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Abstract 

Electron enhanced atomic layer deposition (EE-ALD) can drastically reduce the 

temperatures required for film growth through electron stimulated desorption (ESD) of surface 

species. The desorption process creates highly reactive “dangling bond” surface sites. Precursors 

can then adsorb efficiently on the dangling bonds. EE-ALD enables deposition of thin films on 

thermally sensitive substrates and growth of laminate materials where alloying would occur at 

traditional processing temperatures. 

We have demonstrated the EE-ALD of polycrystalline GaN, BN, and amorphous Si at 

room temperature (27˚C). Film growth was performed using alternating exposures of the 

appropriate precursors and low energy electrons (~100 eV). X-ray reflectivity and spectroscopic 

ellipsometry measurements monitored linear film growth versus number of reaction cycles. 

Additionally, we observed some dependence of the growth rate on electron flux and electron 

energy. Growth rates varied from 0.2 Å/cycle for Si films to 3.2 Å/cycle for BN films. 

Depth-profiling using x-ray photoelectron spectroscopy demonstrated clean BN (1.3:1) 

films with < 3 at.% C and O impurities. Crystallites as large as 10 nm were observed by high-

resolution transmission electron microscopy and grazing angle x-ray diffraction for GaN films.  

EE-ALD should facilitate the deposition of a variety of ALD films at low temperature. Materials 

grown with hydride or halide precursors are all possible candidates due to their large ESD cross-

sections. 
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Chapter 1: Introduction 

I. Atomic Layer Deposition 

A. Basics 

Atomic layer deposition (ALD) is a versatile technique that allows for the growth of 

ultra-thin films that are conformal and pinhole free with Ångstrom-level control. Film growth is 

achieved through repeated sequential exposures of gaseous reactant molecules.4 Reactant 

molecules (precursors) must possess a reasonable vapor pressure at temperatures between 25 - 

200 °C and exhibit no intermolecular reactions with itself. Typically, two or more precursors are 

used for ALD film growth. These precursors are chosen based on the energetic favorability of 

their chemical reactions. Without a favorable chemical reaction, where each precursor creates a 

layer reactive to the next precursor, ALD growth cannot proceed.  

ALD film growth commonly occurs within a vacuum chamber, although atmospheric 

pressure techniques are becoming more common.4-6 Precursors are exposed to the substrate and 

allowed to react with the surface in a sequential fashion. Each precursor exposure is separated by 

either a time-delayed inert gas purge (temporal ALD) or a high-pressure inert gas physical zone 

(spatial ALD). This separation allows the precursor to react only with the exposed surface 

resulting in monolayer film deposition that self-limits once all reactive surface sites are 

consumed. Surface coverages for a single dose are theoretically up to 100 %; however, it is 

common for practical surface coverages to be lower.4 Each monolayer that is deposited changes 

the character of the surface reactive sites and promotes film growth for the following precursor 

exposure as shown as Figure 1.1. Here precursor A reacts with surface sites until they have all 

been consumed. The resulting surface has different reactive sites that are incompatible to further 

reaction with precursor A. Precursor B is chosen based on being compatible for reaction with 

surface sites left by precursor A. These surface sites are consumed until a monolayer from 
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Figure 1.1: Cartoon for an ALD process using sequential dosing of precursors A and B. ALD 

relies on self-limiting surface modifications for monolayer growth control.2  
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precursor B is formed at which point the reaction again self-limits. At this point, the surface sites 

have been regenerated to react with precursor A. These “AB” reaction sequences can be repeated 

until the desired thickness is achieved. It is possible to achieve films that are a single monolayer 

as well as films that are hundreds of nanometers thick with ALD.  

One of the greatest advantages of ALD as a thin film deposition technique is its ability to 

coat surfaces conformally regardless of substrate geometry.4 Since ALD employs gas-phase 

precursors, a thin film will coat any zone on the substrate, including trenches, into which the gas 

molecules can diffuse. Assuming proper precursor separation is observed, conformal film 

thickness will be observed throughout the entire ALD film. Figure 1.2 shows an ALD Al2O3 film 

deposition of 300 nm on a patterned Si trench structure.  

ALD processes presently exist for many materials within the oxide, nitride, carbide, 

sulfide, fluoride and metallic families.4,7-10 Additionally, organic based materials such as 

polymers and biomaterials can be deposited with a variation of ALD called molecular layer 

deposition (MLD).4,11 Finally, it is possible to create varied film structures such as nano-

laminates and doped materials through varying the relative number of ALD cycles or chemical 

reactions.4,12,13  

B. Applications 

ALD films with many varied properties are possible due to the flexibility in choosing 

precursors and engineering reaction chemistry. Currently, coatings with insulating, 

semiconducting, conducting, dielectric, magnetic and refractive properties are available for 

ALD.4,7,10,13 Additionally, ALD has flexibility in the substrate on which films can be deposited.4 

Many substrate materials have been used to date including metals, ceramics, semiconductors, 

polymers,14 fabrics,15 particles16 and nanotubes.17 
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Figure 1.2: Cross-sectional SEM image of an Al2O3 ALD film growth on a patterned trench 

structure demonstrates the high levels of obtainable conformality with ALD.3 
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With this flexibility in materials and substrates, ALD has a growing industrial presence in 

microelectronics, batteries, solar cells, pharmaceuticals and biomedical applications. ALD is 

employed in microelectronics to fabricate high-k dielectrics for metal-oxide-semiconductor field-

effect transistors (MOSFET), metal barriers and gate metals, metal interconnects and dynamic 

random access memory (DRAM) capacitors.18 The main advantage of ALD for this application 

is the conformality of ultra-thin films over complex structures and the ability to engineer film 

properties while reducing microelectronic dimensions. There is interest in ALD for batteries as 

there is potential to use these films in lithium ion batteries, super capacitors and fuel cells to 

mitigate the capacitance loss as cells age due to cycling.19-21 ALD films serve two main purposes 

in solar cell applications: as flexible barriers to prevent oxidative deterioration from water vapor 

and as a buffer layer to reduce charge recombination energy loss.22 Finally, pharmaceutical and 

biomedical fields are applying ALD films for enhancing powder handling, controlling time delay 

dosing and as a surface modification for implants.23,24 

C. Limitations 

There are still many materials for which a viable ALD process does not exist. This is 

generally due to either the lack of safe precursors compatible with ALD reaction requirements, 

unreactive precursors at desired reaction temperatures or the material quality of produced ALD 

films not being sufficient for the desired application. Generally, a chemical vapor deposition 

(CVD) or molecular beam epitaxy (MBE) process can be employed to deposit the desired film. 

However, these techniques lack the growth rate control and conformality of an ALD process. For 

example, high aspect ratio structures are difficult to coat without the control of an ALD process. 

Additionally, CVD and MBE processes typically require much higher temperatures for quality 

film deposition to occur. Typically, ALD processes can be run under 300 °C, while CVD and 

MBE process temperatures commonly exceed 800 °C.25 These elevated temperature 
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requirements make it impossible to deposit films on thermally sensitive substrates such as some 

polymers. Furthermore, surface roughening and interfacial alloying can occur at elevated 

temperatures resulting in degraded film quality.26,27 It is desirable to work toward low 

temperature ALD alternatives for these CVD and MBE processes. 

II. Non-Thermal Atomic Layer Deposition 

A. Mechanisms for Enhancement 

Elevated temperatures allow many surface reactions to be energetically favorable for 

normally unreactive ALD precursors. However, elevated temperatures are often undesirable in 

thin film growth. It is possible to substitute the thermal energy source that drives these reactions 

with an alternative source of energy. Possible non-thermal energy sources include using ion, 

photon or electron fluxes across the surface.  

The use of ions is already popular in the form of plasma-enhanced ALD (PEALD). 

PEALD utilizes a plasma (typically H2, N2 or O2) to generate highly reactive radical fluxes 

across the substrate surface.4,28 The majority of films deposited by PEALD are metal oxides, 

metal nitrides and pure metals.4,28 PEALD offers many benefits including reduced reaction 

temperature, access to new precursors and chemistries, and increased growth rates.28 However, a 

persistent limitation of PEALD occurs in the form of plasma-induced damage to the film. This 

damage can result in surface modification and defect formation which deteriorates film quality 

for some applications.28 Additional damage can occur to sensitive substrates during the initial 

reaction cycles. 

Several photochemical ALD (pc-ALD) processes have been described for common metal 

oxides.29 These processes are considered to require ultraviolet (UV) light sources to provide the 

necessary photon energy to stimulate surface reactions.29 However, it is difficult to find suitable 
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light sources with sufficient intensity.29 While initial work in pc-ALD shows promise in 

promoting enhanced electrical properties in ALD films at reduced reaction temperatures, photo-

driven processes’ main application remains lithography and patterning. 

Prior to this work, electron fluxes across the substrate surface had not been employed to 

stimulate ALD surface reactions. Therefore, electron-enhanced atomic layer deposition (EE-

ALD) will be the focus of this work. 

III. Electron Enhanced Atomic Layer Deposition 

A. Electron Stimulated Desorption 

Electron stimulated desorption (ESD) can occur on surfaces that have been exposed to an 

electron flux. Typically, ESD will result in desorption of hydrogen species from the surface; 

however, it is possible for other species to be removed as well. The surface will then have 

“dangling” bonds remaining from the desorption process. A “dangling” bond is a highly reactive, 

unpaired electron on an immobilized atom.30 These “dangling” bonds will readily react with gas 

molecules that adsorb on the surface. Thus, it is possible to replace the thermal energy 

component of these reactions. 

ESD has been found to occur through two main pathways described by the Menzel-

Gomer-Redhead mechanism and the Knotek-Feibelman mechanism. The Menzel-Gomer-

Redhead mechanism is pictured in Figure 1.3. It describes how the incident electron flux 

transfers energy to valence, bonding electrons on the surface. These electrons are excited into an 

antibonding orbital, which as the electron relaxes down its potential energy curve, results in the 

dissociation of the surface bond.31,32 The surface bond of interest for these studies is the 

hydrogen bond to silicon, gallium nitride or boron nitride. Once the dissociation occurs, radical 

hydrogen species can react and leave the surface as H2. The remaining electron from the  
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Figure 1.3: Menzel-Gomer-Redhead mechanism for electron stimulated desorption.1  



9 

 

 

dissociated bond becomes the dangling bond site that will be used for precursor adsorption. The 

second possible mechanism for ESD processes to occur through is the Knotek-Feibelman 

mechanism pictured in Figure 1.4. The Knotek-Feibelman mechanism describes an Auger 

process of bond dissociation. An incident electron on the surface with energy equal to or greater 

than the energy of a core level orbital will knock that core level electron out of its atom. The 

remaining electron hole will be filled by a valence level electron releasing energy and falling 

down into it. In order to conserve energy, another valence electron will absorb the released 

energy and become energetically excited enough to escape the atom.33 With the loss of these 

valence, bonding electrons, hydrogen can be dissociated from the surface leaving the surface 

highly reactive. 

B. Ultra-high Vacuum Reactor Design 

Due to the highly reactive nature of the “dangling” bonds generated through ESD, it is 

imperative that this chemistry proceeds in a clean environment. “Dangling” bonds should react 

indiscriminately with any gaseous species present including water and oxygen. Such side 

reactions would generate film impurities and reduce the efficiency with which films are grown, 

as competition exists for reactive sites. Additionally, a clean system will preserve the lifetime of 

the “dangling” bonds allowing for more flexibility in reaction parameters. To achieve this goal, a 

specialized ultra-high vacuum (UHV) reactor was designed and built on site to perform EE-

ALD. UHV pressures are typically considered to be 10-9 – 10-12 Torr. For comparison, lunar 

pressure fluctuates around 10-12 Torr and pressure in interstellar space is < 10-17 Torr.34,35  

The reactor is set up in three sections that are isolated from each other: a load lock 

chamber, a reaction chamber and an analysis chamber. The base pressure of the EE-ALD 

reaction chamber is 10-10 Torr. The load lock chamber is set up to load samples while removing 

atmospheric gases and desorbing excess water from surfaces to maintain the integrity of the  
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Figure 1.4: Knotek-Feibelman mechanism for electron stimulated desorption.1  
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vacuum in the reaction chamber. Samples can be moved between chambers with a magnetically 

coupled transfer arm. The reaction chamber is equipped with in situ analysis techniques 

including ellipsometry to monitor film thickness and mass spectrometry to identify species 

coming off the reaction surface. EE-ALD reactions are performed using an electron flood gun as 

the electron source and micro-pulse valves to introduce precursors. Behind the micro-pulse 

valves is a dosing manifold that allows for tight control over the pressure of gas introduced into 

the system. Finally, the analysis chamber can be accessed through the reaction chamber by 

another magnetically coupled transfer arm. The analysis chamber is equipped with an in situ 

Auger to monitor the composition of the film surface. An overview of the EE-ALD reactor is 

shown in Figure 1.5. 

C. Compatible Precursors 

The proposed reaction mechanism for this EE-ALD work involves the ESD of surface 

species as an alternative reaction pathway. Therefore, it is anticipated that any surface species 

with a large ESD cross section should serve as a viable reaction chemistry. This work focuses 

solely on the ESD of hydrogen from silicon, GaN and BN surfaces. However, hydrogen has a 

large ESD cross section from many materials including diamond36 and TiO2
37

 which may allow 

these films to be deposited with EE-ALD in the future. Other surface species, including 

halogens,38 also exhibit large ESD cross sections potentially allowing their implementation into 

EE-ALD processes. It is anticipated that hydrogen and halogen terminated precursors will be 

viable options for use in EE-ALD film depositions. 
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Figure 1.5: Schematic of reactor designed for this EE-ALD work. 
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Chapter 2: Electron Enhanced Growth of Crystalline Gallium 

Nitride Thin Films at Room Temperature and 100°C Using 

Sequential Surface Reactions39 

 

Jaclyn K. Sprenger1, Andrew S. Cavanagh1, Huaxing Sun1, Kathryn J. Wahl2, Alexana Roshko3 

and Steven M. George1,4 

1Department of Chemistry and Biochemistry, University of Colorado, Boulder, CO 80309; 2Naval 

Research Laboratory, Washington, DC  20375; 3National Institute of Standards and Technology, Boulder, 

CO  80305; 4Department of Mechanical Engineering, University of Colorado, Boulder, CO 80309. 

I. Abstract 

Low energy electrons may provide mechanisms to enhance thin film growth at low 

temperatures.  As a proof of concept, this work demonstrated the deposition of gallium nitride 

(GaN) films over areas of ~5 cm2 at room temperature and 100 °C using electrons with a low 

energy of 50 eV from an electron flood gun.  The GaN films were deposited on Si(111) wafers 

using a cycle of reactions similar to the sequence employed for GaN atomic layer deposition 

(ALD).  Trimethylgallium (Ga(CH3)3, TMG), hydrogen (H) radicals and ammonia (NH3) were 

employed as the reactants with electron exposures included in the reaction cycle after the 

TMG/H and NH3 exposures.  A number of ex situ techniques were then employed to analyze the 

GaN films.  Spectroscopic ellipsometry measurements revealed that the GaN films grew linearly 

with the number of reaction cycles.  Linear growth rates of up to 1.3 Å/cycle were obtained from 

the surface areas receiving the highest electron fluxes.  Grazing incidence X-ray diffraction 

analysis revealed polycrystalline GaN films with the wurtzite crystal structure.  Transmission 

electron microscopy (TEM) images showed crystalline grains with diameters between 2-10 nm 

depending on the growth temperature.  X-ray photoelectron spectroscopy depth profiling 

displayed no oxygen contamination when the GaN films were capped with Al prior to 

atmospheric exposure.  However, the carbon concentrations in the GaN films were 10-35 at.%. 
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The mechanism for the low temperature GaN growth is believed to result from the electron 

stimulated desorption (ESD) of hydrogen.  Hydrogen ESD yields dangling bonds that facilitate 

Ga-N bond formation.  Mass spectrometry measurements performed concurrently with the 

reaction cycles revealed increases in the pressure of H2 and various GaN etch products during the 

electron beam exposures.  The amount of H2 and GaN etch products increased with electron 

beam energy from 25 to 200 eV.  These results indicate that the GaN growth occurs with 

competing GaN etching during the reaction cycles.  

II. Introduction 

Gallium nitride (GaN) is an important wide band gap semiconductor that has many 

applications in optoelectronics40,41 and high power electronics.42,43  However, bulk GaN single 

crystals are not easily produced using conventional methods.44  GaN devices rely on GaN 

heteroepitaxy on other substrates.45  This situation increases the importance of depositing GaN 

using vapor phase processes such as metalorganic chemical vapor deposition45-47 (MOCVD), 

hydride vapor phase epitaxy48 (HVPE), and molecular beam epitaxy49 (MBE) techniques.  

Unfortunately, these vapor phase processes require high temperatures.  For example, 

temperatures of 800-1100 ºC are needed for GaN growth using MOCVD with trimethylgallium 

(TMG) or triethylgallium (TEG) and NH3.
45-47  These high temperatures preclude GaN 

deposition on many thermally sensitive substrates and device structures.  One goal of this work 

was to develop a method to lower the temperature of GaN thin film growth.  

Another goal of this work was to define a GaN atomic layer deposition (ALD) process at 

low temperatures using sequential, self-limiting surface reactions.  ALD techniques are able to 

deposit thin films conformally with atomic layer control.50  The sequential surface reactions 

utilized for GaN ALD also allow for the addition of non-thermal enhancement between or during 
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the sequential reactions.  Thermal GaN ALD was initially reported using either TMG or TEG 

and NH3 as the reactants at temperature ranging from 450-900 °C.51-53  The use of a hot filament 

to decompose the NH3 also produced GaN ALD films at 250-350 °C using TEG and NH3.
54  

GaCl and NH3 were used as the reactants for GaN ALD at temperatures from 350-400 °C.55,56  

Slightly higher temperatures of 500-750 °C were required for GaN ALD using GaCl3 and 

NH3.
57,58  TMG and a NH3 plasma has also been used for GaN ALD at temperatures from 185-

385 °C.59,60  In this work, TMG, hydrogen (H) radicals and NH3 were employed as the reactants 

with electron exposures included in the reaction sequence after the TMG/H and NH3 exposures 

to lower the required temperatures for GaN ALD.  TMG was employed instead of TEG because 

of its higher vapor pressure.   

The electron exposures were used for non-thermal enhancement of GaN ALD by electron 

stimulated desorption (ESD).61,62  ESD can be used to desorb a variety of surface species, such as 

hydrogen and halogens, from surfaces.61,62  In particular, the ESD of hydrogen from GaN is an 

efficient process.63,64  Earlier studies have reported an ESD cross section for hydrogen from 

GaN(0001) of 2 x 10-17 cm2 at 90 eV.63  This ESD cross section is much higher than previously 

reported ESD cross sections for hydrogen from Si(100).65-69  ESD can occur via the Menzel-

Gomer-Redhead70,71 (MGR) or Knotek-Feibelman72,73 (KF) mechanisms.  The ESD of hydrogen 

will create free dangling bond sites on the surface.  These dangling bond sites can be created at 

temperatures much lower than 250-500 °C where hydrogen desorbs thermally from GaN 

surfaces.74-76  The dangling bond sites are expected to promote bond formation with other 

reactants with little or no activation barrier to facilitate thin film growth at low temperatures. 

A similar ESD approach has been pursued for nanoscale patterning on silicon surfaces.77  

This work is based on the ability of electrons from the scanning tunneling microscope (STM) to 
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desorb hydrogen by ESD from silicon surfaces.67,69,77,78  Hydrogen is observed to desorb from 

Si(100)-2x1 surfaces and leave behind silicon dangling bonds.67,69,77,79  The reactive dangling 

bonds can adsorb other reactants such as Al, Fe(CO)5 or O2.
65,80,81  The remaining hydrogen 

serves as a mask to prevent adsorption.  Hydrogen ESD has been employed to form Al,81 Fe82 

and oxide80 nanoscale patterns on Si(100) surfaces.  In contrast, the approach in this paper uses 

ESD after sequential TMG/H and NH3 reactant exposures to grow GaN thin films.  This 

procedure also uses an electron flood gun for hydrogen ESD over surface areas of ~5 cm2. 

The proposed stepwise sequence of the surface reactions for low temperature GaN 

growth is shown in Figure 2.1.  A hydrogen atom exposure after the TMG exposure is intended 

to replace the –CH3 groups with hydrogen.  Electron beam exposures at 50 eV after the TMG/H 

and NH3 exposures are expected to desorb hydrogen and form dangling bonds on the GaN 

surface.  Using this proposed stepwise sequence of reactions, GaN film growth on Si(111) wafers 

was conducted at room temperature and 100 °C.  Because of the high reactivity of the dangling 

bonds, the GaN film growth was performed in an ultra-high vacuum (UHV) chamber to 

minimize competitive adsorption from other reactants such as H2O.  Mass spectrometry was also 

employed to analyze the gas species resulting from the ESD during the reaction sequence.   

The GaN films were then analyzed using a variety of ex situ techniques.  The thickness of 

these GaN films were measured using spectroscopic ellipsometry (SE).  The crystallinity of the 

GaN films was characterized using grazing incidence x-ray diffraction (GIXRD).  The size of the 

crystallites in the GaN films was established using high-resolution transmission microscopy 

(HRTEM).  The composition of the GaN films was measured using x-ray photoelectron 

spectroscopy (XPS).  These analysis techniques can reveal if low temperature growth of 

crystalline GaN films is possible using electron enhancement at low electron energies of 50 eV.   
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Figure 2.1: Proposed growth mechanism for electron-enhanced GaN growth using sequential 

surface reactions. 
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III. Experimental 

A. Vacuum Chamber 

The low temperature GaN film growth was conducted in an UHV chamber that was 

attached to a load lock chamber.  Figure 2.2 shows a schematic of the UHV chamber and the 

load lock.  The core of this UHV chamber is a 4.5” spherical cube (Kimball Physics Inc.).  A 

magnetic sample transfer arm (Thermionics) is attached to the load lock chamber.  A gate valve 

separates the load lock and main chamber.  The chamber was pumped with a turbomolecular 

pump (HiPace 300C, 260 L/s for N2, Pfeiffer Vacuum Technology AG) during the reaction 

cycles and additionally with an ion pump (TiTan 100L Variable Element, 100 L/s, Gamma 

Vacuum) between experiments. 

The sample stage (Thermionics) was heated using a temperature-regulated filament.  This 

filament was controlled using a LabVIEW-based proportional-integral-derivative (PID) control.  

Without heating, the temperature of the sample stage was at room temperature.  With the 

filament heating, the sample stage could be raised to 400 °C.  The sample stage included three 

compression clips that secured the Si(111) wafers and a thermocouple to measure the 

temperature.  The sample stage was grounded to prevent charge build-up. 

A beam of low energy electrons was produced using an electron flood gun with an yttria-

coated iridium filament (Model EGA-1012, Kimball Physics Inc.).  The electron flood gun could 

produce electron energies from 5-1000 eV at electron currents from 1-2000 A.  Electrons from 

the electron gun were incident on the Si(111) substrate at 55 ° from the surface normal.  The 

distance between the end of the electron gun and the Si(111) substrate was approximately 2.5 

cm.  Each electron beam exposure was conducted for ~120 s.  The chamber pressure during the 

electron exposures was ≤ 1 x 10-7 Torr. 

 



19 

 

 

 

 

 

 

 

 

 

Sample 
Transfer 

Arm 

HABS 
Mass 

Spec 

Turbo 

Pump 

Ion 

Pump 

Electron 

Gun 

Figure 2.2: Experimental schematic of vacuum apparatus. 
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Precursors were introduced into the UHV chamber through miniature micro-dispensing 

pulse valves (Parker Hannifin Corp.).  Prior to introduction, the NH3 and H2 lines were passed 

through hydride and hydrogen gas purifiers (Entegris Inc.), respectively.  The valves were open 

for 100 ms to dose the TMG and NH3 precursors.  The pressure transients in the vacuum 

chamber during the TMG and NH3 exposures were each ~1 mTorr. 

A hydrogen atom beam source (HABS) (MBE-Komponenten GmbH) was used to 

produce the hydrogen radicals.  The hydrogen radicals were formed by cracking H2 using a 

tungsten capillary at 1900 °C.  The chamber pressure during the hydrogen atom beam exposure 

was ~ 1 x 10-5 Torr with ~ 1 sccm of H2 flowing through the HABS.  The working distance from 

the end of tungsten capillary in the HABS to the Si(111) substrate was ~20 cm.  The hydrogen 

radical flux was incident on the Si(111) substrate at an angle of 55 ° from surface normal.  The 

HABS was expected to have a flux of 1-5 x 1015 H-atoms cm-2 s-1 based on the operating 

conditions.  Hydrogen radical exposures covered a surface area of ~5 cm2.  The hydrogen atom 

exposure time was typically 100 s. Shorter hydrogen atom exposure times led to more carbon 

incorporation in the GaN films.   

The UHV chamber also was equipped with a mass spectrometer (PrismaPlus QMG 220M 

with C-SEM detector, Pfeiffer Vacuum Inc.).  This mass spectrometer could measure mass 

signals up to m/z = 200 amu.  This mass spectrometer also has an internal ion current to pressure 

calibration that allows partial pressures to be estimated from ion currents.  The mass 

spectrometer is located in the top right-hand side of Figure 2.2.  The HABS is positioned just left 

of center in the top portion of Figure 2.2.  The electron gun is shown in Figure 2.2 in the front 

lower left of the UHV chamber.  A z-translation stage allowed the electron flood gun to be 

extended and retracted to accommodate the sample transfer arm.  The ion pump is located 
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underneath the main UHV chamber.  The turbomolecular pump is positioned in back of the UHV 

chamber on the right-hand side behind the mass spectrometer. 

After the completion of most of the work presented in this paper, an in situ ellipsometer 

(Film Sense, FS-1 Multi-Wavelength Ellipsometer) was installed on the chamber.  This in situ 

ellipsometer provided a method to study the effect of reaction parameters on the growth rate of 

the GaN film.  In addition, the experimental apparatus was also upgraded to include a small 

second chamber where the sample could be analyzed using Auger electron spectroscopy using a 

cylindrical mirror analyzer (RBD Instruments, microCMA Compact Auger Analyzer).  This 

Auger spectroscopy analysis chamber was separated from the main chamber by a gate valve.  

The sample could be moved between the main chamber and the Auger spectroscopy analysis 

chamber using a magnetic transfer mechanism.    

B. Chemicals and Materials  

GaN films were grown using trimethylgallium (Ga(CH3)3; 99.9999%, electronics grade, 

Strem), ammonia (NH3; 99.999%, anhydrous, Airgas) and hydrogen (H2; research grade, 

Airgas).  Films were deposited on boron-doped Si(111) substrates (Silicon Valley 

Microelectronics, Inc.).  The substrates were rinsed with acetone and methanol, and cleaned with 

Nano-Strip (Cyantec Corporation).  The silicon native oxide was removed and the surface was 

hydrogen-passivated using dilute hydrofluoric (HF) acid (50:1 H2O:HF).9-11   

The silicon substrate on the sample stage was loaded into the load lock chamber and the 

background pressure was reduced to 1x10-6 Torr.  The silicon substrate on the sample stage and 

the surrounding load lock chamber were then UV-irradiated for 1 hour using UV lamps (RDB 

Instruments) to desorb water and other surface species from the silicon substrate and chamber 

walls.83  After the pressure in the load lock was reduced to approximately 1 x 10-8 Torr, the 

silicon substrate on the sample stage was transferred into the main chamber.  The silicon 
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substrate on the sample holder and the main chamber were again irradiated with UV light for 1 

hour.  Prior to deposition, the Si(111) wafer was also cleaned using a 100 s hydrogen atom beam 

exposure at a flux of 1-5 x 1015 H-atoms cm-2 s-1. 

For comparison, GaN films were also deposited on the Ga-face of single-crystal 

GaN(0001) substrates (Kyma Technologies) provided by the Naval Research Laboratory.  The 

Ga-face was employed because the previous studies of hydrogen ESD on GaN substrates were 

performed on the Ga-face of GaN(0001).84  The GaN(0001) substrates were N+ (Si doped) with 

a maximum off-cut of 0.33 degrees.  To clean the single-crystal GaN wafers, the samples were 

dipped in dilute HF (50:1 H2O:HF) for 5 mins at 27 °C, rinsed with deionized water, dipped in 

Nano-strip at 80 °C for 10 mins, rinsed again with deionized water, and then blown dry with 

nitrogen.85  The GaN wafers were then attached to a Si(111) wafer using 9 mm diameter carbon 

adhesive tape (SPI Supplies).  After transfer to the vacuum chamber, the sample was further 

cleaned with 30 cycles of the following reaction sequence: 5 s TMG exposure; 5 s purge; 30 s 

HABS exposure; 5 s purge; and a 300 s HABS exposure.  These conditions were close to 

previous in situ cleaning procedures reported for GaN samples.85 

C. Ex situ Film Analysis  

The GaN films were analyzed using a variety of ex situ techniques.  The film thickness, 

index of refraction, n, and extinction coefficient, k, were determined using a spectroscopic 

ellipsometer (Model M-2000, J.A Woollam Co., Inc.).  The SE data was fitted with a Tauc-

Lorentz model using the CompleteEASE software package (J.A. Woollam Co., Inc.) to obtain 

the film thickness and optical properties.  

The crystallinity of the GaN films was determined using grazing incidence X-ray 

diffraction (GIXRD) at the Naval Research Laboratory.  The diffraction patterns were obtained 

with an x-ray diffractometer (SmartLab System, Rigaku) using Cu-Kα irradiation at an incident 
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angle of 0.3 °.  The diameter of the GaN crystallites was estimated based on the width of the 

diffraction peaks using the Scherrer formula.86 

The TEM images of the GaN films were recorded at the National Institute of Science and 

Technology in Boulder (NIST-Boulder).  The cross sectional sample for TEM was prepared by 

focused ion beam (FIB) Ga milling (Auriga Dual Beam FIB, Carl Zeiss)87 after deposition of a 

protective platinum layer.  Low-energy Ar ion milling at 850 eV was used to remove the FIB-

induced surface damage.  The sample was imaged at 200 kV in a high resolution transmission 

electron microscope (HRTEM) (JEM-ARM200F TEM, JEOL).87  This HRTEM contained an 

aberration-corrected probe for scanning transmission electron microscopy (STEM). 

The film composition was determined by X-ray photoelectron spectroscopy (XPS) 

analysis using an X-ray photoelectron spectrometer (PHI 5600) at the University of Colorado.  

The spectrometer used a monochromatic Al-Κα source at 1486.6 eV.  The pass energy was 29.35 

eV and the step size was 0.25 eV.  An electron beam neutralizer was used during the XPS 

measurements.  XPS depth-profiling and surface carbon removal were conducted using argon ion 

sputtering.  The XPS data was collected using Auger Scan (RBD Instruments).  The XPS data 

was analyzed in CASA XPS (Casa Software Ltd.). 

IV. Results and Discussion 

A. Film Growth and Characterization Using Spectroscopic Ellipsometry 

The GaN films were grown at room temperature (27 °C) and 100 °C using the stepwise 

sequence of exposures shown in Figure 2.1.  The exact reaction sequence was: TMG pressure 

transient of ~1 mTorr; purge of 15 s; HABS exposure of 100 s; purge of 90 s; electron exposure 

of 120 s; NH3 pressure transient of ~1 mTorr; purge of 90 s; and electron exposure of 120 s.  The 
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electron energy was 50 eV and the electron emission current from the filament was 150 A.  The 

electron current incident on the sample during the electron exposures was ~75 A for 120 s.   

Figure 2.3 shows a photo of a GaN film on a Si(111) wafer after 600 reaction cycles at 

27°C.  The GaN film was clearly visible on the Si(111) wafer and appeared as a gradient of 

colors ranging from light blue to dark brown.  This GaN film has dimensions of ~3.0 cm x 1.5 

cm.  The vacuum chamber background pressure before the 600 cycles was 5 x 10-9 Torr.  During 

the purge portion of the reaction sequence, the background pressure increased to ~2 x 10-8 Torr 

during the 600 cycles. 

After the GaN film growth, ex situ spectroscopic ellipsometry was used to measure the 

film thickness on the Si(111) wafer.  Film thicknesses varied across the Si(111) wafer from 80 

nm close to the electron gun to 30 nm away from the electron gun.  This range of film 

thicknesses is attributed to the varying electron beam flux across the surface.  The electron gun 

emits electrons in a Gaussian spatial distribution.  The incident electron flux was 55o from the 

surface normal of the Si(111) wafer.  The electron beam also is diverging because of space-

charge effects that are more severe at low electron energies.  These factors cause the electron 

beam diameter to increase with propagation distance from the electron gun. The electrons 

impacting the far side of the Si(111) wafer travel approximately twice the distance from the 

electron gun source as electron impacting the near side of the Si(111) wafer. More uniform film 

thicknesses would be obtained with incident electron fluxes that are normal to the surface.  

However, these incident electron fluxes from the electron gun would still have a Gaussian spatial 

distribution.  Electron fluxes that are even more uniform could also be obtained by extracting 

electrons from the positive column of a DC glow discharge plasma.88 
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Figure 2.3: Photo of GaN film grown on Si(111) substrate at 27 °C. 
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To determine GaN film growth rates on the Si(111) wafer, the film thicknesses were 

measured using spectroscopic ellipsometry at various positions along the gradient as shown in 

Figure 2.4a.  Thickness measurements were performed after 150, 250, 300, 400 and 600 reaction 

cycles and are summarized in Figure 2.4b.  Figure 2.4b reveals that there is a linear increase in 

film thickness versus number of reaction cycles.  The slight deviations from linearity for the 

thicknesses after 250 and 400 cycles may be caused by the difficulty in manually replicating the 

same locations on the various samples.  The growth rate varied from 0.9 to 1.3 Å /cycle across 

the three positions shown in Figure 2.4a.  Slightly smaller GaN growth rates were also observed 

at 100 °C.   

The measured GaN growth rates from 0.9 to 1.3 Å /cycle at room temperature are 

believed to be obtained under self-limiting reactant exposures.  Additional in situ ellipsometry 

measurements performed after the completion of the experimental results displayed in Figure 2.4 

revealed that the ~1 mTorr pressure transients for the reactants were sufficient for the surface 

reactions to reach completion.  In contrast, the GaN growth rate dependence on electron 

exposure time was not self-limiting.  The in situ ellipsometer experiments have revealed that the 

GaN growth rate increases for longer electron exposure times.  The rate of increase does begin to 

level off for electron exposure times >60 s.  However, the GaN growth rate is still increasing for 

electron exposure times as long as 250 s.  This behavior is consistent with only a small loss of 

hydrogen coverage resulting from hydrogen ESD as discussed later in Sect. IV.F. 

 The GaN growth rates from 0.9 to 1.3 Å /cycle are somewhat smaller than the previous 

GaN growth rates reported by thermal GaN ALD.  Thermal ALD experiments using TEG and 

NH3 as the reactants obtained GaN growth rates of ~1.9 Å / cycle.53  Other thermal ALD 
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Figure 2.4: (a) GaN film on Si(111) wafer showing three positions for analysis using spectroscopic 

ellipsometry. (b) Thickness of GaN versus number of reaction cycles at the three positions. 
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investigations using GaCl3 and NH3 as the reactants have measured growth rates of ~2 Å / 

cycle57 and ~3 Å / cycle.58  Additional thermal ALD studies using GaCl and NH3 as the reactants 

have obtained growth rates of ~2.5 Å / cycle.55,56  However, plasma ALD studies using TMG and 

NH3 as the reactants have reported smaller GaN growth rates of ~0.22 Å / cycle60  and ~0.51 Å / 

cycle.59 

Control experiments were performed to understand the growth mechanism.  The first 

control experiment replaced the electron gun exposures at 50 eV after the TMG/H and NH3 

exposures with an equivalent length purge for 300 cycles.  All other conditions remained the 

same as described for the growth of the GaN film shown in Figure 2.3.  Subsequently, ex situ 

spectroscopic ellipsometry and XPS measurements observed no film growth. 

Experiments were also performed by removing the precursor doses while maintaining all 

other reaction conditions for 300 cycles.  No film growth was observed by ex situ spectroscopic 

ellipsometry measurements without the TMG doses.  Likewise, the reactions performed without 

NH3 doses showed no film growth.  Control experiments were also performed without HABS 

exposures.  All other reaction conditions were maintained and a 100 s purge replaced the HABS 

exposure.  Ex situ spectroscopic ellipsometry measurements observed film growth with a growth 

rate consistent with the growth rates obtained using the HABS exposures.  However, ex situ XPS 

analysis revealed a carbon contamination of 27 at.% for GaN films grown at 27 °C.   

Spectroscopic ellipsometry was used to characterize the optical properties of the GaN 

films.  Figure 2.5 shows the index of refraction, n, and the extinction coefficient, k, of the GaN 

films grown on the Si(111) wafers.  The extinction coefficients indicate that the GaN films begin 

to absorb radiation at energies slightly greater than 3 eV.  This absorption threshold is consistent 

with the bandgap for bulk GaN of 3.4 eV.3,12  In addition, the index of refraction of the GaN  
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Figure 2.5: Index of refraction, n, and extinction coefficient, k, versus radiation energy for the 

GaN film on Si(111) wafer. 
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films is n=2.07 at 1.0 eV and reaches a peak value of approximately n=2.3 at energies above the 

bandgap energy.  These results are slightly smaller than the values of n= 2.33 at 1.0 eV and 

n=2.67 at 3.38 eV reported in the literature.89  The smaller refractive indices may result from the 

high carbon concentration in the polycrystalline GaN films. 

B. Crystallinity from GIXRD Measurements 

The crystallinity of the GaN films was established using grazing incidence x-ray 

diffraction (GIXRD) and transmission electron microscopy (TEM).  GIXRD results for the GaN 

films grown on Si(111) wafers are shown in Figure 2.6.  Figure 2.6a shows the results for a GaN 

film grown at 27 °C using 807 reaction cycles.  This film had a thickness of ~1200 Å at position 

1 as defined in Figure 2.4.  Figure 6b displays the results for a GaN film grown at 100 °C using 

827 reaction cycles.  This film had a thickness of ~600 Å at position 1 as defined in Figure 2.4.  

For comparison, the XRD results for a crystalline wurtzite GaN powder are shown in Figure 

2.6c.90,91  The Miller indices are associated with each peak and the length of the lines indicates 

the relative intensities.  

A comparison between Figures 6b and 6c indicates that the strong 100, 002 and 101 

diffraction peaks of crystalline wurtzite GaN are clearly observed in the GaN film grown at 100 

°C.  All of the other lower intensity peaks for crystalline wurtzite GaN are also present in the 

GaN film grown at 100 °C.  The major difference is that the peaks in Figure 2.6b are broadened 

relative to the peaks for crystalline GaN powder.92  This broadening is consistent with a fine-

grained, polycrystalline GaN film grown at 100 °C.  The size of the GaN crystallites in the GaN 

film grown at 100 °C was estimated from the width of the diffraction peaks using the Scherrer 

equation.  This estimate yields GaN crystallites with a diameter of 5-7 nm. 
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Figure 2.6: GIXRD of GaN films grown on Si(111) wafers at (a) 27 °C and (b) 100 °C. (c) 

Positions and intensities of diffraction peaks for crystalline wurtzite GaN powder. 
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The diffraction peaks in Figure 2.6a for the GaN films grown at 27 °C are broader than 

the diffraction peaks for the GaN films grown at 100 °C in Figure 2.6b.  The broadening leads to 

a coalescence of the strong 100, 002 and 101 diffraction peaks of crystalline wurtzite GaN into 

one broad peak.  The lower intensity peaks are also broader and are slightly shifted relative to the 

diffraction peaks of crystalline wurtzite GaN powder.  This increased broadening suggests that 

the polycrystalline grain size is smaller for the GaN films grown at 27 °C.  The diameter of the 

GaN crystallites in the GaN film grown at 27 °C was estimated to be 2-5 nm based on the width 

of the diffraction peaks using the Scherrer equation.   

For comparison, GaN films were also grown on the Ga-face of single-crystal GaN(0001) 

wafers at 27 °C and 100 °C to determine if the GaN films would grow epitaxially on a crystalline 

GaN substrate.  Figure 2.7 shows a picture of a GaN film grown on a single-crystal GaN(0001) 

wafer on a Si(111) wafer after 500 reaction cycles at 27 °C following the same procedure as 

employed for the GaN film shown in Figure 2.3.  A GaN film is again observed on the Si(111) 

wafer in agreement with Figure 2.3.  A GaN film is not visible on the single-crystal GaN(0001) 

wafer because the optical characteristics of the deposited GaN film are nearly identical to the 

underlying single-crystal GaN(0001) wafer.   

The GaN films grown on the Ga-face of single-crystal GaN(0001) wafers were also 

analyzed using ex situ GIXRD measurements performed at the Naval Research Laboratory.  The 

GIXRD measurements showed broad diffraction peaks centered at ~36 ° and ~62 °.  In addition, 

sharp diffraction peaks were also observed as expected from the underlying single-crystal GaN 

substrate.  These results were consistent with a polycrystalline GaN film on the GaN(0001) 

single-crystal substrate with no evidence for homoepitaxial growth.  The results at 27 °C and 100 

°C were similar although the diffraction peaks were broader for the GaN films grown at 27 °C. 
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Figure 2.7: Photo of GaN film grown at 27 °C on a single-crystal GaN(0001) substrate 

attached to a Si(111) wafer using a carbon adhesive. 
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C. Crystallinity from TEM Measurements 

The crystallinity of the deposited GaN films was also verified by TEM imaging.  Figure 

2.8a shows a cross-sectional TEM image of a GaN film grown at 27 ºC on a Si(111) wafer using 

600 reaction cycles.  The crystallites in the GaN films are randomly oriented with no preferred 

direction.  The diameters of the GaN crystallites grown at 27 °C vary from 2 to 5 nm.  

Crystallinity is also observed in Figure 2.8b for the GaN films grown at 100 ºC on a Si(111) 

wafer using 600 reaction cycles.  The crystallites in the GaN films are again randomly oriented 

with no preferred direction.  However, the diameters of the GaN crystallites grown at 100 °C are 

larger and vary from 5-10 nm.  For the GaN films grown at both 27 °C and 100 °C, the crystallite 

sizes and absence of texturing are in excellent agreement with the XRD measurements. 

Figure 2.9 shows high resolution TEM (HRTEM) contrast imaging of a cross-section of a 

GaN film on the Si(111) wafer.  This GaN film was grown at 100 °C using 630 reaction cycles.  

The TEM image clearly reveals the presence of crystalline GaN grains with random orientations.  

The GaN crystallites show no epitaxial growth preference on the Si(111) wafer.  The lack of 

epitaxy may result from the thin amorphous layer with a thickness of ~1 nm at the interface 

between the Si(111) wafer and the GaN film.  This amorphous layer may be attributed to carbon 

contamination on the initial Si(111) wafer.  In agreement with the results in Figure 2.8b, the GaN 

crystallites have diameters ranging from 5-10 nm. 

D. Composition from XPS Depth-Profiling Measurements 

The cross-sectional composition of the GaN films grown on Si(111) wafers was 

determined using XPS depth-profiling measurements.  Initial XPS depth-profiling measurements 

revealed that the GaN films oxidized upon exposure to atmosphere.  To evaluate the 

stoichiometry of the GaN films without atmospheric oxidation, an Al capping layer was 

deposited on the GaN films as a sacrificial oxidant.  This Al capping was deposited using 
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a) 27 °C 

b) 100 °C 

Figure 2.8: Cross-sectional HRTEM phase contrast images of GaN films grown on Si(111) wafer 

at (a) 27 °C and (b) 100 °C. 
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Figure 2.9: Cross-sectional HRTEM phase contrast image of the GaN film grown on 

Si(111) wafer at 100 °C. 
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sequential exposures to trimethylaluminum (TMA) and hydrogen radicals from the HABS. 

For the XPS depth-profiling results shown in Figure 2.10, the Al capping layer was 

deposited using 575 reaction cycles of TMA and hydrogen radicals at 100 °C.  Figure 2.10 

shows that the Al capping layer is oxidized at the surface.  This oxidation is attributed to 

atmospheric exposure.  The oxygen profile is consistent with oxygen diffusion into the Al film.  

The Al capping layer also contains ~20 at.% of nitrogen.  This nitrogen is believed to result from 

the high background pressures of residual NH3 remaining in the vacuum chamber from the 

previous GaN growth during the deposition of the Al capping layer.  Al metal films are expected 

to be reactive with residual NH3. 

Figure 2.10 also shows the XPS depth-profiling results for the GaN film under the Al 

capping layer that was grown at 28 °C using 600 reaction cycles.  The Al-capped GaN film 

displays a region of stoichiometric GaN with oxygen levels below the XPS detection limit under 

the Al cap.  However, the GaN film also shows a significant carbon contamination of ~ 20 at.%.  

Carbon contamination was present in all the GaN films examined with XPS depth profiling 

grown at both 27 °C and 100 °C.  The carbon concentrations were in the range of 12-35 at.% 

(average: 23 at.%) for the films grown at 27 °C and 10-20 at.% (average: 13 at.%) for the films 

grown at 100 °C.  The carbon concentrations could not be lowered by longer hydrogen radical 

exposures or higher hydrogen radical fluxes using the HABS.  

Carbon contamination is known to be present in GaN grown using either TMG or TEG 

and the level of carbon contamination increases at lower growth temperatures.93  To understand 

this contamination, many experiments were performed to determine the origin of the carbon in 

the GaN films.  At the end of these GaN film growth studies, an in situ Auger spectrometer was 

added to the vacuum chamber.  This Auger spectrometer characterized the carbon on the surface  



38 

 

 

 

 

 

 

 

 

0 750 1500 2250 3000
0

20

40

60

80

100

C
o
m

p
o

s
it
io

n
 (

a
t.
%

)

Sputter Time (s)

 Al

 C

 Ga

 N

 O

 Si

GaN film 

Al 
capping 

layer 

Si(111) 
substrate 

Figure 2.10: XPS depth profile of GaN film grown on Si(111) wafer showing oxygen-free 

stoichiometric GaN with some carbon contamination. An Al capping layer protected the GaN 

film from oxidation. 
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after each step in the reaction cycle.  These Auger experiments revealed that the HABS was not 

removing the carbon after the TMG exposures.  In fact, the carbon levels were higher after the 

HABS exposures.  Experiments also revealed that the HABS could not remove the initial carbon 

on the Si(111) substrate.  Carbon concentrations were again larger after the HABS exposures.   

The carbon in the GaN films may result from the pyrolysis of residual TMG in the 

chamber on the hot surfaces of the HABS.  TMG pyrolysis in flow tubes94 and on hot surfaces95 

is known to produce methyl radicals.  The decomposition of TMG on GaN(0001) during 

temperature programed desorption also yields methyl radicals.96  Over the course of many GaN 

growth experiments, TMG pyrolysis may produce a HABS source contaminated with carbon.  

Subsequent inspection of the HABS revealed bluish-back discolorations on the HABS surfaces 

that were consistent with a carbon film buildup over the course of many GaN growth 

experiments.  In addition, residual TMG pressures in the chamber during the HABS step of the 

reaction sequence may also directly produce methyl radicals.95   

In spite of the carbon contamination, the GaN films still display crystallinity as shown in 

Figures 2.6, 2.8, and 2.9.  Consequently, the carbon is believed to be present at the grain 

boundaries between the GaN crystallites.  Earlier studies have correlated “yellow” luminescence 

with carbon in GaN.97  Other investigations have observed that the “yellow” luminescence 

emanates from grain boundaries in GaN.98  The carbon could also be substituted for nitrogen or 

gallium in the GaN crystal or exist in interstitial sites.99  However, carbon at the grain boundaries 

is the more likely possibility.  At carbon concentrations as high as 10-20 at.%, the carbon would 

alter the GaN crystallinity and preclude the agreement between the x-ray diffraction peaks from 

the GaN film grown at 100 °C and the crystalline wurtzite GaN powder that was observed in 

Figure 2.6. 
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E. Mass Spectrometry Measurements of H2 Desorption and Etch Products 

Quadrupole mass spectrometry measurements were performed during the sequential 

reaction cycles that define GaN film growth on Si(111) wafers.  These experiments determined if 

the electron exposures could desorb enough H2 and other possible species to be detected by the 

mass spectrometer.  In particular, the mass spectrometer signals from the desorbed H2 could be 

used to quantify the ESD and its dependence on electron energy.  The presence of other desorbed 

species generated by the electron exposure may also determine if the electron beam could desorb 

Ga or N etch species from the growing GaN surface. 

The mass spectrometer monitored a variety of species in the gas phase during the electron 

exposures.  These species can be assigned to hydrogen (m/z=2), methyl species (m/z=15, 14), 

ammonia species (m/z=17, 16), water (m/z=18, 17), gallium isotopes (m/z= 71, 69) and gallium 

hydrides (m/z=72, 70).  Figure 2.11 shows the ion currents for a variety of species during the 

electron beam exposure following the HABS exposure.  The ion currents are ordered relative to 

the magnitudes of their ion currents.   

The electron current from the electron gun starts to increase at ~75 s.  The electron 

current reaches its maximum current at ~100 s.  The electron current incident on the sample 

remains at its maximum current of ~75 A for 120 s.  The ion currents at m/z=2 (H2
+) in Figure 

2.11b and m/z=69 (69Ga+) and m/z=70 (69GaH+) in Figure 2.11d increase in conjunction with the 

electron current.  In contrast, the ion currents at m/z= 18 (H2O
+) in Figure 2.11d and m/z=16 and 

17 (NH2
+ and NH3

+) in Figure 2.11a are relatively constant during the increase in electron 

current.  The ion current at m/z=15 (CH3
+) in Figure 2.11c shows only a very small increase with 

the electron current. 

The ion current at m/z=2 (H2
+) increases with the electron current and indicates that H2 is 

desorbed to produce dangling bond sites.  Other species containing gallium such as gallium 
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Figure 2.11: Ion currents for: (a) m/z= 16 and 17; (b) m/z=2; (c) m/z=15 and 18; and (d) m/z=69 and 

70 during the GaN growth on Si(111) wafers after the end of the HABS exposure. The electron current 

is turned on at ~75 s and reaches its maximum value at ~100 s. 
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hydrides at m/z = 69, 70, 71, and 72 also increase with the electron current.  The m/z=69 species 

is assigned to 69Ga+.  The m/z = 70 species is attributed to 69GaH+.  The m/z = 71 species is 

assigned to either 71Ga+ or 69GaH2
+.  The m/z = 72 species is attributed to either 69GaH3

+ or 

71GaH+, respectively.  These ion currents are consistent with the existence of gallium hydrides 

and the etching of the GaN film.  These etching products suggest that the observed GaN growth 

may result from competing deposition and etching processes.  GaN etching with low energy 

electrons has previously been observed for GaN samples in contact with hydrogen radicals from 

a H2 plasma.100 

The pressure changes resulting from the electron exposure were quantified by measuring 

the ion currents before and during the electron exposures.  The H2 pressure changes during the 

electron exposures after the TMG/H and NH3 reactions were nearly identical.  The ion current 

changes at m/z =2 (H2
+) versus electron energy are shown in Figure 2.12a.  At each energy, the 

ion current change increased with electron current from the electron gun and stayed elevated 

during the 120 s electron exposure.  The H2 pressure prior to the electron exposures was ~2.7 x 

10-9 Torr using the calibration of the ion current to H2 pressure of ~2 A/Torr.  Figure 2.12a 

shows that the desorbed H2 has an electron energy threshold at ~25 eV.  Pronounced H2 

desorption signals are observed at the electron energy of 50 eV used for GaN film growth.  

Larger H2 desorption signals that increase progressively with electron energy are measured at 

higher electron energies. 

The ion current changes for m/z=69 after the TMG/H and NH3 exposures were also 

nearly identical and are shown versus electron beam energy in Figure 2.12b.  The gallium 

hydride species all exhibited a similar dependence on the electron beam energy.  The ion current 

for the gallium hydride species increased with electron current and stayed elevated during the 
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120 s electron exposure at each electron energy.  Figure 2.12b shows that the desorbed m/z=69 

species begins to increase progressively at electron energies > 50 eV.  Small m/z=69 ion current 

changes are observed at the electron energy of 50 eV used for GaN film growth.   

A comparison between Figures 12a and 12b can be used to speculate on the optimum 

electron energy to grow the GaN film.  Optimum growth may be related to the ratio between the 

H2 ion current change and the gallium hydride ion current change.  Higher ratios may predict 

higher GaN film growth relative to GaN etching.  Based on this criteria, electron energies of 50 

eV may represent a compromise between reasonable H2 desorption with minimal desorption of 

gallium hydride etching products.  Additional growth experiments at other electron energies are 

needed to test this hypothesis. 

Other ESD systems also observe an energy threshold and an increase in the desorption 

yield versus electron energy.  For example, a pronounced energy threshold at ~24 eV was 

observed for H desorption from Si(100)-(1x1).66,68,101  Energy thresholds are also observed for 

the ESD of neutral alkalis for alkali halide substrates.102  The thresholds correspond to electron 

excitation of substrate core levels.102  The energy threshold for Cl+ ESD from Cl on Si(100) also 

corresponds to the Cl 3s core level.103  The ESD of alkali halide layers from W(110) also shows 

energy thresholds that are consistent with alkali and halide core levels.104 

F. Constant Ion Currents during Electron Exposures 

Figure 2.11 shows that the ion currents for m/z=2 (H2
+) and m/z=69 (69Ga+) remain 

constant during the electron beam exposure at 50 eV.  The steady ion currents provide no 

evidence of depletion of the hydrogen coverage over the 120 s electron beam exposure.  These 

constant ion currents suggest that the electron exposure only removes a small fraction of the 

hydrogen from a large reservoir of hydrogen on the surface.  This explanation can be tested by 



45 

 

 

estimating the amount of hydrogen desorbed based on the electron flux and the hydrogen ESD 

cross section from GaN.63 

The normalized hydrogen coverage, /0, will be reduced by hydrogen ESD according 

to /0 = exp[-D].66,68   is the hydrogen ESD cross section in cm2 and D is the electron dose 

in electrons/cm2.  The hydrogen ESD cross section is  = 2 x 10-17 cm2 at 90 eV.63  This 

hydrogen ESD cross section at 90 eV will be used as an estimate for the hydrogen ESD cross 

section at 50 eV.  The electron current of 75 A over a surface area of 5 cm2 yields an electron 

flux of  = 9.4 x 1013 electrons/(cm2 s).  This flux for a duration of 1 second yields an electron 

dose of D= 9.4 x 1013 electrons/cm2.  The normalized hydrogen coverage after a 1 s electron 

beam exposure is then determined as /0 = exp[-D] = 0.998.  Approximately 0.2% of the 

initial hydrogen coverage is desorbed in 1 second.  After a 120 s electron beam exposure, the 

normalized hydrogen coverage remains fairly high and is calculated to be /0 = 0.80. 

The small predicted changes in the hydrogen coverage may be even smaller if the 

hydrogen ESD cross section is lower at 50 eV than the hydrogen ESD cross section at 90 eV.  A 

smaller hydrogen ESD cross section at 50 eV would be expected given the results shown in 

Figure 2.12a.  The small predicted reduction in hydrogen coverage is consistent with the constant 

m/z=2 (H2
+) ion current versus electron beam exposure observed in Figure 2.11.  If there is little 

change in the hydrogen coverage, then the hydrogen ESD effectively occurs from a constant 

hydrogen source.  The increase in GaN growth rate with increasing electron exposure time is also 

consistent with the small reduction in hydrogen coverage resulting from hydrogen ESD.   

The H2 pressure change during the electron beam exposure can also be used to estimate 

the H2 desorption yield from the surface.  Figure 2.11c shows a change in ion current of ~2 x 10-9 

A for m/z=2 (H2
+) during the electron beam exposure.  The calibration of the ion current to the 
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H2 pressure is ~2 A/Torr.  Therefore, the ion current change of ~2 x 10-9 A represents a H2 

pressure change of ~1 x 10-9 Torr.  This H2 pressure change can be converted to a H2 throughput, 

Q, using Q= SP where S is the chamber pumping speed and P is the H2 pressure change.  With a 

H2 pumping speed of 125 L/s for the turbomolecular pump (HiPace 300C), the throughput is 

Q=4.1 x 1012 molecules/s.   

Given that the increased throughput from H2 ESD occurs from a surface area of ~5 cm2, 

the H2 flux from the surface area exposed to the electron beam is Q/5 = 8.2 x 1011 

molecules/(cm2 s).  The initial hydrogen coverage is assumed to be ~8.5 x 1014 H atoms/cm2 

based on hydrogen in the (2x2)H structure with three of every four Ga surface atoms bonded to 

H.84  Therefore, the H2 flux of 8.2 x 1011 molecules/(cm2 s) represents the desorption of 1.6 x 

1012 atoms/(cm2 s) or only ~0.2% of the initial hydrogen coverage in 1 second.  These estimates 

of hydrogen ESD flux from the H2 pressure increase during the electron beam exposure in 1 

second are in good agreement with the predicted loss of hydrogen coverage in 1 second based on 

the hydrogen ESD cross sections. 

The surface hydrogen coverage could also be repopulated by a reservoir of hydrogen in 

the underlying GaN film.  Hydrogenation of GaN can result from GaN processing steps such as 

H2 plasma exposures.105,106  For the GaN growth in this study, the hydrogenation of GaN could 

take place during the HABS exposure.  If the bulk hydrogen diffusion is fast enough, then this 

hydrogen from the HABS exposure may repopulate the surface hydrogen coverage and help 

maintain the constant H2 and gallium hydride desorption during the electron exposure.  The 

hydrogen lost during ESD could also be replenished by the surface diffusion of hydrogen from 

the surface area surrounding the area exposed to the electron gun.  Similar refilling of depleted 
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areas by surface diffusion was the basis of previous laser induced thermal desorption 

measurements of surface diffusion.107,108   

Another possibility is that the NH3 background pressure may react with the dangling 

bonds created by hydrogen ESD during the electron exposures.  The ion currents shown in 

Figure 2.11a reveal that a large NH3 background pressure is present during GaN growth.  NH3 

adsorption from this NH3 background pressure would add additional hydrogen to the surface that 

could be desorbed again through hydrogen ESD.  This process would deliver a continuous 

supply of hydrogen to the surface and also allow nitrogen to be added to the growing GaN film.  

The actual NH3 dose would then serve only to replenish the NH3 background pressure.  

However, the ion currents for m/z=16 and 17 (NH3
+ and NH2

+) in Figure 2.11a do not show any 

evidence of a decrease coinciding with the electron exposure.  The loss of NH3 required to refill 

the dangling bond sites created by hydrogen ESD may be negligible.  The slight reduction of the 

NH3 background pressure over time in Figure 2.11a is attributed to slow NH3 pumping.   

If the loss of hydrogen coverage from hydrogen ESD is small or if hydrogen refills the 

dangling bonds from hydrogen reservoirs or NH3 adsorption, then the TMG and NH3 exposures 

during the sequential reactions would encounter a GaN surface that is largely passivated by 

hydrogen.  TMG may adsorb on the GaN surface through Lewis acid-Lewis base interactions.  

TMG is a strong Lewis acid.109  The nitrogen atoms on the GaN surface have lone pairs that can 

serve as Lewis bases.  At the low temperatures of GaN growth, TMG may be able to adsorb to 

the surface and remain on the surface until the next electron beam exposure.  The electrons may 

then facilitate the reaction between adsorbed TMG and the NH3 background pressures.  NH3 may 

adsorb on dangling bonds and deliver nitrogen during the electron exposures because NH3 has a 
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high background pressure.  NH3 may also adsorb at Ga surface sites through Lewis acid-Lewis 

base interactions. 

The mass spectrometer results for m/z=2 (H2
+) in Figure 2.11 provide a useful measure of 

the hydrogen ESD process.  The constant ion current for m/z=2 (H2
+) during the electron beam 

exposure suggests that the hydrogen ESD process is not depleting the hydrogen coverage as 

implied by the stepwise sequence of surface reactions shown in Figure 2.1.  GaN growth must be 

occurring by alternative mechanisms at close to full hydrogen coverage.  One possible alternative 

mechanism is illustrated in Figure 2.13.  In this growth mechanism, the adsorption of TMG and 

NH3 occurs primarily through Lewis acid-Lewis base interactions.  The hydrogen ESD facilitates 

Ga-N bond formation from species in the initial Lewis acid-Lewis base complex.  Additional 

experiments will be required to unravel the complexity of the electron-enhanced film growth at 

low temperatures. 

G. Electron Enhancement for Other Thin Films and Competing Growth and Etching  

This work has demonstrated that electron enhancement via hydrogen ESD can be used to 

grow crystalline GaN films at room temperature and 100 °C.  Hydrogen ESD can occur from 

other materials such as silicon,65-69 diamond36 and TiO2.
37  Hydrogen ESD could facilitate the 

low temperature growth of these materials.  Other surface species, such as halogens, could also 

be desorbed to induce low temperature film growth.38  Consequently, this electron enhanced 

growth technique could facilitate the low temperature deposition of a wide range of other 

materials.  Future possibilities include the electron enhanced growth of: silicon with Si2H6; SiC 

with Si2H6 and CH2=CH2; and diamond with CH2=CH2. 

The competing etching during ESD revealed by the mass spectrometer measurements is 

an associated electron-induced process.  This competing etching process may also be beneficial.  

Material that is not part of a crystalline lattice may be more favorably etched by the electron   
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Figure 2.13: Alternative growth mechanism for electron-enhanced GaN growth using sequential 

surface reactions. 
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beam. The electrons would then both lead to film growth and also provide a means to remove 

amorphous material.  The competing growth and etching processes may be required to obtain the 

crystalline GaN films at low temperatures.  A similar competing process between growth and 

etching has been proposed to explain the smoothing of diamond films during diamond 

CVD.110,111 

V. Conclusions 

The growth of crystalline GaN thin films at low temperatures was demonstrated using 

low energy electrons at 50 eV.  Electrons are able to desorb hydrogen from the GaN surface and 

produce dangling bonds that facilitate Ga-N bond formation.  GaN films were deposited over 

areas > 5 cm2 at room temperature and 100 °C on Si(111) wafers.  The GaN growth procedure 

was a cycle of reactions similar to the reaction sequences employed for GaN ALD.  TMG, H 

radicals and NH3 were employed as the reactants.  The electrons were included in the reaction 

cycle after the TMG/H and NH3 exposures. 

The GaN films grew linearly with the number of reaction cycles.  The GaN film 

thicknesses were correlated with the electron flux and the GaN films were thicker closer to the 

electron gun.  Linear growth rates from 0.9 to 1.3 Å/cycle were measured depending on the 

electron flux.  GIXRD analysis of the GaN films was consistent with polycrystalline films in the 

wurtzite crystal structure.  TEM images also showed crystalline grains with diameters between 2-

10 nm depending on temperature.  The GaN films that were capped with Al contained no 

oxygen.  However, the carbon concentration in the GaN films was between 10-35 at.%.  The 

carbon concentration may have resulted from TMG pyrolysis on the hot surfaces of the hydrogen 

atom beam source (HABS) that produces CH3 radicals. 
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The pressure of H2 and various GaN etch products increased during the electron beam 

exposures during the reaction cycles.  The constant ion currents for the H2 and gallium hydride 

etch products during the electron beam exposures suggested that the reduction in hydrogen 

coverage resulting from hydrogen ESD is negligible.  Alternatively, hydrogen rapidly refills the 

dangling bond sites from hydrogen reservoirs.  The ion currents corresponding to the H2 and 

GaN etch products increased with electron beam energy from 25 to 200 eV.  These mass 

spectrometry results indicate that the electron enhanced GaN growth occurs concurrently with 

competing GaN etching.  The competing etching may be able to remove amorphous GaN and 

produce crystalline GaN at low temperatures.  The ability of ESD to remove hydrogen or other 

surface species may facilitate the low temperature growth of a wide range of materials. 
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of Mechanical Engineering, University of Colorado, Boulder, CO 80309. 

I. Abstract 

Silicon thin films were deposited at room temperature with electron-enhanced atomic 

layer deposition (EE-ALD) using sequential exposures of disilane (Si2H6) and electrons.          

EE-ALD promotes silicon film growth through hydrogen electron stimulated desorption (ESD) 

that creates reactive dangling bonds and facilitates Si2H6 adsorption at low temperatures.   

Without hydrogen ESD, silicon growth relies on thermal pathways for H2 desorption and 

dangling bond formation at much higher temperatures.  An electron flood gun was utilized to 

deposit Si films over areas of ~1 cm2.  The silicon film thickness was monitored in situ with a 

multi-wavelength ellipsometer.  A threshold electron energy of ~25 eV was observed for the Si 

film growth.  A maximum growth rate of ~0.3 Å/cycle was measured at electron energies of 100-

150 eV.  This growth rate is close to the anticipated growth rate assuming dissociative Si2H6 

adsorption on dangling bonds on representative single-crystal silicon surfaces.  The Si growth 

rate also displayed self-limiting behavior as expected for an ALD process.  The silicon growth 

rate was self-limiting at larger Si2H6 pressures for a fixed exposure time and at longer electron 

exposure times.  The silicon growth rate versus electron exposure time yielded a hydrogen ESD 

cross section of = 5.8 x 10-17 cm2.  Ex situ spectroscopic ellipsometry showed good 

conformality in thickness across the ~1 cm2 area of the Si film.  Si EE-ALD should be useful for 

depositing ultrathin silicon films on thermally sensitive substrates, avoiding silicide formation 

and filling high aspect ratio structures. 
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II. Introduction 

Silicon is one of the most important semiconductor materials and is foundational for 

microelectronic devices.  Silicon is usually deposited by chemical vapor deposition (CVD) at 

high temperatures ranging from 600-1100 °C with various silane and chlorosilane precursors.113-

117  At the low end of this temperature range, the silicon growth rate is dominated by surface 

kinetic processes.113,114  At the high end of this temperature range, the silicon growth rate is 

determined by reactant mass transport.113,114   

The surface kinetic processes that limit silicon growth at low temperatures are either H2 

desorption using silane precursors or HCl desorption using chlorosilane precursors.113-115  The 

strong Si-H bond energy of ~90 kcal/mol and the recombinatory H2 kinetics lead to high 

desorption temperatures.118-120  The desorption temperatures are ~370-600 °C for H2 desorption 

from dihydride and monohydride species.118,119,121-123  The minimum Si growth temperatures 

using silanes are correlated with the H2 desorption required to create dangling bonds that can 

adsorb additional silane precursors resulting in silicon growth.115 

Silicon growth could occur at much lower temperatures if hydrogen could be desorbed by 

non-thermal means.  One possible non-thermal hydrogen desorption mechanism is electron 

stimulated desorption (ESD).66,124,125  ESD can occur through a number of processes such as the 

Menzel-Gomer-Redhead and Knotek-Feibelman mechanisms.31-33,126  ESD has been previously 

used for surface analysis to image chemical bond directionality and thermal disorder in adsorbed 

species using electron stimulated desorption ion angular distribution (ESDIAD).62,127-132  ESD is 

also a component of electron beam induced deposition (EBID) which uses high energy electrons 

for the direct writing of nanostructures.133  However, ESD has not been used for macroscopic 

thin film growth.   
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Hydrogen removal by ESD from silicon surfaces has also been achieved using scanning 

tunneling microscopy (STM) techniques.77,134,135  STM-ESD desorbs hydrogen and leaves behind 

dangling bonds on the silicon surface.77,79,82,134-136  These dangling bonds are very reactive and 

readily adsorb other precursors.  The remaining hydrogen acts as a mask to prevent adsorption 

and provides a pathway for hydrogen desorption nanolithography.82  The dangling bonds can be 

reacted with precursors to form nanoscale features such as oxide,77,80 Fe,134 and TiO2
137 

nanoscale lines on Si(100) surfaces.  Multiple Si monolayers over nanoscale areas of 100 x 100 

nm2 have also been fabricated on Si(100) using sequential hydrogen ESD and disilane 

exposures.138,139  

GaN electron-enhanced growth was recently performed to demonstrate the feasibility of 

electron-enhanced macroscopic thin film growth.140  GaN CVD usually requires temperatures of 

800-1100 °C using precursors such as Ga(CH3)3 and NH3.
25,141,142  For GaN electron-enhanced 

growth, film growth was performed at much lower temperatures of room temperature and 100°C 

using sequential reaction cycles with Ga(CH3)3, H radical, NH3, and electron exposures.140  GaN 

growth rates up to 1.3 Å/cycle were observed for electron energies of 50 eV.  In addition, X-ray 

diffraction and transmission electron microscopy measurements revealed that the GaN films 

were polycrystalline.140 

In this paper, sequential exposures of Si2H6 and low energy electrons are used to grow 

silicon films over areas of ~1 cm2 by electron-enhanced ALD (EE-ALD) at room temperature.  

The Si EE-ALD films were grown in a stepwise sequence as illustrated in Figure 3.1.  The 

silicon growth rate was measured using in situ ellipsometry as a function of electron energy up to 

200 eV.  Silicon growth was also studied versus Si2H6 and electron exposures to determine if the 

sequential reactions are both self-limiting.  In addition, the film composition was evaluated using  
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Figure 3.1: Proposed growth mechanism for Si electron-enhanced atomic layer deposition 

(EE-ALD) using disilane as the reactant. 
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in situ Auger electron spectroscopy (AES) and ex situ X-ray photoelectron spectroscopy (XPS).  

These studies demonstrate that non-thermal desorption of hydrogen using ESD can be used to 

deposit silicon films at room temperature. 

III. Experimental 

A. Vacuum Chamber 

The silicon films were grown in a vacuum chamber that is similar to the vacuum chamber 

that has been described previously.140  This experimental apparatus contains a sample load lock, 

a main vacuum chamber pumped with an ion pump and a turbomolecular pump, and a sample 

analysis chamber containing an Auger electron spectroscopy (AES) spectrometer that is pumped 

with an ion pump.  A schematic of this experimental apparatus is shown in Figure 3.2.  The main 

chamber also contains an electron gun (Model FRA-2x1-2, Kimball Physics Inc.), a mass 

spectrometer (PrismaPlus QMG 220, Pfeiffer Vacuum) and hot cathode and cold cathode 

pressure gauges.  The sample analysis chamber also includes a hot cathode pressure gauge.   

Compared with the previous study of GaN electron-enhanced thin film growth,140 the 

electron flood gun in this investigation was oriented normal to the substrate surface.  In addition, 

a different cathode material was used in the electron gun.  The cathode was comprised of a 

tantalum disc secured to a tungsten-rhenium (95%-5%) filament.  This filament composition was 

an improvement over the previous filament made from yttria-coated iridium.  The yttria-coated 

iridium filament would eventually fail after repeated disilane precursor exposures.  The observed 

failure mechanisms included reduction of the yttria layer and silicide formation leading to 

increased resistance and decreased melting point.  The electron flood gun produced electron 

energies from 5 to 1000 eV at electron currents of 1 nA to 400 μA. 
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Figure 3.2: Schematic of experimental apparatus showing sample load lock, main chamber and 

sample analysis chamber. 



58 

 

 

Some additional experimental changes were also made compared with the earlier study of 

electron-enhanced GaN growth.140  The hydrogen atom beam source (HABS) (MBE-

Komponenten GmbH) was moved to the surface analysis chamber for initial substrate surface 

cleaning.  The new location for the HABS placed the hydrogen radical outlet within 1 cm of the 

substrate and normal to the surface.  This location greatly increased the flux of hydrogen radicals 

to the surface and produced more efficient surface cleaning. 

B. Chemicals and Materials 

Si films were grown using disilane (Si2H6; 99.998%, Voltaix).  Films were deposited on 

boron-doped Si (111) substrates (Silicon Valley Microelectronics, Inc.) that had been capped 

with either an Al2O3 ALD thin film or a Zn0.55Mg0.45O ALD thin film grown in a different 

reactor.  These buffer films were employed to facilitate analysis of the Si films using the 

compositional analysis techniques.  Prior to loading in the reaction chamber, the substrates were 

rinsed with acetone and methanol, and then dried with N2. 

Substrates were loaded into the load lock chamber and the background pressure was 

reduced to 1 x 10-6 Torr.  The chamber and substrate were irradiated with a UV lamp for 30 

minutes (mini-Z, RBD Instruments) to desorb water from the substrate surface and chamber 

walls.  After the pressure in the load lock chamber was reduced to approximately 1 x 10-8 Torr, 

the substrate and sample stage were transferred into the main chamber.  The main chamber and 

substrate were irradiated with UV light for 30 minutes.  After irradiation, the substrate was 

transferred to the analysis chamber and exposed to hydrogen radicals created by the HABS using 

hydrogen gas (H2; research grade, Airgas) at 1 x 10-5 Torr for 30 minutes.  The hydrogen radical 

flux at the surface was estimated to be 5 x 1015 atoms cm-2 s-1.  The substrate was then returned 

to main chamber for the growth experiments.  The EE-ALD was performed after the main 

chamber reached a base pressure of 5 x 10-10 Torr. 
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The Si substrate was exposed to electrons with an energy of 0-200 eV for 0-480 s.  The 

electron current emitted from the electron gun during electron exposures was 100 µA for the 

growth experiments.  All reactions were performed at room temperature (27˚C).  The Si2H6 

exposures were defined by pressure transients of 0-0.4 mTorr for <300 ms.  These Si2H6 

exposures were created using Si2H6 pressures of 0-10 Torr behind a pulsed valve (Parker 

Hannifin Corp.).  The pulsed valve was open for 100 ms.  Chamber pressures >0.4 mTorr caused 

the in situ cold cathode gauge to shut off and were not quantifiable.  

Silicon CVD from Si2H6 on the hot yttria-coated iridium electron gun filament 

progressively led to the formation of silicides on the filament.  Eventually, the filament failed 

and required replacement.  The electron gun filament was changed to a tungsten-rhenium 

filament to mitigate this problem.  In addition, as a precaution to prolong the life of the filament, 

wait times of 5 minutes were conducted after each electron gun exposure to allow the filament to 

cool to prevent Si CVD on the filament.  The minimum Si CVD temperature is ~400 °C.143  

Achieving filament temperatures of <400 °C was the goal of these wait times. 

A typical EE-ALD reaction sequence consisted of an electron gun exposure at 100 eV for 

60 s with an electron emission current of 100 µA.  A 300 s wait time was conducted to allow the 

electron gun filament to cool sufficiently.  The surface was then exposed to a disilane dose of 

approximately 0.15 mTorr for <300 ms.  A 30 s purge was performed to clear the chamber of 

disilane precursor.  Three in situ ellipsometry scans of 1 s each were then recorded to determine 

the silicon film thickness.  Another 120 s was utilized to allow the electron gun filament to warm 

up to temperature.  This sequence was then repeated to reach the desired film thickness.  

Approximately 8.5 minutes were required to complete one full cycle of Si EE-ALD.  
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C. In situ Film Analysis 

The reaction chamber was equipped with an in situ multi-wavelength ellipsometer (FS-1, 

Film Sense) to measure the film thickness and film growth rate.  Measurements were performed 

at an incidence angle of 55°.  Prior to the EE-ALD, a scan of the substrate was recorded to 

establish the baseline.  The film growth was determined using a Cauchy model.  During growth, 

three consecutive 1 s scans were collected 30 s after each Si2H6 exposure.  Film thicknesses 

obtained from these three scans were averaged together to determine the film thickness after each 

Si2H6 exposure.  Growth rates were determined from film thicknesses over 5 reaction cycles for 

each set of reaction parameters.  The plots of thickness versus number of EE-ALD cycles were 

linear.   

Film composition was determined with in situ Auger electron spectroscopy (AES) 

(microCMA, RBD Instruments).  The AES spectrometer scanned a kinetic energy range of 30-

730 eV with a step size of 1 eV.  The electron beam potential was 2.5 kV with a filament current 

of 2.6 A.  The AES data was collected and processed using CMapp (RBD Instruments) software. 

D. Ex situ Film Analysis 

The Si films were analyzed using a variety of ex situ techniques.  Additional film 

thickness measurements were performed using a spectroscopic ellipsometer (Model M-2000, J.A 

Woollam Co., Inc.).  This ellipsometer was equipped with focusing probes that reduced the beam 

size to ~300-400 μm and allowed for spatial mapping of the ~1 cm2 growth area.  Data was 

collected at 65° and 70° incidence angles.  The SE data was fitted with a Cody-Lorentz model 

using CompleteEASE (J.A Woollam Co., Inc.) software.   

The film composition was determined by X-ray photoelectron spectroscopy (XPS) 

analysis using an X-ray photoelectron spectrometer (PHI 5600).  The spectrometer used a 

monochromatic Al-Κα source at 1486.6 eV.  The pass energy was 29.35 eV and the step size was 
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0.25 eV.  An electron beam neutralizer was used during the XPS measurements.  XPS depth-

profiling and surface carbon removal was conducted using argon ion sputtering.  The XPS data 

was collected using Auger Scan (RBD Instruments) software.  The XPS data was analyzed in 

CASA XPS (Casa Software Ltd.) software. 

The Si films were studied using grazing incidence X-ray diffraction (GIXRD) to 

determine if the films were crystalline.  These GIXRD studies were performed with an X-ray 

diffractometer (D1 System, Bede Scientific Inc.).  The GIXRD utilized Cu-Kα irradiation at an 

incidence angle of 0.3°. 

IV. Results and Discussion 

A. Film Growth and Characterization Using in situ Multi-Wavelength Ellipsometry 

The film thicknesses versus number of EE-ALD cycles are shown in Figure 3.3. These in 

situ measurements were performed after each Si2H6 exposure.  The reaction conditions consisted 

of an electron energy of 50 eV, electron exposure times of 60 s, and Si2H6 doses of 0.15 mTorr 

for <300 ms.  The Si films show a slight nucleation delay of ~35 cycles when grown on a Si(111) 

substrate that had been capped with an Al2O3 ALD film with a thickness of ~200 Å.  After the 

nucleation delay, the film thickness versus number of EE-ALD cycles was linear.  The growth 

rate of 0.15 Å/cycle was determined by fitting the linear portion of the data in Figure 3.3.  This 

growth rate is consistent with sub-monolayer silicon growth.   

The growth rate of the Si films was dependent on the electron energy used for hydrogen 

ESD.  Figure 3.4 shows the film thickness versus cycle number for electron energies of 30, 88 

and 150 eV.  The experiments were performed with electron exposure times of 60 s and Si2H6 

dose pressures of 0.15 mTorr for <300 ms.  The film thickness versus cycle number is linear.   
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Figure 3.3: Si EE-ALD on an Al2O3/Si(111) substrate displaying a growth rate of 0.15 Å/cycle 

after an initial nucleation period of ~35 cycles. Electron energy was 50 eV, electron exposure 

time was 60 s, and Si2H6 dose pressure was 0.15 mTorr for <300 ms. 
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150 eV. Electron exposure time was 60 s and Si2H6 dose pressure was 0.15 mTorr for <300 ms. 
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The silicon growth rate is larger at the higher electron energies.  Silicon growth rates of 

approximately 0.1, 0.2, and 0.3 Å/cycle were obtained at 30, 88 and 150 eV, respectively. 

Figure 3.5 summarizes the silicon growth rate dependence on electron energy from 0-200 

eV.  Measurements are displayed for two separate sample sets and illustrate the reproducibility 

of the results. The silicon growth was linear at all of the electron energies.  All experiments were 

performed with electron exposure times of 60 s and Si2H6 dose pressures of 0.15 mTorr for <300 

ms.   

Little to no Si film growth is observed until reaching the threshold for silicon growth at 

an electron energy of ~25 eV.  The threshold for silicon growth at ~25 eV is close to the 

measured threshold for hydrogen ESD from silicon at ~23 eV.124,144-146  This threshold is 

believed to represent the energy required to excite two holes into Si-H valance bonds.  This 

excitation yields hydrogen desorption and leaves behind a dangling bond.124,144,145   

Figure 3.5 reveals that the silicon growth rate is ~0.15 Å/cycle between 50-80 eV before 

increasing rapidly around 85-90 eV.  An increase in hydrogen ESD from silicon was also 

measured earlier at ~100 eV.124  This increase is likely correlated with the Si 2p core-level 

binding energy at 99 eV.  Desorption of hydrogen at this energy is attributed to electron removal 

from the Si 2p core level and an Auger decay to the Si 2p core level leaving a hole in the Si-H 

bond.124   

A fairly constant silicon growth rate of ~0.27 Å/cycle is measured between 100-150 eV.  

Subsequently, Figure 3.5 shows that there is a decrease in the silicon growth rate at ~155 eV.  In 

contrast, there is a corresponding increase in the hydrogen ESD from silicon.124  This increase 

was attributed to electron removal from the Si 2s core level and an Auger decay to the Si 2s core 

level at 150 eV that desorbs hydrogen.  For the silicon growth rates shown in Figure 3.5, the  
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Figure 3.5: Growth rate for Si EE-ALD films versus electron energy. Electron exposure time was 

60 s and Si2H6 dose pressure was 0.15 mTorr for <300 ms. 
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Auger decay to the Si 2s core level is believed to desorb Si species in addition to hydrogen.  This 

competing Si etch process is observed as a decrease in the silicon growth rate. 

B. Self-Limiting Growth Characterization 

Experiments were performed to determine if the silicon growth rate was self-limiting at 

larger Si2H6 exposures.  These investigations were conducted by varying the Si2H6 pressure 

behind the pulsed valve from 1 – 10 Torr for a valve open time of 100 ms.  These Si2H6 doses 

resulted in chamber pressure excursions of 0 – 0.4 Torr for < 300 ms.  Experiments were also 

performed to determine if the silicon growth was self-limiting at longer electron exposure times.  

These investigations varied the electron exposure time at a constant electron current with an 

electron energy of 100 eV.  

Figure 3.6 shows the dependence of the silicon growth rate on the Si2H6 dose pressure for 

a Si2H6 pressure transient of <300 ms.  As the Si2H6 dose pressure increases, there is a 

corresponding increase in silicon growth rate until self-limiting behavior is observed for Si2H6 

dose pressures greater than 0.15 mTorr.  The limiting factor is believed to be the consumption of 

available dangling bonds.  After Si2H6 exposures sufficient to react with all of the available 

dangling bonds, there is no additional increase in the silicon growth rate at higher Si2H6 dose 

pressures.    

Figure 3.7 displays the silicon growth rate versus the electron exposure time.  These 

measurements were again performed with an electron energy of 100 eV and electron exposure 

times of 60 s.  The Si2H6 dose pressure was 0.15 mTorr for <300 ms.  The silicon growth rate 

increases rapidly with electron exposure time and levels off at ~0.32 Å/cycle for electron 

exposure times longer than 120 s.  This self-limiting behavior is believed to result from the 
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Figure 3.6: Growth rate versus Si2H6 dose pressures for exposure times of <300 ms. Electron 

energy was 100 eV and electron exposure time was 60 s. 
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100 eV and Si2H6 dose pressure was 0.15 mTorr for <300 ms. Silicon growth rate was 

proportional to (1 – e –t/τ). Hydrogen ESD cross section determined from τ was σ= 5.8 x 10-17 

cm2. 
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production of a limiting number of dangling bonds that can adsorb Si2H6 during the subsequent 

Si2H6 exposure.   

The silicon growth rate of ~0.32 Å/cycle obtained from the results in Figure 3.7 is the 

maximum silicon growth rate given the available reaction parameters.  This silicon growth rate 

can be compared with the silicon growth rate measured earlier using STM-ESD to desorb 

hydrogen followed by disilane adsorption on the dangling bonds.  Sequential cycles of hydrogen 

desorption from Si(100) by STM-ESD and disilane adsorption produced silicon growth rates of 

~0.43 Å/cycle.138  This silicon growth rate is close to the silicon growth rate of ~0.32 Å/cycle 

obtained from Figure 3.7.   

The slightly smaller growth rate for EE-ALD may reflect the differences between the 

Si(100) surface used in the STM-ESD work and the silicon surfaces in this work.  In addition, 

the hydrogen ESD was conducted at 7 eV in the STM-ESD experiments compared with the 

electron energies of 100 eV for the results in Figure 3.7.  The mechanism for STM-ESD at these 

lower electron energies is believed to involve multiple vibrational excitation of the Si-H bond.136  

The different electron energies and ESD desorption cross sections may affect the amount of 

hydrogen that can be desorbed from the silicon surfaces.  Fewer dangling bonds on the silicon 

surface would lead to less Si2H6 adsorption and lower silicon growth rates. 

Disilane (Si2H6) will dissociatively adsorb on dangling bonds on silicon surfaces.  At 

room temperature and lower temperatures, Si2H6 will adsorb and produce SiH3 and SiH2 features 

in the infrared absorption vibrational spectrum.147,148  Based on the vibrational spectra and 

identical measured sticking coefficients for Si2H6 and Si2D6 on Si(100) and Si(111)7x7 surfaces, 

disilane is believed to dissociatively adsorb by breaking the Si-Si bond to produce –SiH3 surface 

surfaces.149,150  However, some infrared absorption studies and theoretical analysis also suggests 
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that Si2H6 can adsorb by breaking a Si-H bond to produce Si-H and Si-Si2H5 surface 

species.151,152   

Both Si-Si and Si-H bond-breaking adsorption pathways for Si2H6 would require at least 

two dangling bonds on the silicon surface.  The silicon growth rate of ~0.32 Å/cycle can be used 

to estimate the number of dangling bonds on the silicon surface that react with Si2H6 assuming 

that each Si2H6 molecule that adsorbs requires two dangling bonds.  The silicon growth of ~0.32 

Å/cycle is consistent with the deposition of 1.6 x 1014 Si/cm2 per cycle assuming a silicon 

number density of 5.0 x 1022 Si/cm3.  A deposited silicon coverage of 1.6 x 1014 Si/cm2 per cycle 

would require at least 1.6 x 1014 dangling bonds/cm2 per cycle.   

This required dangling bond coverage of 1.6 x 1014 dangling bonds /cm2 per cycle is less 

than the dangling bond coverage of 3.4 x 1014 dangling bonds/cm2 on the reconstructed 

Si(100)2x1 surface and 3.1 x 1014 dangling bonds/cm2 on the reconstructed Si(111)7x7 surface.  

However, the –SiH3 species may decompose further upon adsorption to produce additional 

hydrogen by SiH3  SiH2 + H.114,115,147  This decomposition would require additional dangling 

bonds and a total dangling bond coverage of at least 3.2 x 1014 dangling bonds/cm2.  This 

estimated required dangling bond coverage is very close to the dangling bond coverage on the 

reconstructed Si(100)2x1 and Si(111)7x7 surfaces. 

C. Hydrogen ESD Cross Section 

The hydrogen ESD cross section at 100 eV can be determined from the silicon growth 

rate versus electron exposure time at 100 eV presented in Figure 3.7.  This determination 

assumes that the silicon growth is occurring as the result of hydrogen ESD producing dangling 

bonds.  These dangling bonds then react with Si2H6 molecules to produce silicon growth.  If 

there are no dangling bonds produced by hydrogen ESD, then no silicon growth should occur. 
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This behavior was confirmed by control experiments where the electron exposures were replaced 

with a wait time and every other reaction step remained the same.  These control experiments 

revealed that the electrons were essential for silicon growth.   

Assuming that the silicon surface is hydrogen terminated, hydrogen ESD produces a 

coverage of dangling bonds that is inversely proportional to the hydrogen surface coverage, ϴH.  

The rate of change in the hydrogen surface coverage during hydrogen ESD can be described 

by:153,154   

dH/dt = -H        (3.1) 

In Equation 1, Φ is the electron flux across the surface (e-/cm2s), σ is the total hydrogen 

desorption cross section (cm2), and ϴH(t) represents the hydrogen surface coverage as a function 

of time.  Solving the above differential equation results in:  

H/H0 = exp(-t)        (3.2) 

where HO is the initial hydrogen coverage.  Equation 2 can be rewritten in terms of the time 

constant, τ, in (s), where τ = (1/Φσ).  This definition of  yields:  

H/H0 = exp(-t/)        (3.3) 

Equation 3 describes the hydrogen coverage on the surface.  The remaining coverage 

should be comprised of dangling bond sites.  Therefore, the dangling bond coverage, DB can be 

expressed as: 

DB/DB0 = 1 - exp(-t/)       (3.4) 
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where DBO is the maximum dangling bond coverage which is equivalent to HO.  This treatment 

assumes that the dangling bond sites produced by hydrogen ESD do not undergo reconstruction. 

Based on the initial assumption that the silicon growth rate is proportional to the dangling 

bond coverage given by Equation 4, the silicon growth rate, RSi, is: 

 RSi = [1 – exp(-t/)]        (3.5) 

In Equation 5,  represents the maximum silicon growth rate assuming ideal conditions with no 

reactants besides Si2H6 competing for the dangling bonds.  The experimental results in Figure 3.7 

at 100 eV can be fit by Equation 5.  The line in Figure 3.7 shows the fit with  = 0.32 Å/cycle 

and τ = 27.5 s.   

The electron stimulated hydrogen desorption cross section can then be obtained from 

these fitting parameters.  The earlier definition of τ = (1/Φσ) can be rearranged to yield an 

equation for the cross section: 

  = 1/         (3.6) 

In Equation 6, the electron flux is defined as Φ= I/Ae where I is the electron current, A is the 

electron beam area and e is the charge of an electron.  In these experiments, I = 100 μA and A = 

1 cm2.  Using these experimental parameters together with  from the fit to Figure 3.7, the 

hydrogen ESD cross section at 100 eV is σ = 5.8 x 10-17 cm2.   

As a comparison, the hydrogen ESD cross section measured on Si(100) at 100 eV is    

= 7 x 10-19 cm2.124  The hydrogen ESD cross section measured on Si(111) at 100 eV is            

= 9 x 10-20 cm2.66  The deuterium ESD cross section is lower than the hydrogen ESD cross 

section.  The deuterium ESD cross section measured on Si(111) at 100 eV is = 2 x 10-21 cm2.125  
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Additional STM measurements of the ESD cross section at lower electron energies of 7-30 eV 

on Si(100) are  = 3 x 10-20 – 4 x 10-21 for hydrogen and  = 7 x 10-23 for deuterium.134-136  

The hydrogen ESD cross section of σ = 5.8 x 10-17 cm2 measured in this study is over 80 

times larger than the hydrogen ESD cross section of = 7 x 10-19 cm2 measured on Si(100).  The 

reason for this difference is not known at this time.  One possibility is that the hydrogen ESD 

cross section is sensitive to the underlying structure of the silicon surface.  Single-crystal silicon 

surfaces were employed in the previous investigations.  The degree of crystallinity of the Si EE-

ALD films is not known and the silicon films may have been amorphous.  In addition, the silicon 

surfaces in this EE-ALD study contained carbon impurities at a concentration of ~10 at.% as 

discussed in the following section.  Surface impurities may influence the hydrogen ESD cross 

section. 

D. Composition from in situ AES and ex situ XPS Depth-Profiling Measurements 

The surface composition of the Si film was established by in situ AES measurements.  

Prior to Si EE-ALD deposition, the AES scans of the surface showed only Al and O AES signals 

from the Al2O3 ALD buffer film with some carbon impurities.  The Si AES signal from the 

underlying Si(111) wafer was below the AES detection limit.  After 1300 cycles of Si EE-ALD 

film growth at room temperature, a strong Si AES peak was observed at 93 eV as shown in 

Figure 3.8.  The Al AES signal was below the detection limit.  The loss of the Al AES signal is 

expected because the Si EE-ALD film has a thickness of 185 Å as determined from in situ 

ellipsometry.   

In addition to the strong Si AES peak, Figure 3.8 also observes O and C impurities at 6 

at.% and 21 at.%, respectively.  The C impurities may result from hydrocarbon adsorption on the 

dangling bonds formed by hydrogen ESD.  However, the level of C impurities increased with  
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Figure 3.8: AES analysis of film grown using 1300 Si EE-ALD reaction cycles. Electron energy 
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each successive AES scan.  Little increase in the C impurities was observed when the sample 

resided in the chamber for 24 hours.  This behavior led to the conclusion that the electron 

filament within the AES spectrometer was at least partly responsible for producing carbon 

species that adsorbed onto the surface.   

Figure 3.9 shows the ex situ XPS depth profile for a Si EE-ALD film grown at room 

temperature using 1000 Si EE-ALD reaction cycles on a Zn0.55Mg0.45O ALD thin film on the 

Si(111) wafer.  This Si film had an initial thickness of ~250 Å.  The ex situ XPS scans reveal an 

oxidized silicon film resulting from atmospheric exposure.  In addition, carbon is observed at 

~10 at.% throughout the Si film.  This result confirms that the in situ AES measurements were 

influenced by carbon produced by the AES measurements.   

These XPS measurements of ~10 at.% for the carbon concentrations are more 

representative of the Si EE-ALD growth.  Carbon could originate from residual hydrocarbons in 

the vacuum chamber that compete with disilane for the dangling bonds after hydrogen ESD.  

Mass spectrometry measurements observed low levels of methyl and other carbon species in the 

vacuum chamber.  These species also increased in pressure during the electron exposures with 

the hot electron gun filament.  

E. Spatial Profile of Deposition Area and XRD Measurements 

The Si EE-ALD films are dependent on the electron flux to the surface as demonstrated 

in Figure 3.7.  The Si film grew only where the electron flux was present.  Figure 3.10 shows a 

picture of the Si film on the Si(111) wafer attached to the sample stage.  This Si film was grown 

using 1350 cycles of Si EE-ALD with an electron energy of 50 eV, electron exposure time of 60 

s and Si2H6 dose pressure of 0.15 mTorr for <300 ms.  The deposited silicon film is visible as a 

circular ~1 cm2 area on the Al2O3 ALD film on the Si(111) surface.  The Si film growth area is 
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Figure 3.9: XPS depth-profile of film grown on Si(111) wafer with a Zn0.55Mg0.45O ALD buffer 

layer using 1000 Si EE-ALD reaction cycles. Electron energy was 100 eV, electron exposure 

time was 60 s, and Si2H6 dose pressure was 0.15 mTorr for <300 ms. 
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10 mm 

Figure 3.10: Photo of growth area on Si(111) wafer with a ~200 Å Al2O3 ALD buffer layer. Film 

was grown using 1350 Si EE-ALD reaction cycles. Electron energy was 50 eV, electron 

exposure time was 60 s, and Si2H6 dose pressure was 0.15 mTorr for <300 ms. 
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symmetric resulting from the incident electron flux at the surface normal and the Gaussian 

spatial distribution of the electron beam.  Previous studies of GaN electron-enhanced growth 

observed growth areas that were not symmetric because the electron beam was incident on the 

substrate at 55° from the surface normal.140 

Ex situ spectroscopic ellipsometry was also used to measure the film thickness and spatial 

profile across the Si(111) wafer.  Figure 3.11 shows the thickness profile for the growth area 

observed in Figure 3.10.  The Si film has a thickness of ~140 Å.  The Si EE-ALD growth rate 

determined from this thickness was 0.14 Å/cycle.  This Si EE-ALD growth rate is consistent 

with the Si EE-ALD growth rate observed at 50 eV in Figure 3.5.   

Figure 3.11 reveals that the Si film shows a thickness variation of <10 Å across the ~1 

cm2 growth area.  In addition, there is a sharp decrease in Si film thickness near the edge of the 

growth area.  This fairly “flat top” with steep edges suggests that the hydrogen ESD has 

produced a self-limiting dangling bond coverage over much of the growth area.  The dangling 

bond coverage then drops off rapidly near the edge of the growth area.  A saturation of the 

dangling bond coverage over the middle of the Gaussian spatial profile of the electron beam is 

consistent with the saturation of the growth rate versus electron exposure time observed in Figure 

3.7. 

GIXRD measurements of the Si EE-ALD films did not reveal any diffraction peaks.  The 

GIXRD results are consistent with an amorphous structure for the Si EE-ALD films following 

atmospheric exposure.  The extensive oxidation of the Si EE-ALD films revealed by the ex situ 

XPS depth profile measurements probably removed any crystallinity that may have been present 

prior to atmospheric exposure.  In addition, the carbon impurities at ~10 at.% would also be 

expected to remove silicon crystallinity. 
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Figure 3.11: Film thickness versus spatial position for growth area observed in Figure 3.10. Film 

thickness is uniform over most of the region exposed to the electron beam. 
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In situ capping of the silicon films may prevent oxidation and facilitate the observation of 

crystallinity.  The crystallinity might also be observed by growing much thicker Si EE-ALD 

films that would prevent the diffusion of oxygen deep into the bulk of the silicon films.  

Improvements in film crystallinity should also be possible by producing higher purity silicon 

films through the reduction of residual hydrocarbon species in the vacuum chamber.  The effect 

of residual hydrocarbon species is magnified by the delay between the production of dangling 

bonds by the electron flux and the subsequent Si2H6 exposure.  The long wait times of 5 minutes 

required for the electron gun filament to cool probably contributed to higher carbon impurities in 

the Si EE-ALD films. 

F. Applications of Si EE-ALD 

Si EE-ALD will be useful to deposit ultrathin silicon films at room temperature.  Low 

temperatures are required for silicon deposition on polymer and other thermally fragile 

substrates.  Silicon deposited on polymer foils can be used to fabricate flexible silicon devices 

such as solar cells, displays, sensors and thin film transistors.155-158  The silicon films could also 

be doped using hydrides, such as B2H6 and PH3, that are good candidates for hydrogen ESD 

following their adsorption on silicon dangling bonds.  The room temperature deposition of 

silicon will also allow the integration of silicon with other materials by eliminating thermal 

expansion mismatch problems that occur when cooling down from higher temperatures.   

Low temperatures are also needed to deposit silicon on substrates that would react with 

silicon to form silicides at higher temperature.  One key application is the fabrication of Mo/Si 

multilayers for extreme ultraviolet (EUV) mirrors.159  The Mo/Si multilayer mirrors have high 

reflectivity at =13.5 nm for EUV lithography for advanced semiconductor processing.160  

However, silicide formation at temperatures >210°C causes interface roughness that degrades the 
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reflectivity.160,161  Silicon EE-ALD at low temperatures may provide extremely conformal silicon 

deposition and offer advantages to the sputter deposition techniques that are currently employed 

to fabricate the Mo/Si multilayer mirrors.159 

In addition, there are other applications that may benefit from the directional properties of 

the electron flux during Si EE-ALD.  If the electron flux is at normal incidence to the substrate, 

then surfaces that are parallel to the electron flux will receive very little flux compared with 

surfaces that are normal to the electron flux.  For example, sidewalls of trenches may be parallel 

to the electron flux and receive very little flux.  This geometry would favor “bottom-up” filling 

of the trench.162  The Si EE-ALD would occur first at the bottom of the trench and proceed up 

the trench with negligible deposition on the sidewalls.  This “bottom-up” filling could be useful 

for filling high aspect ratio structures. 

V. Conclusions 

Silicon films were grown at room temperature using EE-ALD techniques with sequential 

exposures of disilane and low energy electrons in the range of 25-200 eV.  The silicon film 

growth at low temperature results from hydrogen ESD on the silicon surface.  The hydrogen 

removal forms dangling bonds that are able to adsorb Si2H6 during the subsequent Si2H6 

exposure.  The Si EE-ALD was self-limiting with respect to the Si2H6 exposure and the electron 

exposure time.  The silicon films grew linearly with number of reaction cycles and growth rates 

of up to ~0.3 Å/cycle were observed at electron energies of 100-150 eV.  These growth rates are 

close to the expected growth rates assuming disilane adsorption on the dangling bonds on 

reconstructed single-crystal silicon surfaces. 

The Si EE-ALD was dependent on the electron energy.  Silicon growth had a threshold 

around 25 eV and showed a maximum growth rate between 100 - 150 eV.  The silicon growth 
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rate then decreased above 155 eV.  There was a correlation between the silicon growth rates and 

the silicon core electron energies.  This correlation argues that at least part of the silicon growth 

mechanism is related to electron removal from silicon core levels and the resulting Auger decay.  

Fitting the silicon growth rate versus electron exposure time yielded a hydrogen ESD cross 

section of σ = 5.8 x 10-17 cm2.   

The silicon films were grown using an electron flood gun that produced silicon film 

growth over areas of ~1 cm2.  The silicon growth was very uniform over the area irradiated by 

the electron beam.  The Si EE-ALD films contained carbon concentrations of ~10 at.%.  The 

carbon impurity is believed to result from residual hydrocarbons in the vacuum chamber that 

compete with disilane for the dangling bonds during silicon film growth.  Si EE-ALD should 

find application for depositing ultrathin silicon films on thermally fragile substrates, preventing 

silicide formation, and for “bottom up” filling. 

VI. Acknowledgements 

This work was supported by Defense Advanced Research Projects Agency (DARPA) 

under Grant W911NF-13-1-0041.  The authors thank Tyler McQuade and Anne Fischer from 

DARPA for their support and helpful comments.  The authors also acknowledge Kenneth Smith 

and Donald David from the University of Colorado Integrated Instrument Development Facility 

for their help with system design, development and computer interfacing.  In addition, the 

authors thank Jonas Gertsch and Diane Lancaster for growing the ALD buffer layers. 

  



83 

 

 

Chapter 4: Electron Enhanced Atomic Layer Deposition of Boron 

Nitride Thin Films at Room Temperature163 

 

Jaclyn K. Sprenger1, Huaxing Sun1, Andrew S. Cavanagh1, Alexana Roshko2, Paul Blanchard2 & 

Steven M. George1,3 

1Department of Chemistry and Biochemistry, University of Colorado, Boulder, CO 80309; 2National 

Institute of Standards and Technology, Boulder, CO 80305; and 3Department of Mechanical Engineering, 

University of Colorado, Boulder, CO 80309. 

I. Abstract 

Electron-enhanced atomic layer deposition (EE-ALD) was used to deposit boron nitride 

(BN) thin films at room temperature using sequential exposures of borazine (B3N3H6) and 

electrons.  Electron stimulated desorption (ESD) of hydrogen surface species and the 

corresponding creation of reactive dangling bonds facilitated borazine adsorption by reducing the 

required deposition temperature for BN films.  In situ ellipsometry measurements showed that 

the BN films grew linearly versus the number of EE-ALD cycles.  Maximum growth rates of 

~3.2 Å/cycle were measured at electron energies of 80-160 eV.  BN film growth was self-

limiting versus borazine and electron exposures as expected for an ALD process.  The calculated 

hydrogen ESD cross section was σ = 3.9 x 10-14 cm2.  Ex situ spectroscopic ellipsometry (SE) 

showed good uniformity in thickness across the ~1 cm2 area of the BN film defined by the 

electron beam.  Ex situ x-ray photoelectron spectroscopy (XPS) and in situ Auger spectroscopy 

revealed high purity boron-rich BN films with C and O impurity levels <3 at.%.  Ex situ grazing 

incidence x-ray diffraction (GIXRD) measurements observed peaks consistent with textured, 

hexagonal BN.  High-resolution transmission electron microscopy (HR-TEM) observed 

hexagonal and turbostratic BN aligned with the c-axis parallel to the substrate surface.  Given the 

BN EE-ALD growth rate of ~3.2 Å/cycle that is close to the distance of 3.3 Å between BN 

planes in hexagonal BN, the HR-TEM images suggest that approximately one monolayer of BN 
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is deposited every BN EE-ALD cycle.  In addition, TEM and scanning TEM/electron energy loss 

spectroscopy (STEM/EELS) measurements of BN EE-ALD on trenched wafers observed 

preferential BN EE-ALD on the top horizontal surfaces of the wafer and little deposition on the 

more vertical sidewalls of the trenches.  This selective deposition on the horizontal surfaces 

suggests that EE-ALD may enable bottom-up fill of vias and trenches. 

II. Introduction 

Electron-enhanced processes, such as electron-enhanced atomic layer deposition (EE-

ALD), can drastically reduce the temperatures required for thin film growth.  The temperature 

reduction occurs because electrons can desorb surface species by electron stimulated desorption 

(ESD) to create very reactive “dangling” bonds.  Precursors can then adsorb efficiently on the 

dangling bonds.  Without ESD, thin film growth relies on thermal pathways for the desorption of 

surface species that require much higher temperatures.  EE-ALD lowers the thermal budget and 

enables the deposition of thin films on thermally sensitive substrates.   

Electron-enhanced thin film growth has been demonstrated previously for the deposition 

of polycrystalline GaN140 and amorphous Si164 at room temperature.  The polycrystalline GaN 

films were deposited using sequential surface reactions, similar to atomic layer deposition (ALD) 

processes, using Ga(CH3)3 (trimethylgallium (TMG)), NH3 (ammonia) and electron exposures as 

the reactants.  Hydrogen radical beam exposures were employed after the Ga(CH3)3 exposures to 

replace the CH3 groups with H surface species.  The electron exposures removed surface 

hydrogen by hydrogen ESD.  GaN growth rates of 1.3 Å/cycle were observed at room 

temperature at electron energies of 50 eV.  The GaN growth rates were higher for larger electron 

fluxes.   
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Amorphous Si films were also deposited using sequential surface reactions using Si2H6 

(disilane) and electron exposures as the reactants.  The electron exposures again removed surface 

hydrogen by hydrogen ESD.  Si growth rates of 0.3 Å/cycles were measured at room temperature 

at electron energies of 100 eV.  The Si growth was self-limiting versus Si2H6 dose pressures for 

fixed electron exposure times.  The Si growth was also self-limiting versus electron exposure 

time for fixed Si2H6 exposures.  Changes in the silicon growth rate were also observed at 

electron energies corresponding with Si core level energies.    

In this paper, boron nitride (BN) EE-ALD is examined using borazine (B3N3H6) and 

electrons as the reactants.  BN is found in many forms such as hexagonal, cubic and wurtzite BN.  

Hexagonal and cubic BN are analogous to graphite and diamond, respectively.  Hexagonal BN is 

an insulating material with the same sp2 hybridized layer structure as graphene.  Hexagonal BN 

is known for its high thermal stability and chemical inertness.  2D materials such as graphene 

can be grown on hexagonal BN.165,166  Monolayers of hexagonal BN are also used as the 

dielectric layer in field effect transistors.167-169  Cubic BN is known for its high hardness and high 

elastic modulus. 

The growth of hexagonal BN films requires very high temperatures.  The standard 

technique for hexagonal BN growth is chemical vapor deposition (CVD) that is performed at 

temperatures of 800 – 1000 ˚C.170,171  Some lower temperature BN CVD processes are employed 

at 400 ˚C.  However, these BN CVD films generally require a post-deposition annealing process 

at 1000 ˚C.172  BN ALD has been defined using BCl3 and NH3 as the precursors at deposition 

temperatures of 225 – 325 ˚C.173-177 BN ALD has also been accomplished using BBr3 and NH3 as 

the reactants.  Higher temperatures of 750 ˚C were required to obtain the turbostratic structure.  

The crystallographic order was less for films deposited at 400 ˚C.  One of the goals of this 
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research was to reduce the required deposition temperature for hexagonal BN films using EE-

ALD. 

The reduction in deposition temperature for BN film growth using EE-ALD is achieved 

by ESD of hydrogen from the surface.178,179  ESD can occur through several different processes 

including the Menzel-Gomer-Redhead and Knotek-Feibelman mechanisms.31-33,126  The Menzel-

Gomer-Redhead mechanism involves the excitation of a bonding orbital electron into an 

antibonding state that, upon relaxation, results in the dissociation of the bond and desorption of 

the surface species.  The Knotek-Feibelman mechanism is an Auger process where a core-

binding electron is displaced by the incident electron flux. A valence level electron loses energy 

to fall into the resulting hole and another valence electron absorbs the lost energy to leave the 

surface species.  The ESD of hydrogen results in the creation of highly reactive “dangling” bond 

sites where precursors can be adsorbed with little to no activation barrier.   

The BN EE-ALD films were grown using sequential cycles of borazine (B3N3H6) and 

low energy electron exposures.  BN films covered an area of ~1 cm2 and were grown at room 

temperature (27 ˚C) and 100 ˚C using electron energies from 50-450 eV.  All EE-ALD reactions 

were performed in an ultra-high vacuum (UHV) chamber to preserve the highly reactive 

“dangling” bonds after ESD.  BN film growth was characterized by in situ multi-wavelength 

ellipsometry, Auger spectroscopy, and mass spectroscopy.  The character and crystallinity of 

these BN films was studied using a variety of ex situ techniques including spectroscopic 

ellipsometry (SE), grazing incidence x-ray diffraction (GIXRD), x-ray photoelectron 

spectroscopy (XPS), and transmission electron microscopy (TEM).   

BN EE-ALD films were also deposited on trenched wafers to evaluate EE-ALD on high 

aspect ratio structures.  These BN EE-ALD films were analyzed using TEM and scanning 
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TEM/electron energy loss spectroscopy (STEM/EELS).  These studies were designed to 

determine if the EE-ALD films were selective for deposition on horizontal surfaces.  Selective 

deposition on horizontal surfaces could be useful for the bottom-up filling of trenches or vias 

during semiconductor fabrication. 

III. Experimental 

A. Vacuum Chamber 

BN EE-ALD films were grown at room temperature and 100 ˚C in a UHV chamber 

which has been previously described.140,164 

B. Chemicals and Materials 

BN films were grown using borazine (B3N3H6; >95%, Gelest). Immediately prior to each 

EE-ALD reaction, the borazine bubbler was frozen with liquid nitrogen and remaining gases in 

the line were pumped out prior to allowing the precursor to thaw. This procedure was repeated in 

triplicate to ensure the reactant purity as borazine is prone to degradation.180 Borazine undergoes 

dehydropolymerization at temperatures greater than 70 ˚C87,172 and can further decompose to BN 

and hydrogen gas.172 

Films were deposited on boron-doped Si(111) substrates (Silicon Valley 

Microelectronics, Inc.). Prior to loading in the reaction chamber, substrates were rinsed with 

acetone and methanol, and submerged in Nano-Strip (Cyantec Corporation) for 3 minutes to 

remove surface contaminants. The silicon native oxide was etched and the surface hydrogen 

passivated by exposing the substrate to dilute hydrofluoric acid (50:1 H2O: HF) for 2 minutes.  

Substrates were loaded into the load lock chamber and the background pressure was 

reduced to 1x10-6 Torr.  The load lock chamber and substrate were irradiated for 30 minutes 

using UV lamps (RBD Instruments) to desorb water from the substrate surface and chamber 
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walls.  After the pressure in the load lock chamber was reduced to approximately 1 x 10-8 Torr, 

the substrate and sample stage were transferred into the reaction chamber.  The substrate was 

again irradiated with UV light for 30 minutes.  After irradiation, the substrate was transferred to 

the analysis chamber and exposed to hydrogen radicals created by the hydrogen atom beam 

source (HABS) using hydrogen gas (H2; research grade, Airgas) that brought the background 

pressure to 1 x 10-5 Torr for 30 minutes. The hydrogen radical flux at the surface was estimated 

to be 5 x 1015 H atoms cm-2 s-1. Samples were then returned to reaction chamber for the film 

growth. After the reaction chamber had reached a base pressure of 5 x 10-10 Torr, the reaction 

was initiated. 

A typical EE-ALD reaction sequence consisted of an electron gun exposure at 100 eV for 

240 s with an electron emission current of 300 µA followed by a 15 s purge.  A borazine 

exposure of approximately 7 x 10-2 Torr s was then dosed into the chamber with a following 150 

s purge.  Three in situ ellipsometry scans of 1 s each were recorded 120 s into the purge to 

determine the BN film thickness.  Another 50 s were required for the electron gun filament to 

warm up to emission temperature.  This sequence was repeated the desired number of cycles. 

Approximately 7.5 minutes were required to complete one full BN EE-ALD cycle. 

C. In situ Growth Analysis 

The reaction chamber was equipped with a variety of in situ analysis techniques to 

observe film growth. Film growth rate and thickness were analyzed with a multi-wavelength 

ellipsometer (FS-1, Film Sense). An initial baseline scan of the substrate was taken prior to the 

reaction and film growth was modeled using an n & k model. During growth, three consecutive 1 

s scans were collected 120 s after the borazine exposure. Growth rates were calculated by finding 

the linear line of best fit for the thicknesses measured in 10 consecutive reaction cycles. 
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In situ film composition was measured by Auger Electron Spectroscopy (AES) using a 

micro-cylindrical mirror analyzer (microCMA) Auger spectrometer (RBD Instruments). The 

microCMA Auger spectrometer scanned a kinetic energy range of 30-930 eV with a step size of 

1 eV. The beam potential was 3 kV with a filament current of 1.05 A. The AES data was 

collected and processed using CMapp (RBD Instruments) software. 

Additionally, an in situ mass spectrometer (PrismaPlus QMG 220M, Pfeiffer Vacuum 

Inc.) was available for identification of gaseous reaction by-products.  The mass spectrometer 

could measure mass signals up to m/z = 200 amu and had an internal ion current to pressure 

calibration that allowed partial pressures to be estimated from ion currents. 

D. Ex situ Film Analysis 

The BN films were analyzed using a variety of ex situ techniques.  The film thickness 

was determined using a spectroscopic ellipsometer (Model M-2000, J.A Woollam Co., Inc.) 

equipped with focusing probes which reduced the spot size to ~ 300-400 μm and allowed for 

spatial mapping of the growth spot. Data was collected at 65˚ and 70˚ incident angles. The SE 

data was fitted with a B-spline model using CompleteEASE (J.A Woollam Co., Inc.) software. 

The film composition was determined by X-ray photoelectron spectroscopy (XPS) 

analysis using an X-ray photoelectron spectrometer (PHI 5600).  The spectrometer used a 

monochromatic Al-Κα source at 1486.6 eV.  The pass energy was 29.35 eV and the step size was 

0.25 eV.  An electron beam neutralizer was used during the XPS measurements.  XPS depth-

profiling and surface carbon removal was conducted using argon ion sputtering.  The XPS data 

was collected using Auger Scan (RBD Instruments) software.  The XPS data was analyzed in 

CASA XPS (Casa Software Ltd.) software. 

The BN films were studied using grazing incidence X-ray diffraction (GIXRD) to 

determine if the films were crystalline.  These GIXRD studies were performed with an X-ray 
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diffractometer (D1 System, Bede Scientific Inc.).  The GIXRD utilized Cu-Kα irradiation at an 

incidence angle of 0.3°. 

Raman spectra were collected with an InVia Confocal Raman Microscope (Renishaw 

plc.) using a 785 nm laser. Exposures were 0.02 seconds with 10,000 accumulations. Data was 

processed with WiRE (Renishaw plc.) software. 

Fourier-transform infrared (FTIR) spectra were collected using a Bruker Tensor 27 with a 

DTGF detector in transmission mode. The aperture was 4 mm, the resolution was 1 cm-1 and 100 

accumulations were acquired. Data was collected for the 4000 – 1000 cm-1 range and processed 

using OPUS (Bruker) software. 

Forward recoil elastic spectroscopy (FRES) measurements was collected with an incident 

ion beam of 3 MeV He+. The spot size was reduced to 1 mm2 normal to the source with an 

incidence angle of 75˚ on the sample. 

A lamella of the specimen was prepared for transmission electron microscopy (TEM) 

examination by focused ion beam (FIB) milling.  First, protective metal layers (Ni and Pt) were 

deposited on the surface and then a Ga-ion beam was used to prepare a thin lamella at 30 then 5 

kV.  Damage induced by the FIB preparation was removed by subsequent Ar milling at 900 then 

500 eV.  High-resolution TEM (HR-TEM) phase contrast images were taken at 200 kV with the 

lamella aligned to the Si[112] zone axis.181 

IV. Results and Discussion 

A. In situ Film Growth and Characterization 

Growth of EE-ALD BN films was studied with in situ multi-wavelength ellipsometry. 

Linear BN growth rates were observed at various electron energies. Initial film deposition 

experienced short, approximately 20 cycle, nucleation delays on Si(111) substrates after which 
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film growth was consistently observed to be linear. Figure 4.1 displays the linear growth 

behavior of EE-ALD BN at 120 eV, 300 eV, and 400 eV. This data was collected on a 

previously grown EE-ALD BN film to remove nucleation effects and have consistent optical 

properties to ease model generation. All other reaction parameters were within self-limiting 

behavior regimes. The borazine exposure was 7 x 10-2 Torr s and the electron emission current 

was 300 μA for 240 s. At an electron energy 120 eV, the observed growth rate of EE-ALD BN 

was linear at 3.0 Å/cycle. When the electron energy was increased to 300 eV, a decrease in the 

linear growth rate to 2.5 Å/cycle was observed. An additional decrease in EE-ALD growth rate 

was observed for 400 eV that resulted in a linear growth rate of 2.0 Å/cycle. These decreases in 

growth rate observed at higher electron energies are attributed to a competitive etching process 

becoming more prominent and acting to bring down the overall growth rate for the EE-ALD BN 

chemistry. 

With varying linear growth rates at different electron energies observed, the impact of 

electron energy on the EE-ALD growth rate was studied and the results are shown in Figure 4.2. 

EE-ALD BN films were grown on Si(111). The reaction parameters were the same as those used 

for the linear growth studies. No film growth was observed with an electron energy of 0 eV. This 

is consistent with film growth being dependent on the electron flux across the surface. A film 

growth threshold between 0-40 eV was present. Previous H desorption cross section studies from 

Si(001) surfaces observed a threshold at 23 eV178 and previous EE-ALD Si film growth initiated 

at ~25 eV.164 Due to limitations with cycling of the electron flood gun, the growth rate in the 

electron energy region between 0-40 eV could not be effectively probed. A plateau in EE-ALD 

film growth rates at 3.0 Å/cycle was observed between 80-160 eV. At electron energies greater 

than 160 eV, the growth rate began to experience an overall decrease that was attributed to an  
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Figure 4.1: Linear growth rate of EE-ALD BN films on Si(111) substrate observed with 

respect to three different electron energies. 
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Figure 4.2: Growth rate dependence of EE-ALD BN films on Si(111) substrate based on 

electron energy used during each exposure. 
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increase in a competitive etching process of the BN film. By electron energies of 440 eV, the 

growth rate had halved to 1.5 Å/cycle. It is predicted that at a high enough electron energy, the 

competitive etch process of BN will outcompete the growth resulting in no film growth. 

In order to confirm the ALD-like properties of this BN EE-ALD technique, the self-

limiting behavior of BN film growth was studied with respect to each reaction parameter. Each 

study presented was performed with all reaction parameters, aside from the parameter of interest, 

held constant under self-limiting conditions. Additionally, each study was performed at 27 ˚C on 

a previously deposited BN film to avoid the impact of nucleation delays.  

Self-limiting behavior with respect to borazine exposure was observed at greater than 7 x 

10-2 Torr s as shown in Figure 4.3. No growth was observed without the presence of a borazine 

dose even with repeated electron exposures. The maximum growth rate was found to be 

approximately 3.0 Å/cycle at self-limiting growth conditions. The behavior of BN EE-ALD film 

growth was also observed to be self-limiting for electron emission currents greater than 100 μA 

as shown in Figure 4.4. No film growth was observed without electron exposures. The maximum 

growth rate found was 3.2 Å/cycle. Due to limitations of the electron gun, it was not feasible to 

study electron emission currents greater than 500 μA. At an emission current of 500 μA, a slight 

decrease in growth rate was observed. It is possible that going to higher emission currents would 

yield partial layer desorption, an overall reduced growth rate and possible improved film quality. 

Finally, self-limiting behavior was observed with respect to electron exposure time for exposures 

greater than 240 s as shown in Figure 4.5. Once again, no growth occurred without the present of 

an electron exposure. The maximum growth rate was found to be approximately 3.2 Å/cycle. 

It is possible to calculate the hydrogen ESD cross section from the electron exposure time 

at 100 eV presented in Figure 4.5. It is assumed that the only method of film growth is through 
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Figure 4.3: Self-limiting BN EE-ALD film growth is observed for borazine exposures greater 

than 7 x 10-2 Torr s. 
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Figure 4.4: Self-limiting BN EE-ALD film growth rate is observed for electron emission 

currents greater than 100 μA. 
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Figure 4.5: Growth rate shows self-limiting behavior with respect to the electron exposure time 

on the sample. Data is fit in order to determine the time constant, τ, which allows for the 

calculation of the electron stimulated hydrogen desorption cross section. The cross section was 

found to be 3.9 x 10-14 cm2. 
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the creation of “dangling” bonds. Further, it can be assumed that the growth rate of the EE-ALD 

BN films is proportional to the “dangling” bond coverage. The following equation can therefore 

be derived:164,182,183 

RBN = [1 – exp(-t/τ)]        (4.1)    

In Equation 4.1, RBN represents the BN growth rate, α represents the maximum BN growth rate 

assuming ideal conditions, and τ is the time constant, in (s). The experimental results in Figure 

4.5 can be fit with Equation 4.1 which results in τ = 72.7 s. The definition of τ can be rearranged 

to yield the hydrogen desorption cross section equation: 

 = 1/          (4.2) 

In Equation 4.2, σ is the total hydrogen desorption cross section (cm2) and Φ is the electron flux 

across the surface (e-/cm2s). The electron flux is defined as Φ= I/Ae where I is the electron 

current, A is the electron beam area and e is the charge of an electron. For this experiment, I = 

300 μA and A = 1 cm2. The τ from the fit of the experimental results in Figure 5 together with 

these experimental parameters yield a hydrogen ESD cross section at 100 eV of σ = 3.9 x 10-14 

cm2. Mass spectrometry results show an increase in m/z = 2 during electron exposure periods 

which supports hydrogen ESD as a likely mechanism for film growth. 

B. Growth Conformality 

BN EE-ALD film growth is dependent on electron flux across the substrate surface as 

demonstrated in Figure 4.6. The electron flood gun acts as a point source of electrons located 

approximately 3 cm away and at normal to the substrate surface. The film growth spot is 

observed to be circular with an area of approximately 1 cm2. This shape is characteristic of the 

Gaussian distribution of electrons originating from the electron flood gun. There is no visible BN 

film growth outside the electron flux region. The film pictured in Figure 4.6 was grown using 
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Figure 4.6: Picture of BN film grown at 27 ˚C on a Si(111) substrate. 
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500 EE-ALD cycles at 27 ˚C on a Si (111) substrate. Self-limiting parameters were used for the 

deposition with borazine exposures of 7 x 10-2 Torr s and electron exposures at 100 eV and 300 

μA for 240 s. 

Ex situ spectroscopic ellipsometry (SE) was used to acquire a spatial profile of the BN 

growth spot film thickness. The results of this profile are displayed in Figure 4.7. The film 

thickness across the deposition area is conformal at approximately 150 nm thick. The spatial 

profile displayed in Figure 4.7 is of the same sample shown in Figure 4.6. The calculated growth 

rate is approximately 3.0 Å/cycle. This growth rate is consistent with the growth rates previously 

observed for BN EE-ALD at 100 eV under self-limiting growth conditions shown in Figures 4.2-

4.5. 

There is approximately 10 Å in BN film thickness variation across the top of the growth 

spot observed in Figure 4.7. Additionally, the film thickness drops off very quickly outside the 

electron flux region. The mesa structure of the growth spot is consistent with hydrogen ESD 

creating a saturation of “dangling” bond sites on the surface with each cycle. Some BN film is 

observed outside the electron flux region with a maximum thickness of approximately 50 nm. 

This growth is attributed to secondary electron scattering and elastic collisions of primary 

electrons resulting in limited film growth outside the electron flux region. 

C. Film Composition 

An ex situ cross-sectional XPS depth profile of EE-ALD BN films showed a consistent 

composition throughout the bulk of the film as shown in Figure 4.8. This film was grown at 27 

˚C with 1600 EE-ALD reaction cycles at an electron energy of 100 eV for 60 s and 100 μA. The 

borazine exposure was approximately 1 x 10-4 Torr s. The film was boron-rich BN with 56 at.% 

B and 40 at.% N. Contamination levels were low, C at 3 at.% and O at 1 at.%, throughout the 

bulk of the film. A limited and self-terminating surface oxidation on the BN film is evident.     
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Figure 4.7: Spatial spectroscopic ellipsometry profile of the BN EE-ALD growth spot pictured in 

Figure 4.6 shows good conformality across the region that was exposed to electron flux. 
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Figure 4.8: XPS depth profile of a BN EE-ALD film grown on Si(111). Film shows consistent 

composition throughout the bulk with approximately 56 at.% B and 40 at.% N. The film shows 

approximately 3 at.% C and 1 at.% O contamination throughout bulk. 
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It is indicative of high levels of film stability as limited degradation occurred even after having 

been exposed to atmospheric conditions for several hours. 

The surface composition of these films was analyzed in situ with Auger spectroscopy and 

the results are in agreement with the XPS results. The film surface was found to be boron-rich 

with 61 at.% B and 35 at.% N. Surface contamination levels were low with 3 at.% C and 1 at.% 

O. The slight variation in surface B:N composition from that observed with XPS may be related 

to molecular orientation of the borazine species as Auger spectroscopy has a penetration depth of 

1 nm and is highly surface sensitive. Surface composition was independent of whether the 

surface had been exposed to borazine or electrons last.  

FReS was performed to measure the levels of hydrogen present in these BN EE-ALD 

films. The hydrogen composition was found to be approximately 7 at.% for a sample that was 4 

months old and roughly 11 at.% for a 5 month old sample. Both samples were grown at 27 ˚C 

with electron energies of 100 eV and under self-limiting reaction conditions. 

D. Film Crystallinity and Structure 

The crystallinity of EE-ALD BN films was established using grazing incidence x-ray 

diffraction (GIXRD), micro-Raman spectroscopy, Fourier-transform infrared spectroscopy 

(FTIR), and high-resolution transmission electron microscopy (HR-TEM). GIXRD of a BN film 

grown at 100 ˚C with 1000 EE-ALD reaction cycles is show in Figure 4.9a. This film had a 

thickness of 1170 Å. Growth rates at 100 ˚C were found to be approximately a third the growth 

rate at 27 ˚C. For reference, Figure 4.9b shows a hexagonal BN XRD powder pattern.184,185 Only 

two diffraction peaks are observed in the EE-ALD BN film, which are consistent with BN(002) 

and BN(004). A slight shift to lower 2θ relative to the hexagonal BN powder pattern is attributed 

to internal strain in the film. It is possible to calculate the lattice constants to determine the  
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Figure 4.9: a) GIXRD scan of EE-ALD BN film grown at 100 ˚C shows polycrystallinity 

consistent with hexagonal BN. Crystallite sizes are calculated to be on the order of 1-2 nm. 

Additionally, due to the presence of only two peaks (002) and (004), it appears that film growth is 

textured parallel to the substrate surface. b) XRD powder pattern of hexagonal BN for reference.  
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character of the BN film. Hexagonal BN has an a parameter of 2.504 Å and a c parameter of 

6.658 Å.186 Turbostratic BN is a variant of hexagonal BN where stacking faults result in a layer 

displacement by either a random rotation or a shift away from the expected stacking pattern. 

Based on the percentage of disordered, turbostratic BN present, the c lattice parameter can range 

up to 6.86 Å while no change is observed in the a parameter.186 Ideally, calculation of the lattice 

constants from GIXRD data would allow for the determination of the purity of hexagonal BN in 

these EE-ALD films. Unfortunately, due to the shift in peak location attributed to internal strain, 

calculated lattice constants provide little information about crystallite character. The presence of 

only the (002) and (004) diffraction peaks is indicative of a textured hexagonal BN film with the 

c-axis lying perpendicular to the substrate surface. The broadening of diffraction peaks in Figure 

4.9a is consistent with fine-grained, polycrystalline BN films. Crystalline size was estimated 

from the width of the diffraction peaks using the Scherrer formula. Predicted crystallite 

diameters were 1-2 nm. 

Micro-Raman spectroscopy was performed on a BN sample grown at 100 ˚C with 1000 

EE-ALD reaction cycles. The film was 1170 Å thick. A small peak was observed at 1372 cm-1 

that is consistent with the symmetric in-plane stretching of hexagonal BN at 1370 cm-1.187,188  

Additionally, a BN film grown at 27 ˚C with 2000 EE-ALD cycles was studied with 

FTIR. The film was 900 Å thick, but was grown under sub-saturating conditions. A broad peak 

was observed at 1367 cm-1. The IR active peaks for hexagonal BN are found at 1367-1380 cm-1 

for the in-plane stretch and 780-790 cm-1 for out-of-plane bending.187-190 The FTIR system used 

only collected down to 1000 cm-1, but the broad 1367 cm-1 peak observed was consistent with in-

plane stretching for hexagonal BN. 
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Additionally, the crystallinity of BN EE-ALD films was verified with HR-TEM.191 

Figure 4.10 shows HR-TEM images of a BN film grown at 100 ˚C with 1000 EE-ALD reaction 

cycles on a Si(111) substrate. HR-TEM visualized the crystallites as small, approximately 1-2 

nm in diameter. Though determination is difficult from HR-TEM, the crystallites demonstrated 

small regions with straight, parallel basal planes consistent with hexagonal BN. However, the 

crystallite edges and interfacial structures have a wavy basal plane characteristic of turbostratic 

BN. Despite the presence on a thin ~1 nm amorphous layer between the Si(111) substrate and the 

bulk of the BN film, the crystallites are textured with the (002) basal plane roughly parallel to the 

substrate surface in both Figure 4.10a and 4.10b. This observation is consistent with the GIXRD 

results in Figure 4.9. Previous BN films grown using various ion-bombardment and plasma-

enhanced chemical vapor deposition (CVD) techniques as well as physical vapor deposition 

(PVD) techniques have observed textured, turbostratic BN film growth on Si(001) and Si(111). 

188,192-194 However, the turbostratic BN(002) basal plane was observed to be perpendicular to the 

substrate despite a similar thin amorphous layer.188,192-194 Conversely, when these same 

techniques are used in conjunction with a diamond(111) substrate, textured, turbostratic BN with 

the (002) basal planes parallel to the substrate surface similar to the BN film in Figure 4.10a and 

4.10b were observed.192 

E. Proposed Growth Mechanism 

With the EE-ALD BN film growth rates and structure, the growth mechanism for these 

films can be elucidated. In Figures 4.2-4.5, the maximum growth rates observed are 3.0 - 3.2 

Å/cycle. This growth rate is roughly consistent with the 3.3 Å interlayer spacing of hexagonal BN 

along the c-axis. Further, these films, as deposited, show texturing with the (002) basal plane 

parallel to the substrate surface in both GIXRD and HR-TEM. It can be concluded that the 
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Figure 4.10: HR-TEM images of EE-ALD BN film grown on Si(111) at 100 ˚C. 

a) Hexagonal and turbostratic BN film shows texturing with the (002) basal 

plane parallel to the substrate surface. b) Interface of the Si(111) substrate and 

EE-ALD BN film shows an ~1 nm amorphous BN layer before the formation of 

the hexagonal and turbostratic BN film. 
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deposition mechanism for these EE-ALD BN films proceeds through the adsorption of borazine 

with the ring parallel to the surface as shown in Figure 4.11. Once the surface is irradiated with 

electrons, the hydrogens attached to borazine are desorbed, leaving highly reactive “dangling” 

bonds. These “dangling” bonds can then react with neighboring “dangling” bonds to form more 

sp2 BN. There is some surface mobility for the adsorbed borazine rings during the electron 

exposure due to the nature of the van der Waals forces holding them and the energy provided by 

the incident electrons. After the “dangling” bonds have reacted to form a partial monolayer, more 

borazine can be introduced and adsorbed. EE-ALD BN is observed to be self-limiting which 

indicates that the adsorption of a secondary borazine layer on an unreacted, adsorbed borazine 

layer is unfavorable. 

F. Growth on Patterned Substrates 

EE-ALD is a line of sight technique that offers selectivity through the directionality of 

the electron flux on the surface. In the interest of pursuing a bottom-up filling growth technique, 

EE-ALD of BN was applied to trench structures provided by Applied Materials seen in Figure 

4.12. The top of Figure 4.12 is a scanning transmission electron microscopy (STEM) image of 

BN film growth on the trench structure. It shows a thick layer of BN grown on top of the 

structure with the indication of a thin BN layer along the sides and at the bottom of the trench. 

The bottom of Figure 4.12 is an electron energy loss spectroscopy (EELS) image for elemental 

mapping. The first two panes indicate that a BN film has grown in the trench structure. The film 

shows a preference for deposition on the surfaces that are closest to normal to the electron 

source. The thinnest region of the BN film is observed on the trench walls most parallel to the 

electron source. There are some irregularities in the BN film where preferential growth on the 

oxide shoulder appears to have shadowed further deposition. The third and fourth panes show the  
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Figure 4.11: Proposed EE-ALD BN growth mechanism. 
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Figure 4.12: EE-ALD BN film growth on trench structure at 27 ˚C. Top pane: STEM image 

shows thick BN film deposition on top of trench structure with some film deposition on trench 

sides and bottom. Bottom panes: EELS for B, N, Si, O and a false-colored, combined elemental 

map. BN films deposited into trench preferentially on the bottom and sloped sides. More vertical 

regions experienced very little film growth. 
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trench material and lack of contamination in the BN film. The final pane is a false-colored, 

composite image of the first four panes. Based on these results, it is expected that with a straight-

walled trench structure, preferential bottom-up filling would be observed with this EE-ALD 

technique. The difficulty with implementing this technique lies in the requirement that electrons 

penetrate to the bottom of the trench for deposition. This requires that the electron source is 

aligned with the sample and electrons experience less than a 3˚ deviation in path. In order to 

deposit the film in Figure 4.12, higher electron energies (400 eV) were used to collimate the 

electron beam. The film was deposited at 27 ˚C with saturating conditions. 

A secondary goal of this research is to probe the ability of the EE-ALD technique with 

respect to preferential film deposition on the bottom of patterned structures. This “bottom-up” 

filling technique would add a highly desirable tool for the patterning community.195 Due to the 

line of sight growth experienced with the electron flux of EE-ALD, it is expected that EE-ALD 

films will preferentially deposit on substrate surfaces normal to the electron source. 

V. Conclusions 

BN films were grown using EE-ALD techniques with sequential exposures of borazine 

and low energy electrons at 27 ˚C and 100 ˚C. These films are grown through the ESD of 

hydrogen from the adsorbed borazine surface resulting in “dangling” bond production. The 

highly reactive “dangling” bonds can then react with each other to form a hexagonal BN layer. 

Self-limiting growth behavior was observed with respect to borazine exposures, electron 

exposure time and electron emission current. Additionally, these films grew linearly under a 

fixed set of conditions. Maximum growth rates of 3.2 Å/cycle were observed at electron energies 

of 80 – 160 eV. Fitting BN film growth rate versus electron exposure time yielded an ESD 

hydrogen cross section of σ = 3.9 x 10-14 cm2.  
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BN films deposited at 100 ˚C were found to be fine-grained and polycrystalline 

consistent with hexagonal BN by GIXRD, Raman and FTIR. HR-TEM observed textured 

hexagonal and turbostratic BN with the (002) basal plane parallel to the substrate surface. 

Estimated crystallite size was 1-2 nm in diameter by GIXRD and HR-TEM. The composition of 

these films was boron-rich BN (1.3:1) with <3 at.% carbon and oxygen contaminations. 

Additionally, these films were stable in atmosphere and formed a self-terminating oxide layer. 

BN film growth was very conformal across the ~1 cm2 growth area defined by the 

electron flux. Additionally, BN film growth on trench structures shows promising results as a 

bottom-up filling technique. Finally, these EE-ALD BN films can be grown at low temperature 

and offer a possible avenue for deposition on thermally sensitive substrates. 
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Chapter 5: Experimental Details 

I. Reaction Conditions 

Over the course of this work there were significant improvements made to the reactor 

design allowing for more control and a better understanding of the impacts of reaction 

parameters. With the initial GaN EE-ALD work, the reactor had very little control over dose 

pressures and limited in situ growth monitoring capabilities. The dosing lines for the 

trimethylgallium (TMG) and ammonia (NH3) precursors were attached directly to their 

respective cylinder regulators resulting in large precursor exposures. These exposures were 

difficult to quantify as the hot cathode pressure gauge consistently over-pressurized with each 

precursor dose. Additionally, it was very difficult to optimize reaction parameters with the initial 

GaN work due to the lack of in situ film growth analysis techniques. At this point, the best 

method for determining optimal reaction conditions was to grow a film under known conditions, 

analyze it ex situ, adjust the reaction parameters and repeat. 

System purge times were determined based on the amount of time required for the 

reaction chamber to return to base pressure after a precursor dose as monitored by the in situ 

residual gas analyzer (RGA) mass spectrometer. It was decided early in the design process that 

having a current applied across the electron flood gun while a precursor was dosing into the 

reaction chamber would unnecessarily shorten the lifespan of the filament. Therefore, the 

electron flood gun was programmed to ramp up its emission current as needed every reaction 

cycle. A longer system purge was employed to allow for this ramping procedure. Additionally, a 

small purge was added after the electron flood gun exposure to allow the gun to ramp its current 

back down during the GaN EE-ALD work. After the discovery of the damaging impacts of 

disilane on the electron flood gun during the Si EE-ALD work, these post-electron exposure 
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purge times were extended to allow for filament cooling as well as the reduction in filament 

current. The impacts of disilane are discussed in detail in section III. While the extended purge 

times preserved the electron flood gun’s lifetime, the increased time allowed for increased levels 

of “dangling” bond decay and reaction with ambient gases. When precursors were finally 

introduced, fewer reactive sites were available for film growth. It is expected that this 

contributed to the low growth rates observed for Si EE-ALD. Purge times were again shortened 

with the switch to BN EE-ALD as the borazine precursor had fewer adverse interactions with the 

electron flood gun filament.  

 GaN EE-ALD precursor dose times needed to be short, ~100 ms, in order to maintain 

dose pressures in the mTorr range as determined by the hot cathode gauge’s programmed over-

pressure limits. Prior to beginning the Si EE-ALD work, the reactor’s dosing module was 

redesigned to monitor the fill volume pressure by a capacitance monometer behind the micro-

pulse valves. Controlling the fill volume pressures allowed for consistent precursor dosing. The 

LabVIEW code controlling the dosing system was reprogrammed to account for the new set-up 

and to automatically maintain the desired fill volume pressure. Dose times were increased for Si 

and BN EE-ALD in order to obtain precursor dose pressures in the mTorr range. 

With the addition of in situ film growth monitoring in the form of multi-wavelength 

ellipsometry, it became more feasible to optimize reaction parameters and study the ALD 

behavior of EE-ALD film growth. These optimization studies typically consisted of five 

consecutive reaction cycles under one set of reaction parameters followed by altering a single 

parameter. The growth rate could be determined by fitting a linear regression to the modeled 

ellipsometry thickness from the five reaction cycles. Each study varied one parameter until self-
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limiting conditions were observed. In this manner, reaction conditions could be fully optimized 

for a given EE-ALD chemistry. 

II. Cleaning Substrate Surfaces 

Obtaining a clean substrate surface remained a problem throughout the entirety of this 

work. Interfacial carbon and oxygen impurities were visible on all x-ray photoelectron 

spectroscopy (XPS) depth profiles that were collected for these EE-ALD films. The cleaning 

procedures, both ex situ and in situ, were designed to remove all material on the substrate 

surface. Each sample was cleaned ex situ in Cyantec Nano-Strip to remove adventitious carbon 

and other contaminations. After rinsing substrates with deionized water, each sample was 

cleaned in dilute hydrofluoric acid (HF) (50:1 H2O:HF) with the intent of removing the oxide 

layer of the Si(111) and leaving a hydrogen passivated surface.48,49 

An XPS survey scan of silicon surfaces after this cleaning procedure showed a reduction 

by approximately half in the surface oxide compared to the untreated samples. The surface 

carbon appeared relatively unchanged even though the sample was loaded into the XPS directly 

after treatment. A study of varying exposure times for Nano-Strip and dilute HF cleaning was 

performed with negligible improvements in reducing contamination levels. Additionally, 

cleaning with Nano-Strip and piranha acid at 80 ˚C yielded no noticeable change in carbon and 

oxygen levels. 

In situ each substrate was exposed to UV light in both the load lock chamber and the 

reaction chamber to reduce levels of adsorbed water on the substrate surface. In an attempt to 

reduce surface contamination levels with another in situ process, substrates were exposed to a 

hydrogen plasma generated on a copper feed-through wire in the reaction chamber backfilled 

with hydrogen gas to mTorr pressures.196 Additionally, substrates were exposed to ozone with 
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UV light and an atomic hydrogen flux from the hydrogen atom beam source (HABS).196-198 A 

final cleaning attempt was made by heating the substrate to ~700 °C to thermally desorb any 

surface species. The interfacial carbon contamination levels showed limited improvement with 

these treatments when scanned by in situ Auger spectroscopy. However, the Auger spectrometer 

may have been contributing to the carbon contamination as discussed in section IV, D. 

It should be noted that these cleaning procedures were attempted for the Si(111) substrate 

used for the GaN and BN EE-ALD work. Clean Si(111) was desirable for GaN growth as the 

silicon possessed a decent lattice constant match which might have allowed for the 

homoepitaxial growth of wurtzite GaN.199 The Si EE-ALD work was performed on an ALD 

deposited alumina (Al2O3) film on a Si(111) substrate. As the Al2O3 film was already 

amorphous, interfacial contamination had a limited impact on the potential epitaxial growth of 

the Si EE-ALD films.  

III. Electron Source Instability 

The electron flood gun failed multiple times during the work focused on Si EE-ALD. 

Interestingly, no failures occurred during the GaN and the BN EE-ALD work. After the second 

electron gun filament failure, it was determined that these failures were likely not due to age 

related degradation. It was thought that a power surge might have overheated the filament 

resulting in a broken circuit due to melting. However, after the third filament failure occurred, 

the precursor, disilane, became the main suspect. Upon examination of the filament with 

scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS), it became 

apparent the disilane had adversely affected the electron flood gun filament. The filament was 

comprised of an iridium disc, employed to increase the surface area for electron generation, 

attached to a traditional iridium filament structure. The disc was coated with an yttria layer to 
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reduce the required work function for electron removal from the surface. The impact of the 

disilane on the electron flood gun was two-fold. First, the disilane acted to reduce the yttria layer 

to yttrium, thereby increasing the work function for electron removal and increasing the required 

temperature for the system to function. Second, the disilane proceeded to deposit a CVD silicon 

film on the hot filament. This silicon layer then diffused into the iridium to form an iridium 

silicide with a reduced melting point. These two effects compounded to result in quick filament 

failure through overheating. Figure 5.1 shows a SEM image of the disc after failure of the 

filament legs. Pitting across the top of the disc surface from the disilane is clearly visible. An 

EDS elemental map of the surface is provided in Figure 5.2. The oxygen content where the yttria 

coating should have been is nearly negligible. Additionally, a strong silicon presence can be 

observed. For the remainder of the Si EE-ALD work, precautions were taken to allow the 

filament to fully cool before subsequent disilane exposures in order to protect it from further 

degradation. Finally, the filament material was switched to tungsten with a 5 % rhenium impurity 

in order to remove the necessity of having an yttria coating layer. 

IV. Carbon Contamination 

A.  Reaction Chamber 

During the GaN work, high levels (20 – 30 at.%) of carbon contamination were found 

throughout the bulk of each EE-ALD film. This contamination was initially attributed to the 

insufficient removal of the methyl species originating from the trimethylgallium (TMG) 

precursor used for GaN deposition from the reaction chamber. The system was baked-out and 

cleaned with hydrogen radicals from the hydrogen atom beam source (HABS) several times in an 

attempt to clean the reaction chamber.  
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Figure 5.1: SEM image of the electron flood gun disc after filament failure. Pitting and surface 

morphology changes are evident. 
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Figure 5.2: EDS elemental mapping of disc shown in Figure 5.1. Images show loss of oxygen 

from the yttria layer and addition of silicon to the disc face. 
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In order to reduce the amount of carbon introduced into the reaction chamber, alternative 

precursors were considered. Theoretical modelling of trimethylgallium (TMG) and 

triethylgallium (TEG) interactions with an electron flux predicted that the use of the TEG species 

should result in lower levels of carbon contamination. While counter-intuitive due to the 

presence of more carbon in the molecule, TEG undergoes a favorable β-hydride elimination 

reaction resulting in ethylene as a reaction by-product.200 Meanwhile, TMG dissociatively 

chemisorbs on the substrate surface with a methane by-product. Ethylene has a much higher 

vapor pressure and is a less sticky molecule than methane, which should have allowed for more 

efficient reaction chamber purging. Several experiments were run with the TEG precursor. 

Unfortunately, the resulting GaN films possessed similar levels of carbon contamination to those 

found with the TMG species. 

After the disappointing results with TEG, further chamber cleaning techniques were 

employed. An ozone line and generator were installed on the reaction chamber. Ozone has been 

shown to be highly reactive with carbonaceous species and is frequently used as part of a surface 

cleaning procedure. A combination of ozone and UV light has been demonstrated to enhance 

surface cleaning processes.197,198 This technique was employed for chamber cleaning. 

Additionally, copper leads were installed on the reaction chamber in order to spark a plasma with 

the hydrogen gas precursor as hydrogen plasmas have been shown to be efficient for carbon 

removal.196 Unfortunately, the carbon levels in the main reaction chamber as monitored by the 

residual gas analyzer (RGA) remained high.  

B. Hydrogen Atom Beam Source 

The HABS had been positioned in the reaction chamber at 55 ˚ from surface normal to 

the reaction substrate and located several inches away from the substrate surface. Due to the 

carbon contamination problems, these parameters were examined and found to produce a lower 
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atomic hydrogen flux than anticipated. This lower atomic hydrogen flux resulted in the 

insufficient removal of methyl species from the film surface and contributed to the films’ carbon 

contamination problems. Additionally, it was determined, through the disassembly and cleaning 

of the HABS, that the tungsten capillary in which molecular hydrogen was cracked into atomic 

hydrogen had become contaminated with carbonaceous species. This discovery meant that with 

every atomic hydrogen exposure, the carbonaceous material on the HABS capillary had the 

potential to desorb as a radical and react with the film surface. The carbon contamination on the 

HABS could have been avoided with the use of a curtain gas to prevent the backflow of 

precursor into the HABS system. During the reactor design stage it was assumed that separation 

of the HABS from the reaction chamber by a gate valve when not in use would be sufficient. 

Unfortunately, enough residual precursor remained in the reaction chamber to contaminate the 

HABS even with the gate valve precaution. Prior to further research, the HABS was cleaned and 

moved to the analysis chamber to be used only for initial surface cleaning. Additionally, no 

carbon containing precursors were employed with the system for the Si and BN EE-ALD work.  

C. Wire Insulation 

Unfortunately, the carbon contamination problems persisted into the Si EE-ALD portion 

of this work despite continued chamber cleaning, use of non-carbon based precursors and 

removal of the HABS from the reaction chamber. Eventually, it was found that the electron flood 

gun and magnetically coupled transfer arm feed-through wires had been insulated with 

polytetrafluoroethylene (PTFE) sheaths. As the electron flood gun was cycled, the PTFE had the 

potential to off-gas carbonaceous materials that could contaminate the reaction chamber and film 

growth. These polymers were removed and replaced with ceramic insulators. With this 

alteration, and continued chamber baking and cleaning, the background carbon signal was finally 

reduced to reasonable levels as measured by RGA analysis. 
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D. Auger Spectrometer 

Despite the reaction chamber having low levels of carbon present, Auger spectroscopy 

analysis of the Si EE-ALD films still showed high levels of carbon present in the films. It was 

found that samples left overnight in the reaction chamber experienced very little change in 

surface carbon levels, which was consistent with a clean reaction chamber. When multiple Auger 

spectroscopy scans were performed consecutively on a film surface, carbon levels were observed 

to increase dramatically. It was concluded that the Auger spectrometer was actually sputtering 

carbon onto the film surface along with the high energy electrons used for film analysis. 

Unfortunately, the ambient carbon contamination in the reaction chamber had resulted in the 

contamination of the Auger spectrometer. After several degassing cycles were unsuccessful in 

altering this situation, the spectrometer was returned to RBD Instruments for a rebuild and 

upgrade. 

Upon installation of the updated Auger spectrometer on the analysis chamber, it was 

discovered that there had been some damage to the alignment of the new system during shipping. 

While the spectrometer was still functional, the observed elastic peak for the generated electrons 

was broad and misshaped resulting in a poor signal to noise ratio for all Auger spectroscopy 

scans. It was still possible to collect spectra and determine relative atomic concentrations; 

however, none of the data collected by this spectrometer was viable for publication as a figure. 

Despite the Auger spectrometer system representing an ongoing problem, it was useful for the 

surface analysis of the BN EE-ALD film work.  
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Chapter 6: Future Directions  

I. Bottom-Up Filling 

The continually decreasing dimensions of semiconductor devices has recently driven the 

need for a large-scale overhaul of existing semiconductor designs. Three-dimensional (3D) 

integration has emerged as one of the most popular designs to handle the decreasing size of 

integrated circuits.201 Vertically stacked, integrated circuits provide greater connectivity and 

occupy less space than the same number of circuits arrayed in solely two dimensions. However, 

3D integration requires increased levels of complexity when it comes to processing these 

devices. The vertical interconnects of these systems present a new design problem. 

Through Silicon Via (TSV) technology represents the shortest vertical interconnects to 

bridge the vertical integration gaps of these 3D systems.202,203 A TSV is a high performance 

interconnect in the form of a manufactured pore that can pass entirely through a silicon wafer. 

These TSVs serve as a superior alternative to traditional wire-bond and flip-chip circuits.203 The 

TSVs are filled, typically with copper, to form a built-in wire interconnect within the integrated 

circuit. However, filling the TSV presents difficulties in that there cannot be any void space 

remaining in the TSV from the fill technique and the fill material must be of high quality to 

avoid electric losses and heating of the circuit.202,204  

The bottom-up filling method is currently a hot topic in the semiconductor industry as it 

represents a significant improvement potential for the quality and rate of TSV filling.205,206 

Bottom-up filling is a process through which a film or material is deposited selectively at the 

bottom of the TSV or pore structure. From there, the film will preferentially grow upward 

experiencing little to no reaction with the sidewalls of the structure. One common problem with 

non-bottom-up fill techniques, such as traditional ALD, is that the film on the sidewalls will 
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grow quickly enough to result in the TSV or pore being pinched off before the entire bottom of 

the structure is filled. This results in a void space where no material or film is located. Void 

spaces cause large decreases in conductivity and material defects that degrade the interconnect 

quality. 

This EE-ALD work has shown some initial promising results with regard to application 

as a bottom-up filling technique. By its nature, EE-ALD is a line-of-sight, directional technique 

that is dependent on a flux of electrons across the surface for deposition to occur. Initial trench 

deposition studies have shown a preference for deposition on surfaces normal to the incoming 

electron flux. Based on these results, it may be possible to optimize this chemistry for bottom-up 

fill applications. However, there is still much work to be done. The first major hurdle for this 

transition is the requirement for high levels of collimation within the electron beam to achieve a 

large enough electron flux across the bottom of trench structures. Additionally, electron charging 

in these structures during EE-ALD needs to be studied, as a build-up of negative charge on the 

surface will result in the repulsion of further electrons and the termination of film growth. 

II. Deposit-Etch Technique 

A recurring difficulty for modern advanced electronic materials lies in obtaining the 

necessary ultra-thin, conformal films, sometimes only a single monolayer thick, with high 

material quality. Current ALD techniques are unable to produce single monolayer films of many 

of the desired materials and for some of these materials atomic level control is not even possible. 

Typically, this is a result of poor nucleation in the initial stages of film growth. 

Three main growth modes observed for ALD techniques: Frank-van der Merwe growth, 

Volmer-Weber growth and Stranski-Krastanov growth. Traditional ALD processes for low 

surface energy materials, such as Al2O3, deposit films through a Frank-van de Merwe growth 
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style where adatoms will preferentially adsorb on the surface rather than each other to form a 

two-dimensional (2D) monolayer.207,208 Films grown in this fashion will possess standard ALD 

conformality. However, it is possible to deposit ALD films in a Volmer-Weber growth pattern. 

The characteristic of this film growth is the initial formation of three-dimensional (3D) islands 

from individual nucleation sites that will eventually coalesce into a single film if large enough 

islands are formed.208-210 Typically, this growth mechanism occurs due to the high surface energy 

of the deposited material resulting in preferential adatom-adatom interactions such as observed 

with noble metal film growth.211 It is also possible to observe a hybrid growth pattern called 

Stranski-Krastanov growth that is characterized by initial Frank-van der Merwe 2D growth that 

transitions into the 3D island type growth of Volmer-Weber.212 This is the least common ALD 

film growth type. The control desired for advanced electronic materials is most readily obtained 

when films are grown in a Frank-van der Merwe mode. However, for advanced electronic 

desired materials, typically transition metal dichalcogenides and metallic multilayer film stacks, 

the majority of growth occurs through a Volmer-Weber mechanism resulting in poor nucleation 

and non-continuous films. 

The elevated reaction temperatures required for traditional ALD of the desired materials 

allow for more adatom mobility across surfaces and coalescence into islands. Additionally, many 

materials of interest for advanced electronic applications have a high surface energy that results 

in preferential Volmer-Weber growth. In order to combat this Volmer-Weber growth pattern and 

improve material properties at the monolayer level, it is proposed that a deposit-etch process can 

be implemented. Initial film growth will be accomplished with EE-ALD. The applicable 

chemistry will have to be developed, but it should present limited difficulty so long as a 

hydrogen or halide precursor with a large ESD cross section is employed. The low temperatures 
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required for this technique will reduce the surface mobility of adatom species resulting from 

excess thermal energy and result in a more Frank-van der Merwe type growth. Once a 

continuous film has been achieved via EE-ALD, the film can be etched back by a thermal atomic 

layer etching (ALE) process until the desired film thickness has been reached. ALE has been 

shown to have Ångstrom-level control like its growth counterpart, be highly selective and have 

the ability to smooth a rough film as the etch progresses.213-215 The combination of EE-ALD and 

ALE should lead to the deposition of films with high material quality and a tightly controlled 

thickness that can reach to the monolayer level. Films grown in this manner should find many 

applications as modern advanced electronic materials. 
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