon content (>5 at. %), owing to its thermal 

instability at 400 oC [31-33]. Transmission electron micrographs for a 10 nm ALA AlN 

film grown using TDMAA and N2H4 show vertical grain structure with grains spanning 

the entire thickness of the film. As heat spreading layers often need to be in excess of > 

250 nm thick in order to be relevant for use in high volume manufacturing, it was also 

demonstrated that ALA-deposited films successfully enhance the grain size of a thick 

sputtered AlN film by acting as a template layer.  

 

3.3 Experimental 

3.3.1 Materials 

 Si (111) substrate wafers (Phosphorous, n-type) with a resistivity of 1-20 ohm-cm 

were purchased from Waferworld. Acetone (99.5+%), methanol (99.5+%), and deionized 

(DI) water (99.5%+) were purchased from Fisher Scientific. Hydrofluoric (HF) acid (48%) 

was purchased from VWR and diluted down to 2% with DI water before use. Ar (99.999%) 

was purchased from Praxair and purified using an Entegris Gatekeeper gas purifier before 

being used as both the plasma gas as well as the precursor carrier gas. TMA (98+%) was 

purchased from Strem chemicals. Ammonia (99.999%) was purchased from Praxair. 

TDMAA was supplied by EMD performance materials. BRUTE anhydrous hydrazine (30 

ppb vapor phase H2O) was supplied by Rasirc, Inc. 
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3.3.2 Sample Preparation 

 Si samples were first degreased using 10 s rinses in acetone, methanol, and DI 

water. Following the degrease, native oxides were removed via a cyclic HF clean consisting 

of 1 min immersions in HF and DI water for 2.5 cycles. Immediately following the clean, 

the samples were loaded onto a sample holder and pumped down to a pressure of <2*10-6 

Torr before loading into the deposition chamber.  

 

3.3.3 AlN Deposition 

 The ALA deposition was conducted in a home-built chamber (wall temp = 90 oC) 

with a base pressure <1x10-6 Torr and consisted of a home-built reactor pumped by a dry 

pump (Edwards EPX 500NE) protected by a liquid nitrogen cold trap and stainless steel 

mesh particle trap. The stage allows for sample biasing and consists of an electrically 

isolated copper block heated by a cartridge heater. Dosing was performed using 

pneumatically actuated diaphragm valves and although self-saturating behavior was not 

observed, pulse times were optimized for growth rates of ~0.9 Å/cycle in order to keep the 

film thickness between each ALA treatment constant. TDMAA was dosed using a bottle 

temperature of 105 oC while all other precursors were kept at room temperature. TMA was 

dosed under its own vapor pressure while both the TDMAA and N2H4 cylinders were 

charged with Ar carrier gas in order to deliver the precursors to the sample. For larger 

exposures, multiple doses of TDMAA and N2H4 were used in order to recharge the 

cylinders with Ar carrier gas and deliver the precursors. As TMA has sufficient vapor 

pressure, this technique was not needed and longer pulse times could be used. Gas flows 
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were controlled by mass flow controllers and fed into a RF remote plasma source (PIE 

Scientific) with a quartz plasma tube mounted above the chamber. ALA used a 20 s 

treatment each cycle using Ar gas at a pressure of 5 mTorr at a power of 75 W with a pulsed 

stage bias of -25 VDC. For bilayer samples (ALA AlN + sputtered AlN), following ALA 

deposition, samples were transported in vacuo to an attached sputter chamber (based 

pressure ~2x10-6 Torr) where AlN was deposited using a Torus Magkeeper sputter cathode 

(Kurt Lesker) using a 2 inch diameter Al target and 100% N2 gas at a pressure of 3 mTorr 

and 300W of RF power. Amorphous AlN layers were deposited under similar sputtering 

conditions but at a pressure of 30 mTorr.  

 

3.3.4 X-ray Photoelectron Spectroscopy (XPS) 

 Samples were transferred from the deposition chamber to the UHV analysis 

(Omicron VT, base pressure 5x10-9 Torr) chamber in vacuo. High resolution XP spectra 

were acquired on the as-deposited samples without any surface treatment (e.g., Ar 

sputtering or UHV annealing) using a Mg Kα source (hν = 1253.6 eV) and DESA 150 

electron analyzer (Staib Instruments) at a collection angle of 45° relative to the surface 

normal using a step width of 0.1 eV. Analysis of the XPS data was performed in CasaXPS 

v2.3 using Shirley background subtraction and Schofield photoionization cross sectional 

relative sensitivity factors. 

 

3.3.5 Structural Analysis 

 Ex situ grazing incidence x-ray diffractometry (GIXRD) and x-ray reflectometry 

(XRR) were carried out on a diffractometer (Smartlab, Rigaku) using a Cu Kα source 
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(λ=0.154 nm) operating at 40kV. Simulation and fitting of the XRR data was carried out 

using the Smartlab Studio software suite (Rigaku). Cross-sectional transmission electron 

microscopy (TEM) was used to evaluate the fine grain structure of the deposited films and 

was performed at Applied Materials.   

 

3.4 Results and Discussion 

3.4.1 Comparison of TMA and TDMAA at 225 °C 

 Two Al precursors (TMA and TDMAA) were first benchmarked at 225 oC. Using 

a purely thermal process, sequential doses of either 400 ms TMA and 2x100 ms pulses of 

N2H4 with 5 s purge times or 2x300 ms TDMAA with a 4 s purge and 100 ms N2H4 with 

an 8 s purge were used. For ALA samples, each cycle also included a 20 s Ar plasma 

treatment with the stage biased at -25 VDC. This cyclic process was repeated in order to 

deposit films ~40 nm in thickness. As can be seen in Fig. 3.2, the thermal process for both 

TDMAA and TMA results in films of similar purity; however, the ALA process removes 

much more carbonaceous contamination in the case of TDMAA, possibly due to the lack 

of any direct Al-C bonding in TDMAA. Although the XPS data appear to indicate slightly 

Al-rich films, it is noted that spectra collected on crystalline AlN films also have Al:N 

ratios ranging from ~1.05-1.1:1; therefore, it is hypothesized that this artifact arises from 

the higher kinetic energy of the Al 2p electron as compared to the N 1s electron as any thin 

overlayer would lead to higher attenuation of the N 1s signal and lead to a high Al:N ratio 

when measured by XPS. Chemical shift data collected from high resolution XP spectra are 

consistent with the formation of stoichiometric AlN and also demonstrate the beneficial 

effect of ALA on C/O contamination in these films.  
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3.4.2 Structural Analysis of Films Deposited at 225 °C 

 Structural analysis of these films via XRD show that all samples had at best 

marginal crystallinity regardless of process (Fig. 3.3). Though small XRD peaks 

corresponding to AlN (002) were observed for the ALA process, the density of these films 

as measured by XRR was found to be 2.5 and 2.8 g/cm3 for the TMA ALA and TDMAA 

sample, respectively, which is >15% lower than the bulk value for crystalline AlN and 

likely indicates large percentages of the films are amorphous. Previous studies on PEALD 

deposited AlN using low (<100 W) power also note that at lower temperatures, 

crystallization of the film does not occur at T <300 °C [17] and that either higher deposition 

temperature or increased plasma power were needed to form crystalline films [15, 34-35], 

with these results being in rough agreement with the work of Bosund et al. [17] after taking 

into account these thinner films of ~40 nm will display poorer crystallinity due to higher 

dislocation density close to the interface. 

 

3.4.3 Comparison of TMA and TDMAA at 400 °C 

Since thermal AlN films are typically seen to crystallize at temperatures of 350-375 

°C, the same two precursors were then compared at 400 °C deposition temperature to 

elucidate the impact of the ALA process on weakly crystalline films. As all temperatures 

at which thermal crystallization of AlN would occur are higher than the decomposition 

temperature of TMA [31-33, 36, 37], the highest temperature allowed for BEOL processing 

(~400 °C) was chosen. Owing to the improved reactivities of the precursors at 400 °C, 

precursor pulses were modified to 35 ms TMA with a 10 s purge and 100 ms N2H4 with an 
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8 s purge or 150 ms TDMAA with a 4 s purge and 100 ms N2H4 with an 8 s purge. ALA 

samples received the same 20 s Ar plasma treatment with the stage biased at -25 VDC used 

previously. Due to the thermal decomposition of TMA at 400 oC, the lowest growth rate 

attainable was 1.8 Å/cycle. As it can be seen in Fig 3.4, films grown using TDMAA have 

lower impurity concentration for both the thermal as well as ALA processes and the ALA 

TDMAA process has lower impurities than the thermal ALD TDMAA process. Although 

the precise mechanism for the reduction in impurity content from ALA is not known, it is 

hypothesized that this effect is due to either a gentle sputtering process that removes surface 

oxides and carbonaceous species (including unreacted ligands) or that the enhanced density 

as a result of the ALA prevents the incorporation of these impurities into the film. It is 

noted that at 400 °C using TMA, the ALA process actually increases the carbon content in 

the AlN films. This is likely linked to the thermal instability of TMA at high temperatures 

which may result in the generation of carbon-containing species such as gaseous methyl 

radicals that the plasma then imbeds in the AlN films. In contrast, because TDMAA does 

not contain any C-Al bonds and has high thermally stability at 400 °C, the resulting AlN 

films do not contain high levels of carbon [38-39]. NH3 was tested as an alternative co-

reactant for the ALA process at 400°C; however, owing to the lower reactivity as compared 

to N2H4, growth rate was reduced and O contamination was increased. From the high-

resolution carbon XP spectra (Fig. 3.4b), it is seen that for the TDMAA ALA process, 

aliphatic carbon is reduced to below detection limits while the remaining component just 

above detection limits is likely surface bound dimethylamide. Especially noteworthy is the 

ALA process with TDMAA achieves extremely low impurity concentration (< 2 at. % C/O) 

even without sputtering into the bulk of the film.  
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3.4.4 Structural Analysis of Films Deposited at 400 °C 

 Subsequent XRD analysis (Fig. 3.5) confirms that the TDMAA ALA process leads 

to the highest quality films of oriented c-axis AlN. The film densities of the ALA samples 

were measured by XRR to be 3.0 g/cm3 and 3.3 g/cm3 for the TMA ALA and TDMAA 

sample, respectively, which indicates that the elevated carbon content in the TMA ALA 

sample likely prevented crystallization while the TDMAA ALA sample has a density 

within 1% of bulk crystalline AlN and a full width at half the maximum intensity (FWHM) 

value of 0.95°, which corresponds to a crystallite size of ~9.2 nm by the Scherer equation 

[40].  

 

3.4.5 Templated Growth of Sputtered AlN 

 In order to demonstrate the effect of these ALA-deposited layers, sputter deposition 

was identified as one method capable of quickly depositing crystalline AlN at temperatures 

compatible with BEOL processing. Sputter-deposited AlN films can contain large amounts 

of compressive strain41 when deposited on Si (111) and so it is necessary to use a buffer 

layer in order to avoid cracking or flaking of the deposited film. Thin, 25 nm ALA AlN 

films grown using TDMAA were subsequently deposited for use as templates for the 

growth of 290 nm of sputter deposited AlN and compared against a buffer layer composed 

of 25 nm of amorphous AlN. As it can be seen in Fig 3.6, the template layers deposited via 

ALA on a non-lattice-matched substrate Si (111) are smooth and contain grains >10 nm 

wide that span the entire thickness of the film. 
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 The initial growth stages of sputtering are an essentially stochastic process when 

performed on a non-lattice matched substrate. This results in multiple grain orientations or 

the formation of dislocations/defects that reduce the average grain size of the sputtered 

material. Due to the ALA template acting as a lattice matched substrate, it was expected 

that sputtered films grown on the ALA layers would have larger average grain size with 

and have stronger (002) preferential orientation as compared to the amorphous AlN buffer 

layers. As it can be seen in Fig 3.7, XRD data show that sputtered AlN grown on amorphous 

AlN is polycrystalline (002)/(103) with no preferential orientation while the AlN grown on 

the ALA AlN template is highly textured (002). TEM data of the sample grown on ALA 

AlN (Fig. 3.8) show the grain structure of the sputtered layer originating from the ALA 

layer which then serves to template the columnar growth of the film. When comparing the 

FWHM of the (002) peak, the sample grown on amorphous AlN has a much larger FWHM 

(1.09°) as compared to the sample grown on ALA AlN (0.45°) which corresponds to an 

increase in average grain size from 8 nm to 19.4 nm by using the ALA template layer.  

 

3.5 Conclusion 

 In summary, it is demonstrated that precursor selection is key for developing 

processes for the low temperature deposition of oriented crystalline materials on non-lattice 

matched substrates such as Si (111). It is shown that even at the relatively modest 

temperature of 400 °C, commonly used precursors such as TMA do not possess the thermal 

stability needed in order to deposit high quality crystalline films and that there exists a need 

for non-intuitive precursors such as TDMAA and N2H4. Through the selection of 

precursors that are thermally stable, yet highly reactive, oriented c-axis AlN films are able 
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to be grown on Si via bias enhanced ALA. These films have an average grain size >9 nm 

and are successfully shown to template the growth of sputtered AlN which results in a 2x 

increase in the average grain size (19 nm) as compared to an AlN film sputtered on 

amorphous AlN (8 nm).  As this process does not require a lattice-matched substrate and 

is BEOL compatible, it is relevant for a wide range of applications ranging from buffer 

layer deposition to CMOS/RF heat spreaders.  
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Figure 3.1. Schematic Diagram of ALA AlN. (a) Beginning with a hydroxyl terminated Si 
wafer, (b) the TDMAA is introduced leaving the surface terminated in aluminum 
dimethylamide. (c) Introduction of N2H4 removes the surface bound dimethylamide as 
dimethylamine gas. (d) The final step in the ALA process consists of low energy ion 
bombardment which helps to induce surface mobility and crystalize the film. This 3-step 
process can be repeated any number of times to achieve the desired thickness.  
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TMA Thermal

TMA ALA

TDMAA Thermal

TDMAA ALA

Figure 3.2. XPS Chemical Composition Data for both Thermal and ALA Processes 
using TMA and TDMAA at 225 °C. (a) The chemical compositions for the thermal 
process using TMA or TDMAA are very similar, with the ALA process resulting in the 
removal of unwanted C/O, especially when using TDMAA. Molecular schematics of the 
two precursors are shown (as monomers) above the corresponding XPS data. (b) High 
resolution XP spectra show chemical shift consistent with stochiometric AlN formation 
and the effect of ALA on the C/O contamination. 
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Figure 3.3. XRD Data for both Thermal and ALA Processes using TMA and 
TDMAA at 225 °C. The deposited films are either amorphous or nanocrystalline. 
Note that even when small crystalline peaks are observed for the ALA process, 
density via XRR is much lower than bulk crystalline AlN.  
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(a)
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Figure 3.4. XPS Chemical Composition Data for both Thermal and ALA 
Processes using TMA and TDMAA at 400 °C. (a) At 400 °C substrate 
temperature, films grown using TDMAA have lower impurity content, with the 
ALA films containing the lowest impurity content of < 2 at. % C/O. (b) High 
resolution XP spectra show chemical shift consistent with stoichiometric AlN 
formation and the effect of ALA on the C/O contamination. 
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Figure 3.5. XRD Data for both Thermal and ALA Processes using TMA and 
TDMAA at 400 °C. Films grown using TDMAA ALA display oriented (002) 
growth as compared to the other processes which are predominantly (100) 
oriented, mixed phase, or amorphous. Note bulk-like AlN density is only 
achieved for TDMAA ALA.  
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Figure 3.6. Bright Field TEM Image of a 10 nm ALA AlN layer. 
Template layers are smooth by TEM and have large grains that extend 
through the entire thickness of the film (inset: high resolution TEM 
showing the lattice fringes). 
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(002)

(103)
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Figure 3.7. XRD data comparing AlN films using a 25 nm amorphous 
AlN buffer layer with a 25 nm ALA AlN buffer layer. Replacing the 
amorphous AlN buffer layer with ALA AlN results in 2.5x improvement in 
grain size for equivalent thickness of sputtered material.  
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(a) (b)

50 nm 20 nm

Figure 3.8. Bright Field TEM Image of a 25 nm ALA AlN templating the 
growth of 290 nm sputtered AlN. (a) Columnar grains are observed that 
extend from the top of the film to the substrate. (b) The sputtered grain 
structure originates from the template layer and then grows vertically.  
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Chapter 4 

Experimental and Theoretical Determination of the Role of Ions in Atomic Layer 

Annealing 

4.1 Abstract 

The atomic layer annealing process has recently shown promise as a technique for 

the deposition of crystalline materials that can be performed at the low temperatures of 

atomic layer deposition. However, the precise mechanism of the crystallization effect has 

not yet been thoroughly explored. In the present study, independent experimental control 

of ion momentum and energy are used in conjunction with molecular dynamics simulations 

to elucidate the role of ions in atomic layer annealing. It was found that via a momentum 

transfer process, ions can displace surface atoms during initial contact and that they later 

induce a short-lived local heating phenomenon in the first few atomic layers, resulting in 

enhanced crystallinity. It was seen that by using a heavier gas such as Kr, energy transfer 

to the growth surface could be improved, enabling the repair of a wider variety of 

crystallographic defects.   

 

4.2 Introduction 

 As microelectronic devices continue to be scaled to the atomic limit, pressure on 

extant deposition methods such as physical vapor deposition (PVD) or conventional 

chemical vapor deposition (CVD) continues to increase. Increasingly stringent demands 

on thickness control, conformality, and material quality on the 3-dimensional (3-D) 

architectures commonly being used in these devices has led to the greater adoption of 

atomic layer deposition (ALD) for thin film growth, especially in the low thermal budget 
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back end of line [1-6]. Despite the numerous advantages of ALD, ALD-deposited films are 

often amorphous due to the moderate deposition temperatures (typically < 400 °C) required 

to minimize precursor decomposition/desorption and to stay in the ‘ALD window’ [4-7]. 

 For many applications (e.g., surface or bulk acoustic wave devices [8-11] or heat 

spreaders [12-14]), the  deposition of crystalline films is required, which has led to the 

increasing adoption of a variant of ALD known as atomic layer annealing (ALA) as an 

alternative or supplement to conventional plasma enhanced ALD (PEALD) [7, 15-19]. In 

the ALA process, either thermal ALD or PEALD is used to deposit the target material and 

low energy inert gas ions are used to bombard the surface. Using this ABC-type pulse 

sequence (reactant A, reactant B, and inert ions C), high quality crystalline films can be 

deposited at low temperatures; however, the precise role of the inert ions in this process 

has thus far remained unclear.  

In the present report, the mechanism of the ALA process is elucidated using AlN 

as an example material system due to its wide-ranging applications for crystalline films as 

a heat spreader or piezoelectric material. It was previously reported that ALA strongly 

relies on a so-called surface heating effect; however, through systematic experimental 

variation of inert ion mass, plasma delay time, and molecular dynamics (MD) simulations, 

it is shown that the process is most consistent with a momentum transfer process resulting 

in effective local thermal excitation leading to surface crystallization (See schematic of 

ALA AlN process in Fig. 4.1).    
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4.3 Experimental 

4.3.1 Materials 

 Acetone (99.5 +%), methanol (99.5 +%), and deionized (DI) water (99.5 +%) were 

purchased from Fisher Scientific. Hydrofluoric (HF) acid (48 %) was purchased from 

VWR and diluted down to 2 % with DI water before use. Tris(dimethylamido) aluminum 

(TDMAA) was supplied by EMD performance materials. BRUTE anhydrous hydrazine 

was supplied by Rasirc, Inc. Ar (99.999 +%) was purchased from Praxair and purified 

using an Entegris Gatekeeper gas purifier for use as a carrier gas for both TDMAA and 

hydrazine. Si (111) substrate wafers (Phosphorous, n-type) with a resistivity of 1-20 ohm-

cm were purchased from Waferworld. Research grade (99.999 +%) Ne, Ar, and Kr gas 

purchased from Praxair was used as the plasma gas for the ALA process. 

 

4.3.2 Sample Preparation 

 Si (111) samples were first degreased using sequential 10 s rinses in acetone, 

methanol, and DI water. Following this degrease, the native Si oxide was removed via a 

cyclic HF clean consisting of sequential 1 min immersions in 2 % HF solution and DI water 

for 2.5 cycles. Immediately following the cyclic HF clean, the samples were loaded onto a 

molybdenum sample holder and pumped down to a pressure of < 2*10-6 Torr before being 

loaded into the deposition chamber.  

 

4.3.3 AlN Deposition 

 AlN deposition conditions have been reported elsewhere [19]. Briefly, AlN 

deposition was conducted in a custom vacuum chamber (wall temp = 90 oC) with a base 
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pressure <1x10-6 Torr and consisted of a home-built reactor pumped by a dry pump 

(Edwards EPX 500NE) protected by both a liquid nitrogen cold trap and stainless steel 

mesh particle trap. The sample stage consisted of a copper block heated externally via a 

cartridge heater and was electrically isolated to allow for biasing. Dosing was controlled 

using pneumatically actuated diaphragm valves and although self-saturating behavior was 

not observed, pulse times (100 ms for TDMAA and 150 ms for N2H4) and purge times (8 

s for both precursors) were optimized for growth rates of ~0.9 Å/cycle to match typical 

ALD growth rates. TDMAA was dosed using a bottle temperature of 105 oC while N2H4 

was kept at room temperature. Both the TDMAA and N2H4 cylinders were charged with 

Ar carrier gas to deliver the precursors to the sample. Gas flows were controlled by mass 

flow controllers and fed into a RF remote plasma source (PIE Scientific) with a quartz 

plasma tube mounted above the chamber. ALA treatment time was fixed at 20 s and used 

either Ne, Ar, or Kr gas at a pressure of 5 mTorr. The power was controlled to keep a 

constant ion current density of ~0.25 mA/cm2 (~1.5*1019 ions m-2 s-1) in all cases.   

 

4.3.4 X-ray Photoelectron Spectroscopy 

 Chemical composition was determined in vacuo using an attached UHV chamber 

(Omicron VT, base pressure ~5x10-10 Torr). High resolution XP spectra were acquired on 

the as-deposited samples without any surface treatment (e.g., Ar sputtering or UHV 

annealing) using a Mg Kα source (hν = 1253.6 eV) and DESA 150 electron analyzer (Staib 

Instruments) at a collection angle of 45° relative to the surface normal using a step width 

of 0.1 eV. Analysis of the XPS data was performed in CasaXPS v2.3 using Shirley 
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background subtraction and Scofield photoionization cross sectional relative sensitivity 

factors. 

 

4.3.5 X-ray Diffraction 

 Ex situ grazing incidence x-ray diffractometry (GIXRD) was carried out on a 

Rigaku Smartlab diffractometer using a Cu Kα source (λ=0.154 nm) operating at 40 kV. 

X-ray reflectivity (XRR) data was collected on the same tool with modeling and fitting 

conducted using the Smartlab Studio software suite (Rigaku). For consistency, all samples 

were of approximately the same thickness of ~40 nm as measured by XRR.   

 

4.3.6 Atomic Force Microscopy 

 Sample topography was determined using a Keysight 5500 scanning probe 

microscope in tapping mode using, etched Si tips with Al backside coating (Bruker). 

 

4.4 Results and Discussion 

4.4.1 Effect of Inert Ion Mass on Atomic Layer Annealing 

 To determine the effect of ion momentum and energy on the ALA process, various 

inert gasses were used for the ion treatment step in addition to a controlled DC bias applied 

to the substrate. By changing the inert gas from Ne (~20 amu) to Ar (~40 amu) or Kr (~80 

amu), while maintaining constant ion current density and treatment time, momentum could 

independently be tuned from energy and flux. If the primary crystallization effect was due 

to a plasma heating effect, it was expected that the crystallization effect would be 
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independent of inert ion mass, or as noted in previous reports [16, 20], that heavier ions 

would reduce the crystalline quality of the film by inducing ion damage [18, 21]. 

 As it can be seen in the GIXRD scans in Fig. 4.2, the full width at half maximum 

(FWHM) of the AlN (002) GIXRD peaks in general decreased with increasing ion mass, 

with Kr exhibiting the lowest FWHM and therefore the best crystallinity over a range of 

energy from -10 V to – 40 V. The ideal case for epitaxial film growth is when a non-

penetrating ion impacts the surface with enough energy to stimulate surface atom 

displacement/diffusion while minimizing that effect in the bulk [22-24] which makes 

heavy/large inert gasses like Kr ideal.  

As shown below in MD simulations, gasses with small atomic radii like Ne can 

penetrate into the film and cause detrimental effects on crystallinity whereas Kr is much 

less prone to this while also being able to transfer large quantities of momentum at low 

energy owing to its large atomic mass. However, at very low bias energy, the use of Ne 

resulted in more effective crystallization than Ar. It is possible that this is due to the much 

higher ionization energy of Ne (21.6 eV) as compared to Ar (15.8 eV) and that at low 

kinetic energy, the potential energy imparted on the film as a result of neutralization of the 

Ne ions [22] (thermal energy of ~17.1 eV including AlN charge neutrality level of ~4.5 eV 

) [25] is the dominant effect whereas at higher kinetic energy (bias), momentum transfer 

induced collision cascades become the dominant factor. For low energy ions at -10 V, Ar 

ions do not have enough potential energy (compared to Ne ion) nor momentum transfer 

(compared to Kr), leading to poor crystallization of growing AlN films as shown in the left 

panel of Fig.4. 2.   
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AFM was used to verify the surface morphology of the films and as it can be seen 

in Fig. 4.3, all films were smooth, with sub-nm roughness that was nearly identical 

irrespective of the inert gas used for the ALA plasma treatment. The lack of damage from 

heavy ions is likely attributable to the low ion energies involved in the process as a result 

of the substrate biasing, which is a technique extensively used in PEALD to control ion 

energy and tailor material growth properties [26-27].  Therefore, it can be concluded at low 

energy, the potentially detrimental effects of ion bombardment by heavy gasses may be 

mitigated and that a heavy inert gas such as Kr may successfully be used for the ALA 

deposition of a smooth and highly crystalline film.  

 

4.4.2  Effect of Plasma Delay Time on Atomic Layer Annealing 

  To further confirm the momentum transfer hypothesis, the effect of delay time 

between the ion treatment step and the TDMAA pulse was studied using Kr gas at -25 V 

stage bias. It has been previously reported that the delay between the ALA plasma 

treatment step and the following reactant pulse must be minimized to achieve the best 

crystallinity due to a surface heating effect; however, as seen in Fig. 4.4a, the crystallinity 

as determined by both signal intensity as well as FWHM of the AlN (002) peak is relatively 

unchanged from a 0 s delay to a 10 s delay. This is to be somewhat expected as many other 

previous reports on ion-irradiated solids have reported the “thermal spike” phase is usually 

on the order of 10-11-10-12 s [22, 28] as opposed to the 100 s timescales seen in other ALA 

reports using PEALD followed by inert gas ion treatment [7, 18, 29]. It is hypothesized 

that the apparent time dependence of crystallinity seen by others is due to partial surface 
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oxidation or some other form of surface contamination that occurs during the delay and 

interferes with crystallinity [30].  

XPS was used to probe chemical composition of the two samples and as shown in 

Fig. 4.4b-c, XPS data of the samples with 0 s delay and 10 s delay have nearly identical, 

low O and C contamination and virtually identical chemical shift data that are consistent 

with the formation of AlN. Through the use of a high vacuum ALD system which included 

a liquid nitrogen cold trap to minimize background H2O, film contamination was 

minimized even when using a 10 s delay and consistent with crystallinity being relatively 

unchanged irrespective of delay time, in agreement with the collision cascade hypothesis.    

 

4.4.3  Effect of Intermittent Atomic Layer Annealing 

 As a final experimental verification of the idea of ion induced collision cascades, 

the ALA treatment was performed every cycle, every other cycle, and every third cycle. 

As it can be seen in Fig. 4.5, crystallinity rapidly fell off when dosing ions in every other 

cycle or every third cycle.  This is consistent with ion induced crystallinity being confined 

to the first and second atomic layers and being extremely localized. If a heating effect on 

the order of 100 s was largely responsible for the crystallization effect, it is unlikely to be 

confined to only the first monolayer of the surface [31]; therefore, the data are much more 

consistent with the low energy incident ions transferring energy primarily to the top atomic 

layer of the growth surface which is then being dissipated via phonon transport in a short-

lived process that acts as a localized thermal excitation.  
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4.4.4  Molecular Dynamics Simulations 

 To validate the experimental work and gain a deeper understanding of the ion-AlN 

interaction, classical molecular dynamics (MD) was used to investigate the ALA 

crystallization effect using Kr and Ne ions (the heaviest and lightest species tested 

experimentally). As shown schematically in Fig. 4.6a, the simulation involved a single inert 

gas atom with 40 eV energy colliding with an AlN structure composed of 1-2 monolayers 

of disordered AlN atop a perfectly crystalline AlN (002) slab. The disordered layer 

contained irregularities such as voids and two distinct types of defects that are shown 

schematically in Fig. 4.6b-c. The first defect was an interstitial Al point defect (hereafter 

referred to as defect ‘A’) and the second was a N point defect (hereafter referred to as 

defect ‘B’) that was part of a larger non-crystalline atomic chain.  

Briefly summarizing the simulation details, the Vashishta potential [32] was used 

for AlN, and the interactions between inert gas atoms and AlN were described by the 

Lennard-Jones (LJ) potential. Parameter values for the LJ potential were determined using 

the Waldman-Hagler mixing rule [33]. To ensure simulations were accurate and realistic, 

the microcanonical ensemble was used with the timestep size selected to limit the 

displacement of an atom per step to 0.05 Å. All simulations were performed using 

LAMMPS [34] at an initial temperature of 0 K with visualizations generated using OVITO 

[35]. 

Based on the simulation results, two distinct interaction stages were found 

following the impact of an inert gas ion: the initial contact and final relaxation stages. 

During the initial contact stage, the incident ion quickly transfers its energy into the AlN 

over a period of ~0.1 ps (Fig. 4.7a) and although the timescale over which this energy 
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transfer occurred was similar for both Kr and Ne, qualitative and quantitative differences 

were noted. Whereas the Kr ion collision occurred as essentially a singular collision (owing 

to its higher momentum and/or larger atomic radius), the Ne atom underwent several 

sequential collisions (see non-monotonic decrease in energy for Ne in Fig. 4.7a), leading 

to a lower energy transfer per unit ion path length. This effect can be understood as 

stemming from the high elastic modulus of AlN (~500 GPa [36]), where a large force is 

needed to deform the surface. Because force is proportional to momentum, the higher mass 

Kr ion was able to deform the AlN surface and transfer a high amount of energy to a very 

localized area whereas the lighter Ne ion generated only a minor deformation before being 

deflected.   

Although macroscopic energy transfer in the case of both Kr and Ne was similar, 

the use of Kr ions resulted in a more localized and more intense change in the potential and 

kinetic energy of the growing AlN film because unlike Ne atoms, Kr atoms did not undergo 

multiple, sequential collisions. This difference was quantified by comparing the local 

standard deviation of kinetic energy (σKE) and the local standard deviation of the change in 

potential energy of AlN (σDPE) of AlN atoms nearby the impact site (Fig. 4.7b-c). The 

higher σKE measured in the case of Kr indicated more concentrated energy transfer to the 

AlN surface which could remove complex defects while the higher σDPE indicated the Kr 

ion generated a more localized and more intense heating effect.   

In contrast to the fast initial contact stage, the relaxation stage occurs over longer 

timescales (several ps) corresponding to the “thermal spike” phase of ion-irradiated solids. 

It is during this stage that the local structure of AlN can be thermally relaxed using energy 

transferred from an impinging atom. In the cases of both Kr (Fig. 4.8a) and Ne (Fig. 4.8b), 
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defect ‘A’ is repaired during the relaxation stage as the defects received enough thermal 

energy to move into a crystalline site by surface heating; however, defect ‘B’ was removed 

only in the case of Kr because of the higher local energy required to remove the entire 

defect chain. Although the total amount of energy transferred is similar in the case of both 

Ne and Kr, the crystallization effect seen both experimentally and in simulations was seen 

to be stronger in the case of Kr, owing to the larger local momentum transfer of the Kr ion. 

It is also noted that owing to the larger atomic radius of Kr, the penetration depth of Kr is 

also much shallower as compared to Ne, which would reduce embedded species or the 

generation of defects in the bulk of the film.  

The results of the simulation were in good agreement not only with the 

experimental data, but also with other ion-solid collision simulations modeling with the 

timescales over which the surface heating effect was expected to occur [22, 31]. 

Furthermore, the crystallization effect was shown both experimentally and in simulations 

of this work to depend on the inert gas used to bombard the growth surface: Kr is more 

effective than Ne due to higher energy transfer to the surface and lower penetration depth 

leading to effective defect healing in the crystallization of ALD grown amorphous layers 

on the bulk crystalline film.  

 

4.5 Conclusion 

 In summary, it is demonstrated that the key mechanism of atomic layer annealing 

is a momentum transfer process where the incoming ions can remove defects both during 

the initial collision with the growing film and also during the later thermal relaxation stage 

where lattice vibrations act as local thermal excitation. Kr gas is shown experimentally to 
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result in higher crystallinity as measured via a smaller FWHM in GIXRD, and MD 

simulations confirm that Kr ions can repair a wider range of defects when compared to a 

lighter inert gas due to its larger and more localized momentum transfer to the growth 

surface. Furthermore, through the use of modest substrate biasing, it is shown that heavier 

ions (e.g., Kr) can successfully be used without introducing surface damage. By varying 

the time delay after ALA treatment together with XPS and GIXRD measurements, it is 

demonstrated that the local heating effect is extremely short lived and MD simulations are 

used to further reinforce this conclusion.  
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Figure 4.1. Schematic Diagram of the ALA AlN Process. (a) Using hydroxyl-
terminated Si as the starting substrate, (b) tris(dimethylamido) aluminum (TDMAA) 
dosing results in a surface terminated in aluminum dimethylamide and the release of 
dimethylamine gas. (c) Hydrazine (N2H4) dosing removes the surface bound 
dimethylamide as dimethylamine and ammonia gas. (d) The final step in the ALA 
process consists of low energy inert ion bombardment which induces crystallinity 
via a momentum transfer process that generates local thermal excitation (inset).  
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Figure 4.2. GIXRD data comparing ALA AlN films using Ne, Ar, or Kr gas at 
various bias voltages. Using the FWHM of the AlN (002) peak as a metric for 
crystallinity, Kr can be seen to result in the highest quality crystalline films over a 
wide range in energy. At -25 V and -40 V bias, crystallinity can be seen to scale with 
ion mass consistent with the momentum transfer hypothesis. Note: Treatment time 
for all samples was fixed at 20 s while ion current density was maintained at a 
constant ~0.25 mA/cm2 (~1.5*1019 ions m-2 s-1) for all conditions. All samples were 
approximately the same thickness of ~40 nm as measured by XRR. All samples had 
near bulk density consistent with a very low fraction of amorphous material. 
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(a) (b) (c)

Figure 4.3. AFM data comparing effect inert gas used during ALA. At a constant bias of 
-25 V, AFM data show RMS surface roughness (Rq) is relatively unchanged when using (a) 
Ne, (b) Ar, or (c) Kr as the gas in the ALA process with all cases displaying sub-nm roughness. 
Scale bar, 500 nm. 
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Figure 4.4. GIXRD and XPS comparing effect of ALA delay time on crystallinity. 
(a) As compared to using a 0 s delay (instant) between the ALA plasma treatment step 
and the subsequent organometallic pulse, using a delay of 10 s results in no reduction 
in AlN crystalline quality in GIXRD as measured by both signal intensity as well as 
FWHM. (b-c) XPS chemical composition data are nearly identical for 0 s and 10 s 
delay. 
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Figure 4.5. GIXRD data comparing effect of cycles per ALA treatment. 
Crystallinity is seen to rapidly decrease as a function of cycles per ALA 
treatment. When performed every cycle, crystallinity is strong (black), while the 
AlN (002) peak is barely above signal-to-noise when performing ALA every 
other cycle (red). Performing ALA every third cycle results in no detectable 
crystallinity (blue).   
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Figure 4.6. Schematic diagram of ion impact simulation. (a) The simulation 
consisted of a single 40 eV inert gas ion colliding with an AlN surface comprised of 
a disordered layer atop a crystalline AlN (002) slab. The disordered layer contains 
voids and defects to simulate the AlN film before ALA treatment. (b) The first defect 
included in the simulation (defect ‘A’) is a Frenkel defect generated by an interstitial 
Al atom (yellow).  The interstitial generated an Al vacancy depicted as a hollow 
yellow circle. (c) The second defect in the simulation (defect ‘B’) is a larger, non-
crystalline atomic chain defect shown representatively as a N point defect (turquoise) 
for ease of viewing. The point defect is just one of the atoms in a non-crystalline 
position. 
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Figure 4.7. Simulation results during initial contact phase of ion collision. (a) 
During initial contact with AlN, both Kr (blue) and Ne (red) show similar kinetic 
energy profiles which show the transfer of energy to AlN occurred over a timescale 
of ~0.1 ps; however, a non-monotonic decrease in Ne kinetic energy was seen due to 
the atom undergoing multiple sequential collisions (b) The local standard deviation of 
kinetic energy (σKE) of AlN atoms nearby the impact site is greater in the first collision 
(peak at ~0.01 ps) in the case of Kr because the Kr has a higher energy loss per unit 
length, leading to a more intense and more localized energy transfer to AlN. (c) The 
standard deviation of the change in potential energy of AlN (σDPE) is greater in the 
case of Kr due to the multiple, sequential collisions generated by Ne generating a more 
diffuse surface heating as compared to the singular impact in the case of Kr. 
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Figure 4.8. MD simulation of the local structure relaxation of AlN with an 
impinging atom. Atoms are color-coded with respect to atomic species except for 
the two defects. The solid lines are the trajectories of the impinging inert gas atoms. 
Defects are circled in cyan if they are repaired during the collision cascade. (a) The 
Kr ion is shown to not penetrate into the bulk of the film and results in the 
annihilation of defect ‘B’ within < 1 ps of ion impact and the repair of defect ‘A’ 
after several ps (b) The Ne ion is shown to penetrate further into the AlN film while 
also being unable to repair or remove defect ‘B’ though the surface heating effect 
was still able to remove defect ‘A’ after ~ 2 ps. The full collision simulation is shown 
in supplementary video 1 and 2.    
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