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PREFACE 

I joined Andrew Kummel’s laboratory at University of California, San Diego 

during winter quarter, 2004.  As a member of the group over the past 6 years, I have 

had the experience to perform cutting edge research on both experimental and 

theoretical projects.  While the chapters within this dissertation represent the results of 

my results, a great potion of my time at UCSD was focused on maintenance of an ultra 

high vacuum (UHV) chamber.  In the preface, I would like to address the non-research 

efforts I completed as a member of the Kummel lab.  Without those efforts, the results 

presented within my dissertation would not be possible. 

  Upon joining the Kummel lab, Gary Poon was the senior student on the UHV 

chamber I was assigned.  He trained me in basic UHV techniques and maintenance 

prior to his graduation in 2004.  With each year, general maintenance of the chamber 

was required; however, only major repairs are discussed in this section.  The UHV 

chamber (chamber 1) I was responsible for was 15 years old when I inherited it, and 

required a general overhaul.  My second year of graduate school was spent repairing 

chamber 1 along side my lab partner, Ngoc Tran.  Together, we repaired the entire 

pumping system, including the diffusion pump and rotary seals, and the sputter gun.  

In addition, year two saw the improvement of sample preparation, the phthalocyanine 

deposition process onto a gold sample.  In my third year, the data acquisition method 

was improved with the purchase of an Extrel mass spectrometer, which provided 

improved signal to noise.  With the experimental procedure developed, data collection 
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was possible up to my fifth year in the program.  The data output was delayed by 

continued maintenance.  Repairs were necessary to the sample heater and holder, gate 

valve between the source and UHV chamber, and titanium sublimation pump (TSP). 

In February 2008, my fifth year, research came to a screeching halt with a fire 

impacting the chamber and corresponding electronics.  Post fire, the water sprinklers 

doused the remainder of the equipment.  With the entire experiment impacted by the 

traumatic event, the next 1.75 years was spent completely rebuilding the laboratory.  

Time was spent interacting with university electricians (designing safe power 

allocation for the chamber), campus machine shop (repairing UHV steel parts), 

physics electronic shop (salvaging any workable electronics), UCSD physical plant 

services (basic laboratory repairs), EH&S (to prevent future catastrophes), and the 

university financial department and insurance (maintaining an organized list of 

damaged equipment and replacement purchases).  The UHV vacuum itself required 

replacement of every copper gasket, thus removal of very bolt.  In repairing/replacing 

equipment, the entire pumping system was overhauled with replacement of the 

diffusion pump, cryotraps, and TSP with a magnetically levitated Turbo-molecular 

pump backed by a small turbo pump and mechanical pump for the UHV chamber.  

The source chamber was entirely overhauled with much of the foreline damaged and 

the large diffusion pump removed and cleaned.  In addition, the water lines and 

process control/relay box was replaced with safer protections in place.  By the end of 

my tenure on chamber 1, with the arrival of the replacement Omicron chamber, I had 

achieved the best base pressure for the UHV chamber at 1 × 10-10 Torr through great 
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tenacity.   In addition, repetition of the monolayer FePc experiments were performed 

to validate the equipments function.  However, repeated repairs were necessary to try 

to keep chamber 1 operational.  Therefore, the fundamental study of adsorption of 

phthalocyanine thin films was transferred to the new Omicron chamber. 

Concurrent with the UHV experiment, I also had the opportunity to perform 

density functional theory (DFT) simulations.  In 2004, under the tutelage of senior lab 

member Tyler Grassman, I began modeling O2 adsorption sites on Ge in collaboration 

with STM experiments.  At this time, I was utilizing one 32-bit single processor Linux 

PC with 2 GB of RAM to run the simulations via VASP.  After gaining experience, I 

acquired 3 other Linux PCs to operate.  While the increased resources aided in the 

completion of other computational projects, the single processors limited the system 

size and parameters of the calculation.  In my fifth year, my resources were increased 

drastically with the use of 32 nodes on a large cluster.  I continued the research efforts 

of Darby Feldwinn on the InAs system, and was able to properly complete my study 

on HfO2 adsorption on InAs with improved slab size.  In addition, I completed my 

efforts with the Ge system with the determination of the subnitride structure.  At this 

point in my graduate career, I attempted to maximize my computational output while 

my experimental work was hindered.  My contributions, throughout my tenure in the 

Kummel lab, extend beyond the data collected and analyzed in this dissertation, with 

improvement to the laboratory, equipment, and methods. 
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ABSTRACT OF THE DISSERTATION 
 

Chemical Dynamics and Bonding at 
Gas/Semiconductor and Oxide/Semiconductor 

Interfaces 

 

by 

Sarah R. Bishop 

 

Doctor of Philosophy in Chemistry 

 

University of California, San Diego, 2010 

 

Professor Andrew Kummel, Chair 

 

Gas and oxide adsorption and their impact on the properties of semiconductor 

interfaces were investigated at the atomic level with both experimental and theoretical 

techniques.  Two types of semiconductors were studied, an organic semiconductor, 

employed in chemical field effect transistors (chemFETs) and alternative channel 

materials for metal oxide field effect transistors (MOSFETs).  Adsorption of nitric 

oxide (NO) on iron phthalocyanine (FePc), an organic semiconductor, was explored to 

determine the adsorption mechanism of NO.  King and Wells sticking measurements 

were performed on ordered monolayer, multilayer FePc and quasi-amorphous tetra-t-



 xxvi

butyl FePc multilayer thin films to determine the impact of surface order and thickness 

on adsorption. Density functional theory (DFT) results show there is a deep 

chemisorption well at the metal center.  The metal centers are a small fraction of the 

surface (3%), but the initial sticking probability was 40% at low surface temperature 

and low incident beam energy.  Both the experimental and theoretical data supports 

molecular NO sticking onto FePc via physisorption to the aromatic periphery followed 

by diffusion to the Fe metal center, a multiple pathway precursor-mediated 

chemisorption.  To understand the chemical dynamics of bonding at the 

oxide/semiconductor interface, the adsorption of oxygen, nitrogen, and high-κ 

dielectrics onto alternative high mobility channel materials, Ge and InAs, was 

investigated to identify passive oxide/semiconductor interfaces via DFT.  DFT 

modeling of experimental results found oxygen exposure on Ge(0 0 1)-(4 × 2) pins the 

Fermi level near the valence band due to generation of Ge ad-atoms and formation of a 

suboxide. Similarly, DFT modeling demonstrated that the nitrided Ge(001) surface 

was pinned due to generation of Ge ad-atoms and formation of a subnitride.  For III-V 

materials, a comparison was made of the geometric and electronic structures of 

ordered HfO2 and ZrO2 monolayers on InAs(0 0 1)-(4 × 2).  DFT calculations showed 

that both high-k oxides were able to electronically passivate the InAs(0 0 1)-(4 × 2) 

surface, decreasing density of states at the Fermi level by removal of dangling bonds 

and strained bonds on the semiconductor substrate.  With a greater atomic 

understanding of the oxide-semiconductor interfaces, the presented results can help 

guide future device engineering efforts. 
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CHAPTER ONE 

Introduction 

 

1.1 Preview 

 

 Silicon has dominated the semiconductor industry over the past 40 years; 

however the future direction of device technology is application of non-silicon 

semiconductor materials. Novel device design and application requires a basic 

understanding of the chemical and physical properties of semiconductor materials.   

One alternative material incorporated with gas sensor devices is an organic 

semiconductor, metallophthalocyanine (MPc).  Sensitivity and selectivity to numerous 

analytes is a primary objective for a successful gas sensor.  Variation of the metal 

center and/or addition of substituents to a MPc molecule allows for both sensitivity 

and selectivity to analytes.  The basic mechanism of analyte adsorption by a MPc 

molecule has not fully been explored in literature, specifically with standard surface 

science techniques.  In addition, research towards alternative channel materials for 

metal-oxide-semiconductor (MOS) devices has intensified recently to improve device 

performance and stability.  Semiconductors of interest to replace silicon with superior 

intrinsic properties are germanium and III-V semiconductors, such as indium arsenide 

or indium gallium arsenide.  However, replacement of silicon is not as simple as 

exchanging materials.  For example, the native SiO2/Si interface is superior compared 

to the native oxide for alternative semiconductors.  A combination of theoretical and 
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experimental surface science techniques can reveal the nature of the 

oxide/semiconductor interface at an atomic level for alternative materials.  With an 

atomic understanding of both the native oxide and possible high-κ oxide interface with 

Ge or In(Ga)As, future device development with a passive oxide-semiconductor 

interface is foreseeable. 
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1.2 Application of Non-Silicon Semiconductors 

 

Understanding of organic semiconductor materials and alternative 

metal-oxide-semiconductor field effect transistor (MOSFET) channel materials is at 

the forefront of device physics, materials, chemistry, and surface science research.  A 

great portion of research effort focused within the development of devices 

incorporated with novel materials.  Research of the physical properties of the 

semiconductor surface along with the impact of oxide interaction at the interface of the 

semiconductor is necessary for future device design and application of novel 

materials.  Even more so as the scalability of microelectronics is reaching towards 

nanometer feature sizes for devices.   

There are many applications for semiconductor materials within the 

microelectronic device field.  The focus of the research presented in this dissertation is 

with gas-sensing and novel MOSFET applications.  A combination of both standard 

experimental and theoretical surface science techniques was employed to study the 

gas/semiconductor and oxide/semiconductor interface for novel materials.  

Metallophthalocyanine (MPc) is an organic semiconductor used in a wide range of 

applications.  It is an attractive choice for gas-sensing devices, organic thin film 

transistors (OTFT) or chemiresistors.  While device design and analyte adsorption are 

widely studied, the distinct roles the metal and organic periphery play in the 

adsorption mechanism remained undetermined.  A combination of standard surface 

sensitive techniques was used to determine the adsorption mechanism of a reactive 
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analyte on a MPc molecule.  The mechanism occurred through a precursor-mediated 

chemisorption mechanism, where initial trapping occurred on the organic periphery 

via physisorption and the metal atom is the final chemisorption site.   

Future application of complementary MOS (CMOS) technology requires a 

combination of novel design and/or materials.  Continued improvement of device 

performance is driven by scaling traditional MOSFET devices, with technology 

quickly approaching the limit of standard Si-based device capabilities. The search for 

a combination of channel material and gate oxide with superior performance and low 

power consumption intensified as a result.  As Si-MOSFET dimensions are scaled, the 

SiO2 thickness must be simultaneously decreased.  However, at a SiO2 thickness of 1.2 

nm, high gate leakage current occurs due to electron tunneling.  One solution to this 

problem was found to be the inclusion of high-κ oxides as the insulator for MOSFET 

devices.  With high-κ materials already in production for Si MOSFETs, another 

possible solution is replacement of Si with higher mobility materials.  Alternative 

materials considered, Ge and III-V semiconductors, have favorable intrinsic properties 

that may improve device performance and reduce power consumption.  Ge has 

enhanced hole carrier mobilities and In(Ga)As has enhanced electron carrier mobilities 

in comparison to Si.  Perhaps a combination of Ge and In(Ga)As will prove to be the 

future of pMOS and nMOS technology.  However, there are serious limitations 

towards the implementation of novel materials for CMOS applications.  The superior 

native SiO2/Si interface is electrically passive, while the native oxide for both Ge and 

In(Ga)As are not passive and defect rich.  Further study of the oxide/semiconductor 
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interface is necessary for possible integration of alternative channel materials along 

with high-κ oxides for future CMOS applications.  Density functional theory (DFT) 

was used in collaboration with scanning tunneling microscopy (STM) experiments to 

determine the low coverage oxide/semiconductor interface structure and electronic 

properties.   

 

1.3 Organic Semiconductor:  Iron Phthalocyanine 

 

A.  Gas-sensing MPc materials 

Metallophthalocyanines (MPc) are employed for use in organic-based 

chemical field effect transistors for the measurement of gas phase analytes such as 

NO, NO2, and O3.
1-4  MPc materials are favorable for device integration due to the 

thermal stability of the molecule.  They are cleanly sublimated without decomposition 

and form highly ordered films upon deposition.  MPc is comprised of a metal atom, 

M, at the center of the molecule that can be varied (Fig. 1.1).  The rest of the molecule 

consists of an organic periphery region (C1-4) with 4 pyrrole N (N1), directly bound 

to the metal atom and organic rings, and 4 meso N (N2), linking the aromatic rings.  

Substituent additions to the organic periphery are also possible, affecting the gas 

adsorption properties.  Therefore, by varying the metal center or using a 

substituted-MPc, the gas adsorption mechanism is both selective and sensitive to 

analyte adsorption.  In terms of an organic semiconductor, the p-type MPc can be 

altered to an n-type semiconductor via substituted fluorine-MPc.1  The properties of 
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MPc allow for the creation of an array of sensor devices which can selectively detect 

analytes. 

Recently, Bohrer et al. reported MPc based chemiresistors can be used to 

selectively detect peroxide vapors through variation of the metal center alone.2  A 

comparison of the response to various analytes for H2Pc, CuPc, and CoPc 

chemiresistors is presented.  The analytes studied include electron donors (water, 

trimethyl phosphate, DMMP, DMF, triethyl amine) and hydrogen peroxide (H2O2).  

All three films have current losses upon exposure to the electron donor analytes.2  A 

unique response was observed post exposure to the H2O2 vapors.2  While the H2Pc and 

CuPc had a positive current gain upon exposure, the CoPc had a large current loss.2  In 

addition, it was found the CoPc film was sensitive to H2O2 vapor with a detection limit 

of 50 ppb.2  It is suggested by Bohrer et. al. a combination of multiple sensors in an 

array can selectively detect peroxide vapors at low concentrations.2 

The mechanism of analyte adsorption impacts conductivity for MPc-based 

sensors, as presented in literature.3-9  Oxidizing gases oxidize the MPc film, creating 

holes via charge transfer, and inducing a gain of current.4-7, 9  Reducing gases create a 

loss of current for MPc devices via trapping of charge carriers in the film by the 

analyte.8  While the overall mechanism of adsorption as been discussed previously in 

literature, the specific the roles of the aromatic rings and the metal center for 

chemisorption and physisorption of gas molecules were not the major focus.  

Literature provides contrasting opinions as to the role of the organic periphery and 

metal center for adsorption, physisorption or chemisorption.10  Specifically, the 
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interrelationship between physisorption and chemisorption of a reactive analyte on 

FePc and the site of the two adsorption processes was not previously determined.   

 

B.  Analyte adsorption mechanisms 

 Gas adsorption dynamics is an important topic for the field of surface science.  

Investigation of the interactions between impinging molecules on a surface is 

commonly performed with ultra high vacuum (UHV) molecular beam experiments to 

determine the adsorption/desorption mechanisms.  Analyte adsorption on a surface is 

dependent on the energy of adsorption of the various available binding sites.  As an 

impinging analyte approaches the surface, the molecule can undergo a variety of 

events.  The molecule can elastically scatter from the surface, with zero energy 

exchange between analyte and surface, or inelastically scatter from the surface, with 

energy exchange between analyte and surface. With enough energy exchange between 

the analyte and surface, the analyte is ‘trapped’ on the surface.  Upon trapping on the 

surface, the molecule can either desorb back to the gas phase, trap onto a weak 

physisorption site via van der Waals interactions, or trap onto a strong chemisorption 

site.  For sensor devices described previously, to detect an analyte a trapping event 

must occur on the surface which induces a detectable change in conduction. 

 A schematic of an example one-dimensional potential energy surface 

(1-D PES) is depicted in Fig. 1.2, a representation of two molecular chemisorption 

mechanisms.  The 1-D PES represents the potential energy (E) of the pathway of an 

impinging molecule to the surface (r, distance to the surface).   In pathway (a), as the 



   

 

8

analyte approaches the surface, the molecule will directly trap in the deep 

chemisorption well.  As suggested by the 1-D PES, the ability of the molecule to trap 

on the surface is independent of the incident beam energy or surface temperature.  

However, at a high enough incident beam energy, the analyte will reflect from the 

repulsive portion of the curve.  In pathway (b), the impinging molecule must have 

sufficiently low incident beam energy to trap in the shallow physisorption well.  Upon 

the molecule trapping in the physisorption well, the molecule can either overcome a 

small activation barrier to diffuse to the chemisorption well, or can desorb back to the 

gas phase.  This mechanism is referred to as a precursor-mediated chemisorption 

mechanism, and it is dependent on both incident beam energy and sample temperature.  

A specific type of precursor is termed a mobile precursor.  With the mobile precursor, 

the trapped analyte is in a metastable state, where the molecule can diffuse between 

physisorption sites, into a chemisorption site, or desorb back to the gas phase.11  Other 

common adsorption mechanisms include dissociative chemisorption, in which the 

impinging molecule dissociates upon adsorption, and activated chemisorption, in 

which the impinging molecule must overcome a large activation barrier prior to 

chemisorption, possible with high incident energy beams.  These two mechanisms will 

no longer be discussed due to the lack of evidence of their occurrence on MPc thin 

films. 

  A standard experiment to determine the adsorption mechanism with molecular 

beam techniques is the King and Wells sticking measurements.  Specifically, the King 

and Wells sticking measurement experiment presents a method for analyte adsorption 
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mechanisms to be measured and differentiated via vacuum via sticking 

coefficients.16, 18  The sticking coefficient represents the number of analytes that trap 

on the surface upon surface bombardment.  The sample temperature and incident beam 

energy is varied to determine the exact mechanism, as described with the 1-D PES 

(Fig. 1.2).  Standard King and Wells sticking experiments were performed with 

well-ordered molecular beams and single crystal metal surfaces.   A unique adaptation 

to the King and Wells sticking experiment is presented in chapter 3.  A nitric oxide 

molecular beam of varied incident beam energies was reacted with MPc thin films to 

determine how the analyte adsorbs to molecule.  The chemisorption mechanism is 

determined to be a precursor-mediated chemisorption mechanism in which the analyte 

binds to a precursor site in the organic periphery and then diffuses to the metal atom, 

representing 3% of the total surface.  It is remarkable that a technique sensitive to low 

sticking probabilities is effective for a surface consisting of only 3% chemisorption 

sites of the total area. 

 

1.4  Alternative MOS Semiconductors:  Germanium and Indium Arsenide 

 

A.  Challenges for non-Si MOS 

The introduction of the silicon-based MOSFET in 1960 led to the domination 

of Si-MOS technology for integrated microelectronics due to the superior SiO2/Si 

interface with low defects, thermal stability, and ease of integration.  Improvement of 

integrated microelectronics performance through scalable Si MOS technology has 
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allowed the semiconductor industry to thrive with a poly-Si gate, SiO2 insulator, and 

Si channel material.  By shrinking the feature size of MOS devices, faster, low power 

devices are possible.  In addition, as transistors decrease in size, the number of 

transistors per chip increases, improving performance while maintaining cost for Si-

wafer processing.  However, standard Si-based MOS technology is reaching its 

fundamental limit for scalability.  The physical thickness of SiO2 is decreased such 

that electron tunneling through the oxide increases gate leakage current.  In addition, 

the intrinsic properties of silicon are limiting the progress of MOS technology as well, 

with low charge carrier mobilites.  Novel methods of overcoming these challenges are 

already in production for state of the art MOSFET devices.  Incorporation of high-κ 

dielectrics and metal gates allows for continued scaling of the equivalent oxide 

thickness (EOT), thus lower power consumption via reduced gate leakage current.  To 

determine the gate oxide thickness for a high-κ material compared to SiO2, the EOT is 

used, where a thicker high-κ oxide layer can be grown but still have the EOT of a 

thinner SiO2 film due to greater dielectric constants for high-κ in comparison to SiO2.  

In addition, replacement of the channel material with strained Si enhances the intrinsic 

charge carrier mobilities, improving performance.12  While material engineering of Si 

prolongs the viability of Si-based MOS devices, alternative materials, with better 

intrinsic properties, are possible solutions for the limitations of silicon. 

 Both Ge and III-V semiconductors have higher charge carrier mobilities 

compared to Si.  However, there are limitations for their use in MOS devices.  Silicon 

is the primary channel material for MOS devices because of the passive interface of 
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the native oxide, SiO2, with Si.  The native oxides for Ge and In(Ga)As do not a form 

passive interface.  Therefore, in addition to the search for a compatible high-κ 

dielectric with Ge and In(Ga)As, the deposition process must avoid the formation of 

the native oxide at the interface.  Overall, high permittivity of the high-κ oxide, 

bandgap alignment of materials, thermodynamic stability, transistor scalability, 

compatibility with Si substrate, high interface quality, quality film morphology, and 

compatibility with process conditions are necessary for the realization of device 

manufacturability of the metal gate/high-κ/semiconductor gate stacks.13  To form a 

superior oxide/semiconductor interface, the oxide deposition process itself must avoid 

creation of surface defects, displacements of substrate atoms, and creation of half-

filled dangling bonds.   

 Integration of high-κ oxides on Ge and In(Ga)As have separate challenges for 

the application in MOS technology.  For Ge, the native oxide, GeO2, forms a defective 

interface, is water soluble, and thermally unstable at process temperatures.  The native 

oxide degrades into a suboxide, GeOx, at elevated temperatures, and desorbs from the 

substrate as GeO(g).
14  A recent review of Ge-MOS capacitors suggested the solution 

for a passive interface between insulator and semiconductor requires an interlayer to 

fully prevent the formation of the native oxide prior to high-κ depositon.22  There have 

been numerous materials reported with varied results for passivation of Ge(0 0 1) for 

MOS applications: Si, SiO2, GeO2, GeOxNy, Ge3N4, sulfur passivation, and halogen 

incorporation to list a few.15-39  Successful passivation, i.e. low interface trap density 

(Dit), has been found with both thermal deposition of GeO2 and incorporation of 
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nitrogen via plasma deposition at the interface, forming a GeOxNy interlayer.19, 27, 33  

While thermal deposition of GeO2 produced high quality interfaces with superior 

electrical characteristics, including N at the interface improved the thermal stability 

and resistance to aqueous etch solutions.22  In addition, the incorporation of a forming 

gas anneal, hydrogen passivation at elevated temperatures, in the post-electrode 

deposition process has been reported to reduce the Dit at the interface.40    

 In comparison to Ge, there are different challenges for the formation of a 

passive high-κ/III-V semiconductor interface.  Current III-V MOS device studies are 

searching for the best method to form a passive interface between oxide and 

semiconductor.12, 33, 41-58  While inclusion of an interlayer prior to high-κ dielectric 

deposition produced superior electronic characteristics for Ge, direct deposition of the 

high-κ oxide is the preferred method of for III-V semiconductors.22  Prevention of the 

formation of the native oxide was found most successful, requiring limited exposure to 

air prior to oxide deposition.51  Some success had been found from inclusion of a Si 

interlayer between the high-κ oxide and III-V substrate.55, 56  However, through 

adjustment of the process conditions, the interlayer should not be necessary.67  A 

current method of deposition with superior interface formation is atomic layer 

deposition (ALD).  ALD oxide growth offers greater control of the 

oxide-semiconductor interface, and limits formation of native oxide.50, 51  The ALD 

process also produces a ‘self-cleaning’ effect, which removes interfacial native oxides 

under specific process conditions and ALD precursors.50, 73, 76  It was recently reported 

that the inclusion of a forming gas anneal can partially passivate defects at the 
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interface post-deposition of the high-κ oxide and gate electrode.33, 52, 54  However, it is 

predicted a superior interface is more likely when the oxide deposition method itself 

does not introduce defects and surface roughness.  While a primary component for 

MOS device design includes materials and process optimization, a fundamental 

understanding of both semiconductor substrate and the impact various passivants and 

oxides will aide the device development. 

 

B.  Experimental STM studies 

Standard experimental scanning probe microscopy (SPM) techniques are 

commonly utilized to achieve a greater atomic understanding of the 

oxide-semiconductor interface.  Two surface sensitive SPM techniques, which provide 

detailed surface structural information of semiconductor surfaces, is scanning 

tunneling microscopy and scanning tunneling spectroscopy (STM/STS).  A scanning 

tunneling microscope can provide topography and electronic structure with atomic 

resolution.  STM/STS experiments are often performed with a sharp, 

electrochemically etched tungsten tip.  For STM experiments, the sharp tip is brought 

within Angstroms of the surface, and a bias is applied between the tip and surface to 

allow for electron tunneling between the tip and the surface.  In constant current mode, 

the tunneling current is kept constant as the tip is scanned across the surface.  The 

result of an STM image is a convolution of the atomic and electronic structures, with 

the W tip probing the density of states of surface atoms.  However, the STM results 

provide topographical information of the surface structure since the density of states 
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are correlated to the position of the nuclei of surface atoms.11  STM experiments can 

probe either filled or empty states by adjusting the bias between the tip and surface.  A 

negative bias of the sample with respect to the tip allows for electrons to tunnel from 

the surface to the tip, probing filled orbitals; while a positive bias of the sample with 

respect to the tip allows for electrons to tunnel from the tip into the sample, probing 

empty orbitals.11  To analyze the local electronic structure with angstrom resolution, 

the STS technique is employed using an STM.  A standard I-V curve can be measured 

by holding the tip above the surface without scanning, and then measuring the current 

as a function of bias, from negative to positive voltages.  The dI/dV curve can also be 

measured with an STM, resulting in data proportional to the local density of states.59-65    

There have been numerous STM studies focused on the atomic structure of 

semiconductor surfaces.  Current research efforts are often combined with theoretical 

simulations to accurately assign the atomic and electronic structures for specific 

adsorption sites, with STM results producing a convolution of both the atomic and 

electronic structures.  There is great interest in the formation of a passive oxide-

semiconductor interface for non-Si materials, such as Ge and In(Ga)As.  Experimental 

STM/STS results for clean, oxidized, and nitrided Ge(0 0 1) has previously been 

reported.66, 67  In addition, studies using similar STM methods for the clean (4 × 2) 

reconstruction, initial stage oxidation, and molecular HfO2 deposition of the 

In(Ga)As(0 0 1) surface has been reported.85-87   

The native oxide forms a highly defective interface and is a poor passivant on 

Ge substrates.  There are numerous studies of the initial stage oxidation on Ge via 
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STM and DFT.66, 68-77  Grassman et al. published a comprehensive analysis of both the 

atomic and electronic structures for initial stage oxidation of Ge(0 0  1)-(2 × 1) using 

STM, STS, and DFT.66  The STM images, with assigned adsorption sties, along with 

the corresponding electronic structures (dI/dV) were presented.  Filled state images by 

Grassman et al. of the clean reconstruction, room temperature low coverage oxidized, 

and low coverage annealed oxidized Ge(0 0 1)-(2 × 1) surface are presented in Fig. 

1.3(a-c).66  The clean Ge(0 0 1)-(2 × 1) surface consists of dimerized Ge atoms 

forming either flat (2 × 1) dimers or tilted (4 × 2) dimers, as shown in Fig. 1.3(a) 

(a filled-state image with experimental parameters of Vs = -2.0 V and It = 0.2 nA).  

The (2 × 1) region of the surface images flat in STM, however the dimers undergo 

dynamic intra-dimer rocking of the (4 × 2) reconstruction at room temperature.  The 

(4 × 2) reconstruction can be frozen at room temperature, as shown in Fig. 1.3(a), by 

surface defects, step-edges, or strain relief.  This effect has been documented for both 

Ge and Si (2 × 1) surfaces. 

Oxidation of the Ge substrate at room temperature with 100 L of O2 formed 

multiple types of adsorption sites, as presented in Fig. 1.3(b) (a filled-state image with 

experimental STM parameters Vs = -2.0 V and It = 0.2 nA).  The most common 

adsorption sites can be defined as Ge adatoms (very bright sites), oxygen insertion 

(dim bright sites), and dark sites (O displacement of Ge dimer atoms).  Upon 

annealing the surface to 325 °C, the oxygen sites coalesced to form a suboxide on the 

surface and the Ge adatoms diffuse towards step edges or islands, shown in Fig. 1.3(c) 

(a filled-state image with STM experimental parameters Vs = -2.0 V and It = 0.2 nA).  
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Finally, upon a 500 °C anneal of the oxidized surface, the remaining oxide was 

desorbed as GeO and the clean surface reconstruction was returned.  The electronic 

structure was also analyzed via STS.  Grassman et al. reported the clean surface was 

unpinned for both p- and n-type Ge(0 0 1).  Upon oxidation of the surface at room 

temperature, the Fermi level was near the valence band for both p- and n-type 

Ge(0 0 1), indicative of a pinned surface.  Coalescing the oxide and removal of the Ge 

adatom adsorption sites through a 325 °C anneal did not improve the electronic 

structure, producing a pinned surface.  Finally, removal of the oxide via a 500 °C 

anneal reproduced the clean surface with an unpinned electronic structure.66   

In a separate study by Lee et al., plasma nitridation of the Ge(0 0 1) surface 

was performed by similar methods as the oxidation study.67  It was discovered that 

nitrogen deposition on the Ge(0 0 1) surface was difficult; the most favorable method,  

atomic N plasma deposition, still produced oxygen on the surface.  In addition, it is 

only upon nitridation at elevated temperatures with a 500 °C anneal that an 

oxygen-free nitrided surface was possible.  The result of the high-temperature nitrogen 

deposition is presented in Fig. 1.3(d) (a filled-state image with STM experimental 

parameters of Vs = -2.0 V and It = 0.2 nA).  The STM image shows the formation of a 

subnitride, the bright, ordered structure. STS results for the plasma nitrided surface 

indicated a pinned electronic structure with the Fermi level residing near the valence 

band for n-type Ge(0 0 1).  While oxidation and nitridation of the Ge(0 0 1) surface 

resulted in the formation of a pinned interface, STM/STS is unable to identify 

precisely which sites induced the Fermi level pinning and ascertain why it occurs.  A 
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complementary DFT study, used to identify the atomic and electronic structures of 

both O and N adsorption, is presented in chapter 4 of this dissertation to further define 

the precise bonding configurations and cause of Fermi level pinning at the Ge(0 0 1) 

interface. 

There are several STM experiments in literature of the less-studied group III 

rich InxGa(1-x)As surface.85-87  Only recently has the In-rich InAs(0 0 1)-(4 × 2) surface 

been defined via STM and DFT.78  The clean (4 × 2) reconstruction was defined as the 

β3′(4 × 2) structure, and the atomically resolved STM image is presented in Fig. 1.4(a) 

(filled state image with experimental STM parameters Vs = -1.5 V and It = 0.05 nA).  

Shen et al. reported the group III-rich In0.53Ga0.47As(0 0 1)-(4 × 2) reconstruction was 

analogous to that of the InAs reconstruction.79  In Fig .1.4(a), the bright row are 

undimerized In atoms and the trough consists of In dimers.  In a study by Clemens 

et al., the group-III rich InAs(0 0 1)-(4 × 2) reconstruction was found to be favorable 

for the formation of a passive oxide/InAs interface due to the low reactivity of O2 with 

InAs.80  Oxygen was predicted to react on the InAs surface via an autocatalytic 

mechanism occurring only on the row.  A filled state image of oxidized 

InAs(0 0 1)-(4 × 2) is presented in figure 1.4(b) with a sample bias voltage of -2.0 V.   

Experimental electronic structures of both the clean and oxidized InAs structures were 

not presented due to the small bandgap of InAs, and the difficulty of the use of the 

STS technique in that range.  It has been reported that the group III rich InAs(0 0 1) 

and InGaAs(0 0 1) surfaces produce electronically pinned clean structures with surface 

states inducing density of states.79, 81-83  



   

 

18

In a separate study by Clemens et al., high-κ oxide, HfO2, was deposited on the 

InAs(0 0 1)-(4 × 2) surface via two methods, the indirect and direct method.84  The 

indirect deposition of HfO2 involved oxidation of e- beam evaporated Hf metal on the 

InAs surface.  Hf metal deposition resulted in the creation of surface defects on the 

row and in the trough as depicted in Fig. 1.4(c) (a filled state STM image with 

Vs = -1.5 V and It = 0.1 nA ).  The Hf metal typically adsorbed on the row edge, and 

may displace substrate atoms.  The indirect method of HfO2 deposition proved to be 

inefficient at creating a passive interface with the generation of surface defects.  The 

direct method of e- beam evaporation of HfO2, in comparison, produced more 

favorable results.  The filled-state STM image of low coverage HfO2 deposited InAs is 

shown in Fig. 1.4(d) with a sample bias of -2.5 V and tunneling current of 0.05 nA.  

At low coverage, the HfO2 formed bridge sites that span the trough of the InAs 

surface, as portrayed in the inset in Fig. 1.4(d).  As coverage increased via e- beam 

deposition, the HfO2 formed an amorphous interface with the InAs surface.  While 

STS results were not performed on the InAs(0 0 1) surface, an analogous experiment 

was performed on In0.53Ga0.47As(0 0 1)(4 × 2) with electronic structure 

characterization.  Full coverage HfO2 on InGaAs improved the electronic structure of 

the interface, partially unpinning the surface compared to that of the clean 

reconstruction.  While scanning tunneling microscopy (STM), which represents a 

convolution of the geometric and electronic structure of a surface, can produce atomic 

resolution for semiconductor surfaces; density functional theory (DFT) in concert with 

the experimental STM results allows for assignment of the atomic structures and 



   

 

19

correlated electronic structures for initial oxide adsorption on semiconductor surfaces.   

A complementary study of O2, Hf, and HfO2 adsorption on the β3′ (4 × 2) 

reconstruction of InAs is presented in chapter 5.  In addition, a predictive study of 

ZrO2 adsorption along with electronic structures for all sites modeled is also presented 

to further define the atomic bonding structures and the electronic properties for each 

site and the possibility of the formation of an unpinned high-κ oxide and InAs 

interface.   

Combinations of STM and STS results allowed for the determination of clean 

surface reconstructions, adsorption site bonding configurations, and electronic 

structures for both the clean and adsorbed semiconductor surfaces.  With STM results 

and complementary DFT, initial oxide adsorption onto semiconductor surfaces can be 

analyzed for proof of a passive interface.  Greater knowledge of both pinned and 

unpinned oxide-semiconductor interfaces at the atomic level will aide materials and 

process selection for future device design. 

 

1.5 Dissertation Overview 

 

 A basic introduction to alternative material devices and an overview of 

important concepts necessary for a greater understanding of the research presented 

within this dissertation is presented in this chapter, chapter 1.  In addition, a brief 

background of the experimental studies that served as a template for the 

complementary DFT studies presented in this dissertation is included in chapter 1.  



   

 

20

The following chapter, chapter 2, introduces the basic surface science techniques, both 

experimental UHV and theoretical DFT, utilized to acquire data presented in this 

dissertation.  The final three chapters of the dissertation focus on the results for both 

experimental and theoretical work, and are divided by material.  Chapter 3 is a 

comprehensive review of the adsorption mechanism of NO on FePc thin films.  It was 

determined NO adsorbs on the FePc surface via a multiple precursor-mediated 

chemisorption mechanism.  The impact of surface order and film thickness on the 

adsorption mechanism is also discussed.  Chapter 4 is a comprehensive review of the 

initial stage oxidation and nitridation of Ge(0 0 1) via DFT.  It was determined that a 

suboxide and subnitride both form electronically pinned structures on Ge(0 0 1), 

consistent with experimental results.  Finally, chapter 5 is a comprehensive review of 

ordered, high-κ adsorption on the InAs(0 0 1)-(4 × 2) surface via DFT.  DFT predicts 

that a passive interface is possible for the high-κ/InAs interface with proper surface 

preparation and process conditions.     
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1.6 Figures 

 

 

 
Figure 1.1_ A ball-and-stick diagram of a metallophthalocyanine (MPc) molecule.  

The metal atom at the center of the molecule is labeled M, the pyrrole 
and meso nitrogens are labeled N1 and N2 respectively, and the different 
organic periphery cites are labeled C1 - C4. 
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Figure 1.2  Schematic of a 1-dimensional (1-D) potential energy diagram as a 
function of distance to the surface (r) for two pathways for molecular 
chemisorption. (a) The direct chemisorption mechanism (solid line), 
where the impinging molecule traps directly into the deep chemisorption 
well.  (b) The precursor-mediated chemisorption (the dotted line) 
mechanism, where the impinging molecule traps initially in the shallow 
physisorption well and then can either overcome a small barrier to either 
desorb, Ed, back to the gas phase or chemisorb, Ea, in the deep 
chemisorption well.  The activation barrier for desorption is defined as Ed 
and the activation barrier to chemisorb is defined as Ea.  Both depicted 
direct and precursor-mediated mechanisms are non-activated.11 
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(a) Clean Ge (b) Oxidized Ge

(c) Suboxide/Ge (d) Subnitride/Ge

(a) Clean Ge (b) Oxidized Ge

(c) Suboxide/Ge (d) Subnitride/Ge

 

 

Figure 1.3  Experimental filled state STM images, performed by Grassman and Lee, 
of the (a) clean Ge(0 0 1)-(2 × 1)/(4 × 2)  substrate.66  Note the flat dimer 
(2 ×1) and honeycomb pattern (4 × 2) portions of the image. (b) Room 
temperature oxidized Ge substrate with bright sites representing O 
insertion and Ge adatoms displaced by O, with dark displacement sites.66  
(c) Annealed oxidized Ge substrate with the dark, ordered suboxide and 
coalesced, bright Ge islands.66 (d) Annealed plasma nitrided Ge substrate 
with bright, ordered subnitride.67  All images were taken with Vs = -2.0 V 
and It = 0.2 nA.   
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(a) Clean InAs (b) Oxidized InAs

(c) Hf/InAs (d) HfO2/InAs

(a) Clean InAs (b) Oxidized InAs

(c) Hf/InAs (d) HfO2/InAs

 

 

 

Figure 1.4  Experimental filled state STM images of the (a) clean InAs(0 0 1)-(4 × 2) 
surface with undimerized bright In atoms on the row and In dimers in the 
trough.78  (b) Oxidized InAs surface with reaction occurring on the 
rows.80 (c) e- beam evaporated Hf metal InAs surface with row edge Hf 
sites inducing surface defects and possible buckling of the trough.84 (d) 
Low coverage e- beam evaporated HfO2 InAs surface with bright bridge 
sites spanning the trough as depicted in the inset.84  Fig. 1.4 (a-c) are 
100 Ǻ × 100 Ǻ images. 
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CHAPTER 2 

Experimental and Theoretical Methods 
 

2.1. Introduction 

  

 A drive to understand the nature of adsorbate-surface reaction dynamics led to 

the development of a variety of techniques, both experimental and theoretical, to 

analyze the interaction at interfaces.  As device technology scale towards nanometer 

features, an atomic understanding of alternative materials interactions at interfaces 

becomes increasingly relevant.  A combination of standard surface science techniques 

was applied to alternative semiconductor materials to determine the types of 

interactions between gas phase oxides and semiconductor surfaces.  Both experimental 

and theoretical methods were utilized in the pursuit of an atomic understanding of the 

oxide/semiconductor interface.  The experimental iron phthalocyanine (FePc) studies 

were all performed in an UHV (ultra high vacuum) chamber.  In situ techniques 

employed included LEED (low energy electron diffractometry), AES (Auger electron 

spectroscopy), QMS (quadrupole mass spectrometry), pulsed supersonic molecular 

beams, and OMBE (organic molecular beam epitaxy).  Germanium and III-V 

semiconductor results were simulated using DFT (density functional theory).  Within 

DFT, geometries and electronic structures of oxide adsorption on the semiconductor 

surfaces were simulated along with DFT-based scanning tunneling spectroscopy 

(STM) images.  Complementary DFT results were performed in collaboration with 
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experimental STM results.  In addition, DFT was used as a predictive tool for high-κ 

oxide adsorption up to monolayer coverage on semiconductor surfaces. 

 

2.2 UHV Experimental Techniques 

 

 Characterization of FePc thin films and measurement of nitric oxide adsorption 

experiments were performed in situ within a UHV reaction chamber.  A diagram of 

the UHV chamber used is depicted in Figure 1 and has been described in detail in 

previous publications.1-3  The stainless steel machine consisted of 4 connected 

chambers.  The source region of the chamber included high vacuum chambers, 1 – 3, 

pumped by diffusion pumps; while the UHV reaction chamber, 4, required diffusion 

pumps, a titanium sublimation pump, and cryo-traps to achieve UHV conditions.  The 

source region was differentially pumped, with base pressures under high vacuum 

conditions in chamber 1, and approached UHV conditions in chamber 3.  The UHV 

reaction chamber maintained a base pressure of 1-2 ×10-10 Torr. 

The pulsed, supersonic molecular beam was housed in chamber 1.  The 

supersonic molecular beam was well-collimated and accelerated from the 

differentially pumped source region into the UHV reaction chamber.  The pathway of 

the molecular beam is depicted in Figure 2.  The pulsed, supersonic molecular beam in 

chamber 1 was collimated by a skimmer separated chambers 1 and 2.  The pathway 

was separated from chamber 2 and 3 via a chopper and gate valve, with the chopper 

maintained in an open position and monitored with an electronic eye.  Finally, the 
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small inlet between chamber 3 and 4 acted as a collimator for the well-order beam.  

The molecular beam was in line with a QMS, a UTI 100C quadrupole mass 

spectrometer, in the UHV chamber, blocked by an inert pyrex flag and the 

sample/sample holder.  The molecular beam was operated via pulsing a Teflon poppet 

with a solenoid valve, which was controlled by previously home-built electronics.  

The result was a rotationally cooled, monoenergetic, well-ordered molecular beam.  

The pulsed beam was controlled via a Stanford Research Systems four channel Digital 

Delay/Pulse Generator, DG535.  To calibrate the position of molecular beam on the 

sample and confirm a well-ordered beam, the pyrex flag was removed and the sample 

holder was raised out of line such that the molecular beam was directly inline with the 

QMS.  With the pulsed supersonic molecular beam operational, parameters of the 

nozzle and pulse generator could be adjusted to produce comparable fluxes of 

molecular beams with different gas mixtures. 

 In the UHV reaction chamber, various equipment was used to characterize the 

sample and/or perform the King and Wells sticking experiment, described in greater 

detail in chapter 3.4, 5  The manipulator was off-center from the center of the chamber, 

with the ability to rotate 360° via differentially pumped rotary seals and maneuver in 

the x, y, and z direction.  This allowed the sample access to all installed equipment 

inline with the sample pathway arc.  The sputter gun, LEED, Auger, molecular beam, 

UTI QMS, and effusion cell were all along the sample pathway.  The sample was 

cooled via liquid nitrogen cooling lines attached to a cooling block.  In addition to 

cooling, the sample was heated via backside, radiative heating through a thoriated-
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iridium filament.  The direct temperature of the sample was monitored by an alumel-

chromel thermocouple placed in the sample.  A sample holder was designed for a 

replaceable single crystal, which was the substrate for all experiments presented in this 

dissertation.  The sample was cleaned and ordered via Ar+ sputtering and sample 

anneals.  Sputtering provided clean surfaces, while annealing allowed the single 

crystal surface to reorder.  The order of the surface was determined with a PRI LEED.  

Cleanliness of the sample was determined with a PHI model 10-155 Auger electron 

spectrometer.  The final step of sample preparation was deposition of the FePc thin 

film.  The OMBE technique was performed with a low temperature MBE effusion 

cell, a Createc LTC-40-20-SH-M.  Phthalocyanine material was outgased in situ, 

followed by sublimation onto the Au(1 1 1) sample.  The ordered thin film was 

characterized via LEED and AES.   

To perform King and Wells sticking experiments, the partial pressure of the 

impinging molecular beam must be monitored.  To achieve improved signal to noise, a 

residual gas analyzer (RGA) Extrel QMS was placed out of line with the molecular 

beam.  The Extrel QMS monitored a single mass (AMU = 30 for nitric oxide) 

throughout the sticking experiment.  The Extrel QMS provided improved signal to 

noise compared to the UTI 100C.  More specific details of the experimental methods 

are included within chapter 3 of this dissertation, with the goal of section 2.2 to 

introduce the available UHV techniques. 
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2.3 Density Functional Theory 

 

A. A basic introduction to DFT 

 A combination of both experimental and theoretical work can provide greater 

insight to the chemical and physical properties of a surface and/or an interface.  A 

theoretical approach to uncover the ground state energy, atomic structures, and other 

observable properties for adsorbate-surface structures requires an implicit solution for 

the Schrödinger equation.  However, the Schrödinger equation cannot be analytically 

solved for a multi-electron system without the introduction of approximations.  The 

Born-Oppenheimer approximation greatly simplified the Schrödinger equation by 

separating the nuclear and electronic motion; which is reasonable due to the thousands 

times greater mass ratio between the nucleus and electron.  In 1964, the Hohenburg-

Kohn theorem proved the electron density, ρ(r), can replace the electron wavefunction, 

ψ(r) , to determine the exact ground state energy, E, of a multi-electron system via a 

unique and variational functional.6 This theorem made no approximations, however it 

also did not define a functional of the electron density to solve the Schrödinger 

equation.  Kohn and Sham, equation 2.1, proposed a solution in which the solvable 

portions of the equation be separated from the unknown portion, the exchange-

correlation term (EXC).7   

 E[ρ(r)] = ET + EV
 + EJ + EXC                                      (2.1) 

The kinetic energy term (ET), from the motion of electrons, the potential energy term 

(EV), from the potential energy of the nuclear-electron attractions and nuclear-nuclear 

repulsion, and the electron-electron repulsion term (EJ) can be determined exactly 
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within the Kohn-Sham approach.  The exchange-correlation term represents the non-

solvable portions of the Schrödinger equation, with inclusion of the exchange energy 

arising from antisymmetry of the quantum mechanical wavefunction and dynamic 

correlation in the motions of individual electrons.  While the Hohenberg-Kohn 

theorem proved an exact solution of the EXC term would yield the exact ground-state 

energy; in practice, the exact solution is undetermined.  Density Functional Theory 

(DFT) is based upon the Kohn-Sham approach to solving the Schrödinger equation, 

with a simple approximate functional applied to solve the EXC term, producing 

reasonably accurate results. 

 The results presented in this dissertation were performed within a generalized 

gradient approximation (GGA) of the exchange-correlation term.  The GGA method 

depended on both the local electron density, (ρ(r)), at point r and their gradients.  The 

GGA method, when applied to surfaces, produced more accurate results compared to 

local density approximations (LDA).  A GGA-based non-empirical exchange 

correlation functional had been applied to the systems presented in the following 

chapters, the Perdew-Burke-Ernzerhof (PBE) functional.  All simulations were 

performed with the Vienna ab-initio Simulations Package (VASP), a commonly used 

code developed by 1993.8-11  The electron density for each atom in the periodic table 

was modeled by specific a pseudopotential (PP) supplied with in VASP.  The 

projected augmented wave (PAW) type PPs for the PBE functional were applied to all 

simulations presented.12, 13   While PAW-PBE PPs and PBE functional produced 

reasonably accurate results for systems, there are many limitations to the methods 
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used.  The largest limiting factor for improved precision within the methods used for 

dissertation was limited computational resources.  The developments within DFT over 

the last 15 years have been staggering. Continued improvements were implemented to 

available functionals and PPs within VASP, yet computational resources necessary to 

utilize them increased.  Over the past 6 years, the computational resources available to 

the dissertation author has increased to properly solve for the large systems of 

electrons with standard DFT; however recent advances in the functional and PPs could 

not be implemented.  The specific parameters for the various simulations presented 

within this dissertation are included in the appropriate chapters. 

 

B. Limitations within DFT 

 While DFT continues to be at the forefront of theoretical quantum methods to 

model ground state properties of surface slab calculations, there are intrinsic 

limitations with standard DFT.  As mentioned in the previous section of this chapter, 

DFT has limitations due to the approximate treatment of the EXC term.  Standard GGA 

is considered a semilocal functional, which contains an intrinsic self-interaction 

error.14  The self-interaction error over-delocalizes electrons, impacting surface states 

and d block elements.14  Another limitation of standard DFT is the underestimation of 

semiconductor bandgaps; very problematic for small bandgap materials Ge and InAs, 

predicting bulk metallic electronic characteristics.15  A solution for the 

underestimation of the bandgap of semiconductor materials is realized within DFT via 

use of a hybrid exchange-correlation functional and/or inclusion of the GW 
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approximation.16, 17  The hybrid exchange-correlation functionals, such as the PBE0 or 

HSE functional, include a small percentage (25%) of exact exchange potential (either 

short range or full range) in the exchange-correlation functional.14, 18  Inclusion of 

exact exchange potential in the functional yields accurate determination of the bulk 

semiconductor band gap for small bandgap semiconductors; however these methods 

are computationally expensive.  Important to note, DFT with semilocal functionals 

still produces accurate results for ground state binding energies and atomic structures.     

For germanium, the underestimation of the semiconductor bandgap is a large 

problem; with the predicted PBE-simulated bulk bandgap of 0.0 eV, while the 

experimental bandgap of Ge is 0.67 eV.  By using a hybrid functional, incorporating 

25 % exact exchange, it was possible to simulate a true bandgap.  The electronic 

structure simulated with PBE and PBE0, a hybrid functional, for a Ge surface slab is 

presented in Figure 2.2.  The Ge slab was created within VASP, using periodic 

boundary conditions.  The unit cell consisted of 64 atoms, with the final layer of atoms 

terminated with H.  In addition, the bottom three layers and H-termination layer were 

frozen to simulate bulk like conditions.  Further simulation parameters are presented in 

chapter 4.  Two reconstructions were modeled, the (4 × 2) and the (2 × 1) structures; 

where the experimental (2 × 1) reconstruction was found to be a (4 × 2) structure 

dynamically buckling at room temperature.19  The (2 × 1) structure had a metallic state 

attributed to the flat dimers; whereas the dynamic buckling of the (4 × 2) surface had 

intra-dimer electron transfer, which created a semiconductor electronic structure.20  
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The electronic structures were simulated for identical surface geometries for each 

reconstruction.   

It is computationally expensive to geometrically relax using PBE0.  A standard 

method to avoid computationally expensive relaxations is use of the PBE-relaxed 

geometry for performance of an electronic relaxation with PBE0 post-adjustment of 

the lattice parameters, and corresponding unit cell size.  The density of states (DOS) 

results for the PBE functional are presented in Fig. 2.2(a).  The electronic structure for 

the semiconducting (4 × 2) reconstruction did not have a true bandgap, with only a 

density minima occurring at the Fermi level (0.0 eV).  Even worse was the (2 × 1) 

reconstruction, with a metallic electronic structure, no bandgap or minima.  When the 

hybrid functional was applied to these two reconstructions (Fig. 2.2(b)), the electronic 

structure calculations produced favorable results with PBE0.21  A true bandgap existed 

for the (4 × 2) reconstruction, while a narrowed bandgap existed for the (2 × 1) 

reconstruction.  The narrowed bandgap occurred with increased density primarily at 

the valence band edge.  For a non-doped Ge semiconductor, the Fermi level is at 0.0 

eV.  The Fermi level for the (2 × 1) reconstruction was at the valence band edge, 

consistent with an electronically pinned surface structure.  

Ge-based slab simulations with PBE0 had superior electronic results compared 

to results from the PBE functional.  Due to the computational expense of the hybrid 

functional, it was not possible to use PBE0 for all Ge simulations presented within this 

dissertation.  However, the comparison between PBE and PBE0 does not totally 

negate results produced with a PBE functional.  While PBE0 had an improved 
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electronic structure, analysis of the PBE electronic structure results can produce 

similar conclusions.  In analyzing the Ge electronic structure results, the density 

minima at the Fermi level can be considered an unpinned structure.  If adsorption of a 

molecule on the Ge surface induced increased density of states in the Fermi level 

region, it can be reasonably concluded the final adsorption site may pin the electronic 

structure.  In comparison, if adsorption of a molecule on the Ge surface induced a 

reduction of density of states or no change to the electronic structure in the Fermi level 

region, it can be reasonably concluded the surface will most likely remain unpinned.  

Application of this analysis is integral to the investigation of O and N adsorption onto 

the Ge(0 0 1)-(4 × 2) surface. 

The simulated atomic geometries and corresponding calculated enthalpy of 

adsorptions for various adsorbates was reasonably accurate, in comparison to the 

electronic structures.  Surprising was the accuracy of the STM simulations for the Ge 

calculations, presented in Figure 2.4.  The STM simulations were performed using the 

Tersoff-Hamann approach.[site]  As discussed in chapter 1, STM images are a 

convolution of the density of states and atomic structure.  It was not intuitive 

simulated STM images would produce accurate result due to the inability of standard 

DFT to model the electronic structure.  A more rigorous discussion of the STM 

simulation results is presented in chapter 4. 

 For III-V semiconductors, DFT had additional limitations to the lack of true 

bandgap.  An inherent issue with the InAs(0 0 1) based simulations presented in this 

dissertation, was the inability to perform accurate STM simulations.  Previous studies 
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were able to use Tersoff-Hamann based STM simulation to accurately define surface 

reconstructions for InAs(1 1 0) and InAs(0 0 1)-(2 × 4) surfaces.22, 23  However, the 

unique binding configuration for the (4 × 2) reconstruction resulted in dicoordinated In 

atoms forming a sp hybridized bond with the row edge As.  This was an unsual 

bonding configuration for In atoms in a zinc-blend structure, which preferably formed 

sp3 and sp2 hybridization.  STM simulations of the predicted (4 × 2) reconstruction for 

InAs are presented in Figure 2.5.  The (4 × 2) surface was In rich, as discussed in 

greater detail in chapter 5.  The trough In atoms formed dimers, which were sp2 

hybridized, while the row In atoms were sp hybridized.  In contrast to the 

experimental STM image for InAs, the row In atom did not image in the filled STM 

simulation, with only the row As atoms creating a bright row feature.  This was not the 

expected result for the STM simulation because sp hybridized In atoms should image 

in filled state STM simulations.  In addition, Barvosa-Carter et al. found it was 

possible to model the (2 × 4) reconstruction via LDA-based DFT; however, was 

unable to model In defects on the surface.22   

 One explanation of the failure of STM simulations to match experiments was 

due to improper treatment of the d electrons with the PP.  The semilocal functional 

contained a self-interaction error that over-delocalizes the electrons of the atoms.  This 

was particularity problematic for atoms containing d electrons, such as indium.  

Within DFT, the PP must carefully treat the d electrons as semicore states.24  The 

semicore states may have strong core-valence exchange interactions.16  The shallow d 

electrons hybridize easily with the p-band.  Therefore, it is possible that use of a PP 
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without proper treatment of the semicore d-electrons for In atoms can overestimate 

bonding.  VASP contained both a standard In PP and In_d PP, with proper treatment 

of the valence states.  Utilization of the In_d PP was more computationally expensive 

compared to the standard In PP.  A comparison of the InAs surface structure relaxed 

with In PP and In_d PP was performed, producing identical results for the structure 

and STM simulations.  All InAs simulations were performed with the In PP after 

confirmation it produced identical results to the In_d PP.  Another method to improve 

the simulation of the d block atoms is incorporation of either GW or hybrid 

functionals.14, 16, 17  These methods are beyond the capabilities of the current available 

computational resources.  In addition, they have yet to be applied to surface slab 

calculations, focusing on bulk properties. 

Other possible explanations included the poor electronic structure produced via 

standard DFT or the inability of the Tersoff-Hamann approach to model experimental 

STM results.  Perhaps both proper PP treatment of the In atom d electrons with either 

inclusion of GW or exact exchange with the functional would correct the STM 

simulation.17  However, proof this would correct the problem could not be found 

within literature.  Finally, it may also be possible the inability to simulate indium in an 

STM simulation was due to the PP.  It was possible the In atom PPs were not 

development to model the formation of sp hybridized bonds, a previously unseen 

bonding configuration.  The authors of VASP code are continually updating the 

software with incorporation of hybridized functionals and alternative PPs.  A 

combination of hybridized functional and/or alternative PP may describe the InAs 
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surface atoms, producing accurate STM simulations.  Chapter 5 does not contain any 

STM simulations, but focuses on the atomic and electronic structures with the 

corresponding enthalpies of adsorption. 

It is imperative to state that while DFT has limitations, the simulated results 

still provide useful information in understanding the oxide/semiconductor interface.  

Complementary DFT studies are an important part of defining the atomic and 

electronic structures of an experimental STM image.  DFT is also used a predictive 

tool for passivation layers on InAs, as discussed in chapter 5.  
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2.4 Figures 

 

 

 

Figure 2.1 A schematic representation of the UHV chamber used to perform all 
experiments presented in this dissertation.  The source chamber 
comprises 3 differentially pumped chambers, with the pulsed, supersonic 
molecular beam housed in the first chamber.  The sample was rotatable 
for interaction with the available surface sensitive equipment in the UHV 
reaction chamber.  The equipment includes a LEED, low temperature 
MBE  effusion cell, QMS, sputter gun, and Auger.25   
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Figure 2.2 A schematic depiction of the molecular beam pathway from the 
differentially pumped source chamber to UHV reaction chamber.  The 
molecular beam was pulsed in chamber 1, and then entered the skimmer, 
separating chamber 1 and 2.  The beam passed through a chopper, timed 
with the nozzle, in chamber 2 before passing through a gate valve, which 
separated chamber 2 and 3.  A collimator separated chamber 3 and 4 with 
a removable Pyrex flag and single crystal sample holder blocking the 
molecular beam from the inline QMS.  Both flag and sample can be 
removed from the molecular beam pathway for direct measurement with 
the QMS. 
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Figure 2.3 A comparison of DFT functionals, PBE and PBE0, for the simulation of 
the density of states (DOS) for identical geometries of two 
reconstructions for the Ge(0 0 1) surface.  (a) DOS as calculated by 
standard PBE, with a density minima occurring at the Fermi level (0.0 
eV) for the (4 × 2) surface, and a metallic DOS for the (2 × 1) surface.  
(b) DOS as calculated by the PBE0, a hybrid functional containing 25% 
exact exchange, producing a true bandgap for the (4 × 2) surface, and a 
narrowing of the bandgap for the (2 × 1) surface. 
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Ge(0 0 1)-(4 × 2)

Ge(0 0 1)-(2 × 1)
 

 
 
Figure 2.4  An experimental STM image of the Ge(0 0 1) surface with overlay of 

simulated STM images in the black boxes for both (2 × 1), flat dimers,  
and (4 × 2), honeycomb pattern, reconstructions. 
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Figure 2.5  (a) Filled and (b) empty state STM simulations for the InAs(0 0 1)-(4 × 2) 

reconstruction in comparison to an (c) experimental filled state and (d) 
empty state STM image.  An overlay of a ball-and-stick diagram of the 
β3′(4 × 2) reconstruction is placed on the filled state images for the 
simulated and experimental STM image, with In (blue) and As (brown) 
atoms. 
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CHAPTER THREE 

Dynamics of analyte binding onto metallophthalocyanine thin films: NO/FePc 

 

3.1  Abstract 

 

The gas-surface reaction dynamics of NO impinging on an iron(II) 

phthalocyanine (FePc) monolayer (ML) were investigated using King and Wells 

sticking measurements. The initial sticking probability was measured as a function of 

both incident molecular beam energy (0.09 – 0.4 eV) and surface temperature (100 – 

300 K). NO adsorption onto FePc saturated at 3% of a ML for all incident beam 

energies and surface temperatures, suggesting the final chemisorption site was 

confined to the Fe metal centers. At low surface temperature and low incident beam 

energy, the initial sticking probability was 40% and decreased linearly with increasing 

beam energy and surface temperature. The results were consistent with the NO 

molecule sticking onto the FePc molecules via physisorption to the aromatics followed 

by diffusion to the Fe metal center, or precursor-mediated chemisorption. The 

adsorption mechanism of NO onto FePc was confirmed by control studies of NO 

sticking onto metal-free H2Pc, inert Au(111), and reactive Al(111).  The impact of 

surface order and thickness on the reaction dynamics is also presented. 
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3.2  Introduction 

 

Metallophthalocyanines (MPc) are employed for use in organic-based 

chemical field effect transistors for the measurement of gas phase analytes such as 

NO, NO2, and O3.
1-4  The molecular structure of one such MPc, FePc, is shown in Fig. 

3.1a. While the films have been extensively studied by low energy electron diffraction 

(LEED), scanning tunneling microscopy (STM), scanning tunneling spectroscopy, and 

current imaging tunneling spectroscopy on various substrates, there are no reported 

measurements probing the reaction dynamics using molecular beams on either ordered 

monolayer (ML) or multilayer films.5-10  In general, the roles of the aromatic rings and 

the metal center for chemisorption and physisorption of gas molecules are unknown. 

The literature provided contrasting opinions as to the role of the organic rings or the 

metal center for adsorption, physisorption or chemisorption.11 A previous study using 

a thermal desorption technique verified that NO can chemisorb to FePc through the 

observation of an NO/FePc desorption spectra with a high temperature peak at 100 - 

250 °C.12  This was consistent with NO strongly bonding with electron rearrangement 

to FePc. While this study proved that NO chemisorbs to FePc, the interrelationship 

between physisorption and chemisorption of NO on FePc and the site of the two 

adsorption processes could not be ascertained.  

 The relationship between the chemisorption and physisorption sites on the 

surface is critical to the chemical dynamics of NO with the FePc surface. 

Physisorption prior to chemisorption is denoted as precursor-mediated 
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chemisorption.13-15  In this mechanism, the gas phase adsorbate traps into a precursor 

state and can either adsorb onto the chemisorption site by overcoming a reaction 

barrier or desorb back into the gas phase. Direct chemisorption can be distinguished 

from precursor-mediated mechanism by analyzing the dependence of the initial 

sticking probability, S0, on the sample temperature, Ts, and the incident energy of the 

molecular beam, Ei. If S0 is strongly dependent on Ts and Ei, the mechanism is 

typically precursor-mediated chemisorption. This is due to the decreasing ability of the 

analyte to trap into the shallow physisorption wells as the surface’s energy is increased 

via Ts or the molecule’s energy is increased via Ei. Previous studies have shown S0 

was dependent on both Ts and Ei for many precursor-mediated chemisorption 

systems.16-19 

NO chemisorption onto metal surfaces is known to occur by a variety of 

mechanisms.16, 20-24  One study showed initial adsorption of NO onto Pt(1 1 1) had a 

monotonic sticking decrease from 90% to 20% as the incident beam energy was 

increased.16  Although NO physisorbs N end down, the sticking probability above 

50% at low temperature and low beam energy was attributed to a rotational steering 

effect and was assisted by a diversity of adsorption sites.25  The diversity of adsorption 

sites can be deduced from the LEED pattern as a function of coverage for NO/Pt(1 1 

1). At 110 K, NO forms a (2 × 2) structure on Pt(1 1 1) from coverages of 0.25 ML to 

0.75 ML, indicating both ordered and disordered adsorption sites.26  While there was a 

general understanding of NO interaction with single crystal surfaces, the literature 
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lacks an investigation of NO adsorption dynamics with more complex surfaces, such 

as FePc thin films.   

The S0 of NO on FePc is presented as a function of Ts and Ei using the King 

and Wells reflection technique.27, 28 The heterogeneity of the FePc surface (metal 

center, surrounding pyrrole and meso nitrogen atoms and four equivalent aromatic 

rings) adds complexity to the chemisorption process. The distinct roles played by both 

regions, metallic and organic, of the FePc molecule were determined via sticking 

probability experiments onto metal-free phthalocyanine (H2Pc), inert Au(1 1 1), and 

reactive Al(1 1 1) in addition to the monolayer, multilayer, and quasi-amorphous FePc 

thin films.  The impact of surface order and thickness on the reaction dynamics for NO 

on FePc thin films is also presented. 

 

3.3  Methods 

 

The UHV reaction chamber used in this study had been described previously in 

Chapter 2 of this dissertation and in literature.29, 30  The chamber was equipped with an 

Auger electron spectroscope (AES), LEED, a quadrupole mass spectrometer, an Ar+ 

ion sputter gun, an effusion cell for FePc deposition, and a supersonic molecular 

beam, as depicted in Fig. 2.1 from Chapter 2. The clean single crystal Au(1 1 1) 

sample was prepared by 2 kV Ar+ sputtering for 20 minutes followed by annealing the 

sample to a surface temperature (Ts) of 775 K for five minutes. The sample was 

slowly (1 K/s) cooled to 675 K followed by rapid cooling (~ 5 K/s) to 300 K. The 



 

 

57

order of the surface was checked by LEED at 51 eV and consistently found to be the 

expected √3 × 22 hcp reconstruction. Surface cleanliness was checked by AES, which 

verified that only Au was present. 

The ML FePc was formed on the Au(1 1 1) surface using a ‘top down’ 

approach in which a thick overlayer of FePc was first sublimated onto the substrate at 

room temperature. A 200 × 200 Å STM image, indicative of how an ordered, 

monolayer FePc thin films pacts on a Au(1 1 1) substrate, is presented in Fig. 3.1(a).  

Four ball-and-stick MPc molecules were overlaid on the STM image representing how 

molecules lay flat on the surface, with both the metal center and the organic periphery 

exposed. For deposition of all FePc thin films, a low temperature effusion cell 

(Createc LTC-40-20-SH-M) was used for the organic molecular beam epitaxy 

(OMBE) process.  A FePc multilayer was deposited by maintaining the cell 

temperature at 615 K for two minutes. Subsequently, the thick overlayer was partially 

evaporated from the Au(1 1 1) surface by increasing the substrate temperature to 

625 K for two minutes. This process produced a flat-lying ML of FePc on the 

Au(1 1 1) surface.  This partial evaporation technique was successful because the 

FePc/substrate interaction was stronger than the FePc/FePc interaction.31-33  To deposit 

an ordered FePc multilayer, the initial thick film was flash annealed at 375 K to ensure 

a clean, ordered structure.  The multilayer thin film pacted in the same manner as the 

monolayer FePc thin film.  Auger and LEED were utilized to confirm the presence of 

an ordered monolayer or multilayer thin films.  For a ML thin film, the second layer 

Au(1 1 1) peaks were present in both Auger spectra and LEED patterns.  For 
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multilayer thin films, the Au(1 1 1) signature was no longer detected in either Auger 

or LEED, and the LEED pattern shifted from a well-resolved three rotational domain 

pattern to a superposition of the three domains. 

Deposition of a quasi-amorphous thin film required the use of a substituted 

FePc molecule.  Tetra-t-butyl FePc, a ball-and-stick diagram of the molecular structure 

depicted in Fig. 3.1(b), was synthesized by a collaborator.  The material was deposited 

in a similar manner as the non-substituted FePc, with a 2 minute deposition at 625 K 

followed by a 575 K anneal.  At 575 K, the tetra-t-butyl FePc structure formed a flat-

laying quasi-amorphous multilayer thin film.  A STM image taken of tetra-t-butyl 

NiPc is presented in Fig. 3.1b, where only short range order was detected.  No LEED 

pattern was detected, and the Auger spectra had the proper C:N ratio, consistent with 

experimental data.   

 During sticking measurements, the temperature of the sample was maintained 

by simultaneous liquid nitrogen cooling and radiative heating from the back side of the 

sample with an iridium ribbon filament. The sample temperature was varied from 100 

– 300 K in 25 degree increments. The incident beam translational energy (Ei) was 

varied via seeding the pure NO beam with He or Ne. These energies were calculated 

as described previously by Haberland et al., resulting in the following values: 0.09 eV, 

0.26 eV, and 0.4 eV for 20% NO in Ne, 20% NO in He, and 5% NO in He 

respectively.34 These values agree with experimental data for beams of similar 

concentration and mass mismatch reported by other groups.35  Previous experiments, 

performed using the same chamber as this study, determined the translational beam 
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energy for molecular beams of seeded CO using a fast resonantly enhanced 

multiphoton ionization (REMPI) detection system.36  The molecular beams analyzed 

in that study are comparable to the gas concentrations and mass differences between 

the NO and seed gasses employed in the present study. In addition, the velocity slip is 

a negligible effect for the molecular beams in this study.  This was determined 

theoretically via methods described by Tsipinyuk et al. in which their beams have a 

larger mass ratio than the ones for this experiment.37, 38 

To perform King and Wells experiments with a molecular beam of a reactive 

analyte, such as NO, it was necessary to passivate the chamber with the gas to occupy 

any available adsorption sites on the chamber walls.20, 39  To chemically passivate the 

chamber walls, the molecular beam of NO was directed onto a Pyrex flag in the UHV 

reaction chamber for one hour while the sample was cooled to liquid nitrogen 

temperature (< 100 K). After wall passivation, but prior to the experiment, the 

molecular beam was blocked by a gate valve between the molecular beam source and 

the UHV chamber, and any NO on the surface was removed via flash annealing to 375 

K. The normal sequence of valve and flag operation employed for the sticking 

measurement includes the following (see Fig. 3.2): (1) the gate valve was opened with 

the flag in front of the sample resulting in an immediate pressure rise; (2) after the 

partial pressure of NO had stabilized, the flag was removed, and the NO partial 

pressure versus time was recorded until absorption was saturated; (3) the flag was 

repositioned again in front of the sample, and the partial pressure of NO at equilibrium 

was again recorded to check that the NO beam flux was stable; (4) the gate valve was 
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closed.  The initial sticking probability is calculated from the sticking curves by taking 

the ratio of the immediate partial pressure drop upon flag removal over the 

equilibrated partial pressure rise upon opening the gate valve.  The sequence of 

measurements is shown in Fig. 3.2, including (a) NO/Al(1 1 1), which exhibited a 

typical sticking versus time profile for chemisorption on a metal surface, and for (b) 

NO/FePc, which exhibited a unique sticking versus time profile. 

It is important to note that the highly reactive nature of NO gas can lead to the 

formation of a small amount of contaminant in the gas regulator over time.  These 

contaminants resulted in the steady state sticking, Sc, of approximately 2-4% as seen 

in Fig. 3.2.  This 2-4% steady state sticking is due to contaminant condensation and 

was substrate independent. While molecular NO does not condense between 100 K 

and 300 K, it may stick to the condensation layer of contaminant on the substrate. 

Even though the effects of the contaminants were negligible for the initial sticking 

probabilities, the influence of the contaminants on NO sticking was corrected by 

subtracting the percentage of steady state sticking from the initial sticking. 

 

3.4 Results and Discussion 

 

A.  Initial Sticking Data 

i. NO interaction with Inert Au(1 1 1)  

Prior to performing sticking measurements of NO on FePc, it was necessary to 

verify that NO only interacted with the FePc surface and not the Au(1 1 1) substrate. 
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To confirm NO was sticking only to the FePc molecule, sticking probability 

measurements were performed on the clean Au(1 1 1) surface. Figure 3.2e shows the 

initial sticking of NO onto Au(1 1 1) was zero at 150 K.  Similar results were observed 

for all sample temperatures between 100 K and 300 K.  This indicated the Au(1 1 1) 

substrate does not provide any viable adsorption sites.  These results were consistent 

with a previous study showing the binding energy for NO on Au(1 1 1) was 

0.5 -  0.8 eV at 300 K; consequently, the surface residence time for NO/Au(1 1 1) was 

less than 30 μs at 300 K.40  These results confirmed that any adsorbate sticking on 

FePc/Au(1 1 1) was a direct result of NO/FePc interactions. Therefore, the Au(1 1 1) 

surface acted only as an inert support substrate for the FePc film. 

 

ii. NO initial sticking on FePc thin films vs. Ts and Ei 

The NO/FePc/Au(1 1 1) sticking profile sharply contrasted with the 

NO/Al(1 1 1) sticking profile (Fig. 3.2(b)).  The unique feature in the NO/FePc 

sticking profile at low temperature was a sharp downward spike with a fast recovery 

lasting 1-2 seconds. The term “sharp downward spike” will be used throughout this 

chapter to describe the NO/FePc sticking profiles in comparison to the standard slower 

sticking profile observed in King and Wells sticking experiments. The instantaneous 

downward spike for NO/FePc/Au(1 1 1) occured immediately after the flag was 

removed from the molecular beam path and was most prominent at low Ts and Ei. The 

area of the sharp spike represented total NO adsorption onto the monolayer FePc 

surface.  It was expected that only the metal centers were available for chemisorption; 
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therefore, saturation should occur very rapidly for NO/FePc compared to NO/Al(111). 

As shown in Fig. 3.3, the width of the NO/FePc sharp downward spike varied with 

temperature; as Ts increased, the width of the downward spike also increased, which 

was representative of an increase to the saturation time.  While the width of the 

downward spike increased, the S0 decreased, maintaining a nearly constant area within 

the downward spike. This behavior was expected because the available number of 

chemisorption sites remained constant as the other variables of the experiment were 

adjusted.   

The initial sticking probability versus sample temperature for varying incident 

beam energies of NO on ML FePc/Au(1 1 1) is plotted in Fig. 3.4. The initial sticking 

probability, S0, was 40% at Ts = 100 K and Ei = 0.09 eV and decreased linearly with 

increasing surface temperature. The decrease of S0 with increasing Ts, for all incident 

beam energies, was consistent with the decreasing probability of NO trapping into 

shallow-well physisorption sites and subsequently chemisorbing to the metal center at 

increasing temperature. 

Figure 3.5 is a plot of S0 versus Ei for varying surface temperatures.  As Ei 

increased, the initial sticking decreases monotonically, consistent with trapping into a 

shallow physisorption well prior to chemisorption to the metal center, or precursor-

mediated chemisorption.  As the temperature increased to 300 K, the desorption 

temperature of NO on FePc, S0 approaches 0% for all three incident beam energies 

studied.  If NO adsorption to the surface could be described by direct chemisorption, 

the initial sticking probability should be independent of Ei.  Therefore, based upon the 
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Ei dependence, the NO sticking mechanism was consistent with a precursor-mediated 

chemisorption mechanism. 

 

iii.  NO sticking on metal-free H2Pc 

Measurement of NO sticking onto H2Pc was performed to identify the roles of 

the organic periphery in the absence of a metal. Figure 3.2(f) shows a King and Wells 

sticking curve for NO/H2Pc.  There was no measurable sticking in the temperature 

range studied for NO onto the H2Pc surface, similar to the results of NO impinging on 

the clean Au(1 1 1) surface.  The lifetime of the NO molecule on H2Pc can be 

estimated using the same method as Wodkte, et al. along with the NO binding energies 

(0.2 eV) to the organic periphery calculated by Tran, et al.40, 41  The lifetime of the NO 

molecule on H2Pc was estimated to be 20 ms and 0.01 μs at 100 K and 300 K, 

respectively. Conversely, our experiments show the lifetime of the NO molecule on 

FePc was infinite compared to the timescale in the scope of this experiment between 

100 K and 300 K.  Without a metal center in the phthalocyanine molecule, no 

chemisorption of the analyte to the surface occurred.  Therefore, the metal center was 

the only chemisorption site for the precursor-mediated sticking mechanism. 

 

iv.  Saturation coverage of NO on ML FePc 

In addition to the initial sticking probabilities, the normalized surface coverage 

of NO saturation on monolayer FePc was calculated. Using the covalent radius of Fe, 

1.17 Å, to estimate a capture cross-section, the total surface area the Fe metal centers 
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occupy in the thin film was about 3% of a ML.42  Therefore, low saturation coverage 

was expected if chemisorption was restricted to the metal centers. To determine the 

saturation coverage of NO on FePc experimentally, the flux of NO must be quantified. 

The flux of NO was measured using the same molecular beam and recording the 

sticking as a function of time for NO on Al(1 1 1), since it was known that NO has a 

saturation coverage of 1 ML on Al(1 1 1).23  The normalized saturation coverage was 

determined via comparison of the integrated area of the sharp spike from the NO/FePc 

sticking profiles to the integrated area within the NO/Al(1 1 1) sticking curve. It 

should be noted that the NO/FePc and NO/Al(1 1 1) experiments were performed with 

identical experimental conditions to ensure identical fluxes and pumping speeds. 

Figure 3.2a depicts typical sticking of NO/Al(1 1 1) with S0 = 40% (note the 

x-axis has a different scale than for the FePc experiments). The initial sticking was 

followed by a 100 second gradual surface saturation that can be modeled via simple 

Langmuirian adsorption. The NO/Al(1 1 1) sticking results were consistent with 

previously reported experiments.23, 43  The saturation time for NO on the Al(1 1 1) 

surface was 30 times longer than that for NO/FePc. This was attributed to the increase 

in available chemisorption sites on the Al(1 1 1) surface compared to ML FePc. 

The inset in Fig. 3.6 shows a schematic of the sticking profile. The area of the 

sharp downward spike was calculated by simple integration. As previously discussed, 

contributions from the contaminant to the area of the sharp spike were removed. The 

plot in Fig. 3.6 shows the normalized NO saturation coverage as a function of sample 

temperature for the three incident beam energies studied.  The calculation showed that 
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the maximum total surface coverage of NO on ML FePc was 3% ML for all three 

incident beam energies from 100 – 175 K.  The 3% ML saturation coverage was 

identical to the 3% ML area comprised of the Fe metal centers on the FePc ML.  From 

200 – 300 K, the total saturation coverage decreased for all three incident beam 

energies. This was attributed to both the approach of the NO desorption temperature 

and the lack of accuracy in the measurement of the area within the spike for the 

sticking profiles with low sticking probabilities. These results were consistent with the 

NO/FePc versus NO/H2Pc results, indicating that the only available chemisorption site 

on the surface was the iron metal center. The aromatics acted as a precursor site prior 

to diffusion to the chemisorption site. 

Under optimal conditions, the sticking versus time data can also be employed 

to determine the effect of NO-NO interactions on sticking, a type of coadsorbate 

interaction.  Coadsorbates can simply block adsorption sites or they can cause a 

delocalized perturbation of the chemisorption dynamics via coadsorbates donating or 

accepting charge, thereby changing gas adsorption energies.44-46  For non-interacting 

molecular chemisorption sites, the sticking probability should scale with the number 

of available sites, (1- θ).  Since the saturation coverage was only 0.03 ML for the 

current study, the saturation time was so short that the data was insufficient to 

distinguish modest deviations from (1- θ) scaling.  However, the MPc electronic 

structure was completely localized to each MPc molecule; therefore, the 

chemisorption of NO on a given MPc molecule is expected to be independent of the 

chemisorption of NO on a neighboring MPc molecule.41 
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B.  Multiple precursor-mediated chemisorption mechanism model 

At Ts = 100 K, S0 for NO/FePc/Au(1 1 1) was at least ten times greater than the 

3% surface area available for chemisorption. However, the high sticking probability, 

40%, was consistent with available physisorption sites on the aromatic portions of the 

FePc molecule. Using the covalent radius of the atoms in the FePc molecule, it was 

estimated that the area available for physisorption for NO/FePc accounted for 

approximately 60% of the total FePc/Au(1 1 1) unit cell. Therefore, it was reasonable 

to observe a sticking probability of 40% at our lowest beam energy at 100 K.  Based 

on the linear dependence of S0 on Ts it was postulated that as Ts decreases, S0 should 

approach 60% below 100 K.  This was consistent with NO being able to trap onto all 

the physisorption sites, C and N atoms, within the FePc molecule.  On metallic single 

crystals, the intrinsic precursor and chemisorption sites were usually identical atoms. 

However, on the heterogeneous FePc surface, the physisorption and chemisorption 

sites were different. The high sticking probability for low saturation coverage was 

consistent with the availability of C and N sites in the aromatics for NO physisorption 

prior to diffusion to the metal center. 

Complementary density functional theory (DFT) geometry relaxation 

calculations were performed for the NO on FePc system to elucidate the details of the 

chemisorption mechanism.41  The total adsorption energy was calculated by placing 

NO at various sites on the FePc molecule.  The DFT calculations showed that although 

only the metal center sites had an NO adsorption energy typical of chemisorption (-1.7 
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eV), there were multiple organic sites with adsorption energies consistent with 

physisorption (-0.2 eV).  The simulations showed barrierless NO diffusion from the 

inner ring N to the metal center, and small barriers between the other peripheral 

physisorption sites. It should be noted, however, that DFT simulations do not predict 

van der Waals interactions accurately.  While the chemisorption energies were 

reliable, the physisorption well-depths tended to be underestimated.  The 

physisorption sites were sufficiently shallow to be consistent with decreasing sticking 

probability with increasing molecular beam energy and increasing surface 

temperature. As the temperature of the sample increased or the energy of the incident 

beam energy increased, the ability of the analyte to trap and diffuse to the 

chemisorption site was reduced, with the magnitude of reduction differing depending 

upon the physisorption site. 

To verify the existence of multiple physisorption sites with a diversity of NO 

physisorption well depths, the relative activation barriers for desorption versus 

diffusion from the physisorption sites were calculated.  Upon trapping to the aromatic 

periphery, the NO molecule can either overcome a small barrier to diffuse to the Fe 

center or a barrier to desorb from the surface.  This type of precursor can also be 

considered a ‘mobile’ precursor.  The standard analysis assumed that the primary 

effect of raising Ts was upon the partitioning between diffusion and desorption instead 

of upon the trapping probability into the physisorption state.  Furthermore, standard 

treatment of the initial sticking data was not possible using the Arrhenius equation due 

to the complicated nature of the multiple precursor-mediated mechanisms for NO 
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chemisorption to the metal center.18, 47, 48  When the initial sticking data was plotted 

via the Arrhenius equation, the slope of the line represents the difference in the 

activation barriers to desorption compared to chemisorption; however, in this study, 

the line was not linear.  Nonlinearity in the Arrhenius plot suggested there existed 

multiple barriers to desorption/chemisorption on the heterogeneous surface for NO 

that were defined by the slopes of the curve. By treating the experimental data using 

rate coefficients, k (the Polanyi-Wigner form), it can be deduced, 

and, thus 
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where S0 is the probability a chemisorption event occurs, α is the probability NO 

physisorbs to the surface upon collision, kc and kd represent the chemisorption and 

desorption rate coefficients respectively, νi is the pre-exponential term, and Ei is 
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temperature, varying α only changed the barrier energies by 30% or less.  By 
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pathways can be determined by plotting the initial sticking data as a function of 

inverse temperature. 

Figure 3.7 is an Arrhenius plot of the initial sticking data for the 0.26 eV NO 

beam.  The Arrhenius plot was non-linear.  By fitting the results to three separate 

linear trend lines, the barriers to chemisorption at low, mid, and high temperature were 

determined. The data sets from the higher and lower incident beam energies gave 

similar results and are not shown. The barriers were found to be 15±2 meV at low 

temperatures (100 K to 175 K), 61±10 meV at mid temperatures (175 K to 225 K), 

and 310±50 meV at high temperatures (250 K to 300 K) for NO chemisorption, 

consistent with multiple distinct physisorption sites. 

The ratio of the pre-exponential term, νd/νc, also varied for the three 

temperature ranges: 7 – 17 (100 K to 175 K), 70 – 1000 (175 K to 225 K), and 1×106 – 

1×109 (250 K to 300 K). Note that νd/νc represents the ratio of the pre-exponential 

kinetic parameters for conversion of physisorbates to desorbed molecules versus 

physisorbates to chemisorbed molecules, assuming the trapping probability is 

temperature independent. The low and the mid range temperature pre-exponential 

ratios were consistent with previous studies.  Ferguson et al. found a νd/νc of 24 for the 

precursor-mediated sticking of O2 on Si(1 0 0)- (2 × 1).18   Pre-exponential ratios 

greater than unity were physically reasonable due to higher entropy for desorption into 

the gas phase versus chemisorption on a surface.  In Rettner’s et al. study of O2 

adsorption on Pt(1 1 1), a ratio as great as 1000 was observed.49  However, for the 

high temperature ranges, νd/νc ranged from 1×106 – 1×109; this was greater than the 
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ratios for different precursor-mediated chemisorption mechanisms of previously 

studied systems.18, 49, 50  This suggested that the assumption of temperature 

independent trapping was not reasonable for NO/FePc above 250 K, consistent with 

the shallow physisorption wells for  FePc molecules.  

The barriers to chemisorption were a function of temperature because there 

were many distinct physisorption sites with varying pathways to chemisorption, 

consistent with a ‘mobile’ precursor.  The distinct physisorption sites were the inner 

and outer ring nitrogen and peripheral carbons, a total of 7 different sites.  Although 

simulations suggested the physisorption sites have degenerate energies, the pathways 

between the physisorption sites to the metal center vary.  Therefore, the barrier to 

chemisorption being a strong function of temperature was consistent with the barriers 

to diffusion being a strong function of the physisorption site. 

 

C.   Impact of surface thickness and order on initial sticking probability 

The multiple-precursor chemisorption mechanism for NO on monolayer FePc 

films is fundamentally unique; however it is not entirely relevant in applied systems.  

Gas sensor devices are fabricated with multilayer phthalocyanine thin films deposited 

on a Si substrate rather than monolayer films deposited on a Au(1 1 1) single crystal.  

Monolayer FePc thin films form well-ordered, flat laying films, as shown in STM 

experiments.  Phthalocyanine multilayer thin films can form ordered flat-laying, α or β 

polymorphs, or quasi-amorphous thin films.  Substrate and deposition methods 

directly impacted the structure of FePc thin films.  FePc had been shown to produce 



 

 

71

flat-laying, ordered thin films on the Au(1 1 1) substrate.  Thin film deposition, of 

substituted groups onto the organic periphery of the FePc molecule, produced a quasi-

amorphous structure on the Au(1 1 1) substrate. By depositing FePc on a SiO2/Si 

substrate, the α or β polymorph was produced, dependent on the deposition conditions. 

Phthalocyanine molecule orientation on the surface dictated the available adsorption 

sites.  To determine the impact of thin film structure on the previously reported 

chemisorption mechanism, the sticking probability was measured via King and Wells 

for two multilayer thin films, ordered and quasi-amorphous FePc thin films deposited 

on the Au(1 1 1) substrate (Fig. 3.8).  It was found that the ordered multilayer has 

enhanced sticking compared to that of the monolayer and quasi-amorphous thin films. 

A hypothesis of the impact of the α or β polymorph on the chemisorption mechanism 

is briefly discussed. 

 

i.  Surface thickness 

 A comparison between NO adsorption onto ordered monolayer and multilayer 

FePc thin films was performed via King and Wells sticking probability measurements.  

The results of the 0.40 eV NO molecular beam experiments are presented in Fig. 3.8, 

with the blue squares representing the ordered multilayer and the black open circles 

representing the monolayer results described previously in section 3.4.1.  The S0 was 

enhanced by 10% compared to the ML FePc S0 results with the 0.40 eV beam.  This 

trend was consistent regardless of beam energy.  The ordered FePc multilayer thin 

film had a S0 of 10% at 300 K, using the highest incident beam energy.  Some 
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physisorption sites were no longer available for trapping at 300 K, however NO 

trapped on the inner-ring N underwent a barrierless diffusion to the metal center.41  

The basic mechanism for NO adsorption on a multilayer thin film was identical to the 

NO adsorption onto ML FePc, a multiple precursor-mediated chemisorption 

mechanism with ‘mobile’ precursors.  While the basic mechanism was identical 

regardless of film thickness for the ordered FePc films, the multilayer thin film 

allowed for enhanced trapping of the analyte due to improved inelastic collisions on 

the multilayer FePc thin film. 

 The proposed mechanism involved zero subsurface interaction with the 

impinging analyte.  The composition of the layer below the surface was the only 

variable between the ordered monolayer and multilayer thin films.  The results 

suggested the subsurface layers of the films impacted the adsorption mechanism.  The 

effective mass of the Fe metal chemisorption site for the ordered multilayer thin film, 

101 amu, and the ordered monolayer FePc thin film, 253 amu, clearly described the 

difference between the two films.  For the monolayer thin film, the heavy substrate Au 

atoms increased the effective mass of the surface, creating a ‘heavier’ surface 

compared to the multilayer film.  The ‘heavier’ surface reduced the ability of the 

impinging NO molecule (30 amu) to trap on the surface due to a decrease in mass-

matching between the analyte and surface in comparison to the multilayer film.  The 

effective mass of the surface was not the only contribution to the enhanced sticking on 

the multilayer thin films.  An experimental STM study, analyzing the role of the Au 

substrate on the electronic structure of MPc (CoPc) thin films, found the monolayer 
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film was more delocalized than the multilayer thin films, suggesting the Au substrate 

and monolayer thin film have a strong interaction.51  This can be intuitively deduced 

through the method of thin film preparation.  To create a monolayer thin film, a thick 

FePc film was deposited and annealed to a monolayer, which was possible due to the 

greater Au substrate – FePc molecule interaction comparatively to FePc – FePc 

molecular interaction.  The DFT study of analyte adsorption onto MPc monolayer and 

MPc trilayer films found no change to the electronic structure; however, substrate 

effects were not included.41    

 

ii.  Surface order 

 The impact of surface order was also studied via a comparison of the ordered 

multilayer FePc and quasi-amorphous multilayer tetra-t-butyl FePc films.  The S0 of 

the two films is depicted in Fig. 3.8 for Ei = 0.4 eV, where the ordered FePc had 

enhanced trapping of the analyte compared to the quasi-amorphous thin film.  The 

quasi-amorphous thin film and the ordered monolayer thin film S0 followed a similar 

trend; however, the basic reason for decreased trapping for the two films was different.  

The atomic structure for FePc had a lattice constant of 15.4 Å while the tetra-t-butyl 

FePc had a lattice constant of ~20.2 Å.  This increase in molecule size was due to the 

bulky tetra-t-butyl groups.  The increase in lattice constant size decreased the packing 

density of the molecules on the surface, in comparison to the non-substituted FePc 

molecule.  The organic substituents did not impact the chemisorption mechanism, due 

to probable reduced NO interaction with the butyl groups compared to the organic 
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periphery of the molecule.  In addition, the distance was increased between the butyl 

groups and the metal center, reducing the likelihood of NO diffusing to the metal 

center to chemisorb.  Therefore, the tetra-t-butyl group was essentially inert compared 

to FePc molecule.  The decreased S0 in comparison to the ordered film can be 

attributed to the reduction of the chemisorption and physisorption sites over the same 

surface area due to the decrease in packing density. 

 The lower packing density impacted the S0 and the surface coverage.  The 

surface coverage verses sample temperature (K) for the three FePc-based films studied 

is presented in figure 3.9 for the 0.40 eV NO molecular beam.  The surface coverage 

data was determined in the identical manner as discussed in section 3.4.1D.  The 

ordered films, both monolayer and multilayer, had a surface coverage of 3%, 

consistent with the previous data concluding the Fe metal center, the chemisorption 

site, represented 3% of the surface area.  A basic calculation of the area the Fe metal 

atoms occupied on the total surface for the quasi-amorphous thin film determined the 

Fe metal center represented 2.0 ± 0.3% of the total surface area.  This result was 

supported by the saturation coverage data for the quasi-amorphous thin film, with a 

surface coverage of 2%.  The reduced surface coverage for the quasi-amorphous thin 

film was attributed to the lower packing density of the tetra-t-butyl FePc thin film 

compared to the ordered FePc thin film. 

 

 

iii. Prediction for the MPc/SiO2/Si system 
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 The structure of the MPc thin films had been studied previously on various 

substrates with x-ray diffraction (XRD), scanning tunneling microscopy (STM), 

atomic force microscopy (AFM), and low energy electron diffraction.5-11, 52  

Chemiresistors or OTFTs based gas sensors contained MPc films deposited on 

amorphous SiO2 or deposited Au interdigitated electrodes (IDE).53, 54  The flat lying 

films formed on the Au(111) substrate did not exist on amorphous substrates.  MPc 

films deposited on Au IDEs or amorphous SiO2 substrates formed either an 

amorphous or polymorphic thin film, depending on deposition conditions.  The 

polymorphic film is a herring bone structure, termed α- or β-phase, differentiated by 

the angle between the surface plane and stacking axis, 25° or 45° respectively.  The 

impact of surface morphology and thickness on sensor operation had previously been 

reported.55  Hsieh et al. determined the steady state current, along with response and 

recovery time, with the highest current for the α-phase followed by the  amorphous 

and β-phase for the non-planar PbPc films deposited on Au IDEs.55   

It was suggested close-packed stacking of MPc films (β-phase) may be 

prohibitive towards gas adsorption, with limited adsorption sites available on the 

surface.55, 56  Therefore, the flat lying films may not be best the analog to determine 

the gas adsorption mechanism for MPc-based gas sensors.  However, the mechanism 

determined by the methods discussed within this chapter can be applied to a 

hypothesis for the adsorption mechanism of NO onto an amorphous SiO2 substrate.  

The α-phase, amorphous, or β-phase film could be deposited on a SiO2 sample in situ 

by adjusting the deposition conditions.11  All gas adsorption occurring on the three 
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films will be assumed to be restricted to the surface.  While literature suggested the 

possibility of the amorphous film being porous, allowing for gas diffusion, no 

evidence of subsurface diffusion was found for the quasi-amorphous thin film 

discussed in the previous section.55, 56   With only surface adsorption considered, none 

of the three films proposed will have the entire molecule available for adsorption 

compared to the flat lying films.  The metal center will only be exposed at step edges 

and grain boundaries.  The morphology of the film should greatly impact the 

adsorption mechanism.  It is predicted the α-phase film should have improved trapping 

in comparison to the β-phase film.  In addition, an amorphous film should also have 

improved trapping because of increased adsorption sites availability on the surface due 

to the looser packing structure.  This is consistent with the reported gas sensitivity of 

the amorphous CuPc film enhanced compared to the α-phase polymorph.56   

While this chapter defined the adsorption mechanism of NO of FePc thin films, 

further research is necessary to determine the analyte adsorption mechanism on MPc 

thin films for application to organic thin film devices.  Current work is focused 

towards the adsorption mechanism of NO on FePc films deposited on amorphous 

SiO2.  In addition, the possibility of subsurface diffusion can be explored on the 

amorphous FePc thin film using the methods presented in this chapter, and correlated 

to predicted experimental sensor results by Masui et al.56  It should also be noted that 

functional gas sensors must operate in atmospheric conditions, and that the adsorption 

mechanism is predicted to be a competing reaction with O2.
53  A complementary 

experiment to determine the true adsorption mechanism of an analyte on an operating 
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MPc-based sensor includes adsorbed O2 on the MPc film prior to interaction with the 

reactive analyte using the methods presented in this work.  

 

3.5. Conclusions 

 

The surface reaction dynamics of NO onto a ML FePc thin film was explored. 

The initial sticking probability was found to be a function of incident molecular beam 

translational energy, Ei, and sample temperature, Ts. NO adsorption onto FePc 

saturates at 3% of a ML at all incident beam energies (0.09 eV to 0.4 eV) and a large 

range of surface temperatures (100 K to 200 K), consistent with the final 

chemisorption site being confined to the Fe metal centers. Control experiments 

performed on ML films of H2Pc, which does not contain a metal center, showed zero 

chemisorption consistent with the necessity of the Fe metal centers to the 

chemisorption reaction mechanism. In contrast to NO/FePc saturation coverage, at low 

Ts and low Ei, the initial sticking probability for NO/FePc was as great as 40% and 

decreased linearly with increasing beam energy and surface temperature. These results 

are consistent with NO sticking onto the ML FePc via physisorption to the aromatic 

periphery followed by diffusion to the Fe metal center. A simple Arrhenius analysis 

was used to describe how the NO molecule adsorbed via a multiple pathway 

precursor-mediated chemisorption mechanism with ‘mobile’ precursors.  The ordered 

multilayer FePc thin film produced enhanced sticking in comparison to the ML FePc 

and the quasi-amorphous tetra-t-butyl FePc.  The thicker ordered film had enhanced 
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inelastic collisions with the analyte due to a lighter effective mass of the surface 

compared the ML FePc film.  The ordered film had a lower packing density compared 

to the bulky tetra-t-butyl FePc film, with 3% compared to 2% metal centers 

respectively.  
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3.7 Figures 
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Figure 3.1   (a) A ball-and-stick diagram used to depict the MPc molecule and (b) 

tetra-t-butyl MPc, with corresponding filled state STM images of ordered 
monolayer and quasi-amorphous multilayer MPc thin films.   STM 
images were taken with a -1.0 V sample bias and 0.5 nA tunneling 
current. (a) A 200 × 200 Å ordered CuPc monolayer on Au(111) 
substrate, and (b) a 300 × 300 Å tetra-t-butyl NiPc film on a Au(111) 
substrate.  Ordered Monolayer and Multilayer thin films produced the 
same structure, and the quasi-amorphous thin film lays flat.  The MPc 
molecule has a lattice constant of 15.4 Å, and the tetra-t-butyl MPc has a 
lattice constant of 20.2 Å, as estimated from the STM images. 
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Figure 3.2  The comparison of NO interaction with (a) Al(1 1 1), (b) ML FePc, (c) 
schematic of standard sticking, (d) schematic of ML FePc sticking, (e) 
Au(1 1 1), and (f) ML H2Pc is depicted via King and Wells sticking 
profiles. The NO signal is equivalent to the partial pressure of NO during 
the experiment. ‘Profile a’ is a sample sticking profile of a 0.09 eV NO 
beam impinging onto an Al(1 1 1) surface at 300 K. ‘Profile b’ is a 
sample profile of a 0.09 eV beam impinging on a ML FePc surface at 150 
K. ‘Profile c’ is a representation of a standard Langmuirian sticking 
profile, modeled after ‘profile a’. This is in comparison to ‘profile d,’ a 
representation of the ML FePc sticking ‘profile b’. Note the time scale 
differences between profile a and b. The initial sticking, S0, and sticking 
due to the contaminant, Sc, are labeled in ‘profile d’. ‘Profile e’ is a 
sample sticking profile of a 0.09 eV NO beam impinging on a clean 
Au(111) at 150 K. ‘Profile f’ is a sample sticking profile of a 0.09 eV NO 
beam impinging onto ML H2Pc at 200 K. The experimental procedure is 
labeled for the profiles with numbers. (1) Gate valve open, (2) flag open, 
(3) flag closed, and (4) gate valve closed. The time scale of the 
experiment is labeled along with arrows denoting the opening (up arrow) 
and closing (down arrow) of the Pyrex flag during the experiment. The 
gradual surface saturation of Al(1 1 1) surface is different than the short 
saturation time of the ML FePc surface, therefore a longer time scale. 
Note the sharp downward spike upon flag removal in ‘profile b’. 
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Figure 3.3  A collection of sample sticking profiles of a 0.09 eV NO beam 
impinging onto ML FePc for a range of temperatures (100 - 300 K). The 
arrows represent the removal and replacement of the flag during the 
experiment. An interesting feature is the sharp downward spike upon 
flag removal, seen most prominently at low temperatures. 
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Figure 3.4  Initial sticking probability of NO on ML FePc films as a function of 
sample temperature for varying incident beam energies (0.09-0.40 eV). 
The solid lines reflect the sticking probabilities gradual dependence on 
surface temperature. Standard errors are indicated via error bars.  The 
open circles, black squares, and open triangles represent Ei = 0.09 eV, 
0.26 eV, and 0.40 eV, respectively.      . . ………… 
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Figure 3.5  Initial sticking probability as a function incident beam energy for varying 

sample temperatures (100-300 K) for NO on ML FePc. 
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Figure 3.6   NO saturation coverage as a function of sample temperature and incident 
beam energy. Inset demonstrates method of calculation of the saturation 
coverage from the initial sticking profile data via measurement of the 
area in the downward spike.                                    …………………….. 
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Figure 3.7  A sample Arrhenius plot used to determine the activation barriers of NO 
chemisorption upon physisorption. The sticking data plotted is for Ei = 
0.26 eV, however all three beam energies had the same curve. The result 
is a non-linear relationship between ln[(α-S0) /S0] and inverse sample 
temperature. The three separate linear trendlines were fit to the curve. 
The activation barriers to chemisorption were found to be 13 meV, 62 
meV, and 297 meV for low, mid, and high temperature ranges (100 – 
175, 200 - 225, and 250 - 300 K) respectively.      ……………………… 
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Figure 3.8   Initial sticking probability as a function of Ts (100 – 300 K) for the three 

FePc thin films studied.  S0 data is for the 0.40 eV NO beam and the 
monolayer FePc (dotted black line with open circles), ordered multilayer 
FePc (blue squares), and the quasi-amorphous multilayer thin films (red 
triangles) 
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Figure 3.9   Saturation coverage as a function of sample temperature (K) for the three 

films studied, ordered monolayer FePc (black open circles), ordered 
multilayer FePc (blue squares), and quasi-amorphous tetra-t-butyl FePc 
(red triagles).  All data was acquired with the 0.4 eV NO molecular 
beam. 
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CHAPTER FOUR 

Theoretical analysis and comparison of initial oxidation and nitridation of Ge(0 0 1) 

 

4.1 Abstract 

 

 For realization of a passive high-k dielectric interface with Ge(0 0 1), a 

passivation layer between oxide and semiconductor is the preferable to prevent the 

formation of the native oxide. A germanium oxynitride (GeOxNy) passivation layer 

produced superior C-V characteristics compared to the native oxide.  To gain a greater 

understanding of the superior GeOxNy passivation layer, a complementary density 

functional theory (DFT) study of initial oxygen and nitrogen adsorption on Ge(0 0 1) 

was performed.  Experimental results for oxidation of the Ge surface determined 

multiple single adsorption sites at room temperature, followed by the formation of a 

suboxide upon annealing the surface below the desorption temperature of GeO, while 

both room temperature and oxidized surfaces have pinned electronic structures.  For 

experimental plasma nitridation of Ge(0 0 1)-(4 × 2), the formation of subnitride 

occurred with proper annealing conditions and resulted in a pinned electronic 

structure.  In the complementary DFT study presented, the clean Ge(100) surface, 

oxygen sites, and nitrogen sites were modeled via DFT, including the geometric and 

electronic structures and STM simulations.  Low coverage O adsorption did not induce 

density of states at the Fermi level, suggestive of an unpinned interface, while 

displaced Ge atoms, increased oxygen coverage, and the formation of the suboxide 
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induced pinning states.  Low coverage N atom adsorption created a half-filled 

dangling bond on the N atom, which created a pinned electronic structure. In addition, 

the formation of the subnitride created half-filled dangling bonds on surface Ge atoms 

which could be successfully H-passivated. A comparison of the experimental 

STM/STS results with the simulated DFT results was performed. 
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4.2 Introduction 

 

Improvement of integrated microelectronics performance through scalable Si 

MOS technology has allowed the semiconductor industry to thrive with a poly-Si gate, 

SiO2 insulator, and Si channel material.  By shrinking the feature size of MOS devices, 

faster, low power devices are possible.  Current technology is quickly approaching the 

limit of standard Si-based device capabilities.  The search for a combination of 

channel material and gate oxide with superior performance and low power 

consumption intensified as a result.  Incorporation of high-κ dielectrics and metal 

gates allowed for continued scaling, with lower power consumption via reduced gate 

leakage current.  In addition, replacement of the channel material with strained Si 

enhances the intrinsic charge carrier mobilities, improving performance.1 

While material engineering of Si prolonged the viability of Si-based MOS 

devices, alternative materials, with better intrinsic properties, are possible solutions for 

the limitations of silicon.1, 2  Ge has enhanced hole carrier mobilities, 4.2 times that of 

Si and 2.6 times the electron mobility.  However, there are serious limitations towards 

the implementation of novel materials for CMOS applications.  The superior native 

SiO2/Si interface is electrically passive, while the native oxide for Ge is not.  

Therefore, in addition to the search for a compatible high-κ dielectric with Ge, the 

deposition process must avoid the formation of the native oxide at the interface.   

 Integration of high-κ oxides on Ge has many challenges for application in 

MOS technology.  For Ge, the native oxide, GeO2, forms a defective interface, is 
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water soluble, and thermally unstable at process temperatures.  The native oxide 

degrades into a suboxide, GeOx, at elevated temperatures, and desorbs from the 

substrate as GeO(g).
3  A recent review of alternative material MOS capacitors 

suggested the solution for a passive interface between insulator and Ge required an 

interlayer to fully prevent the formation of the native oxide.4  There have been 

numerous materials reported with varied results for passivation of the Ge interface: Si, 

SiO2, GeO2, GeOxNy, Ge3N4, sulfur passivation, and halogen incorporation to list a 

few.4-28  Successful passivation and low interface trap density (Dit) had been achieved 

with both thermal deposition of GeO2 and incorporation of nitrogen via plasma 

nitridation at the interface, forming a GeOxNy interlayer.4, 9, 17  While thermal 

deposition of GeO2 produced high quality interfaces with superior electrical 

characteristics, including N at the interface improved the thermal stability and 

resistance to aqueous etch solutions.22  In addition, the incorporation of a forming gas 

anneal (hydrogen passivation at elevated temperatures) in the post-electrode 

deposition process had been reported to successfully reduce the Dit at the 

GeOxNy/Ge(0 0 1) interface.29, 30    

Further study of the oxide/semiconductor interface is necessary for possible 

integration of alternative channel materials along with high-κ oxides for future CMOS.  

In addition to research devoted to device physics, a fundamental approach to materials 

properties enhances the overall understanding of the interface.  Scanning tunneling 

microscopy/scanning tunneling spectroscopy (STM/STS) are powerful tools with 

atomic resolution of the geometric and electronic structures for low coverage 
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adsorbates on semiconductor surfaces.  Separate experimental STM studies that 

investigated the low coverage oxygen and nitrogen adsorption on the Ge(0 0 1) 

surface.31-38  Insertion, displacement, and suboxide/subnitride adsorption sites were 

discovered post oxidation or nitridation of the Ge surface.  A limitation of the 

experimental STM method is due to the convolution of both geometric and electronic 

structures in the results.  Complementary Density functional theory (DFT) used in 

collaboration with STM experiments aide in identification of the low coverage oxygen 

and nitrogen adsorption structures and resulting electronic structure for each site via 

simulation of the density of states (DOS).31, 37-41  DFT results for the low coverage 

oxide/ and nitride/Ge(0 0 1) interface structure and corresponding electronic properties 

are presented in this work.  In addition, simulated STM images for the low coverage 

sites, including the suboxide and subnitride, are correlated with experimental STM 

results.37, 38 

 

4.3 Computational Methods 

 

All simulations presented in this chapter were performed using the Vienna 

ab-initio Simulation Package (VASP) with PBE functional and PAW pseudopotentials 

supplied within the VASP code.42-47  A 4 × 4 × 1 Monkhorst-Pack k-point generation 

scheme led to a total of 4 irreducible k-points in the first brillouin zone.48  A plane 

wave basis cut-off of 450 eV with structural relaxation convergence set at or below 

0.10 eV/Å for all interatomic forces per atom.  All parameters were identical for each 
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adsorption site modeled for comparative purposes.  The resultant enthalpies of 

adsorption have a relative accuracy of ±0.1 eV between adsorption sites, and a mean 

absolute error of 0.37 eV.49, 50  

The germanium system modeled was the Ge(0 0 1)-(4 × 2) reconstruction.  A 

Ge supercell slab consisted of 8 layers of Ge atoms and 12 atomic layers of vacuum.  

The bottom Ge layer was terminated with H atoms with the bottom three layers were 

frozen to simulate bulk-like conditions.  Both a single and double (in the y-direction) 

supercell was constructed with 64 and 128 atoms respectively.  Geometric and 

electronic relaxations were performed for each adsorption site, resulting in the 

enthalpy of adsorption, simulated density of states (DOS), and a STM simulation in 

addition to the atomic structures.  The simulated adsorption sites were modeled based 

on results of experimental STM studies of oxidation and plasma nitridation of the 

Ge(0 0 1) surface.37, 38  Comparisons between the theoretical and experimental results 

was performed via simulated STM images.  STM simulations were modeled with the 

Tersoff-Hamann apporoach supplied with the p4vasp program.51, 52 

The experimental electronic structure, STS results, was compared to simulated 

DOS calculations.  It is well established that DFT underestimates the bandgap for 

semiconductor materials.53, 54  For Ge, the underestimation of the bandgap resulted in 

the formation of density minima at the Fermi level instead of a true bandgap.  Analysis 

for the simulated DOS for the clean, oxidized, and nitrided Ge surface was dependent 

on investigation of an increase, decrease, or no change of the density of states at the 

Fermi level.  If there was an increase of density of states at the Fermi level, it can be 
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reasonably concluded that adsorbate site was a possible cause of Fermi level pinning.  

If no change or a decrease in density occurred, the results were indicative of a passive 

adsorption site.  A solution for the underestimation of the band gap of semiconductor 

materials is realized standard density functional theory via use of a hybrid exchange-

correlation functional and/or inclusion of the GW approximation.55, 56  The hybrid 

exchange-correlation functionals, such as the PBE0 or HSE functional, include a small 

percentage (25%) of exact exchange potential (either short range or full range) in the 

exchange-correlation functional.57, 58  Inclusion of exact exchange potential in the 

functional yields accurate determination of the bulk semiconductor band gap for small 

bandgap semiconductors; however these methods are computationally expensive and 

beyond the capability of the entire presented study.  A previously unpublished study 

by Grassman et al. of initial stage oxidation of the Ge(0 0 1) surface with the PBE0 

functional is presented in the discussion section of this chapter to validate the 

conclusions of the PBE-based simulations.59 

 

4.4  Results 

 

The clean Ge(0 0 1)-(4 × 2) and Ge(0 0 1)-(2 × 1) reconstructions were 

simulated, with the atomic structure for the (4 × 2) reconstruction and electronic 

structures for the (4 × 2) and (2 × 1) surfaces presented in Figure 4.1.  The 

ball-and-stick diagram for the Ge slab depicts a side view of the structure with 

hydrogen termination for the bottom layer.  The (2 × 1) reconstruction, identical to the 
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(4 × 2) structure except for flat dimer atoms, had been observed experimentally; 

however, regions of the (4 × 2) reconstruction, with buckled dimer atoms, also existed.  

The (2 × 1) surface was a dynamic superposition of the buckled dimes in the (4 × 2) 

surface.60  The (4 × 2) regions of the Ge(0 0 1) surface were frozen out by surface 

defects, step edges, or adsorbates.  DFT predicted the (4 × 2) reconstruction was the 

most stable reconstruction, consistent with experimental results.  All enthalpies of 

adsorption were calculated with respect to the (4 × 2) surface reconstruction.   

 Figure 4.1(b) presents the (DOS) for the two surface reconstructions calculated 

with the PBE functional.  As discussed in section 4.2 and chapter 2, the simulated 

Ge(0 0 1) slab did not have a true bandgap, resulting in a density minima at the Fermi 

level for the (4 × 2) surface.  This will be denoted as an electrically unpinned surface 

in this chapter, for PBE simulations.  In contrast, the flat dimers of the (2 × 1) surface 

contain half-filled dangling bonds which introduced states in the density minima at the 

Fermi level.  The result, a metallic electronic structure, was consistent with 

experimental results, which suggested the half-filled dangling bonds of the flat dimer 

structure induced electronic states within the band gap.61  This result further supports 

the belief that formation of Ge half-filled dangling bonds at the interface will be 

detrimental to CMOS device operation. 

 

A.  Oxidation of the Ge(0 0 1) surface 
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 In a previous experimental STM study, it was reported that room temperature 

oxidation created non-ordered bright and dark sites on the Ge(0 0 1) substrate.37  The 

bright sites were experimentally defined as oxygen insertion sites, both dimer insertion 

and backbond insertion, and displaced Ge ad-atoms, the brightest site.  The dark cuts 

in the row were defined as oxygen displacement sites, in which oxygen displaced Ge 

atoms, which created the Ge ad-atom sites.  The suggested mechanism of oxidation 

occurred via insertion into the backbond/dimer followed by displacement of the Ge 

dimer atoms.37  Table 4.1 is a summary of the DFT results for oxygen adsorption on 

the Ge(0 0 1)-(4 × 2) surface with atomic structures, STM simulations, and enthalpies 

of adsorption  (ΔHads) for all sites modeled.  Three types of sites were modeled based 

on the experimental STM results:  Ge ad-atom/ad-dimer, dimer/backbond insertion, 

single atom/dimer displacement.37  The Ge ad-atom/ad-dimer sites created a large, 

bright site in the simulated STM image.  The insertion sites created a bright site that 

was less bright than the ad-atom site in the simulated STM image.  The modeled 

displacement site created a dark cut in the STM simulation.  All simulated STM image 

for all three modeled adsorption sites are consistent with experimental STM images 

for room temperature oxidation.37  The enthalpies of adsorption were exothermic with 

respect to molecular oxygen, with ΔHads between -2.0 eV to -2.6 eV for the modeled 

adsorption sites.  With the experimental desorption temperature of oxygen at 425 °C, 

the simulated ΔHads for the oxygen adsorption sites are consistent with experimental 

results.3 
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 In the experimental STS study of room temperature oxidation of the Ge(0 0 1) 

surface, Grassman et al. determined the surface was pinned.  However, it was difficult 

to attribute the cause of Fermi level pinning experimentally, with different types of 

adsorption sites post-oxidation.  DFT was used to determine the impact of each 

adsorption site on the electronic structure.  The simulated electronic structures, DOS, 

for the Ge ad-atom/ad-dimer, O insertion sites, and O displacement sites are presented 

in Figure 4.2.  Figure 4.2(a) includes the DOS for both the Ge ad-atom (red line) and 

ad-dimer (blue line) compared to the clean Ge(0 0 1)-(4 × 2) surface (dashed black 

line).  Both sites induced added density of states in the minima at the Fermi level.  The 

ad-dimer site created two-half filled dangling bonds at the surface, remaining in a 

(2 × 1) configuration.  Figure 4.2(b) compares the clean surface with the dimer and 

backbond insertion sites.  All three sites appeared to be passive in the DOS, not 

creating new density of states in the minima at the Fermi level.  Figure 4.2(c) and (d) 

are the single and dimer displacement sites compared to the clean surface.  While the 

single displacement site appeared passive, with no new density of states; the double 

displacement was more difficult to define.  A slight increase of density of states 

occurred at the density minima for the dimer displacement site, suggesting a coverage 

effect.  However, the increase of density was small, such that may not create a pinned 

surface.  The double displacement site induced strain on the surface structure, which 

may be responsible for the slight increase of density of states at the Fermi level 

minima.  The surface coverage of oxygen for the double displacement site is at 25%.  

Compared to the experimental STS results for the pinned, room temperature oxidized 
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surface; the DFT results predicted low coverage insertion and displacement will not 

impact surface electronic structure, while displaced Ge ad-atoms/ad-dimers and 

increased oxygen coverage is the major cause of the pinned surface.  

An anneal study was performed by Grassman et al. to determine if the pinned 

electronic surface was due to oxygen adsorbates or displaced Ge atoms.37  The anneal 

temperature was set at 325 °C, below the 425 °C desorption temperature of GeO, to 

remove any metastable oxygen atoms and diffuse Ge adatoms.  Upon annealing the 

room temperature oxidized surface to 325 °C, the assortment of oxygen adsorption 

sites coalesced to form an ordered structure, defined as the suboxide, and the Ge ad-

atoms diffused to step edges or large islands.32, 33, 35, 36, 62  A model of the suboxide is 

presented in Figure 4.3.  The atomic structure of the suboxide correlated with 

experimental STM images, discussed in further detail in the discussion section of 

chapter 4.  An experimental STS study of the suboxide structure found the surface was 

pinned electronically, due to either the suboxide and/or surface atom displacement.37  

The DOS results for the suboxide showed a metallic electronic structure, with 

increased density of states in the band minima compared to the clean structure.  This 

strongly suggested the suboxide was a major contribution to the pinned electronic 

structures.  

 

B.  Nitridation of the Ge(0 0 1) surface 

 An experimental STM study of plasma nitridation of Ge(0 0 1)-(4 × 2) was 

performed previously.38  Plasma nitridation of the Ge(0 0 1) sample was found to be 
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difficult, with the Ge substrate unreactive molecular N2.  Even under the most 

favorable conditions, the plasma was contaminated with undesirable oxygen and 

water.  It was concluded from the room temperature study of plasma nitridation that an 

assortment of adsorption sites occurred, including N, O and displaced Ge ad-atoms in 

the form of bright and dark sites.  The desorption temperature of Ge nitride is above 

600 °C, a higher temperature than that of GeO.16, 26  Lee et al. performed an anneal 

study to distinguish between metastable adsorbates, oxygen, and nitrogen sites.  

Annealing above 450 °C was predicted to totally remove GeO, diffuse the ad-atom Ge 

species, and maintain any nitride sites.  The result of annealing post nitridation was a 

great reduction of bright sites and lack of dark sites, with the remaining bright sites 

attributed to N adsorption.   

Various simulated N adsorption sites are listed in Table 4.2, with atomic 

geometries, STM simulations, and adsorption energies. The nitrogen adsorption sites 

include N dimer insertion, N backbond insertion, N single Ge atom displacement, and 

N dimer displacement.  The included adsorption sites are similar to the modeled initial 

oxygen adsorption sites.  In addition, a H-passivated dimer displacement structure was 

included.  Addition H-passivation calculations were performed; however they did not 

drastically impact the atomic structure.  All listed enthalpy of adsorption values are 

given with respect to atomic N per N atom.  Values were not included for the H-

passivated structures.  The ΔHads with respect to molecular N2 was also not included, 

however each of the adsorption sites were 5.2 eV less exothermic with respect to 

molecular N2 than the given values with respect to atomic N.  Therefore, DFT 
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predicted the surface was not reactive to molecular N2, with a high probability of 

desorption as N2 in comparison to adsorption.  This was consistent with the difficult 

process of nitridation for the Ge surface experimentally.   

The enthalpy of adsorption for the N sites ranged between -3.0 eV to -4.1 eV, 

with greater ΔHads in comparison to the comparable oxygen adsorption sites.  This was 

consistent with the experimental, with GeO desorption occuring at lower temperatures 

compared to the Ge nitride.3, 16, 26  Although all the sites in Table 4.2 are stable with 

respect to an atomic N (note negative values of adsorption energy), the corresponding 

STM simulations were difficult to compare with the experimental STM images, which 

contained O, N, and displaced Ge on the surface.38  For the modeled nitrogen 

adsorption sites, the N atom only formed two bonds to the Ge surface upon adsorption, 

but it preferably forms three single bonds.  The result was a remaining half-filled 

dangling bond on the N atom.  This was in contrast to O adsorption, in which the 

oxygen atom preferred to form only two bonds to the surface.  The low coverage 

adsorption sites therefore were reactive to either displaced Ge atoms or additional N 

atoms via the formation of extended nitride. In addition, further interaction with 

atomic N during plasma nitridation could induce desorption of molecular N2 from the 

surface.   

Lee et al. found that experimental room temperature nitridation induced a 

pinned electronic structure, however it was difficult to determine if the cause of the 

pinning states was due to residual plasma damage, incidental oxidation, or nitridation.  

Complementary DOS simulations were also performed for insertion and displacement 
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sites and are presented in Figure 4.4 in comparison to the clean Ge(0 0 1)-(4 × 2) 

surface.  In addition, projected density of states (PDOS) simulations are included for 

the N dimer insertion and backbond insertion site to determine the contribution of the 

N atom, and ‘up’ and ‘down’ Ge atoms in the buckled dimer.  The dimer insertion site 

induced a large amount of density of states in the Fermi level region.  The source of 

the density of states was attributed to both the N and Ge atoms, as shown in the PDOS 

presented in Fig 4.4(c), with a large density of state contribution from the ‘up’ Ge 

dimer atom.  H-passivation of the half-filled dangling bond on the N atom was found 

to improve the DOS, with no added density of states in the minima at the Fermi level, 

as shown in Fig. 4.4(a).  In comparison, N backbond insertion into the Ge dimer did 

not create a large increase of density of states at the Fermi level.  However, there was 

a minimal amount of density of states at the Fermi level contributed by the half-filled 

dangling bond on the N, as shown in the PDOS for the backbond insertion site (Fig. 

4.4(d)).  

The N displacement adsorption sites, both single Ge and dimer displacement, 

both induced an increase of density of states in the minima at the Fermi level, as 

shown in Fig. 4.4(b).  The increase of density was attributed to the half-filled dangling 

bonds of the N atoms, which could be successfully passivated with H-passivation.  

However, it is important to note that H-passivation impacted the surface structure, as 

shown in Table 4.2.  N dimer displacement introduced strain on the surface.  

H-passivation allowed the surface to resume a less strained surface structure, in 

addition to passivating the half-filled dangling bond.   
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To completely remove the possibility of incidental oxidation of the Ge 

substrate during plasma nitridation, Lee et al. held the substrate at 500 °C during 

nitridation followed by a surface anneal.38  The result of which was an oxygen free 

surface with the formation of an ordered bright site that preferentially was bound to 

step edges, defined as a subnitride.  Complementary DFT was used to determine the 

atomic structure of the ordered subnitride and corresponding electronic structure.  A 

ball-and-stick diagram for the subnitride and H-passivated subnitride is presented in 

Fig. 4.5.  The subnitride consisted of two subsurface N atoms below a Ge dimer, while 

the adjacent Ge dimer remained in the buckled dimer position.  Experimental results 

found the subnitride occurred with two parallel rows.38  A single row subnitride was 

modeled, but DFT did not predict a major thermodynamic difference between single 

or double rows.  In addition, the DFT modeled subnitride contained identical 

periodicity as the experimental subnitride.  In comparison to the single adsorption 

sites, the N atom is able to form 3 bonds to the Ge substrate, maintaining the preferred 

sp2-like hybridization.  However, the formation of the subnitride induced strain at the 

surface, and created half-filled dangling bonds on the surface Ge atoms directly bound 

to the N.  The result of which induced a slight tilt to the Ge dimer, similar to the 

buckling of the (4 × 2) reconstruction.  The formation of the subnitride was found to 

be thermodynamically stable with ΔHads = -3.77 eV.  Similar to the single adsorption 

sites, the subnitride was found to be endothermic with respect to molecular N2 (ΔHads 

= 1.42 eV).  This was consistent with experimental results of a low coverage of N with 
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long exposure times; specifically difficulty of nitridation of the surface, even with a 

plasma source.38 

The half-filled dangling bonds induced by the formation of the subnitride were 

passivated with hydrogen atoms, as depicted via ball-and-stick diagram in Fig. 4.5(b).  

In contrast to the single adsorption sties, the N atom did not require any H-passivation.  

However, the Ge atom directly bonded to the N atom required two hydrogen atoms to 

passivate the dangling bonds.  In addition, the Ge dimer atoms adjacent to the N 

adsorption site required a single hydrogen atom to passivate a half-filled dangling 

bond, created by the strain of the subnitride preventing the electron transfer between 

the dimer atoms.  Upon H-passivation of the subnitride, the dimer tilt was removed 

from both the dimer directly impacted by N adsorption and the adjacent dimer, 

resembling the (2 × 1) surface with flat dimers.   

In the nitridation STM/STS experiment, Lee et al. determined the formation of 

the ordered subnitride created a pinned electronic structure, but was unable to 

determine if the cause of pinning was solely due to the subnitride or residual surface 

damage by plasma nitridation or a combination of both.  A complementary DFT study 

of the simulated electronic structure for the subnitride and H-passivated subnitride 

compared to the clean Ge(0 0 1)-(4 × 2) structure was performed, presented in Figure 

4.6(b).  The results for the DOS of the subnitride showed a large increase of density of 

states in the minima at the Fermi level for the subnitride structure (blue line) in 

comparison to the clean Ge(0 0 1) surface (dashed black line).  H-passivation 

successfully removed the subnitride-induced density of states, with the return of the 
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minima at the Fermi level.  For the case of H-passivation, the hydrogen atom can 

represent both a single H atom or simulate further oxide and/or nitride growth.  While 

DFT predicted the subnitride was the source of a pinned electronic structure, the H-

passivation results suggested the possibility of an unpinned interface with either H-

passivation or continued growth of an oxide layer.  

Simulated projected density of states (PDOS) for 5 selected atoms were 

performed to determine the cause of increased density of states in the minima at the 

Fermi level (Fig. 4.6).  The impact of H-passivation on the reduction of density of 

states was also determined via PDOS analysis.  The 5 atoms analyzed were 

representative to the remaining atoms of the structure, with N (N1, black), 1st layer Ge 

atoms (Ge10, red and Ge12, blue), 2nd layer Ge atom (Ge26, green), and 3rd layer Ge 

(Ge45, grey), as identified in Fig. 4.6(a).  The nitrogen atoms, 1st, 2nd, and 3rd layer Ge 

atoms all contribute to the added density of states upon formation of the subnitride.  

The Ge dimer atom directly bonded to the N atom in the 1st layer (Ge12), had the 

largest contribution to the total density of states.  This was expected since the Ge atom 

was only forming two bonds, with 2 half-filled dangling bonds remaining.  The strain 

induced by the formation of the subnitride, however, impacted the electronic 

contribution for all three layers examined.  Specifically, the N atom, bonded directly 

to the 2nd layer Ge atom (Ge26) in addition to the 1st layer Ge atom (Ge12), distorted 

the surface structure. 

The improvement of the electronic structure upon H-passivation was further 

explored via the PDOS for the identical atoms analyzed with the subnitride, as 
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depicted in Figure 4.6(d).  Consistent with simulated DOS results, the contribution of 

density of states in the minima at the Fermi level was drastically reduced in the PDOS.  

H-passivation allowed for the surface Ge dimer atoms to return to the favorable sp3-

hybridizaiton bonding configuration.  H-passivation also reduced the subnitride-

induced strain on the surface.  DFT results for the electronic structure of the subnitride 

strongly suggested the formation of dangling bonds and subnitride-induced strain 

caused the increase of density of states in the minima at the Fermi level, indicative of a 

pinned structure.  In addition, the DFT results were consistent with the success of a 

forming gas anneal, H-passivation, to reduce the Dit of the GeOxNy/Ge(0 0 1) 

interface.4, 29, 30, 63  

 

4.5 Discussion 

 

A. Comparison of oxygen and nitrogen adsorption 

 Incorporation of both oxygen and nitrogen at the oxide-Ge interface was found 

to produce superior electronic characteristics with improved thermal stability.  DFT 

simulations of oxygen and nitrogen initial adsorption sites separately provided the 

initial bonding geometries, enthalpy of adsorption energies, and corresponding 

electronic structures.  A greater understanding of the atomic structure of oxygen and 

nitrogen at the Ge(0 0 1) interface will improve the overall understanding of the 

GeOxNy passivation layer on Ge(0 0 1).   
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 Oxygen atoms preferred to bond to the Ge(0 0 1) substrate with the formation 

of two bonds.  Each oxygen site modeled occurred through the formation of two bonds 

to the surface.  The result of which was no formation of dangling bonds on the oxygen 

atom.  Ge was able to maintain its sp3-like or sp2-like bonding configurations upon 

oxygen adsorption, even retaining the buckled dimer structure with intradimer electron 

transfer.  However increased oxygen adsorption introduced strain to the Ge(0 0 1) 

surface reconstruction.  Increased strain, displaced Ge atoms, and the formation of the 

suboxide were all found to induce pinning states in the calculated electronic structure. 

 The ΔHads values for the stable oxidation sites modeled were consistent with 

previously modeled metastable oxygen sites on the Ge surface via Gaussian.41  All 

ΔHads values were consistent with the experimental desorption of GeO from the Ge 

surface at 425 °C.3   In comparison, ΔHads values for nitrogen insertion sites were 

more exothermic, in comparison to the oxygen counterparts with respect to atomic 

nitrogen.  This was consistent with the experimental desorption of Ge nitride above 

600 °C, a higher temperature than that of GeO.16, 26  The difference between the ΔHads 

values for nitrogen and oxygen adsorption was consistent with improved thermal 

stability for nitrided surfaces.  The Ge native oxide cannot withstand the annealing 

temperatures required during device fabrication.  The DFT results for the ΔHads values 

with respect to molecular N2 were found to be endothermic for the N adsorption sites, 

with a loss of 5.2 eV in stability.  This was consistent with results for the plasma 

nitridation study, which found the surface extremely difficult to deposit nitrogen, and 
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device process studies, in which nitridation of the surface does not yield a pure nitride 

at the interface.23  

In comparison to oxygen adsorption, nitrogen atoms prefer to form three bonds 

to the Ge substrate.  However, the low-coverage insertion and displacement sites were 

only able to form two bonds to the surface, inducing the formation of a half-filled 

dangling bond on the Ge surface.  Similar to oxygen, N adsorption also induced strain 

to the Ge surface.  The simulated electronic structures for the N adsorption sites were 

indicative of a pinned interface; however, H-passivation of the half-filled dangling 

bond was found to successfully passivate the pinning states. 

 The formation of the suboxide was found to pin the Fermi level.  This was 

consistent with experimental STS results; in addition to device fabrication data that 

include the native oxide (which forms a suboxide) for Ge-based MOS, with poor 

electronic properties attributed to the native oxide/Ge interface.  Deposition of the 

GeO2 directly on the Ge substrate without formation of the native oxide produced 

superior electronic characteristics, but GeO2 was thermally unstable and water soluble.  

Incorporation of nitrogen in the passivation layer reduced the decomposition of GeO2 

into GeO and GeOx.   

 Similar to the formation of the suboxide, the formation of the subnitride 

created a pinned interface.  However, the N atom in the subnitride was able to regain 

an sp2-like hybridization with the formation of 3 Ge bonds, subsurface.  Therefore, 

half-filled dangling bond formation only occurred on the surface Ge atoms which 

could be successfully passivated by H-passivation, as indicated with the DOS results 
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presented in Figure 4.6(b).  The results were consistent with experimental success of a 

forming gas anneal on the reduction of Dit for Ge-based devices with an GeOxNy 

passivation layer.4, 29  In addition, the subsurface N atom positions formed a passive 

buried interface without displacement of surface Ge atoms, which allowed for 

continued oxide growth with Ge half-filled dangling bonds available for reaction. 

 To gain further understanding of the GeOxNy interface with the Ge(0 0 1) 

surface, a complementary study of controlled, submonolayer deposition of the 

oxynitride in addition to DFT results could be performed.  It would be difficult to 

assign bonding sites to an oxynitride on the Ge surface without experimental results.  

Binding sites with both oxygen and nitrogen sites were not considered in the present 

study, and could add to the knowledge of the GeOxNy passivation layer. 

 

B. Correlation to experimental results 

 The DFT results were complementary to previous experiments of 

submonolayer coverage of oxygen and nitrogen on the Ge(0 0 1)-(4 × 2) surface.  All 

modeled adsorption sites, including the suboxide and subnitride, were correlated with 

the experimental STM results.  DFT methods have the ability to produce accurate 

bonding geometries and enthalpies of adsorption for chemisorption sites.  However, 

the methods utilized for the simulation of oxygen and nitrogen adsorption have serious 

limitations, as discussed in the methods section.  Experimental STM results are a 

convolution of the atomic and electronic structures.  Therefore, the resultant STM 

simulations could be impacted by the overlap of the valance and conduction band in 
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the DOS calculation.  A comparison of the STM simulations with the experimental 

results further validated the application of the theoretical method and supported the 

final conclusions.  

The simulated STM images were included in Tables 4.1 and 4.2 for oxygen 

and nitrogen adsorption sties modeled.  For the low coverage adsorption sites, a 

minimum coverage of 25% of either oxygen or nitrogen was possible for the supercell 

simulated.  The low coverage adsorption sites modeled did not occur at 25% coverage.  

Therefore, it was difficult to model experimental conditions identically.  However, 

experimental evidence, in the STM image, of the single insertion sites, dimer 

displacement, and Ge ad-atoms sites for room temperature oxidation of Ge(0 0 1) 

correlated with the STM simulations.37  This allowed for the assignment of the various 

adsorption sites, and to define the impact on the electronic structure post oxidation.  It 

was more difficult to correlate the experimental results for plasma nitridation of the 

Ge(0 0 1) at room temperature to simulated nitrogen adsorption sites due to the 

incidental oxidation of the surface.38  

With proper surface preparation, both Grassman et al. and Lee et al., were able 

to form a suboxide and subnitride on the Ge(0 0 1) surface, respectively.37, 38  With the 

ordered sub-structures, it was easier to compare the experimental and simulated STM 

images.  Filled state STM images were produced in p4vasp using the Tersoff-Hamann 

approach.51, 52   Filled state experimental STM images are included in Figure 4.7 with 

overlay of the corresponding STM simulations in the black boxes.  The STM 

simulations for the clean surface, both (4 × 2) and (2 × 1) structure, suboxide, and 
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subnitride almost identically corresponded to the experimental STM image.  The STM 

simulations validate the proposed structural models for the Ge(0 0 1) reconstructions, 

suboxide, and subnitride structures.   

 

C. Impact of the PBE0 method on the electronic structure 

While STM simulations supported the validity of the methods employed in 

chapter 4, the electronic structure still remained difficult to analyze with the lack of 

true bandgap.  The conclusions throughout this chapter relied upon the analysis of an 

increase, decrease, or no change in the amount of density of states in the density 

minima at the Fermi level.  In unpublished work by Grassman et al, select oxidization 

sites were electronically relaxed with the PBE0 functional.59  The PBE0 functional 

included 25% exact exchange in the exchange-correlation functional, which produced 

a true bandgap for the Ge(0 0 1)-(4 × 2) supercell modeled.  While the work by 

Grassman et al. was not the first study of Ge(0 0 1) surface with PBE0 or other hybrid 

functionals, no other group has modeled an oxidized surface slab with a hybrid 

functional. 

The results of the PBE0-calculated electronic structures for the Ge ad-dimer, 

O2 dimer displacement, and 50% oxygen coverage compared to the clean 

Ge(0 0 1)-(4 ×2) surface (blue line) is presented in Figure 4.8.  The addition of a Ge 

ad-dimer created a large state at the valence band edge, essentially narrowing the 

bangap, as shown in Fig. 4.8(a).  The Ge ad-dimer configures into a flat dimer on the 

surface, inducing half-filled dangling bonds.  The PBE-based DOS results predicted 
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the Ge ad-atom/ad-dimer would induce Fermi level pinning with the formation of a 

metallic-like state at the Fermi level.  This conclusion was further supported by the 

PBE0 results.  Figure 4.8(b) presents the DOS for the oxygen dimer displacement site, 

with the PBE0 results predicting a passive site.  The PBE-based result for dimer 

displacement found a slight increase of density of states in the minima at the Fermi 

level, but it was difficult to assign that as a pinning state.  With the PBE0 results 

predicting an unpinned electronic structure, it was concluded that adsorption sites that 

induced a large increase of density of states at the minima with PBE will most like 

create a pinning state in DOS for PBE0 calculations.  In contrast, adsorption sites that 

only induced a slight increase of density of states, most likely will not pin the Fermi 

level. 

As oxygen coverage increased from 25% to 50%, with two dimer 

displacement, a state emerged at the valence band edge in the PBE0 simulated DOS.  

These results suggested as oxygen coverage increased, strain on the surface increased; 

thus a pinned electronic structure was formed.  While not included in the results 

section due to the lack of evidence of experimental existence, the PBE-based DOS 

results for 50% oxidation coverage were a large increase of density of states at the 

minima, with the creation of a metallic-like state.  Based on the conclusions of the 

previous paragraph, this site would be considered electronically pinned based only on 

the PBE results, while the PBE0 results supported the conclusion.  While PBE0 would 

be the preferred method for the determination of the electronic structure for all 

adsorption sites, computational resource limitations prevented that method to be used 
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for the results presented in this dissertation.  The PBE0 electronic structure results for 

oxidation sites validated the conclusions made for the identical oxidation sites relaxed 

with PBE.  Further, the nitrogen adsorption sites either induced a large amount of 

density in the minima at the Fermi level or maintained the density minima at the Fermi 

level.  Therefore, the conclusion based on the PBE-based DOS results should be 

accurate to the best of the dissertation author’s ability.  As resources increase, 

simulating the identical adsorption sites with hybrid DFT should be a high priority to 

confirm the results presented in this chapter, specifically the suboxide and subnitride 

structures. 

 

4.6 Conclusions 

 

A complementary theoretical study of initial adsorption of oxygen and nitrogen 

on the Ge(0 0 1)-(4 × 2) surface was performed with PBE-based DFT.  Simulated 

low-coverage oxygen insertion and displacement sites correlated to the experimental 

results, with appropriate enthalpy of adsorption energies.  In addition, a simulated 

STM image of the suboxide was almost indistinguishable from the experimental STM 

image.  Further, DFT predicted the source of the pinned electronic structure was the 

displaced Ge atoms, high coverage oxide, and the formation of the suboxide.  This was 

consistent with the pinned electronic structure for oxidized Ge surfaces, determined 

experimentally.  Low-coverage nitrogen adsorption sites were modeled, and produced 

exothermic enthalpy of adsorption values with respect to atomic nitrogen, and 
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endothermic values with respect to adsorption of molecular nitrogen.  In addition, the 

low-coverage N adsorption sites occurred via two bonds to the Ge surface, creating a 

half-filled dangling bond.  The formation of the half-filled dangling bond created a 

pinning state which could be successfully H-passivated.  A simulated STM image of 

the ordered subnitride was a match to the experimental results.  The formation of the 

subnitride led to the creation of pinning states due to the formation of half-filled 

dangling bonds on the Ge atoms and surface strain.  H-passivation was found to 

successfully passivate the pinning states. 
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4.8 Tables and Figures 
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Figure 4.1 (a) A schematic of the modeled Ge supercell, with full side view of the  

ball-and-stick diagram for Ge(0 0 1)-(4 × 2) [Ge (brown) H (grey)].  Note 
the tilted dimers at the surface.  (b)  Electronic structure, density of states 
(DOS), for the (4 ×2), dashed black line, and (2 × 1), solid blue line, Ge 
surface reconstructions. 
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Table 4.1 A summary of the oxygen adsorption sites, including Ge ad-atom, 
oxygen insertion in the dimer and backbond, and oxygen displacement; 
calculated enthalpy of adsorption with respect molecular O2, STM 
simulations and geometries for the Ge(0 0 1)-(4 × 2) surface is 
presented.37 

 
 

a: Calculated adsorption energies, Hads, are given per adsorbed O atom, with 
respect to molecular O2.  Displacement sites are calculated with respect to the 
formation of Ge ad-dimers.

STM Simulations (4 × 2)Adsorption Site Geometry (4 × 2) a(eV)ΔH 24
ads


Ge ad-atom

Ge ad-dimer

O insertion,
Between Ge
Dimer atoms

O insertion, 
Backbond
(low, high)

O single
displacement
(low, high)

O dimer
displacement

N/A

N/A

-2.65

-2.43, -2.17

-2.02, -1.87

-2.11

Ge Oa: Calculated adsorption energies, Hads, are given per adsorbed O atom, with 
respect to molecular O2.  Displacement sites are calculated with respect to the 
formation of Ge ad-dimers.

STM Simulations (4 × 2)Adsorption Site Geometry (4 × 2) a(eV)ΔH 24
ads


Ge ad-atom

Ge ad-dimer

O insertion,
Between Ge
Dimer atoms

O insertion, 
Backbond
(low, high)

O single
displacement
(low, high)

O dimer
displacement

N/A

N/A

-2.65

-2.43, -2.17

-2.02, -1.87

-2.11

Ge OGe O
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Figure 4.2 Simulated DOS results for (a) Ge ad-atom/ad/dimer, (b) O insertion, (c) 

O single displacement, and (d) O dimer displacement adsorption sites.  
All DOS results are compared to the clean Ge(0 0 1)-(4 × 2) surface 
(black dashed line). 
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Figure 4.3 DFT simulated atomic and electronic structures of the suboxide.  (a) A 

top down view and (b) side view of the ball-and-stick model of the 
suboxide structure on the Ge(0 0 1)-(4 × 2) surface with Ge (brown) and 
O (green) atoms (color).  (c) The corresponding electronic structure, 
DOS, for the suboxide compared to the clean surface (dashed black line). 
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Table 4.2 Summary of simulated nitrogen adsorption sites, insertion and 
displacement, on the Ge(0 0 1)-(4 × 2) surface, with atomic structure, 
STM simulations, and enthalpies of adsorption values (ΔHads). 

 
 

 
 

  
 
 
 

a: Calculated adsorption energies, Hads, are given per adsorbed N atom, with 
respect to atomic N.  All sites are endothermic with respect to molecular N2. 
Displacement sites are calculated with respect to the formation of Ge ad-dimers.

STM Simulations (4 × 2)Adsorption Site Geometry (4 × 2) a(eV)ΔH 24
ads


N insertion,
Between Ge
Dimer atoms

N insertion, 
Backbond

N single Ge
displacement

N dimer
displacement

-3.97 

-3.80 

-4.10 

-3.01, N/A

Ge N Ha: Calculated adsorption energies, Hads, are given per adsorbed N atom, with 
respect to atomic N.  All sites are endothermic with respect to molecular N2. 
Displacement sites are calculated with respect to the formation of Ge ad-dimers.

STM Simulations (4 × 2)Adsorption Site Geometry (4 × 2) a(eV)ΔH 24
ads


N insertion,
Between Ge
Dimer atoms

N insertion, 
Backbond

N single Ge
displacement

N dimer
displacement

-3.97 

-3.80 

-4.10 

-3.01, N/A

Ge N HGe N H
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Figure 4.4 DFT simulated electronic structures (DOS) for (a) N insertion sites and 

(b) N displacement sites.  The DOS for the adsorption sites are compared 
to the DOS for the clean Ge(0 0 1) surface (dashed black line).  To 
determine the cause of Fermi level pinning, PDOS for specific atoms for 
(c) N dimer insertion and (d) N backbond insertion is included.  H-
passivation reduced the additional density of states in the bandgap.   

 
 
 



 

 

129

(a)

(b)

Ge N H

Top down view

Top down view

Side view

Side view

(a)

(b)

Ge N HGe N H

Top down view

Top down view

Side view

Side view

 
 
 
Figure 4.5 (a) Ball-and-stick diagram for the DFT modeled subnitride, including top 

down and side view.  (b) A ball-and-stick model of the H-passivated 
subnitride, with 2 H passivating the Ge dimer atoms directly bonded to 
the N, and 1 H bonded to the Ge atoms in the adjacent dimer. 
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Figure 4.6  (a) A top down and side view with labeled Ge atom numbers for PDOS 

simulations.  (b) DFT simulated DOS for the subnitride (blue line), H-
passivated subnitride (red line) compared to the clean surface (dashed 
black line).  (c) Projected DOS for specific atoms to determine the source 
of increased density of states for the subnitride.  (d) A PDOS was 
included of the H-passivated subnitride to determine the impact of H-
passivation on identical atoms as depicted in Fig. 4.6(c). 
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Figure 4.7 Experimental STM images with DFT simulated STM image overlay (in 

black box) for the (a) clean Ge(0 0 1) surface, (c) suboxide/Ge(0 0 1), 
and (d) subnitride/Ge(0 0 1).  (b) Ball-and-stick representations of the 
(4 × 2) and (2 × 1) Ge surface. 
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Figure 4.8 DOS simulations calculated using the PBE0 functional for (a) Ge ad-

dimer, (b) O2 dimer displacement, and (c) 50% oxygen coverage 
compared to the DOS for the clean Ge(0 0 1)-(4 × 2) surface (blue line).  
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CHAPTER FIVE 

Theoretical analysis of initial adsorption of high-κ metal oxides on 

InxGa1-xAs(0 0 1)-(4 × 2) surfaces 

 

5.1 Abstract 

 

Ordered, low coverage to monolayer, high-κ oxide adsorption on group III 

rich, III-V semiconductor surfaces was modeled via density functional theory (DFT) 

to determine the atomic structure of the interface and the corresponding electronic 

properties.  In addition, DFT simulations of oxygen and hafnium atom adsorption on 

the surface were performed for a greater understanding of the O-semiconductor and 

Hf-semiconductor bond.  DFT models of both clean, group III rich InAs(0 0 1)-(4 × 2) 

and In0.5Ga0.5As(0 0 1)-(4 × 2) reconstructions have a pinned electronic structure in 

contrast to experimental bulk electronic properties which have an unpinned electronic 

structure, consistent with experiments.  To form an electronically passive oxide 

interface on the In(Ga)As substrate, the surface states which pin the Fermi level must 

be removed and three phenomena must generally be prevented:  displacement of 

substrate atoms, creation of half-filled dangling bonds, and formation of strong ionic 

bonds.  DFT simulations of the low coverage adsorption sites of HfO2 and ZrO2 (MO2, 

where M = Hf, Zr) show that MO2 bonding to the InAs(0 0 1)-(4 × 2) surface occurs 

primarily through M-As bonds and O-In bonds.  DFT results suggest this bonding 

configuration satisfies the necessary requirements to form a passive interface, with 
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MO2 forming weak covalent bonds to the surface.  At full monolayer coverage, the 

oxide-semiconductor bonds restore the substrate surface atoms to a more bulk-like 

bonding structure, thereby eliminating the source of pinning of the clean surface.  A 

comparison between ordered and random full coverage HfO2 adsorption on 

In0.5Ga0.5As(0 0 1)-(4 ×2) strongly suggests there is an improved electronic structure 

with the ordered geometry.  The simulated atomic and electronic structures of 

HfO2/InAs(0 0 1)-(4 × 2) are consistent with recent scanning tunneling microscopy 

and spectroscopy results.  
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5.2  Introduction 

 
 
 As the drive to scale complementary metal-oxide-semiconductor (CMOS) 

technology continues to move beyond standard Si device architecture, the search for a 

combination of novel channel materials and high-κ oxides has intensified as a means 

to reduce power consumption while increasing performance.  Recent studies have 

focused on III-V materials as a replacement for silicon due to the enhanced low field 

electron mobility of III-V materials.1-5  III-V materials are already used in high-speed 

electronic devices such as high electron mobility transistors (HEMTs), and extension 

to MOSFETs is possible because III-V materials can be grown on wider bandgap 

materials such as InP.    

 The future of III-V based MOS-type devices relies on the ability to form a 

passive interface between the gate oxide and the semiconductor.   Native oxide 

formation on III-V materials contains defects at the oxide-semiconductor interface, 

creating trap states which degrade device performance.6, 7  High-κ dielectrics, such as 

HfO2 and ZrO2, are an attractive choice for a gate oxide material to minimize both the 

EOT (effective oxide thickness) and gate leakage current.8, 9  A recent study of the 

interface between HfO2 and In0.53Ga0.47As for a MOS diode found that native oxide at 

the interface yields poor electronic properties compared to direct deposition of high-κ 

on the semiconductor.9  Lee et al. found that if they minimize the time the diode is 

exposed to air prior to oxide deposition, native oxide formation at the interface is 

minimized and the electronic properties of the diode are enhanced.  
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The deposition methods most likely to form a passive interface between oxide 

and semiconductor should prevent an increase in surface defects, displacement of 

surface atoms, introduction of half-filled dangling bonds, and strong ionic bond 

formation.  Post-deposition annealing and chemical passivation can partially repair 

deposition-induced damage to the interface, but formation of a smooth, electrically 

passive interface is more likely when the deposition method does not introduce defects 

or roughness.10-12  Reactive adsorbates can disrupt the semiconductor substrate, 

possibly inducing new states in the Fermi level region, which can pin the interface.  

One deposition method that has found success in forming quality interfaces is atomic 

layer deposition (ALD).  ALD oxide growth is particularly promising because it offers 

greater control of the high-κ/semiconductor interface, and limits the formation of 

arsenic oxides.13, 14  The ALD process also has shown the ability to self-clean 

interfacial native oxides for high-κ deposition on III-V semiconductors upon proper 

selection of ALD precursors and process conditions.15  The ALD process occurs under 

medium vacuum with background oxygen present; therefore the use of an oxidation 

resistant reconstruction may be favorable.   

Careful understanding of the properties of the III-V substrate is necessary to 

create minimal defect density at the surface.  The atomic structure of clean 

InAs(0 0 1)-(4 × 2) and In0.53Ga0.47As(0 0 1)-(4 × 2) was recently determined as the 

β3′(4 × 2) reconstruction through a combination of scanning tunneling microscopy 

(STM) and density functional theory (DFT).16, 17  The group III-rich (4 × 2) 

reconstruction of InAs and In.53Ga.47As surfaces are of particular interest as a starting 
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reconstruction due to its low reactivity of oxygen in comparison to the As-rich (2 × 4) 

reconstruction.18  With controlled selection of surface preparation methods, the impact 

of how the oxide deposition process affects the electronic structure can be minimized.  

With greater knowledge of the substrate properties, realization of an unpinned oxide-

semiconductor interface is possible.   

To understand the impact of adsorption on the electronic structure of the 

interface, the density of states for the clean surface must be properly defined.  It has 

been reported that the InAs(0 0 1) surface has an electron accumulation layer at the 

surface where the Fermi level resides within the conduction band.19, 20  Robertson 

proposed an interface states model for group III-V semiconductors in which surface 

defects, such as dangling bonds or like-atom bonding states impact the Fermi level.21  

Therefore, the atomic structure of the reconstruction will play a major role on the 

electronic properties of the interface.  Further supporting the interface states model, 

the in-situ cleaved InAs(1 1 0) surface forms an unpinned interface, consistent with 

the pinning states on the InAs(0 0 1)-(4 × 2) surface being created via surface states 

and defects, rather than a bulk semiconductor state.21-23  Some III-V semiconductor 

reconstructions result in the formation of an electronically pinned interface.  The clean 

surface is pinned by non bulk-like atoms on the surface.  An unpinned interface is 

possible if the direct cause of pinning is attributed solely to surface states and surface 

defects, since these could be passivated by fortuitous adsorbate binding.  In addition, 

the surface atoms will have different bonding structures at an oxide/semiconductor 

buried interface, thereby possibly removing the pinning states.   
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In this study, the electronic structure for the InAs β3′(4 × 2) reconstruction 

was simulated via DFT.  In addition, the atomic and electronic structures for ordered 

HfO2 and ZrO2 adsorption sites as a function of coverage up to one monolayer on 

InAs(0 0 1)-(4 × 2) were modeled via DFT.  The atomic structures of adsorbates were 

analyzed on the InAs(0 0 1)-(4 × 2) surface due to the simplicity of the atomic 

structure of InAs compared to InGaAs.  The In0.53Ga0.47As(0 0 1)-(4 × 2) surface is 

analogous to that of InAs(0 0 1)-(4 × 2).17  However, the larger bandgap of 

In0.53Ga0.47As(0 0 1)-(4 × 2) improved the ease of analysis of the electronic properties 

for both theory and experiment, using DFT and scanning tunneling spectroscopy 

respectively.24  Therefore, a combination of the two materials was employed to 

determine the geometric and electronic structures of monolayer coverage of high-κ 

oxides on group III-rich III-V semiconductor surfaces.  In addition, molecular O2 and 

atomic Hf adsorption were analyzed with DFT.  The electronic structure (density of 

states at the Fermi level) was calculated for each adsorption site.  The simulated 

density of states calculations predicted each oxide adsorption site modeled did not 

contribute additional density at the Fermi level, indicative of an unpinned interface; 

furthermore the high-κ oxide adsorption sites removed the pinning states of the clean 

surface.  A comparison between ordered and disordered HfO2 adsorption on the 

In0.5Ga0.5As surface was also performed.  

 

5.3 Computational Methods 
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DFT simulations were performed with the Vienna ab-initio simulation package 

(VASP), a plane wave code with periodic boundary conditions, for both geometric and 

electronic structure calculations.25-28  Simulations were performed with the Perdew-

Burke-Ernzerhof (PBE) variant of the generalized gradient approximation (GGA) 

using the projector augmented wave (PAW) pseudopotentials (PP) supplied within 

VASP.29-32   4 irreducible k-points in the first Brillouin zone were generated with a 

2×4×1 Monkhorst-Pack  k-point sampling scheme, and were utilized with a plane 

wave energy cut-off of 500 eV.33  The system geometry was relaxed via DFT below a 

force tolerance level of 0.03 eV/Å.  The choice of PBE functional and PAW PP were 

validated by comparison of the DFT predicted bulk parameters to experimental values. 

The clean InAs(0 0 1)-(4 × 2) surface was modeled on a double slab, two (4 × 2) unit 

cells containing a total of 156 atoms, with periodic boundaries conditions.  The slab 

consisted of 9 layers of atoms and 13 atomic layers of vacuum, with the bottom In 

atomic layer hydrogen-terminated with pseudo-hydrogen atoms containing a charge of 

1.25 e- to simulate bulk-like properties.34  In addition, the bottom three layers of the 

InAs slab, along with the pseudo-hydrogen atoms, were frozen in the bulk position to 

preserve the bulk-like properties of the slab.  The enthalpies of adsorption (ΔHads) 

were calculated for each adsorption site studied, and have a relative accuracy between 

each site of ±0.1 eV.35  Hess’s law was applied in the determination of the ΔHads, with 

the final products subtracted from the reactants. 

A simulated slab of In0.5Ga0.5As(0 0 1)-(4 × 2) has recently been shown to 

reliably model experimental results of the clean In0.53Ga0.47As(0 0 1)-(4 × 2) surface.17  
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In this study, both DFT geometry optimization (below force tolerance level of 

0.02 eV/Å) and molecular dynamics (DFT-MD) calculations were performed in which 

two molecules of HfO2 were deposited on a single slab of the 

In0.5Ga0.5As(0 0 1)-(4 × 2) surface.  The DFT geometry optimization produced an 

ordered HfO2 structure on the InGaAs surface.   DFT-MD simulated annealing and 

cooling the surface; therefore atoms could diffuse prior to relaxation to the ground 

state structure.  DFT-MD was used to simulate a random adsorption structure of the 

HfO2 molecules.  The basic method for DFT-MD utilized in this study has been 

described elsewhere, but are briefly reviewed in this section.36, 37  An initial structure 

of the bridge site, 2 HfO2 molecules adsorbed on the In0.5Ga0.5As(0 0 1)-(4 × 2) 

surface, was annealed at 800 K for 1000 fs with 1.0 fs timestep, cooled to 0 K for 200 

fs, and relaxed below 0.02 eV/Å force tolerance level. The 3 bottom semiconductor 

layers were permanently frozen in their bulk-like positions.  A comparison of the 

ordered (produced by DFT geometry optimization) and random (produced by DFT-

MD) atomic and electronic structures at full coverage was evaluated for monolayer 

HfO2 adsorption onto In0.5Ga0.5As(0 0 1)-(4 × 2).   

 

5.4  Results 

 

Standard DFT underestimates bandgap of semiconductor materials.  This is 

due to the approximate nature of the exchange potential of the exchange-correlation 

functional.38, 39  For small bandgap bulk materials, the bandgap is calculated by DFT 
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with a PBE functional to be metallic; the bulk InAs bandgap was predicted as 0.0 eV. 

Alternatively, In0.5Ga0.5 As, with a greater bandgap compared to InAs(0 0 1)-(4 × 2), it 

was predicted by DFT with the PBE functional to be semiconducting, not metallic.  

Experimentally, these semiconductors are known to have bandgaps of 0.35 eV for 

InAs and 0.74 eV for In0.53Ga0.47As.  The DFT-calculated band-gap can be artificially 

expanded by quantum confinement for non-bulk simulations, such as surface slabs. 

When calculating the band structure for selected surface slab reconstructions, a 

bandgap exists at the  point for the direct semiconductors, InAs(0 0 1) and InGaAs(0 

0 1), due to the quantum confinement effect.  One way to minimize quantum 

confinement in slab calculations is to increase slab thickness or slab size; however, at 

present, due to high computational cost of DFT and especially DFT-MD simulations, 

substantially increasing the slab size is computationally prohibitive since the current 

slab size already contains 156 atoms.  A solution for the underestimation of the 

bandgap of semiconductor materials is realized within DFT via use of a hybrid 

exchange-correlation functional and/or inclusion of the GW approximation.40, 41  The 

hybrid exchange-correlation functionals, such as the PBE0 or HSE functional, 

included a small percentage (25%) of exact exchange potential (either short range or 

full range) in the exchange-correlation functional.42, 43  Inclusion of exact exchange in 

the functional yields accurate determination of the bulk semiconductor bandgap for 

small bandgap semiconductors; however, these methods are computationally 

expensive and beyond the capability of the presented study.   
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To determine the impact of adsorption of an oxide molecule on the III-V 

semiconductor surface on the electronic properties of the interface, this study relied on 

analysis of density of states (DOS) at the Fermi level region rather than the band 

structure.  To properly analyze DOS results, an increase of density of states in the 

bandgap region at the Fermi level suggested the introduction of possible pinning states 

in the bandgap.  If there was a decrease or no change in density of states in the 

bandgap region, it was suggested that the adsorption site does not induce Fermi level 

pinning.  Analysis of the InAs(0 0 1)-(4 × 2) DOS became complicated because the 

clean surface itself was pinned, prior to oxide adsorption.  

 

A.  Analysis of the clean, oxidized, and deposition of Hf-metal InAs surface 

i. The clean InAs(0 0 1)-(4 × 2) 

 The clean atomic structures for both InAs(0 0 1)-(4 × 2) and 

In0.53Ga0.47As(0 0 1)-(4 × 2) were determined previously with a combination of 

experiment and theory based techniques, STM and DFT.16, 17  The STM and DFT 

studies found the atomic structures for both InAs and InGaAs to be analogous.  The 

300 K surface reconstruction for both III-V semiconductors is denoted as the β3′

(4 × 2) reconstruction, and is depicted in a ball-and-stick diagram in Figure 5.1(a) with 

In (blue), As (brown), and H (white) atoms (ball color).  The clean In-rich (4 × 2) 

reconstruction consists of single, dicoordinated undimerized row In atoms bonded to 

row edge As in an sp-like bonding configuration in the [1 1 0] direction, consisting of 

a flat, 179° As-In-As bond angle.  The trough consists of two parallel In dimers with a 
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slight tilt to the surface normal, as depicted in the top down and side view of Fig. 

5.1(a).  An alternative structure was also determined via DFT by Feldwinn et al. 

denoted as the β3′Alt.(4 × 2) reconstruction (Fig. 5.1(b)), where the row is identical 

to the β3′(4 × 2) reconstruction and the trough dimer structure includes an asymmetric 

buckled dimer on only one of the dimers per unit cell.  However it was discounted by 

the authors as a possible InAs(0 0 1)-(4 × 2) reconstruction due to lack of 

experimental evidence for severe buckling in the trough in the STM images.   

When the surface is cooled to 77 K a third reconstruction is observed 

experimentally.  At liquid nitrogen temperatures, the undimerized row freezes into 

alternating two dimerized In atoms and two undimerized In atoms with no change to 

the trough structure.  This reconstruction is denoted as β3′(4 × 4) and is depicted in a 

ball and stick diagram in Fig. 5.1(c).16  It is suggested that the room temperature 

reconstruction may be a superposition of the low temperature reconstruction and the 

β3′(4 × 2), with the In row atoms on the surface able to dynamically swap between a 

dimerized and undimerized configuration on the row.   

Shen et al. found a similar temperature effect and identical reconstructions for 

In0.53Ga0.47As(0 0 1)-(4 × 2).17  The major experimentally observed differences 

between the InAs(0 0 1)-(4 × 2) and the In0.53Ga0.47As(0 0 1)-(4 × 2) surfaces were an 

increase of surface defects by a factor of 4 for In0.53Ga0.47As(0 0 1)-(4 × 2) and charge 

density effects in the trough region seen by STM that were not attributed to the 

geometry of the atomic positions.  Experimentally, it was not possible to distinguish 

between the group III atoms on the In0.53Ga0.47As(0 0 1)-(4 × 2)  surface with STM.  
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Each group III site can either be an indium or gallium atom, resulting in possible 

hetero-dimers on the surface.  Determination of the atomic structure of both the clean 

and adsorbate-covered surface is simpler for InAs in comparison to InGaAs due to the 

lower surface defect density along with unambiguous assignment of the group III 

atoms as In.  Additionally, the lack of the experimental trough charge density features 

simplifies the MO2 bonding geometry determination on InAs.  Therefore atomic 

structure models are focused on O2, Hf, and high-κ adsorption on InAs(0 0 1)-(4 × 2). 

 While the atomic structure of InAs(0 0 1)-(4 × 2)  has previously been 

determined via DFT, the electronic structure was not reported.16  Figure 5.1(d) 

includes the density of states (DOS) for three previously suggested (4 × 2) surface 

reconstructions, β3′(4 × 2) , β3′Alternative(4 × 2) (β3′Alt.(4 × 2)), and β3′(4 × 4) 

reconstructions.  The Fermi level was assigned at 0.0 eV for all DOS calculations, 

with the deep valance band states aligned for all three reconstructions.  Both the 

β3′(4 × 2)  and β3′(4 × 4) reconstructions produce a large state at 0.0 eV, the Fermi 

level.  In contrast, the β3′Alt.(4 × 2) reconstruction produces a density minima at the 

Fermi level in DOS calculation, and a bandgap of 0.85 eV at the Γ point in the band 

structure simulation. 

  The major differences in the DOS between the three reconstructions can be 

attributed to surface induced states and defects.  Non bulk-like surface atoms are most 

likely to induce surface states, specifically the row edge As, row In, and trough dimer 

In atoms.  Shen et al. concluded the major pinning states on the 

In0.5Ga0.5As(0 0 1)-(4 × 2) reconstruction were located on the unbuckled trough 
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dimers.17  Figure 5.1(e) is a depiction of the average projected density of states 

(PDOS), the density projected by a single atom, for surface atoms on the clean 

β3′(4 × 2) reconstruction.  To determine the average PDOS for surface atoms, the 

combined PDOS for each row edge As, row In, and trough dimer In atoms were 

summed and averaged over the number of summed atoms respectively to represent the 

average density for each single atom.  As predicted, a large state existed at the Fermi 

level for trough In atoms, while the row As and row In atoms had a relatively low 

density of states at the Fermi level.  This strongly suggested that the row sp As-In-As 

bond did not induce surface states at the Fermi level.  Rather, the PDOS results were 

consistent with the trough atoms inducing surface states that pin the surface.   

Further analysis of the states at the Fermi level on the β3′(4 × 2)  and β3′(4 × 

4) reconstructions showed the reconstructions created strained In dimer atoms in the 

trough.  The In atoms in the trough were sp2 hybridized with nearly empty dangling 

bonds but were in sp3 bonding positions, thereby producing Fermi level states. The 

undimerized, dicoordinated In atoms on the row induced strain on the surface 

compared to the bulk structure.  For the row structure to have an sp-like As-In-As 

bond on the surface, the bond length between the row edge As atoms (As-In-As 

distance) increased to 5.0 Å from bulk-like As-In-As distance of 4.4 Å.  The increase 

of As-In-As distance was attributed solely to the flat bonding configuration of the row 

compared to the bulk-like sp3 As-In-As bond.  The reconstruction-induced strain on 

the surface impacted the trough structure.  To relieve surface strain on the small 

double unit cell slab of the simulation, an In atom in the trough severely buckled out 
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of plane, as depicted with the β3′Alt.(4 × 2) reconstruction.  Only one dimer buckles 

per unit cell, as depicted in Fig. 5.1(b).  By relieving strain, the electronic structure of 

the clean surface was improved (Fig. 5.1(d)), with a density minima occurring at the 

Fermi level for the β3′(4 × 2)  structure.  The severely buckled dimer allowed the 

lower trough In atom in the dimer to recover an sp2-like bonding configuration, while 

the buckled up In atom was in a more preferred sp3 position.  The β3′Alt.(4 × 2) 

reconstruction was not observed experimentally; however, the simulation of the DOS 

for the β3′Alt.(4 × 2) showed artificial passivation of the surface states in the trough 

was possible by returning the surface to its bulk-like properties, potentially creating an 

unpinned structure. 

 A double unit cell slab was unable to properly model the strain effects of the 

surface, and the β3′Alt.(4 × 2) structure did not accurately represent the relief of strain 

on the surface.  This supported the final conclusion by Feldwinn et al. that the 

β3′Alt.(4 × 2) surface did not occur.16  As mentioned in the previous paragraph, a 

possible source of strain may have been caused by the sp-like As-In-As bond on the 

row.  The low temperature reconstruction, β3′(4 ×  4), has an identical trough 

structure as the β3′(4 × 2) surface, with both sp-like and sp2-like As-In-As bonds.  A 

comparison of the electronic structure of the low temperature reconstruction with the 

β3′(4 × 2) surface showed a partial reduction of density at the Fermi level, but with 

increased density throughout the Fermi level region, suggesting the formation of  

additional states in the bandgap.  Possible superposition of the β3′(4 ×  2) and 
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β3′(4 × 4) surfaces at room temperature will create a pinned surface due to both 

surface states and defects, corresponding to experimental results.   

 

ii. Oxidized InAs(0 0 1)-(4 × 2) 

 Prevention of native oxide formation upon deposition of the high-κ oxide is 

imperative for the formation of a passive interface.  Selection of the surface 

reconstruction prior to oxidation could allow for minimization of the formation of 

native oxides.  Clemens et al. presented an experimental STM study of low coverage 

initial stage oxidation of the InAs(0 0 1)-(4 × 2) reconstruction.18  It was suggested the 

(4 × 2) reconstruction was a promising substrate for growth of high-κ oxides due to 

the low reactivity to oxygen.  In the experimental study, the sticking probability of O2 

on InAs(0 0 1)-(4 × 2) is determined to be ~1×10-4, similar to the InAs(1 1 0) 

surface.18, 44  In addition, the reaction sites were limited to the rows, with adsorption 

occurring via an autocatalytic effect.  As oxygen coverage increased on the surface, it 

was more likely that continued adsorption occurred next to inserted or displaced 

oxygen sites, this occurred in a non-activated process.18  In a complementary study, 

density functional theory was utilized to model possible oxygen adsorption sites, both 

insertion and displacement, on the β3′(4 × 2) reconstruction as a function of coverage 

to account for the autocatalytic effect. 

 The modeled oxygen adsorption sites on InAs as a function of coverage is 

presented in Table 5.1, including the enthalpy of adsorption for each site, with In 
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(blue), As (brown), and O (yellow) atoms.  The enthalpy of adsorption, ΔHads, is given 

for a single oxygen atom with respect to molecular oxygen, which correlate with the 

experimental results where the surface was dosed with molecular oxygen in situ.  The 

types of adsorption sites modeled included row oxygen insertion between row In 

dimers, As displacement by O, either single As row edge or double row edge As atoms, 

and total row displacement (As-In-As).  On the double slab utilized in these 

simulations, the oxidation sites were modeled for 25%, 50%, 75%, and 100% 

coverage.  The most exothermic site, full coverage single row edge As displacement, 

was only ΔHads = -2.15 eV exothermic. The ΔHads for the remaining sites were 

exothermic, ranging from -0.5 to -2.0 eV.  This further supported the low reactivity of 

the In-rich reconstruction to oxygen.  The insertion sites between the row In atoms 

have a ΔHads of -1.77 eV, -1.01 eV, -1.01 eV, and -1.06 eV as coverage increased from 

25% to 100%.  For the displacement sites, the ΔHads for the single row As 

displacement is -1.40 eV, -2.01 eV, -1.73, and -2.15 eV, the As row displacement 

is -2.10 eV, -1.94 eV, -1.82 eV, and -1.91 eV, and the total row displacement is -0.86 

eV, -0.66 eV, -0.52 eV, and -1.06 eV, respectively to 25%, 50%, 75%, and 100% 

coverage. 

 The DFT results suggested that oxygen insertion between row In atoms was a 

possible initial adsorption site, with ΔHads = -1.77 eV.  Insertion occurred when the 

incoming oxygen molecule interacted with the electron density of the In atoms on the 

row, which was more likely than interaction with the mostly filled dangling bonds of 

the tri-coordinated As atoms.  However, it was unlikely the autocatalytic effect 
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observed experimentally was due solely to insertion sites.  As insertion coverage 

increased, the enthalpy of adsorption decreased to -1 eV exothermic, supporting the 

above inference.  In addition, it was unlikely that the result of oxidation of the surface 

was total row displacement, with the As atoms replaced by the O atoms, and the In 

atoms displaced.  This was concluded due to the low enthalpy of adsorption for 25% 

through 100% coverage of total row displacement.  Therefore, oxygen atoms most 

likely displaced the row As atoms with enthalpy of adsorption ~-2.0 eV for most 

displacement sites, almost all As displacement sites are degenerate within the accuracy 

of DFT.  Two simulations modeling a combination of both insertion and displacement 

are presented in figure 5.2.  Fig. 5.2(a) is a combination of 50% row As displacement 

and 25% insertion, and Fig. 5.2(b) is 25% row As displacement and 50% insertion.  

The enthalpy of adsorption for these sites were (a) -1.98 eV and (b) -1.73 eV, 

supporting the previous results showing insertion sites became less stable past single 

insertion of an oxygen atom.  The DFT results predicted the mechanism for initial 

oxidation of the In-rich (4 × 2) reconstruction occured via a combination of both 

insertion and displacement.  It should be noted, however, the large auto-catalytic 

oxidation sites found experimentally were unable to be modeled via DFT because of 

restrictions of slab size due to limitation of computational resources.18 

 While the impact of initial oxidation to the electronic structure was not 

presented in the experimental study, the theoretical DOS can provide insight to 

possible changes to the oxidized InAs electronic structure.  DFT predicted substrate 

atom displacement upon oxidation of the surface, and the enthalpy of adsorption for 
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each site modeled indicated a weak oxygen bond to the surface.  The DFT simulated 

DOS for the oxygen sites were modeled as a function of coverage (25 - 100%) for 

each type of site (Fig. 5.3): (a) O row insertion, (b) single row As displacement, and 

(c) double row As displacement.  The DOS for the total row displacement sites was 

not included in this figure because of the unlikelihood of the occurrence of the total 

displacement site occurs.  In addition, the DOS for the two combination sites (25% O 

row insertion, 50% row As displacement and 50% O row insertion, 25% row As 

displacement) are presented in Fig. 5.4(d).  All DOS for the oxygen adsorption sites 

were compared to the DOS for the clean β3′(4 × 4) (dashed black line) surface. 

 The DOS for O row insertion sites all produced improved electronic structures 

compared to the pinned clean surface; however the bandgap is narrowed at both the 

valence and conduction band edges.  This was indicative of possible pinning states at 

band edges.  The bandgap narrowed as O insertion coverage increased, and the Fermi 

level also is shifted towards the conduction band as O coverage increased.  The 

electronic structure was not identical for the single and double row As displacement 

sites, with different coverage effects.  The single row As displacements sites had more 

density of states in the Fermi level region compared to the double row As 

displacement sites as a function of coverage.  For single As displacements sites, a 

large state at the conduction band edge forms at 25% and 75% coverage, while the 

50% and 100% coverage had an open bandgap in comparison.  This coverage effect 

did not exist for the double row As displacements sites.  Instead, as coverage increased, 

the bandgap at the Fermi level narrowed, similar to the insertion sites.  While 
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interesting, the DOS for the high coverage insertion or displacement sites do not fully 

describe the experimental initial oxidation results. Rather, the predicted mechanism 

suggested a combination of both insertion and displacement occurred upon oxygen 

adsorption.  While the DOS results for displacement sites showed an improved 

electronic structure compared to the pinned clean surface, the adsorption of displaced 

As atoms impacted the electronic structure as well.  The simulated DOS for As 

insertion was found to create addition density in the Fermi level region.  Thus, both 

oxygen and displaced substrate atoms will impact the electronic structure of the 

surface.  Fig. 5.3(d) is a depiction of the calculated electronic structure of the two 

example combination sites modeled, with 25% insertion, 50% displacement, and 50% 

insertion, 25% displacement.  The 25% insertion, 50% displacement site created a 

large state at the conduction band edge, while the 50% insertion, 25% displacement 

site created a large state at the valence band edge.  The DOS results for the 

combination sites predicted oxidation of the InAs(0 0 1)-(4 × 2) surface formed a 

pinned electronic structure.   

    

 iii. Hafnium adsorption on InAs(0 0 1)-(4 × 2) 

 There are multiple methods to deposit HfO2 on a substrate in situ.  Two 

methods previously studied included indirect and direct MBE of HfO2, with initial 

adsorption studied on the In-rich InAs (4 × 2) reconstruction.24  The STM experiments 

attempted HfO2 adsorption via direct e- beam evaporation of HfO2 and indirect 

deposition via e- beam evaporation of Hf metal on the surface followed by oxidation 
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with molecular oxygen doses.  Clemens et al. was unable to oxidize the single Hf atom 

sites, due to there non-metallic character.24  To oxidize the metal on the InAs surface, 

the surface was annealed post hafnium deposition, resulting in the formation of 

metallic clusters on the surface.  To create a high coverage of HfO2 on the surface with 

the indirect deposition method, displacement of InAs substrate atoms and formation of 

strong ionic bonds to the surface occurred, both of which can be detrimental to the 

electronic structure of the interface.  While the direct HfO2 deposition method created 

an improved interface in contrast to the indirect method, the results of hafnium 

adsorption on the InAs surface contained valuable insight towards the nature of both 

the Hf and HfO2 bond to the substrate.  Molecular HfO2 adsorption is presented in the 

following section, while this section focuses upon the impact of Hf adsorption onto 

InAs(0 0 1)-(4 × 2). 

 In the Hf deposition STM experiment, Clemens et al. found the Hf atom bonds 

to the row edge, and created disruption of the surface reconstruction with possible 

introduction of buckling to the trough In dimers.24  Possible insertion and 

displacement sites were modeled via DFT on the InAs double slab β3′(4 × 2) 

reconstruction.  Calculated enthalpy of adsorption, ball-and-stick models, and DOS 

results are presented in figure 5.4 for the row edge insertion site, the row As-As 

insertion site, and row In displacement site, with In (blue), As (brown), Hf (magenta), 

and H (gray) atoms.  The enthalpy of adsorption for the least exothermic Hf adsorption 

site, (Fig. 5.4(a)) the row edge insertion site, was -3.76 eV.  This site was almost twice 

as stable for the stable oxygen adsorption sites.  The enthalpy of adsorption for the 
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most exothermic insertion site, Fig. 5.4(b) the row As-As insertion site, was -6.49 eV, 

while displacement of a row In atom was ΔHads = -7.01 eV for the row In 

displacement site (Fig. 5.4(c)).  The exothermic enthalpies of adsorption for the 

insertion and displacement sites were indicative of the formation of a strong ionic 

bond between the Hf atom and the surrounding substrate atoms.  It is likely that the 

formation of both insertion and displacement was possible upon Hf adsorption, 

consistent with experimental STM results.  

With the creation of surface disruption and the ionic character of the Hf bond 

to the InAs substrate, the likelihood the indirect HfO2 deposition method will passivate 

the interface will be small.  DFT theory results predicted the hafnium atom adsorption 

on the surface did not unpin the surface electronic structure, thus forming a pinned 

interface.  The DOS results are presented in Fig. 5.4(d) for all three sites modeled, row 

edge insertion (blue), row As-As insertion (red), and row In displacement (green) 

compared to the pinned electronic structure of the β3′(4×4) structure.  The DOS 

results predicted all three Hf adsorption sites formed pinned interfaces, with density 

remaining at the Fermi level.  The more exothermic row As-As insertion site produced 

the most improved DOS compared to the clean surface, however the valence and 

conduction bands are narrowed compared to an unpinned electronic structure.  It must 

be clarified that these results were not indicative to the nature of any Hf bond to the 

InAs surface, rather the simulations were only valid for atomic Hf adsorption.  The 

impact of Hf bonds to the InAs surface via molecular HfO2 is presented in the 

following section. 
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B.  High-κ oxide adsorption on InAs(0 0 1)-(4 × 2)  

i. MO2/InAs(0 0 1)-(4 × 2) 

 One possible method to passivate surface states is through adsorption of a 

high-κ oxide on the surface.  Simulations of HfO2 and ZrO2 ordered adsorption as a 

function of coverage were performed and enthalpies of adsorption, atomic structures, 

and electronic structures are reported.  The adsorption sites modeled were chosen 

specifically to resemble the results of an experimental STM study of HfO2 adsorption 

on InAs(0 0 1)-(4 × 2)  performed by Clemens et al.24  At low coverage, HfO2 

molecules preferentially adsorbed in the trough, adjacent to the As row edge, rather 

than molecular adsorption on the row.  In addition, HfO2 formed bridge sites in which 

two HfO2 molecules spanned the trough, binding to the edges of opposing rows.  This 

was consistent with an attractive interaction between pairs of HfO2 adsorbates. 

Table 5.2 contains four ball-and-stick diagrams of the relaxed MO2 adsorption 

structures and their corresponding enthalpies of adsorption.  Top down and side view 

ball-and-stick diagrams for the 4 sites simulated were included, where the side view 

showed the entire slab thickness including the pseudo-hydrogen termination layer.  It 

was found that HfO2 and ZrO2 bond identically to the surface. All adsorption 

geometries presented in Table 5.2 can be applied to either Hf or Zr as the metal (M) in 

the MO2 molecules.   The major difference between the two high-κ materials is the 

enthalpy of adsorption for each site.  The enthalpies of adsorption for ZrO2 were 
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consistently ~0.5 eV less exothermic per molecule compared to the identical HfO2 

adsorption sites.  Similar thermodynamic results were obtained for the DFT simulated 

ordered monolayer MO2 on the Ge(0 0 1)-(4 × 2) substrate as well.45   

The first two simulations are two single MO2 adsorption sites near or on the 

row edge.  The trough single insertion site, identified as the trough site in this paper, 

was energetically stable with a ΔHads(HfO2) = -2.76 eV and ΔHads(ZrO2) = -2.22 eV.  

As shown in the ball and stick diagrams of the relaxed trough site (both top down and 

side views), the M atom formed a M-In bond and maintained bonds to both oxygen 

atoms.  One of the oxygen atoms bonded to the other available In dimer atom, while 

the second oxygen maintained a double bond to the M atom.   

The row edge single insertion site (Table 5.2) was more thermodynamically 

stable in comparison to the trough single insertion site, ΔHads(HfO2) = -3.95 eV and 

ΔHads(ZrO2) = -3.45 eV.  The metal atom bonded to the almost filled dangling bond of 

the row edge As atom, and the oxygen atoms bonded to the mostly empty dangling 

bonds of the trough In atoms of the dimer adjacent to the row edge, creating a covalent 

bonding configuration.  While an enthalpy of adsorption of -4 eV would be considered 

a strong, ionic bond for a single atom, the MO2 molecule forms three new bonds to the 

surface, resulting in weak covalent bonds.   

In both single insertion site geometry bonding configurations, the MO2 initial 

bent molecular structure was mildly perturbed upon adsorption, suggesting a weak 

polar, covalent bond to the surface.  The final bent molecular bonding angles for the 

trough site were 107.8° and 106.9° for HfO2 and ZrO2 .  The final bent molecular 



 

 

161

bonding angles for the row edge site were 112.45° and 112.75° for HfO2 and ZrO2.  

Both final bonding angles were comparable to the initial molecular angles of 105.8° 

and 106.2° for molecular HfO2 and ZrO2.  While the initial MO2 molecular bonding 

structure was minimally perturbed post adsorption, the trough structure of the InAs 

was strongly perturbed.  For both single insertion sites, In dimer buckling occurred on 

2 trough In dimers in both the [1 1 0] and [-1 1 0] directions adjacent to the adsorption 

site.  When compared to the clean surface reconstructions, it was more likely that an 

adsorbate can induce trough dimer buckling.  While the row edge site more closely 

resembled the single insertion sites in the experimental STM study, there was no 

experimental evidence of trough dimer buckling.24  

The other common HfO2 site found experimentally at low coverage adsorption 

was the bridge site.  The simulated bridge site for MO2 molecules, as shown in Table 

5.2, comprised of two opposing row edge sites that spanned the trough.  The bridge 

site was energetically favored by ~0.4 eV per MO2 compared to the single row edge 

site, supporting the thermodynamic drive to form bridge sites, consistent with 

experiments.  By forming a bridge site in the trough region, the InAs surface dangling 

bonds at the trough and row edge were passivated by oxide adsorption, thereby 

preventing the formation of buckled In trough dimers bonded to MO2.  However, one 

of the adjacent trough indium dimers did buckle.  In the bridge site, as well as the 

previous described row edge site, the M atom only formed a new bond to the row edge 

As, while the O atoms form new bonds to the In trough dimer atoms.  In comparison 

to the single row edge site, where the major adsorbate-induced changes occurred in the 
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trough; the major adsorbate-induced changes of the surface structure occurred both in 

the trough and on the row due to the formation of the bridge site.  The bridge site 

induced the two row In atoms adjacent to the As-M bond to form a dimer, where 

previously the row was entirely undimerized.  On the double unit cell slab, the bridge 

site corresponded to 50% coverage.   

Ordered, full coverage MO2 was modeled on the double unit cell slab (Table 

5.2).  This site bonded in an identical way to the surface as the bridge site.  As the 

coverage increases from 50% to 100%, the row In atoms became entirely dimerized 

and the trough did not form any buckled dimers.  The enthalpy of adsorption for the 

full coverage site was -4.29 eV per HfO2 and -3.78 eV per ZrO2, ~0.05 eV less 

exothermic than the bridge site for both MO2 molecules. Within the limitation of the 

DFT method employed, 50% and 100% coverages were energetically degenerate.  

Both 50% and 100% coverages formed via weak covalent bonds to the surface, with 

the total adsorption energy representing three bonds to the substrate. 

The electronic structures for the four HfO2 and ZrO2 sites described in the 

previous paragraph (trough insertion, row edge site, bridge site, and full coverage) are 

shown in Figure 5.5(a-d).  Each electronic structure was compared to the results for 

the clean β3′(4 × 4)  reconstruction.  The impact on the electronic structure post MO2 

adsorption was nearly identical for both HfO2 and ZrO2.  All four MO2 sites produced 

improved electronic structures compared to the initial clean surface.  The large density 

of states at the Fermi level induced by the clean InAs reconstruction was reduced by 

the adsorption of oxide on the surface.  Specifically, the electronic structure for the 
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bridge site (Fig. 5.5(c)) reduced the density of states at Fermi level due to the 

restoration of the trough In atoms and edge As atoms to bulk-like sp3 hybridized 

bonding sites.  Most promising was the electronic structure result for the full coverage 

MO2 site.  The full coverage site passivated all surface states induced by the trough, 

and produced an improved electronic structure. The electronic structure results for all 

MO2/InAs(001)-(4 × 2) configurations suggested that the covalent nature of the MO2 

bonding to the surface improved the electronic interface properties.  When the band 

structures were calculated for the adsorbed MO2 surfaces, the bandgap was found to 

be, on average, 0.8 eV for each site, similar to the results for the β3′Alt. structure.   

 

ii. HfO2/In0.5Ga0.5As(0 0 1)-(4 × 2)  

 A limitation of the simulated electronic structure results on InAs(0 0 1)-(4 × 2)  

slab was the difficulty in discerning between true states in the bandgap region and 

possible overlap of the valence and conduction band edges.  Fortunately, the 

In0.53Ga0.47As(0 0 1)-(4 × 2)  reconstruction has been shown to be structurally 

analogous to the InAs(0 0 1)-(4 × 2)  reconstruction, but with an increase in the 

bandgap.17  Shen et al. also found the specific placement of the group III atoms, Ga 

and In, did not impact electronic structure of the clean slab.  To confirm the 

interpretation of MO2 adsorption on InAs results, a simulation of full coverage HfO2 

on a single unit cell slab In0.5Ga0.5As(0 0 1)-(4 × 2)  was performed.  The relaxed, final 

geometry resulted in a bridge site as shown on a triple slab (3 repeating single unit 

cells, depicted via periodic bonding configurations) Fig. 5.6(a), an identical structure 
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to the HfO2 bridge site on InAs(0 0 1)-(4 × 2) with In (blue), Ga (black), As (brown), 

Hf (magenta), O (yellow), and H (white) atoms.  The bonding configuration produced 

only Hf-As bonds and In/Ga-O bonds, where the metal atom bonded to the almost 

filled dangling bond of the As and the O atoms bonded to the mostly empty dangling 

bonds of the In trough atoms.  The electronic structure of the ordered adsorption of 

HfO2 on In0.5Ga0.5As(001)-(4 × 2) compared to the simulated low temperature clean 

structure is shown in figure 5.6(c).  It should be noted the InGaAs simulations were 

performed on a single unit cell.  A double slab is necessary to relax the β3′(4 × 4) 

surface compared to β3′(4 × 2); thus, the DOS for β3′(4 × 4) is normalized to a 

single unit cell.  There was no creation of additional density of states in the Fermi 

level region post adsorption of HfO2 on the surface, but more striking was the 

reduction of states at both the valence and conduction band edges, creating an 

improved bandgap.  This strongly suggested for both In0.5Ga0.5As and InAs surfaces, a 

MO2 interface may unpin the surface with ideal processing conditions. 

 A second simulation was performed on In0.5Ga0.5As to simulate possible 

effects of an amorphous interface with the high-κ dielectric on the electronic structure.  

To simulate an anneal of the full coverage HfO2 adsorption site discussed previously, 

DFT-MD was employed.  Two HfO2 molecules were bonded in the bridge 

configuration on a single unit cell slab of the In0.5Ga0.5As surface, followed by a 

simulated annealing, cooling, and final relaxation.  The resulting relaxed structure, 

which created a random amorphous interface, is depicted in Fig. 5.6(b) with 3 

repeating single unit cells produced via periodic boundary conditions.  While the 
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majority of MO2 bonds to the surface occurred through the predicted M-As and O-

In/Ga pathways, one M-In/Ga bond exists, per unit cell, similar to the single trough 

site simulated for the InAs surface (Table 2).  In addition, a group III atom, trough In, 

was displaced from the substrate, only forming one bond to a trough As.  The random 

bonding scheme on the electronic structure is depicted Fig. 5.6(c), with the resultant 

bandgap for the HfO2/In0.5Ga0.5As surface impacted by the alternative bonding 

structure. The electronic structure of the random DFT-MD annealed structure (Fig. 

5.6(b)) compared to the ordered HfO2 overlayer (Fig. 5.6(a)) electronic structure was 

not as improved, lacking the widening of the bandgap.  However, the DOS for the 

random bonding scheme was an improvement compared to the DOS of the clean 

reconstruction.  These results supported the potential to form an unpinned high-κ/III-V 

interface through proper covalent bonding of the MO2 to a suitable reconstruction of 

the III-V semiconductor.   

 

5.5  Discussion 

 

 Clemens et al. experimentally found that deposition via e- beam evaporation of 

HfO2 at full coverage on In0.53Ga0.47As(0 0 1)-(4 ×2) partially unpins the Fermi level 

compared to the clean β3′(4 × 2) reconstruction.24  This was attributed to the covalent 

bond network between the oxide and semiconductor surface, suggested by the 

formation of ordered regions on the surface via annealing.   It was also suggested that 
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while HfO2 can passivate surface states created by the clean surface reconstruction, the 

incongruent nature of e- beam evaporated HfO2 allowed for oxidation and 

displacement of substrate atoms to occur.  While the β3′(4 × 2) reconstruction was 

selected for the In-rich surface’s low reactivity to oxygen, the possibility to form a 

native oxide at the interface will be present without ideal processing conditions.  

These results show promise for realization of an unpinned high-κ oxide/semiconductor 

interface with careful selection of processing conditions.   

The simulated results further supported the idea that the MO2 molecule bonded 

to the III-V substrate through covalent bonds, in comparison to unfavorable ionic 

bonds.  While the clean surface reconstruction was shown to form a pinned electronic 

structure, passivation of the surface states was possible by returning the surface atoms 

to bulk-like configurations.  It was found that the ordered MO2/InAs interface 

produces an unpinned electronic structure dominated by the creation of M-As and O-

In bonds.  For the most stable binding site, the bridge site, the enthalpy of adsorption 

is -4.34 eV and -3.82 eV for single HfO2 and ZrO2 molecules.  This was in comparison 

to the highly exothermic binding of Hf to the InAs surface, with an enthalpy of 

adsorption as high as -6.5 eV.  The simulated adsorption of Hf metal to the surface 

predicted a strong, ionic bond.  Even for the least exothermic Hf atom binding site 

modeled, the row edge insertion site similar to that of the row edge HfO2 site, the 

binding energy was -3.8 eV. For a single atom binding to the surface, a -4 eV 

adsorption energy correlated to a strong bond.  However, for a molecule, a -4 eV 



 

 

167

adsorption energy can be distributed between the atoms in the molecule, forming three 

covalent bonds with a mean energy of -1.3 eV per atom bonded to the surface.   

The goal of passivating an oxide/III-V interface is to create little charge 

transfer and maintain bulk-like semiconductor atoms.  Experimental XPS results found 

HfO2 films grown via ALD on In0.53Ga0.47As produced very minimal chemical shifts at 

the interface, suggesting the semiconductor atoms are bulk-like due to the covalent 

nature of the oxide-semiconductor bond.13  The XPS technique would be able to detect 

an ionic bond at the interface via a large chemical shift from the bulk atomic values, 

indicative of charge transfer.   

To determine the nature of the MO2 bond to the semiconductor surface through 

theoretical methods, a Bader analysis of surface charge transfer was perfomed.46-48  A 

comparison of charge between the adsorbed surface and bulk In and As atoms is 

presented in Figure 5.7, for the ordered full coverage HfO2/InAs site, to determine the 

possible impact of oxide adsorption on an experimental XPS spectra. The bulk In and 

As atom Bader charge was subtracted from the total charge for each In and As atom in 

the double unit cell respectively, the results of which are listed in figure 5.7(a).  

Compared to the bulk In and As atom charges, most surface atoms directly bonded to 

the HfO2 molecules, row edge As and trough dimer In atoms, contained small charge 

differences, with a mean charge difference of ±0.25 |e| (|electron|).  This suggested the 

surface atoms are bulk-like.  Only 4 atoms on the surface contained a charge 

difference greater than ±0.5 |e| between the bulk In or As charge.  These results were 

qualitatively consistent with the experimental XPS data.   
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In addition to the charge of the surface In and As atoms, a comparison was 

made of the internal charge transfer of the adsorbed HfO2 molecule and the gas phase 

HfO2 molecule to quantify the bonding to the surface being polar covalent instead of 

ionic.  The oxygen atoms had very little change in internal charge transfer occurring 

post adsorption, with an average loss of -0.13 |e|.  In comparison, the Hf metal atom 

bonded to the row edge As gained, on average, +1 |e| compared to the gas phase 

molecule.  This charge probably was transferred from the bulk semiconductor rather 

than from the surface atoms.   As shown in (Fig. 5.7(b)), 50% of the In atoms in the 

fourth layer lose +0.5 |e| compared to the bulk In charge.  This was not an intuitive 

result, due to the distance from the surface and HfO2 adsorbates.  However, it was 

possible that the In atoms in the fourth layer transferred charged to surrounding atoms 

since they are tetrahedrally coordinated with As atoms, with ability to donate extra 

charge.  

A Bader analysis was also employed determine the oxide induced charge 

transfer in the semiconductor surface atoms relative to clean surface β3′(4 ×  2) 

reconstruction.  This was performed for the full coverage HfO2 structure relative to the 

β3′(4 ×  2) reconstruction.  The adsorbed surface In atoms had an average loss 

of -0.26 |e|, while the surface As atoms had an average gain of +0.15 |e| compared to 

the clean surface.  It should be noted that the clean β3′(4 ×  2) reconstruction 

contained an abnormal charge on two surface In atoms, in the second layer on the row 

(-1.5 |e| compared to bulk In atoms).  The two outlying atoms were not included in the 

average charge transfer calculation presented; however if they were included, the 
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average charge transfer for the row In atoms would increase to a loss of -0.42 |e|.  The 

charge for the two outlying In atoms, on the clean surface with an increased atomic 

charge, returned to bulk-like levels post HfO2 adsorption.  As presented in Fig. 5.7(b), 

the HfO2/InAs structure contained non-bulk like charge on 50% of the atoms in the 4th 

layer.  However, when determining the charge transfer upon oxide adsorption relative 

to the clean InAs reconstruction, little charge transfer occurred in the 4th layer.  This 

suggested the non bulk-like charge was not a result of oxide adsorption alone.  In all 

cases, the Bader analysis suggested the HfO2 adsorption to the surface occurred via 

polar covalent bonding.  Furthermore, a charge transfer of less than ±0.5 |e| would be 

difficult to detect within experimental limits of XPS.  Thus, it is expected high-κ oxide 

adsorption should not induce chemical shifts for interfacial semiconductor atoms, 

consistent with experimental XPS results.13    

Another key factor to the formation of an unpinned interface is the prevention 

of substrate atom displacement, particularly the group III atoms.  All ordered MO2 

sites simulated did not create substrate atom displacement, and each site produced an 

unpinned density of states.  By simulating a surface anneal via DFT-MD, a random 

bonding scheme was formed on InGaAs. The electronic structure was not as ideal 

compared to the ordered HfO2 structure on InGaAs.  The simulated surface anneal 

induced both substrate atom displacement, most likely creating new half-filled 

dangling bonds, and less favorable Hf-group III bonds.  Although the DOS for the 

random bonding network (Fig 5.6(b)) contained density that narrowed the bandgap, it 

removed the bulk of the Fermi level pinning states arising from the clean surface 
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reconstruction.  The DFT results were consistent with the experimental partial 

unpinning of the InGaAs surface via HfO2 adsorption.24 

 

5.6 Conclusion 

 

DFT was utilized to determine the structural and electronic properties of the 

HfO2/ and ZrO2/III-V monolayer and submonolayer interfaces.  Simulated electronic 

structures for the clean surface predicted dangling bonds in surface trough region of 

the clean InAs(001)-(4 × 2) reconstruction created a large mid-gap state.  Four ordered 

MO2 adsorption sites were simulated on the clean InAs(001)-(4 × 2) surface:  trough 

site, row edge site, bridge site, and full coverage.  The most successful MO2 bonding 

configuration to passivate the trough surface states occured through M bonds to the 

almost filled dangling bonds of the row edge As and O bonds to the mostly empty 

dangling bonds of the trough In dimer atoms. The MO2 molecule formed covalent 

bonds to the surface.  This was in direct comparison to hafnium metal adsorption on 

the surface, with Hf forming a strong ionic bond to the surface.  The adsorption of 

MO2 to the substrate restored the surface atoms to more bulk like sp3 tetrahedral 

bonding structures.  The electronic structure results showed the MO2/In(Ga)As 

interface did not create new states near the Fermi level; and, instead, eliminated the 

reconstruction-induced density of states at the Fermi level, which supported the 
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conclusion that M-As and O-In bonds improve the electronic properties of the 

interface.   
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5.8  Tables and Figures 

 

Figure 5.1.  DFT calculated atomic and electronic structures for the clean (a) 
β3′(4 × 2) (b) β3′Alt.(4 × 2) and (c) β3′(4 × 4) InAs(0 0 1) surface 
reconstructions. The atomic structures are depicted via ball-and-stick 
diagrams denoted with In (blue), As (brown), and H (white) atoms.  DFT 
calculated total density of states (DOS) for the three surface 
reconstructions where the density shown is per double unit cell.  (e) DFT 
calculated average projected density of states (PDOS) for the three 
surface atoms with the least bulk-like orientation for the β3′(4 × 2) 
reconstruction where the density shown is the average density per surface 
atom specified.  The three types of atoms are the row edge As, row 
undimerized In, and the trough dimerized In atoms.  For all calculated 
DOS and PDOS, the deep valance states are aligned and the Fermi level 
is at 0.0 eV. 
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Table 5.1      Summary of the computational results for oxygen adsorption on InAs(0 0 
1)-(4 ×2) as a function of coverage (25% - 100% coverage in increments 
of 25%).  Results include calculated enthalpies of adsorption, ΔHads (eV) 
and top down ball-and-stick models with In (blue), As (brown), and O 
(yellow) atoms.  The sites modeled include oxygen insertion between 
row In atoms, oxygen induced single row As atom displacement, oxygen 
induced entire row As displacement, and oxygen induced total row 
displacement of both row edge As and row In atoms.  It should be 
clarified that 25% coverage of single row As atom displacement and 
entire row As displacement results in 1 and 2 As atoms displaced 
respectively, while the total row displacements results in 2 As atoms 
replaced by O atoms and the center row In atom displaced. 
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ΔHads 75%
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Row Edge
As Disp.

-2.10 eV/O -1.94 eV/O -1.82 eV/O -1.91 eV/O

Row As 
Disp.

-0.86 eV/O -0.66 eV/O -0.52 eV/O -1.06 eV/O

Row
Disp.
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Figure 5.2  DFT simulated combination of oxygen insertion and displacement to 
support proposed initial oxidation mechanism.  (a) Depicts a combination 
of 25% oxygen insertion between row In atoms and 50% row As 
displacement (b) depicts a combination of 50% oxygen insertion between 
row In atoms and 25% row As displacement. 
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Figure 5.3    DFT calculated electronic structures for the 4 types of sites modeled for 
O2 adsorption onto InAs(0 0 1)-(4 × 2).  The density of states (DOS) as a 
function of energy (eV) is presented for (a) oxygen insertion between 
row In atoms, (b) single row As displacement by O, and (c) double row 
As displacement sites as a function of coverage [25% (red), 50% (blue), 
75% (green), and 100% (purple)].  (d) DOS as a function of energy (eV) 
is presented for the two types of combination of insertion and 
displacement sites modeled, 25% row O insertion & 50% row As 
displacement and 50% row O insertion & 25% row As displacement.  For 
all simulated DOS, the deep valance states are aligned, and the Fermi 
level (EF) is at 0.0 eV.   
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Figure 5.4    DFT calculated atomic and electronic structures for Hf atom insertion and 
displacement on InAs(0 0 1)-(4 × 2).  Top down and side view ball-and-
stick diagrams for the three sites modeled: (a) Row edge insertion, (b) 
Row As-As insertion, and (c) Row In displacement, with In (blue), As 
(brown), Hf (magenta), H (gray) atoms.  (d) The electronic structure is 
plotted as the density of states (DOS) as a function of energy (eV) for the 
three sites modeled compared to the clean β3′(4 × 4) reconstruction.  For 
all simulated DOS, the deep valance states are aligned, and the Fermi 
level (EF) is at 0.0 eV.   
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Table 5.2. Summary of the computational results for ordered MO2 (M = Hf, Zr) 
adsorption on InAs(0 0 1)-(4 × 2) as a function of coverage up to one 
monolayer.  Results include calculated enthalpies of adsorption (eV) for 
both hafnium and zirconium oxide, and the top down and side view of the 
double slab structure for the four MO2 adsorption sites identified (trough, 
row edge, bridge, and full coverage) where the final structures for each 
site were identical for both oxides.   
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a

Full CoverageBridgeRow EdgeTrough
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Figure 5.5. DFT calculated electronic structures for the 4 MO2 (M = Hf, Zr) 
adsorption sites simulated compared to the clean β3′(4 × 4) electronic 
structure (black dashed line).  Hf and Zr oxide adsorption sites have 
almost identical DOS structures near the Fermi level for all sites modeled.  
DOS is the density of states per slab, double unit cell.  For all simulated 
DOS, the deep valance states are aligned, and the Fermi level (EF) is at 
0.0 eV.   
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Figure 5.6     DFT and DFT-MD calculated atomic and electronic structures of full 
coverage (a) ordered and (b) random HfO2 adsorption on a single unit cell 
In0.5Ga0.5As(0 0 1)-(4 × 2) surface.  The atomic structures are depicted 
via ball-and-stick diagrams denoted with In (blue), Ga (black), As 
(brown), Hf (magenta), O (yellow), and H (white) atoms.  Both top down 
views (3 repeating single unit cells produced with periodic boundary 
conditions to show the bonding network) and side views (full slab 
including terminating H atoms) (c) The DFT calculated total density of 
states (DOS) for the ordered (blue) and random (red) HfO2 adsorbed 
surfaces compared to the clean, low temperature In0.5Ga0.5As(0 0 1)-
(4 × 4) (dashed black line). The DOS is the density of states per single 
unit cell for each structure.  For all simulated DOS, the deep valance 
states are aligned, and the Fermi level (EF) is at 0.0 eV.  It should noted 
the DOS for the clean structure was obtained from a double slab, and 
normalized to a single slab for comparison to the HfO2 adsorption sites. 
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Figure 5.7  Surface Bader charge analysis comparing the atomic charges of full 
coverage HfO2/InAs(0 0 1)-(4 × 2) to the bulk InAs and gas phase HfO2.  
A top down view (a) with the charge difference, |e|, for In (blue), As 
(brown), Hf (magenta), and O (green) listed next to the respective atoms.  
The loss of electron density is indicated by the (-) sign.  A side view (b) 
shows the 4th layer In atoms (shown in dashed box) which have an 
increased atomic charge compared to bulk In atomic charge, on average.   
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