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ABSTRACT OF THE DISSERTATION 

 

Atomic scale studies of interface formation between oxides and III-V semiconductor 

surfaces 

 

by 

 

Jonathon Boyd Clemens 

Doctor of Philosophy in Chemistry 

University of California, San Diego 2010 

Professor Andrew C. Kummel, Chair 

 

 The surface reconstructions of InAs(0 0 1)-(4 × 2) and In0.53Ga0.47As(0 0 1)-(4 × 

2) were investigated at 300 K and 80 K. At 300 K, the surfaces reconstruct to form the 

group III rich β3'(4 × 2) reconstructions and at 80 K, the surfaces reconstruct to form the 

β3'(4 × 4) reconstruction. A novel hybridization scheme is required for these 

reconstructions. Oxidation of the InAs(0 0 1)-(4 × 2) surface by O2 was studied and it 

was determined that this occurs via an autocatalytic process, displacing surface As. 



 xxii

Oxidation is initiated on the group III rows of the surface, but the autocatalysis is in 

competition with a thermodynamic stability that limits the size of oxidation sites in the 

low coverage regime. Two methods for the formation of an interface between the high-κ 

dielectric, HfO2 on InAs(0 0 1)-(4 × 2) and In0.53Ga0.47As(0 0 1)-(4 × 2) were examined: 

reactive oxidation of Hf metal by O2 and electron beam deposition of HfO2. Reactive 

oxidation of Hf metal is problematic, but e- beam deposition of HfO2 showed that the p-

type pinning behavior of In0.53Ga0.47As(0 0 1)-(4 × 2) can be at least partially removed. 

Several oxygen atomic layer deposition (ALD) precursors were studied for the reaction 

(ALD initiation step) of high-κ oxide growth on the InAs(0 0 1)-(4 × 2) surface: water, 

hydrogen peroxide, and isopropyl alcohol. All of these O precursors showed 

displacement reactions occurring on the III-V surfaces, but proceeded to varying degrees 

and by different pathways. Water displaces As, but does not fully oxidize it, HOOH 

etches the semiconductor surface at all temperatures, and isopropyl alcohol shows 

chemisorption site selectivity at 100 °C. The reaction of the ALD precursor, trimethyl 

aluminum (TMA) on InAs(0 0 1)-(4 × 2) and In0.53Ga0.47As(0 0 1)-(4 × 2) was studied. 

An ordered, self-terminating single monolayer reaction occurs in the high coverage 

regime on both semiconductor surfaces. The p-type pinning behavior observed on the 

clean In0.53Ga0.47As(0 0 1)-(4 × 2) surface is removed upon formation of the TMA-

induced reaction; the surface was passivated for Al2O3 growth via metal-first ALD 

initiation. The major surface analytical techniques used were scanning tunneling 

microscopy and spectroscopy, low energy electron diffraction, Auger electron 

spectroscopy, and x-ray photoelectron spectroscopy. 
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CHAPTER 1: Introduction 

 

1.1 Background 

 Semiconductor surface science is a rich field that offers a unique platform on 

which to investigate fundamental reactions using a variety of surface analytical 

techniques. Of general academic interest are the surface reconstructions, which exhibit 

unique properties that affect the reactivity and can be often distinctly numerous for the 

same crystal plane. Many materials can be “grown” on semiconductor surfaces not the 

least of which are insulators, giving rise to one of the most technologically important 

interfaces in the world. The engineering of semiconductor devices utilizes the 

semiconductor-insulator interface in transistor fabrication, having led to the development 

of a semiconductor industry that boasts one quarter trillion dollars of worldwide sales [1]. 

If not for the understanding and control of the semiconductor-insulator interface, personal 

computers, cell phones, and all modern microprocessors in general would not exist. 

 All interfaces originate from chemical bonds between dissimilar materials and this 

narrow interfacial region often exhibits properties unique from either of the bulk 

materials. It is usually the case that the interface is the least understood part of the 

chemical system. This is striking since although it constitutes a tiny percentage by 

volume of the overall system, the interface frequently plays a pivotal role in defining the 

properties that control semiconductor devices. 
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 The first transistor was fabricated from germanium in 1947 by researchers at Bell 

Labs, and was a precursor to the bipolar junction transistor [2]. By the time Gordon 

Moore published his famous paper [3] in 1965 that led to the coinage of the term 

“Moore’s Law,” silicon had replaced germanium as the transistor semiconductor material 

of choice and the metal oxide semiconductor field effect transistor (MOSFET) had begun 

to replace the bipolar junction transistor for use in integrated circuits. A schematic 

diagram of a MOSFET is shown in Fig. 1. The advent of the microprocessor in 1971 saw 

the beginning of a technological boom whose existence could be argued to rest on the 

shoulders of the interface between silicon and silicon dioxide, the workhorse of 

complementary metal oxide semiconductor (CMOS) logic for nearly forty years. 

 

 

Figure 1. MOSFET diagram. 

 
A schematic MOSFET diagram, showing an enhancement mode n-type device. For 
positive gate bias (+VG), minority carriers from the p-type semiconductor move to the 
oxide-semiconductor interface, causing inversion. When the drain contact is biased 
positive with respect to the source (+VD), current flows in the channel region between 
the n+ implants of the source and drain.  
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 As the average feature size of MOSFET devices continue to shrink, fundamental 

scaling limits will be reached for the Si/SiO2 interface [4]. In 2007 the first 

microprocessor incorporating non Si-based materials for the MOSFET gate insulator was 

introduced into the market by Intel Corporation [5,6]. Current research is intensely 

focused on ways to follow Moore’s Law into the near future, which will likely see more 

new materials continuing to be incorporated into device architectures. It is for this reason 

that the understanding of the properties of novel semiconductor-insulator interfaces 

becomes so important. The Si/SiO2 interface was a gift from mother nature. The next 

generations of logic devices will require a monumental effort by scientists to steer this 

technological initiative. 

 

1.2 Fermi level pinning 

 One of the key challenges in high-κ oxide/III-V semiconductor CMOS technology 

is forming a passive interface between the oxide and the semiconductor of the MOSFET 

that leaves the Fermi level (EF) unpinned. The native oxide of silicon is quite stable and 

has a very low density of interface states (Dit) when grown under the right conditions. 

The native oxides of InAs and InGaAs are unsuitable for MOSFET design so instead of 

growing a thermal gate oxide, gate dielectrics must be instead deposited on the III-V 

material using various methods. A MOSFET operates by an external electric field from 

the gate causing a change the position of the Fermi level in the semiconductor relative to 

the conduction and valance bands. This causes carriers to either populate (depopulate) the 
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channel region, which turns the device on (off). When there are states in the bandgap, the 

external field cannot change the filling of states in the conduction or valance bands and 

instead the external field only induces minor changes in the filling of the defect states, 

rendering the MOSFET device inoperable. This is known as “Fermi level pinning” and is 

shown schematically in Fig. 2. For Fig. 2a, there are no states within the band gap and no 

band bending at the semiconductor surface, which leaves EF in the bulk position, near the 

energy of conduction band minimum (CBM). However, when a large density of midgap 

states exist, requirements of charge neutrality necessitate the partial filling of these states, 

which moves the Fermi level position, causing band bending at the semiconductor 

surface (Fig. 2b). In Fig. 2b, even though it is an n-type bulk material, the pinning causes 

the semiconductor surface to appear p-type. These midgap states are usually created by 

dangling bonds– partially filled non-bonding orbitals on the semiconductor surfaces– or 

by highly ionic bonds. In order for an oxide/semiconductor interface to be electrically 

“passive,” the interface must have a very low density of defect states (Dit < 1012 cm-2 eV-

1). To form a passive surface, the oxide deposition must not only avoid displacing surface 

atoms, since displaced atoms have dangling bonds, but the oxide/semiconductor bonding 

structure must eliminate any dangling bonds on the clean semiconductor surface without 

creating highly ionic bonds. By determining the atomic and electronic structure of a metal 

oxide that passivates these surfaces, it is possible to understand the type of bonds to metal 

and oxygen which remove dangling bonds without creating new midgap states [7,8]. 
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Figure 2. Fermi level pinning and energy band diagrams. 

Energy band diagram and density of states at a semiconductor surface. The surface of 
the semiconductor is at the intersection of the density of states (DOS) and the band 
diagram schematics. Filled states in the DOS are black and empty states are grey for 
this 0 K condition. a) No states exist in the band gap region for the clean 
semiconductor surface and there is no band bending at the surface. This results in a 
surface energy band diagram with a bulk-like position for the Fermi level close to the 
CBM of n-type material. b) When there is a high density of midgap states at the 
semiconductor surface, the requirements of charge neutrality move the position of the 
Fermi level with respect to the valence and conduction bands to partially fill these 
midgap states. This causes the n-type material to appear p-type at the surface, with EF 
near the VBM energy. 
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1.3 Surface reconstructions 

 When a semiconductor crystal terminates at a surface, the atoms are no longer 

bonded to their bulk nearest neighbors so they rearrange to form new chemical bonds 

[9,10]. These surface reconstructions are necessary to lower the overall energy of the 

system. Compound semiconductors often undergo complex surface reconstructions due to 

their rigid bonding requirements arising from the s and p valence electrons and their 

multiple constituent elements. The exact geometric bonding geometries of III-V 

semiconductor surfaces is a rich scientific field that has produced volumes of data and 

active experiments are ongoing [11-20]. For years, debate surrounded the exact structure 

of the (7 × 7) surface reconstruction of the elemental semiconductor surface, Si(1 1 1). It 

was not until the invention of the scanning tunneling microscope (STM) that this debate 

could be put to rest and the incredibly complex reconstruction could be unambiguously 

confirmed [21]. The STM has given researchers valuable insight into the Ångström-level 

structure of many semiconductor surfaces. It is precisely this level of precision that 

makes STM a perfect compliment to the wide variety of diffraction, spectroscopic, 

optical and ab-initio theoretical techniques available to the scientific community. 

However, STM is the only technique in use that can give local information about the 

geometric and electronic structure of conductive surfaces [22]. Depending on probe 

conditions, resolution limits can be smaller than the atomic dimensions. 
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1.4 Indium arsenide 

 InAs is a III-V compound semiconductor with zinc blende crystal structure and a 

lattice constant of 6.05 Å. It has a direct bandgap of 0.35 eV and very high electron 

mobility of 33,000 cm2 V-1 s-1, although the hole mobility is only 450 cm2 V-1 s-1. The 

InAs zinc blende structure results in alternating layers of In and As in the [0 0 1] 

direction spaced 1.51 Å apart. The (0 0 1) crystal plane of most semiconductors is the 

relevant surface for microprocessor technology. For silicon, thermally grown native oxide 

on the (0 0 1) crystal plane exhibits the lowest interface-trapped charge and fixed oxide 

charge, an order of magnitude lower than for the (1 1 1) orientation [23]. For InAs, (0 0 

1) oriented crystals are also the technologically important orientations. Unlike the (0 1 1) 

surface, which can be formed relatively easily by cleavage of (0 0 1) oriented InAs 

crystals in vacuum, well ordered flat (0 0 1) surfaces can usually only be formed in 

vacuum by epitaxial techniques. GaAs(0 0 1) is the most well-studied III-V 

semiconductor surface and a wealth of knowledge has been gained by using both 

experimental and theoretical techniques to develop the surface phase diagrams for the 

variety of reconstructions available for GaAs(0 0 1), in the parameter space of 

temperature and chemical potentials for gallium and arsenic [11-13,24]. While GaAs(0 0 

1) can be used as a model system to help elucidate the surface reconstructions of InAs(0 0 

1) and InGaAs(0 0 1), it will be shown that this model is not rigid. Indeed, certain surface 

reconstructions which exist for GaAs(0 0 1) have been observed neither for InAs(0 0 1) 

nor InGaAs(0 0 1), and vice versa. This is remarkable considering the chemical 

similarities between gallium and indium, but illustrates the fact that the GaAs model can 
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only be considered as a set of loose guidelines. The realm of InAs(0 0 1) and InGaAs(0 0 

1) surface reconstructions is not fully understood. 

 In molecular beam epitaxy (MBE), fluxes of gaseous In and As2 are incident on a 

heated InAs substrate in the high vacuum regime in order to epitaxially grow InAs(0 0 1) 

[25]. There are two major regimes within which different surface periodicities are stable. 

In the low temperature (380–470 °C)/high As chemical potential regime, the InAs(0 0 1)-

(2 × 4) surface is thermodynamically stable [26]. The surface reconstruction is known as 

the β2(2 × 4) for higher As2 overpressure. This structure is identical to the GaAs(0 0 1)-(2 

× 4) surface, except that In atoms instead of Ga atoms take the group III atom lattice 

positions [14]. However, as the As2 overpressure is dropped to ~0.02 ML/s, the α2(2 × 4) 

reconstruction is observed, which is similar to the β2(2 × 4) reconstruction except that 

there is one missing As dimer on the 1st atomic layer [27]. Coexisting regions of these 

two reconstructions can be observed on the same surface. Without As2 flux, the trend 

with increasing InAs substrate temperature is for the InAs(0 0 1) surface to transition 

from the β2(2 × 4) to the α2(2 × 4) and finally to change periodicities altogether and 

transition to the (4 × 2) reconstruction, known as the β3'(4 × 2). This surface phase 

transition marks a change from an As-rich surface to an In-rich surface and is discussed 

in detail in Chapter 2. Additionally, there is evidence for a c(4 ×4) surface and a (1 × 3) 

surface [27-29], but much less attention has been given to the exact reconstructions of 

these surfaces. They are stable at lower temperatures than the (2 × 4) reconstructions and 

the MBE process window is very narrow for these surfaces. GaAs(0 0 1) also exhibits a 

stable c(4 × 4) reconstruction, but not a (1 × 3) reconstruction, and example of the 
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difficulty in comparing the GaAs(0 0 1) and InAs(0 0 1) surfaces. For this experimental 

work, the (4× 2)/c(8 × 2) surface of InAs(0 0 1) is used exclusively. 

 

1.5 Indium gallium arsenide  

 The ternary semiconductor, InGaAs also exhibits surface reconstructions unique 

from either InAs or GaAs for the (0 0 1) orientation, however there are very few studies 

of the InGaAs(0 0 1) surface. InGaAs is a an attractive candidate for III-V CMOS for the 

22 nm node and beyond. In0.53Ga0.47As can be grown lattice-matched to the semi-

insulating substrate, InP. InGaAs can also be grown on other semi insulating substrates 

such as GaAs [18,30], but only In0.53Ga0.47As/InP(0 0 1) is used for the studies in this 

dissertation. For In0.53Ga0.47As/InP(0 0 1), the bandgap is 0.74 eV and the electron 

mobility is ~8,000 cm2 V-1 s-1. It is important to note that for relevant device structures, 

the low field mobility is really the quantity of interest as these high field bulk mobilities 

quoted for InAs and InGaAs would not be achieved in the small feature sizes and electric 

field regimes of logic MOSFETs. Much more work has been done regarding InGaAs 

channel layers instead of InAs channel layers in MOSFET devices with effective electron 

mobilities of up to 1550 cm2 V-1 s-1 for fields of 0.2 MV cm-1 [31]. This is higher than the 

best electron mobility for Si, even on strain engineered devices [32]. Higher carrier 

mobility is desirable because it can result in faster switching time to enhance CMOS 

performance. 

 Surface reconstructions of InGaAs(0 0 1) on other substrates and at other group 

III stoichiometries have been studied [30,33-36], but only a relatively small amount of 
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data is available for surface reconstructions of the In0.53Ga0.47As/InP(0 0 1) system 

[18,37]. The high-temperature stabilized group III rich reconstruction of the InGaAs(0 0 

1)-(4 × 2) surface is almost identical to the β3'(4 × 2) reconstruction of the InAs(0 0 1)-(4 

× 2) surface except that either In or Ga atoms can occupy the group III positions 

[17,20,38,39]. This surface reconstruction is also discussed in detail in Chapter 2. The 

group III rich surfaces of InAs(0 0 1) and In0.53Ga0.47As(0 0 1) are used for the work 

described in this dissertation. 

 

1.6 Scanning tunneling microscopy 

 The scanning tunneling microscope (STM) was invented in 1981 by Binnig and 

Rohrer [40,41]. The invention of the STM allowed scientists to observe the structure of 

conductive surfaces on the atomic level for the first time. Since that time, many 

improvements have been made to the STM system, but the basic principle remains the 

same. A schematic diagram of the STM is shown in Fig. 3. 
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Figure 3. The scanning tunneling microscope. 

The basic components of the Omicron LT STM system used for the work in this 
dissertation. The probe tip is brought to a distance < 1 nm of a semiconductor sample, 
which is electrically grounded (in other conventional systems the tip is grounded 
instead). A bias (VT) is applied between the tip and the sample. A servo applies control 
voltages to the piezoelectric scanner tube to position the tip in the ±x, ±y, ±z directions. 
The raster scanning in the x and y directions is performed while maintaining the 
constant-current position via the feedback loop, which modifies the z distance. The 
data output is a 3 dimensional map of the surface topographic/electronic data. 
 

 

 An atomically sharp metal probe tip is brought very close to a conductive sample 

(usually less than 1 nm) and a voltage bias is applied, conventionally with the tip being 

grounded and the sample negatively (positively) biased between about –(+) 0 to 10 V. 

For negative bias, electrons tunnel from the occupied orbitals of the sample to the tip 

resulting in what are called “filled state” STM images of the surface. The reverse is true 

for positive sample bias where electrons from the tip tunnel into vacant orbitals of the 

sample and the result is STM “empty state” imaging. The tunneling of electrons in either 
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filled or empty state imaging results in a tunneling current (It) that is typically less than 1 

nA for operating conditions. Due to the sensitivity of It to z, the tip position above the 

sample must be controlled to less than 1 Å precision. This is achieved by using 

electronics which control the piezoelectric tip servo via a constant-current feedback loop. 

As the STM tip is raster scanned across the sample surface, a constant-current image is 

acquired that represents the z distance adjustments to the piezoelectric servo. The 

response time of the feedback loop and servo limits the STM acquisition time to usually 

several tens of minutes for an STM image of a 100 nm × 100 nm area to achieve atomic 

resolution. The resulting STM image is really a convolution of both the sample geometry 

and electronic states of the surface. Surface atoms whose nuclei are in the same z-plane 

may have different transmission probabilities for electrons (the density of states are not 

equal) and so may not appear to be in the same z-plane is STM imaging. Additionally, 

chemical modification of the STM tip can affect transmission probability. Therefore care 

must be given in the interpretation of STM data [42-46]. 

 An STM works on the principle of quantum mechanical tunneling of electrons 

from one electrode to another. For this reason, samples must be conductive. The 

electrodes are very close, but not in intimate contact; the vacuum space between the tip 

and sample acts as a tunneling barrier. For a one dimensional rectangular barrier, the 

solutions to the Schrödinger equation have the form: 

 

kxe±=Ψ . 

 

The parameter k can de described as: 
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where VB is the potential in the barrier, or simply the vacuum level, and E is the energy of 

the state. Therefore VB – E is simply the work function of the material if E is the Fermi 

level energy. The assumptions in this one dimensional model are that the potential (VB) 

remains constant throughout the barrier and that the work functions of both electrode 

materials are the same. The transmission probability (tunneling current) decays 

exponentially as: 

 

kzeI 2−∝  

 

where z is the tunneling barrier width (distance between the tip and sample). For a typical 

work function of about 4–5 eV, the tunneling current drops about one order of magnitude 

for every 1 Å of vacuum between the electrodes (k ~ 1 Å-1) [47]. 

 For semiconductor surfaces, the dependence of It on the tunneling voltage is 

pronounced. For the case of GaAs(0 1 1), a surface reconstruction occurs along with 

internal charge transfer from the Ga atoms to the more electronegative As atoms. This 

results in occupied state density around the As and unoccupied state density around the 

Ga atoms. In this case, the STM image at +1.9 sample voltage shows only the Ga atoms 

since there are no empty orbitals on the As atoms for electrons to tunnel into at that 

energy from the metal tip; the As atoms appear dark. The opposite is the case for negative 
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sample bias (filled state, -1.9 V) where only the As atoms appear bright in the STM 

image because there are no filled states at that energy around the Ga atoms [48]. The case 

of GaAs(0 1 1) illustrates a general concept for STM of semiconductors. With negative 

sample voltage, It represents electron tunneling predominantly from states within the 

valence band (filled states) and It for positive sample voltage represents electron 

tunneling predominantly from states within the conduction band (empty states). This 

suggests that information about the density of states is contained within the tunneling 

current. 

 

1.7 Scanning tunneling spectroscopy 

 Besides the constant-current rasterized STM imaging mode, spectroscopic data 

can also be obtained using the STM in the scanning tunneling spectroscopy (STS) mode. 

Tersoff and Hamman [49] developed a theory for tunneling between a real solid surface 

and a model probe with a locally spherical tip to prove that It is proportional to the 

surface DOS at the Fermi level energy (EF). In their formalism, 

 

( ) ( )Fno
n

nt EErVI −Ψ∝ ∑ δ2r  

 

where or
r  is the center of curvature of the tip.  

 In STS, the probe tip is placed at a fixed x-y coordinate above the sample and the 

tip-sample voltage (Vt) is scanned through predetermined values. It is then a function of 

Vt and the resulting I(V) curve contains data about the surface local density of states 
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(LDOS). STS has been investigated for many III-V semiconductors and general theories 

about the extraction of DOS information is well developed by Feenstra [50]. In his work, 

it is shown that 

 

DOS
VI
dVdI

∝
/
/ . 

 

Differentiation of the I(V) curve is usually accomplished experimentally via a lock-in 

amplifier which modulates the tunneling voltage at high frequency and low amplitude. 

The purpose of the smoothed quantity in the denominator is to normalize the dI/dV data. 

Therefore the zero volts position of the I(V) curve is the Fermi level and its position with 

respect to the onsets of both the valence band and conduction band is known. 

 Modification of the tip-sample separation during the acquisition of I(V) data is a 

technique that can allow for more dynamic range of STS because of the high z sensitivity 

of the tunneling current. In this variable tip-sample separation STS technique, the voltage 

scan is applied to measure the I(V) data simultaneously with a z ramp that decreased the 

tip-sample separation for low bias voltages (band edge states) and increases it for high 

bias voltages (deep band states). Since the band edge state density is orders of magnitude 

lower than for the deep band states, it is possible to take advantage of the inherent z-

sensitivity to enhance band edge states and diminish the higher density deep band states. 

The result is a dynamic range for STS as high as 6 decades [51]. 

 Evidence of Fermi level pinning can be contained within STS data. In Fig. 2b, the 

midgap pinning states form a narrow energy band centered at EF; in general, the same 
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states exist on identical semiconductor surfaces, regardless of doping type and 

concentration. So for a p-type pinned sample of identical composition (except dopant) in 

Fig. 2b, the EF position at the pinned surface would be similar. This leads to STS data 

that shows the 0 V position of the dI/dV curve at the same energy with respect to the 

valence and conduction bands. This phenomena has been shown for adsorbate pinning of 

the GaAs(0 0 1)-(2 × 4)/c(2 × 8) surface [7,52]. In other words, the dI/dV curves for both 

n-type and p-type samples will look identical if the surface is pinned either via surface 

states or adsorbate-induced pinning states. 

 Interpretation of STS curves is often times not straightforward. A phenomenon 

known as “tip induced band bending” can confound results as much as several hundred 

meV [53]. Additionally, STS cannot definitively state whether the interface of interest 

will actually result in an unpinned oxide-semiconductor interface in a MOSFET device. 

While evidence showing Fermi level pinning is definitive, the lack of evidence for 

pinning is not definitive for the ability to form an unpinned interface. Since STS 

measurements must be done on conductive samples, only a few monolayers of insulator 

can be deposited on a conductive surface and still allow for STM tunneling conditions 

without crashing the probe tip into the thin insulating overlayer. However, for the ability 

to obtain local density of states information on the atomic scale, STS is a nearly 

unmatched technique [22].  
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1.8 Density functional theory 

 Density functional theory (DFT) is an ab-initio quantum mechanical technique for 

the calculation of ground state electronic structure of many body systems. Essentially, the 

elemental core electrons of the system are treated with pseudo potentials and the valence 

electrons are treated as functionals that describe the spatially dependent electron density. 

Theoretical information such as bonding geometry, electronic density of states, and 

enthalpies of adsorption can be obtained using DFT. It is well suited to study the 

materials described in this dissertation and is used as a theoretical approach to broaden 

and solidify the understanding of the experimental data collected and summarized herein. 

The publications reprinted with permission in Chapters 3 and 6 contain DFT results 

critical to the understanding of those experiments. The author has not performed any of 

the DFT work described in this dissertation and so a full introduction of those techniques 

is not given. However, the reader is referred to the references in Chapters 3 and 6 as well 

as other references for a more complete understanding of DFT [54-56]. 
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CHAPTER 2: Reconstructions of the group III rich surfaces of InAs(0 0 1) and 

In0.53Ga0.47As(0 0 1) 

 

2.1 Abstract 

 The surface reconstructions of the group III rich InAs(0 0 1) and In0.53Ga0.47As(0 

0 1) crystal planes are determined. At room temperature (300 K), both III-V 

semiconductors exhibit the novel β3'(4 × 2) surface reconstruction for group III rich 

conditions. When this surface is cooled to low temperatures (80 K), the surface 

periodicity changes spontaneously and reversibly in both cases from (4 × 2) to (4 × 4) as 

shown by low energy electron diffraction (LEED) and scanning tunneling microscopy 

(STM). This is the β3(4 × 4) reconstruction of the InAs(0 0 1) and In0.53Ga0.47As(0 0 1) 

surfaces. Both the β3'(4 × 2) and β3(4 × 4) reconstructions exhibit anomalous 

hybridization for group III atoms. The hybridization of the atoms of most III-V 

semiconductors are sp3 or sp3-like, but these novel surface reconstructions require sp 

hybridization for the group III atoms of the row features oriented in the [1 1 0] direction. 

The periodicity change at low temperatures is also remarkable. 
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2.2 Introduction 

2.2.1 The As rich (2 × 4) reconstructions 

 The family of III-V semiconductors (where the group V species is As) are 

important materials for high speed and optoelectronic devices. Although a wealth of data 

exists for the surface reconstructions of GaAs(0 0 1) and GaAs(0 1 1), less information is 

available concerning InAs(0 0 1), and very little information is available concerning the 

surface reconstructions of InGaAs(0 0 1). Researchers show a tendency to use what is 

known about GaAs(0 0 1) to infer information of the surface reconstructions of other III-

V semiconductors, but as it will be shown, this is can be problematic. 

 The surface phase diagram of GaAs(0 0 1) is complex and populated with several 

stable surface reconstructions within the chemical potential versus temperature space [9-

13,24,57]. The major surface upon which most microelectronic devices are grown is the 

As-rich surface of GaAs(0 0 1), known as the β2(2 × 4) reconstruction of the GaAs(0 0 

1)-(2 × 4)/c(2 × 8) surface [58]. There exists a reconstruction with (2 × 4)/c(2 × 8) 

periodicity on both InAs(0 0 1) and InGaAs(0 0 1). The difference between the (2 × 4) 

and c(2 × 8) surface reconstructions is small and their major features are nearly identical. 

The knowledge of the (2 × 4)/c(2 × 8) reconstruction of the GaAs(0 0 1) crystallographic 

orientation provided a starting point for the determination of the reconstructions of these 

other two (0 0 1) oriented III-V semiconductors. Using this information intuitively lead to 

the confirmation of very similar surface reconstructions for the (2 × 4)/c(2 × 8) phases of 

InAs(0 0 1) [14,27,59,60] and InGaAs(0 0 1) [18,33,61]. Although with InGaAs(0 0 1), 

the (2 × 4)/c(2 × 8) reconstruction exists over a narrower stability range. The analogous 
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β2(2 × 4) reconstruction indeed exists on the InAs(0 0 1) and InGaAs(0 0 1) orientations, 

but it is often found to coexist with the α2(2 × 4) reconstruction, which differs only by 

the removal of a surface As dimer. The β2(2 × 4) and α2(2 × 4) reconstructions are 

shown in Fig. 4. It is difficult to observe the α2(2 × 4) reconstruction on GaAs(0 0 1), 

and the incorporation of In into the lattice is postulated to stabilize this reconstruction 

[62]. The similarities between the GaAs(0 0 1), InAs(0 0 1), and InGaAs(0 0 1) 

orientations is pronounced with the β2(2 × 4) surface reconstruction, which are identical 

in the group III and group V lattice positions. Unlike GaAs(0 0 1) and InAs(0 0 1), a (4 × 

3) surface reconstruction exits on In0.53Ga0.47As(0 0 1) [18,33,35,37], but it is not 

considered in this study. 

 

 

Figure 4. As rich (2 × 4) reconstructions. 

The (2 × 4) reconstructions observed for certain conditions on the surfaces of GaAs(0 0 
1), InAs(0 0 1), and InGaAs(0 0 1). a) The top-down view of the β2(2 × 4) surface 
reconstruction. b) The side view of the β2(2 × 4) surface reconstruction. c) 
The top-down view of the α2(2 × 4) surface reconstruction. d) The side view of the α2(2 
× 4) surface reconstruction. The α2(2 × 4) reconstruction has one fewer As dimer and is 
observed for samples prepared via MBE with lower As2 overpressure than for the β2(2 × 
4) reconstruction. The boxes in Figs. 4a and 4c indicate the (2 × 4) surface unit cell 
boundaries. 
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2.2.2 The group III rich (4 × 2) reconstructions 

 At higher growth temperatures and/or lower As chemical potentials (lower As2 

overpressure during MBE growth), surface reconstructions with (4 × 2) symmetry are 

stabilized for GaAs(0 0 1), InAs(0 0 1), and InGaAs(0 0 1). Again, the GaAs(0 0 1)-(4 × 

2)/c(8 × 2) surface reconstruction was solved first [12]. It is called the ζ(4 × 2) 

reconstruction and is shown in Fig. 5. As in the case of the (2 × 4) and c(2 × 8) 

reconstructions, the difference between the (4 × 2) and c(8 × 2) surface reconstructions is 

minor; it originates with a registry shift between neighboring surface unit cells. 

 

 

Figure 5. The ζ(4 × 2) surface reconstruction. 

The ζ(4 × 2) reconstruction of the GaAs(0 0 1)-(4 × 2)/c(8 × 2) surface. a) The top-
down view. b) The side view of the ζ(4 × 2) reconstruction. The box in Fig 5a indicates 
the surface unit cell boundary. Note that the rows are oriented in the [110] direction 
(this surface reconstruction is rotated 90° from the (2 × 4) reconstructions). 
 

 

 Much discussion has been given to the exact atomic arrangement of the InAs(0 0 

1)-(4 × 2)/c(8 × 2) surface reconstruction. Since the β2(2 × 4) reconstructions of InAs(0 0 
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1) and GaAs(0 0 1) are identical within the lattice position placements of the group III 

and group V atoms, it might be assumed that the ζ(4 × 2) reconstruction is also valid for 

the group III rich (4 × 2) surface of InAs(0 0 1). However, STM studies of the two 

surfaces differ dramatically [15,63-67]. Despite this, several studies still propose that the 

group III rich reconstruction of InAs(0 0 1) is the ζ(4 × 2) [16,27,68]. However, none of 

these models included STM data and none of the theoretical work has included the β3'(4 

× 2) model proposed in section 2.4.1 below for total energy comparison. Other models 

that have been proposed include the α(4 × 2) [69,70], the β2(4 × 2) [27], and the β3(4 × 

2) [15,64]. The structural models for these and the β3'(4 × 2) reconstructions of the 

InAs(0 0 1)-(4 × 2) surface are shown in Fig. 6. Although numerous studies have 

attempted to determine the InAs(001)-(4×2) reconstruction, the majority focused either 

on experimental determination or computational determination, but not both techniques. 

In addition, many of the computational studies only considered a small subset of the 

possible (4 × 2) reconstructions and none of the experimental procedures involved 

cryogenic experiments. In this study, the room temperature (300 K) and low temperature 

(80 K) reconstructions of the In-rich InAs(001) surface are examined using STM and low 

energy electron diffraction (LEED). This data is combined with supporting computational 

results in the paper “Anomalous hybridization in the In-rich InAs(0 0 1) reconstruction” 

by D. L. Feldwinn, J. B. Clemens, J. Shen, S. R. Bishop, T. J. Grassman, A. C. Kummel, 

R. Droopad, and M. Passlack, Surface Science, vol. 603 (22) 3321-3328 (2009). 
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Figure 6. Proposed reconstructions for the InAs(0 0 1)-(4 × 2) surface. 

a) The top-down (upper) and side (lower) views of the α(4 × 2) InAs(0 0 1) 
reconstruction. b) The top-down (upper) and side (lower) views of the β2(4 × 2) InAs(0 
0 1) reconstruction. c) The top-down (upper) and side (lower) views of the β3(4 × 2) 
InAs(0 0 1) reconstruction. d) The top-down (upper) and side (lower) views of the 
β3'(4 × 2) InAs(0 0 1) reconstruction. The rows of these reconstructions are oriented in 
the [1 1 0] direction, like the ζ(4 × 2) reconstruction. The surface unit cell boundaries 
are indicated by the dashed rectangles. 
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 The In0.53Ga0.47As(0 0 1)-(4 × 2) surface has received much less focus in the 

literature than either the GaAs(0 0 1)-(4 × 2) or the InAs(0 0 1)-(4 × 2) surfaces. Again, 

the ζ(4 × 2) structure of GaAs(0 0 1)-(4 × 2) has been presumed to be the stable group III 

rich reconstruction of In0.53Ga0.47As(0 0 1) [19]. However that study did not consider the 

β3'(4 × 2) reconstruction for DFT total energy calculations. Other studies have shown 

STM and LEED data of InGaAs(0 0 1)-(4 × 2) that is remarkably similar to the data in 

this study [36,38,39]. STM data for thin layers of InAs grown on GaAs(0 0 1) also 

resemble the STM data in this study for InGaAs(0 0 1)-(4 × 2) [69,71], presumably due 

to Ga diffusion to form a surface InGaAs alloy. The data suggest that the (4 × 2) 

reconstruction for InGaAs(0 0 1) is similar to the β3'(4 × 2) reconstruction of the InAs(0 

0 1) surface. 

 

2.3 Methods 

 Experiments were performed in a UHV chamber with a base pressure of 2×10-11 

Torr. The chamber was equipped with an Omicron low temperature scanning tunneling 

microscope (STM) and an Omicron SpectraLEED low energy electron diffractometer. 

Highly doped 300 nm thick InAs layers were grown by collaborators offsite by MBE on 

commercially available InAs substrates. The doping concentration was 1×1018 cm-3 for 

both n-type and p-type wafers, using either Si or Be as dopants. The InAs samples were 

protected with a 60–80 nm thick amorphous As2 capping layer for transport. After 

transfer into the UHV analysis chamber, the InAs samples were degassed at 200° C for 3 

hours and then heated to 380° C for 2 hours to desorb the As2 capping layer. The desired 
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InAs(0 0 1)-(4 × 2)/c(8 × 2) reconstruction was obtained by increasing the substrate 

temperature by 0.2° C s-1 to 450° C and holding for 10 minutes. Surface periodicity was 

confirmed using LEED and STM. 

 The In0.53Ga0.47As samples were grown via MBE by collaborators offsite on 

commercially available InP(0 0 1) substrates. The MBE grown layers were 1.5 µm thick, 

and the doping concentration was 1.5×1018 for both p-type and n-type wafers, using Be or 

Si as dopants, respectively. The samples were protected with an amorphous As2 capping 

layer (60–100 nm thick) and shipped in rough vacuum. After transfer into the UHV 

analysis chamber, the samples were degassed at 200 °C for 3 hours and heated to 380 °C 

for 2 hours to desorb the As2 capping layer. The InGaAs(0 0 1)-(4 × 2) reconstruction 

was formed by increasing the substrate temperature by ~0.2 °C s-1 to 465 °C and holding 

for 10 minutes. Surface periodicity was confirmed using LEED and STM. 

 Filled state STM images were acquired at -1.50 V to -3.00 V sample bias relative 

to the electrochemically etched W tip. The constant-current images were taken at a 

tunneling current setpoint of 50–500 pA. Cooling of the samples was done with liquid 

nitrogen via a heat transfer block to the sample stage. 

 

2.4 InAs results and discussion 

2.4.1 InAs(0 0 1)-(4 × 2) at 300 K 

 The room temperature (300 K) and low temperature (80 K) reconstructions of the 

In-rich InAs(0 0 1) surface were examined using STM. Detailed room and low 

temperature STM images of the clean surface reveal that no reconstruction previously 
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suggested is an identical match to the possible InAs(0 0 1)-(4 × 2)/c(8 × 2) structure as 

shown in high resolution STM data. Previous STM studies suggested that the structure is 

the β3(4 × 2) reconstruction [15,64]. A high resolution STM image of the as-prepared 

InAs(0 0 1)-(4 × 2)/c(8 × 2) surface is shown in Fig. 7. The data clearly show many of the 

features seen in the work by Kendrick et. al. [15] including similar row and trough 

structure of the filled and empty state images and the transitional (T) defects. However, 

the STM data in this study provide better resolution than has been seen previously and 

this improvement in resolution allows to examine more closely the atomic structure of the 

row features. 

 The T defect is highlighted in the blue ovals of Figs. 7b and 7d. This was first 

identified by Kendrick et. al. as the initiation of a phase shift in the periodicity of the 

trough In dimers. The periodicity of the trough dimers in the [1 1 0] direction is ~8.6 Å, 

but the length of the T defect is about 13 Å in the [1 1 0] direction. This results in a phase 

shift of ½ unit cell distance in the [1 1 0] direction of the trough periodicity. This phase 

shift at the T defect is the origin of the transition from the (4 × 2) surface to the c(8 × 2) 

surface, which is shown in Fig. 7c. In addition to the full T defect, a new defect has been 

identified: a half-T defect, as indicated by the green arrows in Figs. 7b and 7d. In the case 

of the half-T, the empty state images show that there is an asymmetric position in the 

trough such that the half-T is closer to one of the rows. In the case of the T defect, the 

dark region is about 2× as large and centered within the trough region. The T defect is 

likely the results of two neighboring half-T defect. This half-T defect does not produce 

the pronounced bright regions in filled state STM imaging, which is why only high 

resolution images allude to its existence. Both filled state and empty state STM images 
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were acquired on the same region of the surface using alternately biased line scans within 

the STM raster acquisition in order to correlate the position of these defects with one 

another.  
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Figure 7. STM data of InAs(0 0 1)-(4 × 2) at 300 K. 

a) A high resolution filled state STM image (-1.50 V, 50 pA) of the clean surface with the 
overlaid ball-and-stick diagram of the surface atoms. The dashed rectangle surrounds one 
(4 × 2) surface unit cell. b) Another region of the surface showing the transitional “T” 
defect (blue oval) and a “half-T” defect (green arrow). c) Detail of the c(8 × 2) surface 
unit cell is surrounded by the dashed diamond. d) Empty state STM image (+2.00 V, 0.5 
nA) of a different region of the InAs(0 0 1)-(4 × 2)/c(8 × 2) surface. The blue oval and 
the green arrow show the T and half-T defects, respectively. 
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 Close examination of the row structure reveals periodic regions of high electron 

density (bright circles) along the row in the [1 1 0] direction. A line trace of the row 

reveals that the separation between these bright regions is about 4.3 Å (Fig. 8). The β3(4 

× 2) structure suggested by Ohkouchi and Kendrick has row features that consist of In 

dimers oriented along the [1 1 0] direction [15,64]. If the row structure consisted of In 

dimers, STM would image the electron density of the dimer bond and result in a row 

periodicity of 8.6 Å. Furthermore, the diameter of the bright regions is about 2 Å at full-

width half-maximum, suggesting single atoms rather than dimers. The trough region is 

consistent with having two In dimers per unit cell, adjacent to each other and oriented in 

the [1 1 0] direction, which is the same as what is suggested in the β3(4 × 2) 

reconstruction. Therefore the actual surface reconstruction is the β3'(4 × 2) structure 

shown in Fig. 6d. The only other high resolution STM data for the InAs(0 0 1)-(4 × 2)/c(8 

× 2) surface is reported by De Padova et. al. [65]. In that study, it was also suggested that 

the rows consist of In chains rather than dimers, but no detailed surface reconstruction 

was proposed. 
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Figure 8. Row In–In spacing on InAs(0 0 1)-(4 × 2). 

a) Detail of the STM image from Fig. 7b (rotated 90°). b) The line trace along the row 
(black line) from Fig. 8a. The periodicity is ~4.3 Å along the row with a bright region 
~2 Å wide (FWHM), suggesting non-dimerized In atoms on the row, rather than In 
dimers. 
 

 

 The proposed β3'(4 × 2) reconstruction of InAs(0 0 1) requires a unique bonding 

environment for the row In atoms. The family of zinc blende III-V semiconductors 

exhibits tetrahedral bonding environments for each atom in the bulk. The tetrahedral 

bonding geometry is accomplished through hybridization of the valence shell orbitals in 

an sp3 scheme. The lowest energy surface reconstructions for these semiconductors often 

require slight deviations from the ideal 109.5° tetrahedral bond angles, usually occurring 

on atoms that have dangling bonds (non-bonding orbitals) at the surface. However, the 

row In atoms on the β3'(4 × 2) reconstruction are only bound to two other row-edge As 

atoms with a nearly 180° bond angle [17]. A 180° bond angle is achieved through sp 

hybridization, leaving two valence p-orbitals unhybridized. The dimerized In row β3(4 × 

2) structure allows a more traditional hybridization scheme that exhibits bond angles 

between the normal sp2 and sp3 regimes. Density functional theory calculations by 
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Feldwinn et. al. of both the β3'(4 × 2) and β3(4 × 2) reconstructions elucidate this 

anomalous hybridization scheme [17]. 

 The high resolution STM data for the InAs(0 0 1)-(4 × 2) surface is not consistent 

with a ζ(4 × 2) reconstruction. Comparing the STM images from GaAs and InAs studies 

reveal that the GaAs(001)-(4×2) reconstruction has thicker rows than the (4 × 2) 

reconstruction on InAs(0 0 1). Furthermore, the periodicity of the trough structure on the 

ζ(4 × 2) reconstruction in the [1 1 0] direction is only ~4.3 Å instead of the ~8.5 Å 

observed in the STM data from this study. Therefore the ζ(4 × 2) structure can be 

eliminated as a possible reconstruction for the InAs(0 0 1)-(4 × 2) surface. 

 The α(4 × 2) reconstruction also exhibits thick rows and an incorrect trough 

periodicity. Additionally, the α(4 × 2) structure supplies three degenerate bonding sites 

for the In dimers on the row. These sites are between the 2nd layer As atoms. Although 

there are two In dimers per surface unit cell, there are three degenerate bonding sites for 

them. This degeneracy would lead to rows on the InAs(0 0 1)-(4 × 2) surface that 

appeared to zig-zag. This has not been observed experimentally, so the α(4 × 2) surface 

reconstruction is incorrect. 

 The β2(4 × 2) structure has only one In dimer per surface unit cell in the trough 

region, which is inconsistent with the high resolution STM data. Additionally, the row 

thickness is too wide. The β2(4 × 2) reconstruction can be eliminated as a possible 

structure. 
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2.4.2 InAs(0 0 1)-(4 × 4) at 80 K 

 As the InAs(0 0 1)-(4 × 2) surface is cooled from 300 K to 80 K, a spontaneous 

and reversible surface reconstruction change is observed. LEED images taken at 300 K 

and 80 K are shown in Fig. 9.  In the 300 K LEED image (Fig. 9a), each row of 

diffraction spots is separated by one less well-resolved diffraction streak. This is the 

characteristic LEED pattern for the (4 × 2)/c(8 × 2) periodicity. In the 80 K LEED image 

(Fig. 9b), the rows of diffraction spots are separated by three diffraction streaks. The new 

weak diffraction streaks are centered on either side and between the major diffraction 

streak and each row of diffraction spots. This is consistent with the surface reconstruction 

changing from a (4 × 2) reconstruction to a (4 × 4) reconstruction. The (4 × 2) pattern can 

be regenerated upon heating the 80 K sample back to 300 K. 

 

Figure 9. LEED data for InAs(0 0 1). 

LEED data for the group III rich InAs(0 0 1) surface. a) The (4 × 2) LEED diffraction 
pattern for the surface at 300 K. b) The (4 × 4) LEED diffraction pattern for the surface 
at 80 K. Electron energy = 60 eV. 
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 STM images of the group III rich InAs(0 0 1) surface also show a periodicity 

change at low temperatures (80 K). The row structure changes from a continuous series 

of bright lobes spaced 4.3 Å apart to a discontinuous series of double-lobed row features 

spaced 17 Å apart. However, the trough features remain identical to the room temperature 

(300 K) appearance. The surface unit cell is now 17 Å × 17 Å, which corresponds to a (4 

× 4) periodicity, denoted as the β3(4 × 4) reconstruction of the InAs(0 0 1) 

crystallographic orientation. The change in periodicity is consistent with the LEED data. 

This is summarized in Fig. 10. In high resolution STM images, the centers of each lobe of 

the new double-lobed features are spaced about 4–7 Å apart. The In trough dimers 

closely resemble this shape and size. With this size, shape, spacing and resemblance to 

the trough In dimers suggests that these new row features arise from indium dimers on 

the row.  
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Figure 10. STM data of InAs(0 0 1)-(4 × 4) at 80 K. 

a) 450 Å × 450 Å STM image (-2.70 V, 100 pA) of the In-rich InAs(0 0 1)-(4 × 4) 
surface reconstruction at 80 K. The rows along the [1 1 0] direction now appear 
discontinuous. b) 33 Å × 33 Å high resolution STM image (-2.20 V, 50 pA) of the low 
temperature surface showing the periodicity of the rows with respect to the trough 
dimer structure. The trough dimer structure is the same as for the room temperature 
(300 K) surface. The rows appear as double-lobed regions separated by about 17 Å. 
The image is rotated 90° from Fig. 10a. c) The line trace data for the black line trace in 
Fig. 10b. The bright regions of the row are now separated by 17 Å, which is 4× the 
surface unit cell periodicity. The length in the [1 1 0] of the bright regions (FWHM) is 
10 Å, but each major protrusion of the double-lobe feature is separated by about 4–7 Å, 
suggesting that the bright row features are dimers. 
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 At 80 K, it is possible that physisorption of ambient gas in the UHV system (such 

as H2O, CO2 and hydrocarbons) occurs on the semiconductor surface. However, this is 

not believed to result in the change of surface reconstruction for several reasons. First, 

physisorption does not tend to be site-specific, as would be required for a physisorbate-

induced ordered reconstruction. Second, no STM tip-induced migration of physisorbed 

species was observed during scanning. Thirdly, the partial pressure of gasses that are 

condensable at 80 K is only about 1×10-12 Torr and would require several days to reach 1 

ML coverage, assuming a sticking probability of unity. Since the reconstruction change is 

reversible, it is unlikely that chemisorption occurs. 

 At 80 K, the spacing between areas of high electron density (bright regions) along 

the rows in the [1 1 0] direction is ~17 Å. Based on the bulk InAs lattice parameter, four 

indium atoms could be accommodated per surface unit cell in the [1 1 0] direction along 

the row. In addition, the transformation from the (4 × 2) to the (4 × 4) surface 

reconstruction is reversible, therefore, both the (4 × 2) and the (4 × 4) surface 

reconstructions must have the same number of surface In atoms. Since the 300 K (4 × 2) 

reconstruction has four row In atoms per 17 Å, the In-rich 80 K InAs(0 0 1) 

reconstruction must also have four row In atoms per surface unit cell. Moreover, since the 

areas of high electron density are ~9 Å long (length of areas of high electron density vary 

from 8 Å to 10 Å depending on the image), two of the In atoms are probably dimerized. 

Since the trough structure visually remains the same for the 300 K and 80 K images it is 

not necessary to analyze the trough region in the same detail as the row structure. 

 The height of the row In atoms is dependent on whether the In atoms are 

dimerized or undimerized. As discussed previously, an undimerized In atom on the row 
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would form one bond each to two second layer As atoms in the [-1 1 0] direction 

(consistent with sp hybridization), which would result in a planar 180° bond angle. 

Dimerized In atoms, however, would be expected to have a different bonding geometry.  

In that case the row In atom must bond to two second layer As atoms in addition to an In 

atom on the row. Since the dimerized In atoms are bound to three other atoms and have 

no filled dangling bonds, they would be expected to have sp2 hybridization. This ideally 

would result in a planar structure with 120° bond angles. If this ideal structure existed, 

the height of dimerized and undimerized atoms would be the same. However, simple 

geometry calculations based on the dimensions of the InAs bulk unit cell reveal that if an 

ideal bonding angle was required, the In dimer bond distance would be ~1.8 Å. The 

covalent radius of In is 1.63 Å, therefore, the ideal In–In bond length is ~2.8–3.2 Å [72]. 

In order to increase the In dimer bond length and reduce overlap in electron density, the 

In atoms must be forced up out of the plane, causing the bond angles to deviate from 

120° and exhibit a more sp3-like hybridization. This would cause the dimerized In atoms 

to image higher in STM images than the undimerized In atoms in the row. In addition, 

STM would image the electron density of the In–In dimer bond more readily than the 

lower undimerized In row atoms, further enhancing the apparent height difference 

between the dimerized and undimerized In atoms on the row. Therefore, the most likely 

low temperature (80 K) In-rich InAs(0 0 1) reconstruction is one which has 4 row In 

atoms with one pair being dimerized and the other pair of In atoms being undimerized as 

seen in Fig. 11. This is the β3(4 × 4) reconstruction. Further exploration of this bonding 

configuration is described with DFT calculations in the paper by Feldwinn et. al. [17]. 
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Figure 11. The β3(4 × 4) surface reconstruction of InAs(0 0 1). 

The transition to the β3(4 × 4) surface reconstruction of In-rich InAs(0 0 1) occurs at 
low temperature (80 K). The dashed box is the surface unit cell boundary, which 
measures 17.2 Å × 17.2 Å, consistent with the periodicity seen in both the STM and 
LEED data. The height difference between the dimerized and undimerized In row 
atoms is shown in the side view image (lower). 
 

 

2.5 InGaAs results and discussion 

2.5.1 In0.53Ga0.47As(0 0 1)-(4 × 2) at 300 K 

 The In0.53Ga0.47As(0 0 1)-(4 × 2)/c(8 × 2) surface exhibits very similar features to 

the InAs(0 0 1)-(4 × 2)/c(8 × 2) surface, and a detailed study is reported in Shen et. al. 

[20]. The room temperature (300 K) STM data for In0.53Ga0.47As(0 0 1)-(4 × 2)/c(8 × 2) is 

summarized in Fig. 12. A row and trough structure oriented in the [1 1 0] direction is the 
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main feature of this surface, similar to the InAs(0 0 1)-(4 × 2)/c(8 × 2) surface. The major 

difference is in the trough structure. The bright circular protrusions are not seen for the 

InAs analogous surface. These trough protrusions are spaced 8.5 Å apart in the [1 1 0] 

direction and centered between the neighboring rows, indicated by the green brackets in 

Fig. 12. Interestingly, the protrusions do not cover the whole trough region of the surface, 

but tend to group together. Different annealing temperatures were used during the 

InGaAs(0 0 1)-(4 × 2) preparation, but this did not affect the presence of these protrusion 

features. These protrusions were also observed for the (4 × 2) surface of InAs(0 0 1) 

grown on GaAs(0 0 1) [69,71] and the indium-adsorbed (4 × 2) surface of GaP(0 0 1) 

[73] (the bright protrusions are larger in that study). Occasionally the bright protrusions 

fill most of the surface trough regions, while at other times they are almost completely 

absent. It is possible that the protrusions originate from charge centers and are not atomic 

positions, similar to what is observed on clean GaAs(0 0 1)-(4 × 2)/c(8 × 2) [67,74]. 

However, further experiments are needed to better understand these results. Due to the 

lack of regular, ordered existence on the surface and the fact that the bright protrusions 

appear to result from electrostatic rather than geometric origins, they will therefore not be 

considered for structural assignment on the In0.53Ga0.47As(001)-(4×2) surface. 

 



 

 

39

 

Figure 12. STM data of InGaAs(0 0 1)-(4 × 2) at 300 K. 

230 Å × 240 Å STM image (-2.00 V, 100 pA) of InGaAs(0 0 1)-(4 × 2)/c(8 × 2). The 
bright protrusions are centered in the trough structures (highlighted by the green 
brackets). The T defects (blue ovals) are similar to what is seen on the InAs(0 0 1)-(4 × 
2)/c(8 × 2) surface.  
 

 

 Features similar to the T defects of the InAs(0 0 1)-(4 × 2) surface are also 

apparent on the InGaAs(0 0 1)-(4 × 2) surface. The T defects can be distinguished from 

the trough protrusion charge centers. The distance between bright lobes of the T defects 

is about 12–13 Å instead of 8.5 Å. Also, charge depressions on the neighboring rows and 

between the lobes are associated with the T defects. The T defects are indicated by blue 

ovals of Fig. 12. The separation in the [1 1 0] direction of the bright lobes of the T defects 

is similar to that on the InAs(0 0 1)-(4 × 2) surface. 
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2.5.2 In0.53Ga0.47As(0 0 1)-(4 × 4) at 80 K 

 In addition to other similarities with InAs(0 0 1)-(4 × 2), InGaAs(0 0 1)-(4 × 2) 

also exhibits a surface periodicity change to (4 × 4) at low temperatures (80 K). Fig. 13 

shows the filled state STM results. The continuous rows change to having a spacing of 

16–17 Å between bright regions (4× surface unit cell periodicity, as in the group III rich 

surface of InAs(0 0 1) at 80 K). This change occurs spontaneously and is reversible upon 

heating the sample back to 300 K. 

 The data suggest that the group III rich InGaAs(0 0 1) surface is nearly identical 

to the group III rich InAs(0 0 1) surface. The exception is the existence of the bright 

protrusions in the center of the trough structure. However, these are likely not to be due 

to geometric structure, but rather charge centers (acceptor states). They could be due to 

disorder arising from alloy effects. Therefore the room temperature (300 K) InGaAs(0 0 

1)-(4 × 2)/c(8 × 2) surface reconstruction is also the β3'(4 × 2) (Fig. 6d), with the blue 

atoms being either In or Ga. The low temperature (80 K) reconstruction is the β3(4 × 4) 

reconstruction from Fig. 11, with the blue atoms being either In or Ga. DFT studies 

further confirm this structure in Shen et. al. [20]. 
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Figure 13. STM data of InGaAs(0 0 1)-(4 × 4) at 80 K. 

240 Å × 240 Å STM image (-2.50 V,  100 pA) of the group III rich InGas(0 0 1) 
surface, showing the change to a (4 × 4) periodicity 80 K. The change is spontaneous 
and reversible. The distance in the [1 1 0] direction between row bright regions is 16–
17 Å, which is the same as the row-to-row distance in the [-1 1 0] direction. 
 

 

2.6 Conclusion 

 The group III rich surfaces of InAs(0 0 1) and In0.53Ga0.47As(0 0 1) exhibit unique 

hybridization of the row group III atoms. The surface structure for the case of 300 K 

conditions is the newly described β3'(4 × 2) reconstruction. At 80 K, the surface 

periodicity changes spontaneously and reversibly to (4 × 4). The 80 K, β3(4 × 4) surface 

reconstructions of InAs(0 0 1) and InGaAs(0 0 1) are composed of two surface sub-unit 

cells– the β3(4 × 2) and β3'(4 × 2) sub-unit cells, giving rise to the (4 × 4) periodicity. 
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CHAPTER 3: Initial stages of the autocatalytic oxidation of the InAs(0 0 1)-(4 × 2)/c(8 × 

2) surface by molecular oxygen 

 

3.1 Abstract 

 The initial stages of oxidation of the In-rich InAs(0 0 1)-(4 × 2)/c(8 × 2) surface 

by molecular oxygen (O2) were studied using scanning tunneling microscopy (STM) and 

density functional theory (DFT). It was shown that the O2 dissociatively chemisorbs 

along the rows in the [1 1 0] direction on the InAs surface either by displacing the row-

edge As atoms or by inserting between In atoms on the rows. The dissociative 

chemisorption is consistent with being autocatalytic: there is a high tendency to form 

oxygen chemisorption sites which grow in length along the rows in the [1 1 0] direction 

at preexisting oxygen chemisorption sites. The most common site size is about 21–24 Å 

in length at ~25 % ML coverage, representing 2–3 unit cell lengths in the [1 1 0] 

direction (the length of ~5–6 In atoms on the row). The autocatalysis was confirmed by 

modeling the site distribution as non-Poisson. The autocatalysis and the low sticking 

probability (~10-4 ) of O2 on the InAs(0 0 1)-(4 × 2)/c(8 × 2) are consistent with activated 

dissociative chemisorption. The results show that is it critical to protect the InAs surface 

from oxygen during subsequent atomic layer deposition (ALD) or molecular beam 

epitaxy (MBE) oxide growth since oxygen will displace As atoms. 
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3.2 Introduction 

 As complementary metal-oxide-semiconductor (CMOS) technology approaches 

the 22 nm node, new channel materials may be included in metal-oxide-semiconductor 

field effect transistors (MOSFETs) in order to improve device performance while 

decreasing the average feature sizes. InAs is being investigated for III-V MOSFETs using 

high-κ dielectrics (Al2O3) [75]. InAs is also used as a channel layer in III-V HEMTs due 

to its high electron mobility and the ease of growing InAs on wider band gap substrates 

such as InP using lateral overgrowth molecular beam epitaxy [76]. 

 In ALD, most gate oxides are deposited using water, peroxides, or alcohol as the 

oxidant [77,78]. Oxidants tend to bond to group III atoms on III-V semiconductors since 

the group III metal atoms are good electron donors and oxidants are good electron 

acceptors. Nearly all III-V surfaces have tricoordinated group III atoms, which can make 

single bonds to oxidants. Dissociative chemisorption of H2O on III-V surfaces would 

produce hydroxyl, which can be expected to form single bonds to the group III atoms on 

the surface with little substrate lattice disruption at low temperature and low coverage. 

Conversely, oxygen atoms nearly always make two bonds. Therefore, dissociative 

chemisorption of O2 creates surface oxygen atoms that may displace substrate atoms in 

order to form multiple bonds to the surface metal atoms even at 300 K. During MBE or 

ALD growth of gate oxides, oxygen may be present in the process environment and so it 

is essential to understand the reaction of oxygen with the materials involved in transistor 

fabrication. 



 

  

45

The focus of this study is the reaction of molecular oxygen with the group III-rich 

InAs(0 0 1)-(4 × 2)/c(8 × 2) surface. The (2 × 4) series of reconstructions for InAs(0 0 1) 

closely resembles the (2 × 4) series of surface reconstructions for InGaAs(0 0 1) [18] and 

the same nomenclature is employed. These include the As-rich β2(2 × 4) and α2(2 × 4) 

reconstructions, which are stable at lower temperatures and contain arsenic dimers on the 

1st row of the surface. The β2(2 × 4) structure is more stable at higher As overpressure 

[27,79]. At higher temperatures and lower arsenic flux, a transition to the In-rich (4 × 

2)/c(8 × 2) reconstruction is observed [15,80] which consists of In rows along the [1 1 0] 

direction separated by ~ 17 Å. The In-rich (4 × 2)/c(8 × 2) reconstruction has a trough 

structure that contains two In dimers per unit cell, as shown in Fig. 14. Studies have 

shown that InGaAs exhibits In surface segregation, which may mean that the InGaAs(0 0 

1) surface layer is almost pure InAs(0 0 1) [35,81,82]. InGaAs(0 0 1)-(4 × 2)/c(8 × 2) is 

being extensively investigated for use in III-V MOSFETs [83-85], but since InAs(0 0 1)-

(4 × 2)/c(8 × 2) is nearly identical to InGaAs(0 0 1)-(4 × 2)/c(8 × 2), it is ideal for 

atomistic studies of surface reactions since it exhibits much better long-range surface 

order. Furthermore, InAs has a simpler unit cell compared to InGaAs for DFT 

simulations. 

 For dissociative chemisorption of O2, electron density from the substrate is likely 

donated to the incoming oxygen molecule. This process has been shown to occur for the 

reaction of O2 on transition metal surfaces [86-88]. In these cases, an O2
- or O2

2- 

molecularly chemisorbed species is formed via electron donation from the metal surface, 

which precedes dissociative chemisorption. The donation of electron density to O2 upon 

the chemisorption on Si(0 0 1) surfaces has also been shown to occur [89,90] and it is 
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postulated that the density would occupy the π* antibonding orbital of the O2 molecule 

prior to dissociative chemisorption [91], initiating the breaking of the oxygen molecular 

bond. The overall process on InAs(0 0 1)-(4 × 2)/c(8 × 2) is likely very similar. It has 

been shown on the GaAs(0 0 1)-(2 × 4)/c(2 × 8) surface that As dimers provide electron 

density for O2 dissociative chemisorption even though the final oxidation product on the 

surface is insertion of O atoms into the As-Ga backbonds and subsequent As 

displacement [92]. Oxidation of the As-rich GaAs(0 0 1)-(2 × 4)/c(2 × 8) and GaAs(0 0 

1)-(6 × 6) surfaces by molecular oxygen proceeds via the displacement of surface arsenic 

atoms, leading to surface Fermi level pinning [7,93]. This is consistent with Ga2O3 being 

more thermodynamically stable than arsenic oxides. For reaction of InAs(0 0 1) with O2, 

In2O3 is also expected to be the most thermodynamically stable oxide [94,95]. Therefore, 

it can be expected that oxidation of the InAs(0 0 1)-(4 × 2)/c(8 × 2) surface proceeds via 

a similar mechanism whereby the O2 is initially attracted to the electron density at the 

nearly filled (empty) surface As (In) dangling bonds, then proceeds to form more 

thermodynamically stable In-O bonds, potentially displacing surface arsenic. 

 InAs(0 0 1)-(4 × 2)/c(8 × 2) has no surface As dimers so dissociative 

chemisorption on this reconstruction is expected to be highly activated. The β3'(4 × 2) 

reconstruction is shown in Fig. 14. This surface reconstruction has only the row-edge As 

atoms as electron-donor sites [17]. Tricoordinated surface In atoms or sp-hybridized 

dicoordinated In atoms of the β3'(4 × 2) reconstruction of InAs(0 0 1) would be expected 

to have nearly empty dangling bonds based on simple electron counting models [96]. 

Existing experiments on other InAs surfaces support this hypothesis. The InAs(0 1 1) 

surface has no As dimers [97,98] and exhibits an initial sticking probability of less than 
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10-5 for molecular oxygen [99]. Studies of the low temperature oxidation of InAs(0 0 1) 

have shown that the anion-rich surface, or the (4 × 2) reconstruction, is much less 

reactive to molecular oxygen that the cation-rich surface, or the (2 × 4) reconstruction 

[100]. Since there are no surface As dimers on InGaAs(0 0 1)-(4 × 2)/c(8 × 2) or InAs(0 0 

1)-(4 × 2)/c(8 × 2), these surfaces are more likely to be optimal for the starting template 

for ALD of gate oxides. 
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Figure 14. The β3'(4 × 2) surface reconstruction of InAs(0 0 1). 

The rows in the [1 1 0] direction consist of In chains and the trough features contain 
two In dimers per surface unit cell. (a) Filled state STM image (-1.50 V, 50 pA, 260 Å 
× 260 Å) and detailed inset. (b) Detail of the transitional defect, “T”. (c) DFT ball-and-
stick diagram of the InAs(0 0 1)-(4 × 2) surface. The experimental results reproduce 
the main features shown in the DFT ball-and-stick diagram. 
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3.3 Methods 

3.3.1 Experimental setup 

 Experiments were performed in a UHV chamber with a base pressure of 2×10-11 

Torr. The chamber was equipped with an Omicron low temperature scanning tunneling 

microscope (STM) and an Omicron SpectraLEED low energy electron diffractometer. 

Highly doped 300 nm thick InAs layers were grown by collaborators offsite by MBE on 

commercially available InAs substrates. The doping concentration was 1×1018 cm-3 for 

both n-type and p-type wafers, using either Si or Be as dopants. The InAs samples were 

protected with a 60–80 nm thick amorphous As2 capping layer for transport. After 

transfer into the UHV analysis chamber, the InAs samples were degassed at 200° C for 3 

hours and then heated to 380° C for 2 hours to desorb the As2 capping layer. The desired 

InAs(0 0 1)-(4 × 2)/c(8 × 2) reconstruction was obtained by increasing the substrate 

temperature by 0.2° C s-1 to 450° C and holding for 10 minutes. Surface periodicity was 

confirmed using LEED and STM. Oxygen dosing was performed in situ at 20–25° C 

through a UHV leak valve at pressures from 2×10-8 to 2×10-6 Torr. Some STM images 

were acquired during O2 dosing to differentiate oxygen-induced sites from defect sites on 

the InAs(0 0 1)-(4 × 2)/c(8 × 2) surface and to observe the evolution of the oxygen 

chemisorption sites with increasing O2 exposure. Additional STM images were obtained 

in the absence of O2 after background dosing by O2. Filled state STM images were 

acquired at -1.50 V to -2.00 V sample bias relative to the electrochemically etched W tip. 

The constant-current images were taken at a tunneling current setpoint of 100 pA. 
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3.3.2 Computational details 

 The experimental results were confirmed with density functional theory (DFT) 

calculations. The Vienna ab initio simulation package (VASP) code was used with plane 

wave calculations and periodic boundary conditions [101,102]. A slab consisting of nine 

atomic layers was employed with termination on the bottom surface by H atoms with a 

charge of 1.25 e-. The bottom three layers of the slab, along with the H atoms were frozen 

in the bulk position in order to preserve the bulk properties of the system. The vacuum 

consisted of thirteen layers, which minimized the interaction of the top and bottom layers 

of the slab. The calculations were performed with the Perdew-Burke-Ernzerhof (PBE) 

[103] variant of the generalized gradient approximation (GGA) and the atoms were 

modeled using the projector augmented wave (PAW) [104] potentials that were supplied 

with VASP. The generation of four irreducible k-points in the first Brillouin zone was 

achieved by using 2 × 4 × 1 Monkhorst-Pack k-point sampling scheme. The plane wave 

cutoff energy was 500 eV and the criteria for full relaxation and termination of the 

calculations was when the forces were less than 0.05 eV/Å. VASP was used for geometry 

relaxations and adsorption energies. 

 To verify the autocatalytic dissociative chemisorption, a Monte Carlo simulation 

of the site size distribution for O2 on InAs(0 0 1)-(4 × 2)/c(8 × 2) was developed using 

MATLAB, version 7.4.0 R2007a. A numerical simulation of the number of available 

chemisorption sites for O2 was created that represented the number of available sites on 

the InAs(0 0 1)-(4 × 2)/c(8 × 2) surface observed in STM. Only In-row chemisorption 

sites were allowed because O2 sticking in the trough was not observed. Initial 

chemisorption sites were chosen randomly and given a weighted probability for the 
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relative sticking coefficient, 0 ≤ s ≤ 1. For s = 1, the simulated sites resulted from a single 

oxygen molecule impinging on the InAs surface and reacting at that location with the 

chemisorption of a single O atom. Other factors, such as the sticking probability of 

impinging O2 molecules adjacent to already-oxidized sites, were considered and are 

described in section 3.2. The sites were analyzed by measuring their lengths and 

developing an average distribution of O chemisorption site lengths over 100 or more 

simulations. The weighted sticking probability allowed for tailoring different site-length 

distributions. These results were compared to an equivalent area of the real oxidized 

surface. 

 

3.4 Experimental results and discussion 

 The clean surface of InAs(0 0 1)-(4 × 2)/c(8 × 2) has been imaged using STM by 

other researchers [15,80,105], but new features have been observed recently [17]. The 

main features of the InAs(0 0 1)-(4 × 2)/c(8 × 2) are rows of In atoms along the [1 1 0] 

direction and trough regions in between the row features that contain two In–In dimers 

per unit cell in the 3rd atomic layer. The rows are spaced 17.2 Å apart, and the trough 

dimer-to-dimer distance in the [1 1 0] direction is 8.6 Å. This structure is shown in Fig. 

14 and is called the β3'(4 × 2) reconstruction of the InAs(0 0 1) surface. The c(8 × 2) 

periodicity arises from the superposition of (4 × 2) unit cells, with the shift of ½ unit cell 

(or 4.3 Å) in the [1 1 0] direction between neighboring (4 × 2) regions. The shift initiates 

at the trough-region T defects, as shown in Fig. 14b [15]. 



 

  

52

 Upon imaging the O2 dosed InAs(0 0 1)-(4 × 2)/c(8 × 2), two major types of In-

row oxygen adsorption sites are observed: dark cuts in the In row or grouped bright 

protrusions atop the In row, as shown in Fig. 15. The STM images in Fig. 15 show 

InAs(0 0 1)-(4 × 2)/c(8 × 2) after 500 L of O2. Depending on STM tip conditions, either 

one type of site or the other is observed, but not both concurrently. Modification of STM 

image contrast due to tip functionalization is a common phenomenon [42,44,45,106]. 

Excess arsenic leftover from the capping/decapping procedure and adsorbed oxygen are 

both present on the InAs surface. Either excess As or O atoms could cause a 

functionalization of the tungsten tip consistent with the observed adsorption site image 

contrast reversal. 

 

Figure 15. The oxidized InAs(0 0 1)-(4 × 2) surface. 

InAs(0 0 1)-(4 × 2)/c(8 × 2) after oxidation by O2 at a dose of ~500 L. (a) Filled state 
STM image under the dark-site imaging condition. (b) Filled state STM image under the 
bright-site imaging condition. STM images (440 Å × 440 Å) acquired at -2.0 V, 100 pA. 
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 Sticking was absent in the trough regions for these O coverages, verified when 

high resolution tunneling conditions were acquired. The sticking probably was estimated 

by counting the number and sizes of adsorption sites on the surface from the STM 

images. From each of the images in Fig. 15, the sticking probability was estimated to be 

1.3×10-4. A sticking probability of ~1.6×10-4 was measured from STM data from a 

repeated experiment. The measured sticking probability is slightly higher than the 

sticking probability for the cleaved InAs(0 1 1) surface measured by MacRae and 

coworkers [99]. However, the (0 1 1) surface of InAs is more polar than the (0 0 1) 

surface of InAs, and it contains no In–In bonds nor dicoordinated In atoms. 

 

3.4.1 The dark-site imaging condition  

 The most common O2 chemisorption sites seen in STM under the dark site 

imaging condition after ~500 L exposure on InAs(0 0 1)-(4 × 2)/c(8 × 2) are shown in 

Figs. 16a–16c. These sites appear as cuts in the In rows in the [1 1 0] direction and are 

labeled as single, double, and triple cuts. At these exposures, the most common O dark 

site has a length along the row of about 21–24 Å (a double cut). This corresponds to a 

distance equivalent to 2.5–3 unit cell lengths in the [1 1 0] direction, or the length of 5–6 

In atoms along the row. 
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Figure 16. Dark-site condition for O2 chemisorption. 

Detail of the O2 chemisorption sites observed in STM with the dark-site imaging 
condition. (a) The single cut site. (b) The double cut site. (c) One of several larger cut 
sites. 
 

 

 STM images in dark-site conditions were acquired during the oxidation of the 

InAs surface as shown in Fig 17. The initial oxidation site forms after about 20 L of 

exposure to O2 at a pressure of 2×10-8 Torr and has a measured length of about 12 Å (Fig. 

17b). After 50 L of total O2 exposure, the reaction site increases in length to about 24 Å 

(Fig. 17c). The line scans along these sites in Fig. 17d show the evolution of oxygen 

chemisorption. Using filled state STM images of the clean surface, the apparent height 
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difference between the top of the In row and the top of the In–In dimer in the trough is 

about 1.5 Å. At submonolayer coverages of O2, the dark cuts in the filled state STM 

image appear to have a depth of 1.5–2 Å below the row height (slightly deeper than the 

trough). 

 

 

Figure 17. Dark-site condition for O site evolution. 

The evolution of a single oxidation site on the InAs row under dark-site imaging 
condition. The 52 Å × 35 Å filled-state STM images (-2.0 V, 100 pA) were taken 
during continuous oxidation (O2 background pressure =  2×10-8 Torr). (a) Before the 
O2 dose. (b) Same area of surface after O2 dose of 20 L. (c) Same area of surface after 
50 L O2 dose. (d) The line scan data for fig. 17a (black), fig. 17b (red), and fig. 17c 
(blue). 
 

 

 The experiments are consistent with the initial oxygen sites on the In row of the 

InAs(0 0 1)-(4 × 2)/c(8 × 2) surface acting as nucleation centers for further chemisorption 

of molecular oxygen. The site length of ~24 Å remained unchanged in length until a final 
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dose of 150 L. The 24 Å site length correlates to the most common length of observed 

sites in large scale images after even higher exposures of up to 500 L; therefore, it is 

hypothesized that the 24 Å site is the most stable oxidation sites for these conditions. 

 The smallest site observed after O2 exposure is ~4 Å long and this could be due to 

a single O atom. If oxygen chemisorption takes place on the surface in a random non-

autocatalytic fashion, it would have Poisson spatial distribution; therefore at low 

coverage, the number of single sites would be the greatest, followed by double sites, and 

then triple sites, etc. Since O2 dissociates into pair of O atoms, one might expect the 

double site to be most common. This is indeed observed experimentally that few small ~4 

Å sites are seen. However, STM images reveal that the greatest number of sites have an 

apparent length of ~24 Å. This strongly suggests that there is an energetic stability in 

forming adjacent oxygen sites for more than two O atoms. 

  

3.4.2 The bright-site imaging condition 

 When the other imaging condition is observed, the O2 chemisorption sites are 

imaged as bright protrusions. The protrusions show three main types of sites occurring: 

the “pyramid,” the “doublet,” the “quad” sites shown in Figs 18a, 18b, and 18c, 

respectively. Larger sites also occur more infrequently, but the shapes of these sites vary 

greatly. The pyramid site has an apparent length of 27 Å and an apparent height of 1.0–

1.2 Å from the center of the site to the top of the In row. The doublet sites are slightly 

taller with an apparent height of 1.1–1.3 Å and a length of 21 Å, including the 
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surrounding dark regions. The quad site consists of a cluster of protrusions, with a height 

of 1.5–2.0 Å and a length of about 27 Å. 

 

 

Figure 18. Bright-site condition for O2 chemisorption. 

Detail of the O2 chemisorption sites observed in STM with the bright-site imaging 
condition. (a) The pyramid site. (b) The doublet site. (c) The quad site. 
 

 

 Oxidation during STM was also carried out under the bright-site imaging 

condition. This allowed for the identification of initial O2 sites and their evolution under 

continued O2 exposure. The evolution of the oxidation of the InAs surface is shown in the 

filled state STM images in Fig. 19. In Fig. 19a, the O2 exposure is 50 L and there are two 
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pyramid sites already present, labeled 1 and 2. After 150 L exposure, site 1 has developed 

into a doublet site while site 2 remains a pyramid site. In Fig. 19c, the O2 exposure is 550 

L. Site 1 remains a doublet, site 2 appears to have developed into a doublet-like state, and 

there are two new pyramid sites, labeled 3 and 4. Figure 19d was acquired after the O2 

exposure reached its final value of 1,020 L. In this image, site 3 has now evolved from a 

pyramid to a doublet, site 1 remains a doublet, site 2 remains doublet-like, and site 4 

remains a pyramid. The pyramid sites are the first STM evidence of O2 chemisorption, 

and they almost always evolve into doublet sites. It was not observed that a doublet site 

evolved into a pyramid site under O2 exposure. 
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Figure 19. Bright-site condition for O site evolution. 

The evolution of several single oxidation sites on the InAs row with the bright-site 
imaging condition. The 90 Å × 90 Å filled state STM images (-1.50 V, 100 pA) were 
taken during oxidation (O2 background pressure = 5×10-8 to 1×10-7 Torr). (a) InAs 
surface after 50 L. (b) Same area of surface after 150 L total dose. (c) After 550 L total 
O2 dose. (d) After 1020 L total O2 dose. The evolution from pyramid sites to doublet 
sites is evident on sites #1–3. 
 

 

 The initial oxygen chemisorption site observed on InAs(0 0 1)-(4 × 2)c/(8 × 2) 

under the dark-site imaging condition was shown to be the In row single cut in Fig. 16a 

and Fig. 17b. It is reasonable to assume that the equivalent in the bright site imaging 

condition is the pyramid site. Additionally, the equivalent of the doublet in dark-site 

imaging conditions would most likely be the double cut site shown in Figs 16b and 17c. 

The pyramid and the doublet have very similar lengths in STM of 24 Å and 21 Å, 

respectively. However, the single cut and double cut sites have lengths of 13 Å and 22 Å, 
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respectively. The “pyramids” consist of a more prominent center circular area and two 

flanking, less prominent areas that appear less well defined. The development of the 

pyramid site into the doublet site involves little change in the overall length of the site. It 

involves creating another circular area of equal prominence and adjacent to the original 

central feature in the pyramid. This is in contrast to the dark site imaging condition in 

which the site actually grows unidirectionally with further oxidation. This suggests that 

the flanking features to the central prominence of the pyramid site are electronic effects. 

 

3.5 Theoretical results and discussion 

3.5.1 Site size distribution simulation 

 Since at high coverage, single or double sites are no longer the most probable 

sites even for a Poisson spatial distribution, a Monte Carlo simulation was performed to 

predict the distribution of oxygen sites at the experimentally observed coverage. Fig. 20a 

is the oxygen chemisorption site length distribution that results from the experimental 

STM data from Fig. 15a. The same STM image is shown in Fig. 20b. If an equivalent 

oxygen coverage in is instead distributed randomly as single O sites, a Poisson spatial 

distribution predicts a exponential-like decay of site sizes, with the maximum number of 

sites being at the length of about 4 Å. The results of this simulation are shown in the site 

length distribution in Fig. 20c, with a pictorial representation in Fig. 20d. Fig. 20e comes 

from a weighted simulation in which there was a greater probability for a new O site to 

bond near a pre-existing site. The probability of sticking to a site without any neighboring 

sites being occupied (an isolated O chemisorption site) can be adjusted by applying a 
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relative sticking factor of 0 to 1. The relative sticking probability for an isolated site was 

set to 0.10, while the relative sticking probability for an adjacent (immediately next to an 

already-occupied site) was set to unity or 1.00. This resulting O site distribution for 

weighted sticking is represented pictorially in Fig 20f. It still does not match the 

experimental distribution. The distribution in Fig. 20g results from the attempted 

reproduction of the experimental data. The clean surface relative sticking probability is 

set to 0.01 in this simulation and the adjacent-site sticking probability is set to unity. 

There was also a soft limit on the length of sites that were generated. This was done by 

setting the relative sticking probability to 0.07 for all sites that would result in an overall 

site length of greater than 24 Å. The purpose of these parameters was to reproduce the 

maximum from the experimental sets of data that all showed the most common site size 

to be about 21–24 Å for the observed coverage. The pictorial representation of this 

simulation is shown in Fig 20h. This case reproduces most closely the experimental data. 

It gives a maximum at frequency ≅30 at a site length of about 24 Å.  
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Figure 20. Monte Carlo simulation of the oxidation of InAs(0 0 1)-(4 × 2). 
 
Results for the Monte Carlo simulations and a comparison to the experimental data. (a) 
The experimentally observed distribution of site lengths from the data in Figs. 
15a and 20b with a maximum at 7 (site length of ~ 24 Å). (b) The experimental STM 
image for the distribution in Fig. 20a. (c) The distribution of site lengths obtained from an 
average of 100 simulations with a 1.00 sticking probability for all sites. (d) Results from 
one simulation using conditions described in Fig. 20c. (e) The distribution of site 
lengths obtained from an average of 100 simulations with a 0.10 sticking probability to 
isolated sites and a 1.00 probability for sticking to adjacent sites. (f) Results from one 
simulation using conditions described in Fig. 20e. (g) The averaged data of 100 
simulations for a 0.01 sticking probability for isolated sites, a 1.00 sticking probability for 
adjacent sites, and a sticking probability for sites greater than 24 Å of 0.07. (h) Results 
from one simulation using conditions described in Fig. 20g. 
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 This simple model allows one to estimate the relative difference in sticking 

probabilities for the isolated versus adjacent oxygen chemisorption sites. Although it does 

not represent the true sticking probability of O2 on InAs(0 0 1)-(4 × 2)/c(8 × 2), it does 

show approximately what the ratio of sticking probabilities should be for isolated to 

adjacent sites. In the case for Figs. 20g–20h, this ratio is 0.01; specifically, the probability 

of chemisorption of oxygen to isolated sites is approximately 100 times lower than for 

chemisorption of oxygen to adjacent oxygen chemisorption sites. The results for the 

weighted probability distribution can lend insight to the relative activation energy barrier 

lowering during the autocatalytic effect. 

 Assuming a simple one dimensional activated chemisorption model for the O2 

bonding to the InAs(0 0 1)-(4 × 2)/c(8 × 2) surface, the energy barrier lowering for 

additional O2 chemisorption to adjacent sites (autocatalytic effect) can be estimated. For 

O2 molecules impinging onto the InAs surface, the translational energy follows the flux-

weighted Maxwell-Boltzmann (FWMB) distribution [107,108]. Only O2 molecules with 

enough translational energy can overcome the activation barrier to chemisorption on 

isolated sites. Since the experimental sticking probability is known to be 10-4, this 

represents only the highest-energy 0.01% of the impinging 300 K O2 molecules for the 

simple one-dimensional model. Using integrated areas for a FWMB distribution, these O2 

molecules have a translational energy of at least 0.30 eV. Sticking to adjacent O 

adsorption sites was estimated to be about 100 times greater than to isolated sites. This 

represents the O2 molecules with the highest 1% of translational energy in the FWMB 

energy distribution. Using integrated areas for a FWMB distribution, the impinging O2 

molecules would require translational energies of at least 0.17 eV for bonding to adjacent 
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sites. This represents an energy barrier lowering of 0.13 eV from O2 binding on isolated 

verses adjacent sites of the InAs(0 0 1)-(4 × 2)/c(8 × 2) surface. 

 The barrier lowering could be due to the creation of charge donation centers on 

the surface. If O2 chemisorption results in As displacement, there would be under-

coordinated As on the surface. This excess As may become an electron donor to 

incoming oxygen, thereby lowering the activation barrier to oxidation compared to the 

clean surface. From the STM images, areas of high charge density are seen, as in the case 

of the “protrusion” type sites. These sites could offer enough easily accessible electron 

density for the required 0.13 eV energy barrier lowering. Additionally, as the site sizes 

become larger, more bright areas observed in STM. Data from STM is a convolution of 

both geometric and electronic effects. Therefore it is unknown whether the protrusions 

are simply electron density from filled non-bonding orbitals, or whether they result from 

displaced substrate atoms. In either case, it is reasonable to assume that these sites would 

lower the activation barrier for oxidation. Displaced substrate atoms can result in higher 

energy partially-filled orbitals. Also, if the protrusions represent electron density in filled 

state STM images, that electron density could be transferred to the HOMO of an 

incoming O2 molecule. Both of these cases would lower the activation barrier to 

oxidation. 

 The combination of a highly exothermic reaction with a low initial sticking 

probability is consistent with a large activation barrier for O2 dissociative chemisorption 

on InAs(0 0 1)-(4 × 2)/c(8 × 2). Clustering of the chemisorption sites furthermore 

indicates that either clustered sites are more thermodynamically stable or there is an 

autocatalytic process which lowers the activation barrier to O2 dissociation near existing 
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O chemisorption sites. Since the chemisorption is highly activated, it is likely that the 

autocatalytic effect is due to differences in the activation barrier and not chemisorption 

energy. However, the observation of a maximum in the observed oxygen site length of 

21–24 Å suggests a thermodynamic effect.  

 

3.5.2 Density functional theory results 

 DFT simulations were performed to model the chemisorption sites. The DFT 

model for InAs(0 0 1)-(4 × 2) that was used in this study represents two surface unit cells, 

as shown in Fig. 14. The distance in the [1 1 0] direction for the unit cell is only 17.2 Å, 

so it was impossible to accurately reproduce the 21–24 Å sites seen in STM. The DFT 

results show which sites are possible at the low coverage, initial chemisorption stage due 

to these computational limitations. STM simulations of the O chemisorption sites were 

performed but were omitted since simulations of the full 24 Å sites are impossible at the 

current computational limitations for this model. In addition there is a well documented 

problem with DFT underestimating the band gaps of semiconductors and insulators 

[109,110]. In the case of narrow band gap semiconductors such as InAs, the band gap is 

predicted to be nonexistent. This results in mixing between the HOMO and LUMO 

states, which could lead to inaccurate DFT STM simulations. This was reflected in the 

fact that the empty state DFT STM simulation reproduced the filled state experimental 

STM results. 

 There are three main types of oxygen binding sites on InAs(0 0 1)-(4 × 2): As 

displacement sites (Figs. 21a and 21b), In–In insertion sites (Fig. 21c), and InAs2 
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displacement sites (Fig. 21d). For the As displacement site, an oxygen molecule displaces 

the row-edge As atoms on the 2nd atomic layer and the displaced As atoms are assumed to 

form trough As–As dimers. The chemisorbing O2 molecule can displace As atoms either 

on the same side or opposite side of the row as shown in Figs. 21a and 21b, respectively. 

For the In–In insertion sites, an oxygen atom inserts between the In atoms along the row 

to form an In–O–In bond.  For the InAs2 displacement, an oxygen molecule displaces a 

row In atom and the two row-edge As atoms to which it is bonded, leaving the O atoms 

in the sites previously occupied by As and a cut in the row; the displaced InAs2 are 

assumed to form a pyramid site in the trough. The displaced atoms are not shown in Fig. 

21 in order to more clearly see the resulting O chemisorption sites. It is important to note 

that the O adsorption sites could have different apparent lengths in the experimental STM 

images. For instance, a single O into the In–In insertion site would appear about as long 

in the [1 1 0] direction as two adjacent opposite side-of-row As displacements by 2 O 

atoms. Either of these could correspond to the smallest 4 Å site observed experimentally. 

 The number of consecutive insertion and displacement sites was also examined. 

Using the slab model for InAs, it was possible to model one, two, three and infinite 

insertion and displacement sites. This is due to the size of the InAs slab, which contains 

two surface unit cells, and the periodic boundary conditions. The DFT calculations of the 

binding sites for O onto InAs(0 0 1)-(4 × 2) show that there are a multitude of stable 

binding sites with exothermic enthalpies of adsorption, ranging from  -0.5 to -2.0 eV (see 

Table 1). 
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Figure 21. Oxygen adsorption sites examined with DFT. 

(a) Double As displacement on the same side of the row. (b) Double As displacement 
on opposite sites of the row. (c) The In–In insertion site. (d) The InAs2 displacement 
site. These DFT ball-and-stick diagrams show only the top 3 atomic layers of the 
simulated slabs. The displaced atoms are not shown for clarity. 
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Table 1. DFT oxygen adsorption sites on InAs(0 0 1)-(4 × 2). 
Summary of the enthalpies of oxygen chemisorption on InAs(0 0 1)-(4 × 2). All energies 
are per O atom and with respect to the O2 molecule and were determined via DFT. 
Energies are listed towards the right in order of increasing number of adjacent O 
adsorption sites. In the case of the 2 different As displacement sites, the displaced 2 As 
form ad-dimers in the trough region. In the last case, the InAs2 is displaced and inserts 
into two In dimer bonds across the trough in [-1 1 0]. 
 

Adsorption 
Site Fig. ∆Hads 1st 

(eV) 
∆Hads 2nd 

(eV) 
∆Hads 3rd 

(eV) 
∆Hads Inf 

(eV) 

Same-Side As 
displacement 21a 

-1.40 
 

 

-2.01 
 

 

-1.73 
 

 

-2.15 
 

 

Opposite-Side 
As 

displacement 
21b 

-2.10 
 

 

-1.94 
 

 

-1.82 
 

 

-1.91 
 

 

In–In 
insertion 21c 

-1.77 
 

 

-1.01 
 

 

-1.01 
 

 

-0.45 
 

 

InAs2 
displacement 21d 

-0.86 
 

 

-0.66 
 

 

-0.52 
 

 

-1.06 
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 The most reactive As atoms on the surface are those at the row edge because they 

form only three bonds to the substrate, leaving a dangling bond with electron density. 

Displacement can occur either on the same side or the opposite side of the row. The As 

displacement sites are shown to be thermodynamically stable, with nearly degenerate 

energies, regardless of the number of As displacements. The stability for all of the 

displacement sites is about -2 eV per O. However, there is a slight trend towards greater 

stability with greater number of As displacements by O for displacement on the same side 

of the row, as indicated in Table 1, row 1. The single As displacement is stable by -1.40 

eV and the stability increases for the infinite displacement which is stable by -2.15 eV. 

This trend supports the thermodynamic driving force for the formation of large sites. 

However, As displacement on opposite sides of the row shows no trend, with all sites 

energetically equivalent within 0.28 eV as shown in row 2 of Table 1. Additionally, this 

site would be less likely to occur than the same-side-of-row As displacement sites since 

an incoming O2 molecule would need to deposit oxygen atoms on opposite sides of the 

row.  

 For the O insertion sites, DFT total energy calculations indicate a trend towards 

lower stability with increasing site length. The insertion of a single O atom between two 

row In atoms results in a stabilization energy of -1.77 eV. For the next consecutive O 

insertion, the stability drops to -1.01 eV per O atom. Finally, with an infinite length O 

insertion the stability drops off to -0.45 eV per O atom. The energy barrier for subsequent 

O insertion sites on the In rows may still be lowered (autocatalysis), but there is a limit to 

the energy gained by further oxidation for insertion sites. For these reasons, the insertion 

sites would be expected to grow to some limiting site length. 
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 The displacement of an As–In–As group as shown in Fig. 21d is not likely to 

occur. As shown in Fig. 15, there are two distinct STM imaging conditions during the 

STM experiment, giving either the “cut” or the “protrusion” features. If an InAs2 group is 

displaced from the surface, the existence of cut features in STM images could easily be 

justified. However, an explanation of how protrusion sites appear in the bright-site 

imaging condition would be difficult considering the removal of the top two atomic rows 

in the displacement region. Additionally, the displacement of an InAs2 group would 

probably be a very activated process. 

 It is reasonable to assume that displacement of As from InAs(0 0 1)-(4 × 2)/c(8 × 

2) is a more activated reaction than for O insertion into the In row atoms. Displacement is 

usually a multi-step process that proceeds via one or more intermediate steps. 

Additionally, the electron density at the In atoms on the InAs(0 0 1)-(4 × 2)/c(8 × 2) rows 

is sterically more accessible by incoming O2 molecules than the dangling bonds of the 

tricoordinated As atoms in the second atomic layer along the In row. The insertion site is 

probably the initial reaction site for oxidation of the surface. However, only the first few 

O insertion sites are exothermic by -1.0 eV or more, so further reaction is suggested via 

As displacement. Arsenic displacement is stable by about -2 eV, regardless of the number 

of consecutive adjacent displacement sites. 

 The overall site size limit is about 24 Å and the autocatalytic mechanism is 

initiated by insertion. After insertion into the In row, it is suggested that the As 

displacement mechanism is thermodynamically favored and subsequent reaction can take 

place via this route, probably resulting in the protrusions seen in bright-site imaging 

condition. Arsenic atoms on the same side of the row are the likely candidates for 
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displacement. However, as previously stated, the displacement reactions may be more 

highly activated because displacement proceeds via one or more intermediate steps. 

Therefore, the sites being limited to 24 Å may be due to an increase in activation barrier 

as one switches from insertion to displacement sites even though displacement sites are 

more thermodynamically stable. This overall reaction concept is shown in Fig. 22 in the 

ball-and-stick diagram. Although not a precise, verifiable mechanism, Fig. 22 illustrates 

what is believed to take place during oxidation even though it does not include the stable 

21–24 Å site. 

 

 

Figure 22. Proposed oxidation scheme of InAs(0 0 1)-(4 × 2). 

The proposed types of reactions for dissociative chemisorption of O2 on InAs(0 0 1)-(4 × 
2)/c(8 × 2). Fig. 22 is not the result of DFT calculations. (a) The clean surface before 
oxidation. (b) Oxidation is initiated via In–In insertion by O. (c) As displacement is 
activated by the In–O–In insertion. (d) The main types of chemisorption sites 
incorporated into the stable 21–24 Å sites. 
 

 

 This proposed mechanism was also modeled by mixing the two main proposed 

types of oxygen chemisorption sites. Two of the DFT models used are shown in the ball-

and-stick diagrams in Fig. 23. In all cases the mixing of insertion and displacement sites 

was a stable by almost -2.0 eV per O atom, consistent with the proposed mechanism.  
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There was no evidence for thermodynamic limitations of mixing In–In insertion and As 

displacement sites within the DFT model. 

 

 

Figure 23. DFT diagrams of mixed O adsorption sites on InAs(0 0 1)-(4 × 2). 

(a) Four As displacements and one insertion site, ∆Hads = -1.98 eV. (b) Two As 
displacements and two insertion sites, ∆Hads = -1.73 eV. The displaced As atoms are 
not shown for clarity. Energies are per O atom. 
 

 

 Since dissociative chemisorption of molecular oxygen likely proceeds via transfer 

of electron density to the π* antibonding orbital of O2, it is possible that there is a low 

sticking probability on the clean surface because there are no ½ filled dangling bonds. 

The autocatalytic effect likely involves the creation of non-bonding orbitals containing 

electron density that would be reactive towards the O2 molecule. For example, if the As 

atoms do not dimerize upon displacement, each As will have two half-filled dangling 

bonds and should be reactive. The process is similar to what has been observed on 

GaAs(0 0 1)-(2 × 4)/c(2 × 8), where the electron density of the As atoms is the initial 

reaction site, but the oxidation results in group-III to oxygen bonds [92,93]. 
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3.6 Conclusion 

 Oxidation of InAs(0 0 1)-(4 × 2)/c(8 × 2) proceeds via the chemisorption of O2 

onto the rows along the [1 1 0] direction. The sticking probability was measured to be 

very low, 1–2 ×10-4 and the reaction sites tend to be large but finite in size. Oxidation 

tends to nucleate at a single site and then expand autocatalytically to a size of 21–24 Å. 

This is consistent with bonding along the In row, occupying about 5–6 In row atom 

spacings at low oxygen coverage (< 0.5 monolayer) and at 23° C. Monte Carlo 

simulations show that because the sticking probability is low, the autocatalytic effect 

could be due to a very small reduction in the activation barrier (0.13 eV) by oxygen-

induced displacement of substrate atoms.  DFT simulations suggest the initial oxygen 

binding site is insertion into the In atoms on the rows in the [1 1 0] direction, which is 

stable by -1.77 eV per O atom. However, increasing the number of O insertion sites into 

neighboring In atoms decreases the stability, consistent with DFT results. The stability of 

two neighboring row In-In insertion sites is already less stable by 0.76 eV per O atom, 

limiting the length of the oxidation sites. Further oxidation occurs by displacement of As 

atoms on the same side of the rows in the [1 1 0] direction and In–O bond formation, 

which is stable by about -2 eV per O atom. Bright-site imaging conditions for the largest 

oxidation sites show what is most likely displaced As. The theoretical results confirm that 

the growth of the In row insertion sites is ultimately limited by lower stability with 

increasing length of oxidation sites. Since oxidation of InAs(0 0 1)-(4 × 2)/c(8 × 2) 

proceeds via an autocatalytic fashion, it is important to limit the amount of oxygen in 

ALD process systems in order to avoid disruption of the surface lattice during growth. 
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CHAPTER 4: Initiation of a passivated interface between hafnium oxide and  

In(Ga)As(0 0 1)-(4 × 2) 

 

4.1 Abstract 

 Hafnium oxide interfaces were studied on two related group III rich 

semiconductor surfaces, InAs(0 0 1)-(4 ×2) and In0.53Ga0.47As(0 0 1)-(4 × 2), via two 

different methods: reactive oxidation of deposited Hf metal and electron beam deposition 

of HfO2. The interfaces were investigated with scanning tunneling microscopy (STM) 

and spectroscopy (STS). Single Hf atom chemisorption sites were identified that are 

resistant to oxidation by O2, but Hf islands are reactive to O2. After e- beam deposition of 

<< 1 monolayer (ML) of HfO2, single chemisorption sites were identified. At low 

coverage (< 1 ML), the HfO2/InGaAs(0 0 1)-(4 × 2) interface shows p-type character in 

STS, which is typical of clean InGaAs(0 0 1)-(4 × 2). After annealing below 200 °C, full 

coverage HfO2/InGaAs(0 0 1)-(4 × 2) (1–3 ML) has the surface Fermi level shifted 

towards the conduction band minimum for n-type InGaAs, but near the valence band 

maximum for p-type InGaAs. This is consistent with the HfO2/InGaAs(0 0 1)-(4 × 2) 

interface being at least partially unpinned, i.e., a low density of states in the bandgap. The 

partially unpinned interface results from the modest strength of the bonding between 

HfO2 and InGaAs(0 0 1)-(4 × 2) that prevents substrate atom disruption. The fortuitous 

structure of HfO2 on InAs(0 0 1)-(4 × 2) and InGaAs(0 0 1)-(4 × 2) allows for the 
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elimination of the partially filled dangling bonds on the surface, which are usually 

responsible for Fermi level pinning. 

 

4.2 Introduction 

 As complementary metal oxide semiconductor (CMOS) technology transitions 

from the traditional silicon based materials for the 45 nm node and beyond, both high-κ 

dielectrics and III-V semiconductors warrant investigation. Hafnium-based materials are 

already being incorporated [5,6] as the gate insulator for production of metal oxide 

semiconductor field effect transistors (MOSFETs) due to their much higher dielectric 

constants compared to SiO2 and large band offsets with most semiconductors [111-113]. 

InGaAs has a lower bandgap than silicon and shows higher electron mobility in 

experimental device architectures, making it an attractive material for increasing CMOS 

performance at low supply voltages [31,114]. 

 Unlike the Si/SiO2 interface, which has the beneficial characteristics of a low 

density of interfacial states (Dit) when formed by thermal oxidation of Si followed by 

hydrogen passivation, the InGaAs/HfO2 interface must be created through oxide 

deposition. Furthermore, the oxide deposition must leave the interface electrically passive 

with low Dit so that the Fermi level is unpinned (low state density in the bandgap) 

allowing the applied gate voltage to provide a high on/off source-drain current ratio. 

Many methods have been investigated for HfO2 deposition, which include MBE methods 

[115,116], PVD methods [84,117,118], e- beam deposition [119-123], and atomic layer 

deposition (ALD) [124-126]. Some methods incorporate a protective interlayer between 
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the III-V and the oxide, which has shown some success [84,118,121]. However, these 

methods frequently neglect to consider the III-V surface reconstruction used and many do 

not maintain ultrahigh vacuum (UHV) conditions during interface formation. This study 

shows that by strictly controlling the InGaAs surface reconstruction and the UHV 

conditions, the Fermi level can be at least partially unpinned because control can be 

exerted over the types of bonds which are formed. 

 In0.53Ga0.47As(0 0 1) is grown via MBE latticed-matched to InP(0 0 1). The group 

III rich surface of In0.53Ga0.47As(0 0 1)/InP(0 0 1) has (4 × 2) periodicity [38,39], and this 

surface reconstruction is discussed in detail elsewhere [20]. Its main features are In/Ga 

row and trough structures oriented in the [1 1 0] direction with a row separation of 17 Å. 

This structure is remarkably similar to the InAs(0 0 1)-(4 × 2) surface, which is discussed 

in detail elsewhere [15,17]. The similarity of these two III-V surfaces is further reflected 

in their symmetry changes at 80 K [17,20]. However, the InAs(0 0 1)-(4 × 2) surface 

shows better long range order, has larger mean domain sizes, and has fewer defects. 

Therefore, the InAs(0 0 1)-(4 × 2) surface is a better substrate for the identification of 

specific bonding geometries of chemisorbates. However, the band gap of In0.53Ga0.47As is 

about 2× larger than that of InAs (0.73 eV instead of 0.35 eV); consequently, measuring 

the surface Fermi level position with respect to the valence and conduction band edges 

(VBM and CBM, respectively) using scanning tunneling spectroscopy (STS) is less 

ambiguous on InGaAs than InAs. Both InGaAs(0 0 1)-(4 × 2) and InAs(0 0 1)-(4 × 2) are 

used to study the deposition of Hf and HfO2 and the resulting interfaces. A c(8 × 2) 

periodicity coexists on the same surfaces that is chemically nearly identical to the (4 × 2) 

surfaces. For simplicity, only the (4 × 2) notation is used herein. 
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 MOSFETs operate by an external electric field from the gate changing the 

position of the Fermi level in the semiconductor relative to the VBM and CBM. When 

there are states in the bandgap, the external field cannot change the filling of states in the 

conduction or valance bands and instead the external field only induces minor changes in 

the filling of the defect states; this is denoted as “Fermi level pinning.” These midgap 

states are usually created by dangling bonds– partially filled non-bonding orbitals on the 

semiconductor surfaces– or by highly ionic bonds [7,8]. In order for an 

oxide/semiconductor interface to be electrically “passive,” the interface must have a very 

low density of defect states (< 1012 cm-2 eV-1). To form a passive surface, the oxide 

deposition must not only avoid displacing surface atoms, since displaced atoms usually 

have partially filled dangling bonds, but the oxide/semiconductor bonding structure must 

eliminate any partially filled dangling bonds on the clean semiconductor surface without 

creating highly ionic bonds. By comparing two different methods of depositing a given 

oxide, HfO2, the role of the deposition method in atomic displacement of substrate atoms 

in oxide/semiconductor bond formation is revealed. Both InGaAs(0 0 1)-(4 × 2) and 

InAs(0 0 1)-(4 × 2) have pinned electronic structures on their clean surfaces so an oxide 

needs to eliminate the dangling bonds responsible for the midgap states to passivate the 

surface. Furthermore, the bonds between the metal oxide and the surface cannot be strong 

highly ionic bonds since these tend to also create midgap states. By determining the 

atomic and electronic structure of an oxide that partially passivates these surfaces, it is 

possible to understand the types of bonds to metal (Hf) and oxygen that remove dangling 

bonds without creating new midgap states. 
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4.3 Methods 

 The experiments were performed in an ultrahigh vacuum chamber equipped with 

an Omicron low-temperature scanning tunneling microscope, a Perkin Elmer model 11-

500A Auger electron spectrometer, and an Omicron SpectraLEED low energy electron 

diffractometer. The base pressure was 2×10-11 Torr. The InAs samples were grown via 

MBE on commercially available InAs substrates as described elsewhere [127]. The 

In0.53Ga0.47As samples were grown via MBE by collaborators offsite on commercially 

available InP substrates. The MBE grown layers were 1.5 µm thick, and the doping 

concentration was 1.5×1018 for both p-type and n-type wafers, using Be or Si as dopants, 

respectively. The samples were protected with an amorphous As2 capping layer (60–100 

nm thick) and shipped in rough vacuum. After transfer into the UHV analysis chamber, 

the samples were degassed at 200 °C for 3 hours and heated to 380 °C for 2 hours to 

desorb the As2 capping layer. The InAs(0 0 1)-(4 × 2) reconstruction was formed by 

increasing the substrate temperature by ~0.2 °C s-1 to 450 °C and holding for 10 minutes. 

The InGaAs samples were heating instead to a maximum temperature of 465 °C to obtain 

the (4 × 2) reconstruction. Surface periodicity was confirmed using low energy electron 

diffraction (LEED) and scanning tunneling microscopy (STM). 

 Hafnium was evaporated from a 99.9% purity metal rod using an Oxford Applied 

Research HPEB4 electron beam evaporator. Hafnium oxide was evaporated from a 

99.9% purity oxide tablet using an MDC e-vap 3000 electron beam evaporator. Both 

evaporators were located in a differentially pumped chamber at a base pressure of ~5×10-

9 Torr. Reactive oxidation of the Hf/InAs(0 0 1)-(4 × 2) was achieved by introducing 
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99.994% purity O2 into the UHV chamber through a UHV leak valve at pressures 

between 1×10-8 to 1×10-6 Torr. 

 Filled state STM images were acquired at -1.50 V to -3.00 V sample bias relative 

to the electrochemically etched W tip. The constant-current images were taken at a 

tunneling current setpoint of 50–100 pA. Scanning tunneling spectroscopy (STS) was 

performed using a lock-in amplifier (with a sine wave reference signal of 50 mV and 1.5 

kHz) to obtain the dI/dV data from the I(V) output of the Omicron MATRIX electronics. 

Several (~5–10) dI/dV curves are averaged together and reported in the STS data. 

 

4.4 Results and discussion 

4.4.1 Reactive oxidation of Hf by O2 

 At low coverage, single chemisorption sites are identified for Hf atoms on the 

InAs(0 0 1)-(4 × 2) surface. There are two nearly equivalent addition sites identified by 

STM that both occupy locations on the side of the rows, as indicated in Fig. 24. These are 

identified as the row-edge (Fig. 24b) and As-bridge sites (Fig 24c). The row-edge site 

involves the Hf atom bonding to the row-edge As atom, protruding over the In–In dimer 

in the trough region and centered between the In atoms of the dimer. The As bridge site is 

distinguished from the row-edge site by the position of the Hf atom with respect to the In 

dimers in the trough. In the case of the As-bridge site, the Hf atom is between the In 

dimers rather than over one dimer and this causes it to bridge the neighboring row-edge 

As atoms. 
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Figure 24. Low coverage deposition of atomic Hf/InAs(0 0 1)-(4 × 2). 

a) 270 Å × 270 Å STM image (-1.5 V, 100 pA) of the low coverage Hf/InAs(0 0 1)-(4 
× 2) surface showing the side-of-row Hf single atom chemisorption sites, which are 
highlighted by the green arrows. b) 50 Å × 50 Å high resolution STM image (-2.0 V, 
100 pA) of the row-edge Hf site and the corresponding ball and stick diagram of this 
site on the β3'(4 × 2) reconstruction of the InAs(0 0 1) surface. c) 50 Å × 50 Å high 
resolution STM image (-2.0 V, 100 pA) of the As-bridge Hf site and the corresponding 
ball and stick diagram of this site on the β3'(4 × 2) reconstruction of the InAs(0 0 1) 
surface. The contrast in (b) and (c) has been adjusted to optimize viewing of the 
structure in the trough. 
 

 

 Molecular oxygen was introduced into the STM chamber to observe oxidation of 

the Hf/InAs(0 0 1)-(4 × 2) surface in situ. The single Hf atoms were shown to have very 

low reactivity to O2 when chemisorbed to the InAs surface; only 18% ± 10% of the single 
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Hf atoms were oxidized after a total O2 dose of 700 L. The large uncertainty is due to the 

difficulty in counting reaction sites in STM data. Furthermore, reaction of O2 with the 

clean InAs substrate was observed, consistent with the previously observed mechanism 

[127]. The low reactivity for O2 on isolated Hf atoms (sticking probability of 1–4 x 10-4) 

is due to Hf having a lower electronegativity than the In and As atoms of the substrate; 

therefore, it is likely that Hf has donated electron density when bonding to the surface. 

On other semiconductor surfaces, O2 dissociatively chemisorbs via charge addition to its 

π* antibonding orbital [89-91]. The low reaction probability of O2 on Hf atoms is 

consistent with isolated Hf atoms providing little weakly bound electron density available 

for transfer to the incoming O2 molecule to accept into its π* orbital. The sticking 

probability for O2 on clean InAs(0 0 1)-(4 × 2) is ~10-4 [127]. The O2 reaction on clean 

InAs(0 0 1)-(4 × 2) involves the displacement of As atoms to form In–O–In bonds; it is 

likely that these displacement reactions will pin the Fermi level so it is imperative to find 

a method of increasing the Hf reactivity relative to the substrate.   

 After annealing the low coverage Hf/InAs(0 0 1)-(4 × 2) surface to 400° C, the 

single Hf atoms coalesce into islands. The smallest islands consist of 6 Hf atoms, or Hf 

“hexamers” and one is shown in the inset of Fig. 25a (the ball and stick diagram is shown 

in Fig. 25d). Larger Hf islands exist on the surface, as shown in Fig. 25a. However, no 

smaller Hf islands appear after annealing, which indicates that the hexamers are the 

smallest stable islands for the conditions. The standard allotrope of Hf forms a hexagonal 

close packed (hcp) crystal structure [128]; as the Hf islands increase in size, they lack 

atomic corrugation in STM and appear as bright regions. The difficulty in resolving 
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atomic corrugation of the islands in STM is consistent with the Hf bonding closely 

together as in the hcp structure.  

 

 

Figure 25. Coalescence of low coverage Hf/InAs(0 0 1)-(4 × 2). 

a) 770 Å × 770 Å STM image (-2.0 V, 100 pA) of the of the low coverage Hf/InAs(0 0 
1)-(4 × 2) surface after being annealed to 400 °C, showing that the Hf coalesces into 
islands of ≥ 6 atoms. Inset: detail of one Hf hexamer. b) High resolution 70 Å × 70 Å 
STM image (-2.0 V, 100 pA) of a group of 3 Hf hexamers before exposure to O2, 
indicated by green arrows. c) High resolution 70 Å × 70 Å STM image (-2.0 V, 100 
pA) of the same region of the surface after exposure to 350 L O2. The oxidation of the 
Hf hexamers is evident, indicated by green arrows. d) The ball and stick diagram of the 
proposed Hf hexamer geometry. 
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 The hexamers and larger Hf islands are more reactive towards O2 than the single 

Hf atoms, consistent with their having a metallic character. After an equivalent 700 L 

dose of O2, 64% ± 7% of the hexamer islands react with O2, and 60% of the reaction 

occurs within the first 100 L of O2 exposure. Figure 25b shows a group of Hf hexamers 

on the InAs(0 0 1)-(4 × 2) surface before O2 is introduced into the UHV chamber. Figure 

25c is the same area of the surface after 350 L O2 exposure, showing the resulting 

oxidation. This is in contrast to the oxidation of the single Hf atoms, which showed only 

sporadic single oxidation events throughout the O2 exposure time. The annealed Hf-

deposited surface shows high selectivity for oxidation of the Hf over the III-V substrate. 

After oxidation of the Hf islands, the surface was annealed at 400 °C to attempt to form a 

more ordered overlayer of HfOx on the InAs surface. Some local order is observed, but 

the majority of the regrowth shows amorphous island formation (Fig 26). This indicates 

preferential bonding of the HfOx to itself, rather than the InAs(0 0 1) substrate. The 

mobility of the HfOx on the surface at 400 oC is also consistent with relatively weak 

bonding between the HfOx and the substrate. 
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Figure 26. Annealed, oxidized, low coverage Hf islands on InAs(0 0 1)-(4 × 2). 

390 Å × 390 Å STM image of the Hf/InAs(0 0 1)-(4 × 2) surface after oxidation by 480 
L O2 at 25 °C and subsequent anneal at 400 °C for 10 minutes (-2.10 V, 50 pA). The 
green arrows show regions of 1st layer growth ordered in the [-1 1 0] direction and the 
blue arrows show oxygen sites (dark cuts in the rows). 
 

 

4.4.2 Direct deposition of HfO2 

 Low coverage chemisorption sites for e- beam deposited HfO2 have been 

identified and are shown in Fig. 27a. The HfO2 molecule bonds on the side of the group 

III rows and over the trough regions. The chemisorption sites are usually observed in 

STM as double, row “bridge” sites as shown in the blue box of Fig. 27a. These 

chemisorption sites have been modeled using density functional theory (DFT), and those 

results are published in a companion paper [129]. In that paper, DFT results reveal that 

the double HfO2 “bridge” site is slightly more stable than the single HfO2 half-bridge site. 

In STM images, these HfO2 sites appear different than the single Hf atom sites– the HfO2  

sites are larger in diameter and are located higher above the row. In these sites, the HfO2 
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molecule is oriented over the trough region along the side of the row via O–In bonds and 

Hf–As bonds as indicated in the ball and stick diagram of the half-bridge site in Fig. 27b. 

On the clean surface, the substrate atoms for these sites all have dangling bonds from 

their tricoordinated configuration. The proposed HfO2 site shown in Fig. 27b eliminates 

these dangling bonds on the row-edge As atoms and trough-dimer In atoms. 

 At higher coverages, a Volmer-Weber growth mode is observed with small HfO2 

islands forming on the surface for substrate temperatures of 200 °C during oxide 

deposition. This is represented in the STM data in Fig. 27c and the corresponding 

histogram of the pixel heights. For the coverage in Fig. 27c, 14% of the surface area is 1st 

layer growth and 11% is 2nd layer growth or higher, typical for Volmer-Weber growth 

[130]. The first layer growth shows small regions of order, indicated by the green arrows 

in Fig. 27c. This ordered reconstruction is more prevalent at higher deposition or 

annealing temperatures (≥ 300 °C). Deposition of HfO2 via e- beam is known to produce 

polycrystalline films for elevated growth temperatures of > 250 °C and smooth, 

amorphous films at lower temperatures [123,131]. Those results are consistent with this 

study. 
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Figure 27. Deposition and growth mode of HfO2 on InAs(0 0 1)-(4 × 2). 

Electron beam deposition of HfO2 on InAs(0 0 1)-(4 × 2). a)  90 Å × 80 Å STM image of 
the HfO2 bridge site (blue box) and other single HfO2 sites (-2.5 V, 30 pA). The 
deposition temperature was 200 °C. b) The ball and stick diagram of a single HfO2 half-
bridge site. c) 390 Å × 390 Å STM image of submonolayer growth of HfO2 by e- beam 
deposition at a substrate temperature of 200 °C (-3.5 V, 50 pA). The green arrows show 
the ordered 1st layer growth that can occur. d) A histogram of the pixel heights for the 
image in Fig. 27a. Fourteen percent of the surface area is 1st layer HfO2 growth and 11% 
of the surface area is multilayer growth. These ratios are consistent with a Volmer-Weber 
growth mode for HfO2. 
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 At higher coverage of HfO2 on the group III rich InAs(0 0 1) or InGaAs(0 0 1) 

surfaces, the growth is amorphous at substrate temperatures up to ~200 °C. Since the 

growth mode is Volmer-Weber-like, full coverage only occurs after the equivalent of 

several monolayers of oxide have been deposited. For an annealing temperature of 100 

°C, full coverage of HfO2 on the surface (Fig. 28a) shows smooth, amorphous growth 

with an RMS roughness of 0.8 Å. 

 At annealing or deposition temperatures of 300 °C, the HfO2 on InGaAs(0 0 1)-(4 

× 2) shows small regions of ordered structure that is only in the first layer and also 

disordered, multilayer island growth (Fig. 28b). These ordered regions are similar to the 

ordered regions formed by oxidation of the annealed Hf atoms on the InAs(0 0 1)-(4 × 2) 

surface (Fig 26). However e- beam deposited HfO2 may also induce substrate roughening, 

as evidenced by the dark pits in the STM image of the HfO2/InGaAs(0 0 1)-(4 × 2) 

surface (Fig. 28b). 
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Figure 28. Dependence of the oxide layer structure on substrate temperature. 

a) 820 Å × 870 Å STM image (-2.5 V, 50 pA) of the full coverage HfO2/InGaAs(0 0 1)-
(4 × 2) surface showing the smooth amorphous growth with RMS roughness of 0.8 Å. 
The substrate temperature was 25 °C followed by a 100 °C anneal and the growth rate is 
approximately 0.2 ML sec-1. b) 870 Å × 870 Å STM image (-2.3 V, 50 pA) of a ~0.8 ML 
HfO2/InGaAs(0 0 1)-(4 × 2) surface after annealing to 300 °C. There is more ordered 
structure in the 1st layer growth, but also potential substrate atom displacement (green 
arrows). 
 

 

 While amorphous gate oxides are usually preferable for MOSFETs, an ordered 

first layer of gate oxide is usually desired [132]. An ordered first layer is optimal since it 

will allow further oxide growth to have uniform thickness and because ordered structures 

are more likely to leave the surface unpinned. The first-layer order seen in Fig. 28b 

suggests that the HfO2 bonds to the III-V substrate are relatively weak; the diffusion of 

HfO2 on the surface to form these ordered regions would not be likely to occur for this 

refractory oxide if the bonds to the substrate were strong. 

 Scanning tunneling spectroscopy (STS) was performed on full-coverage 

HfO2/InGaAs(0 0 1)-(4 × 2) for both p-type and n-type substrates and compared to STS 
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results for the clean InGaAs(0 0 1)-(4 × 2) surfaces. For the clean surface, both n-type 

and p-type InGaAs(0 0 1)-(4 × 2) show dI/dV curves that indicate that the surface Fermi 

level (EF) is located near the valence band maximum (VBM), as shown in Figs. 29a and 

29b (red lines). In each case, EF = VBM + 0.2 eV. This p-type character for n-type 

InGaAs is likely due to either a surface dipole or pinning induced by defect states on the 

clean surface [20]. A similar phenomenon occurs for the analogous InAs(0 0 1)-(4 × 2) 

surface, except that the position of the pinning state at about 0.2–0.3 eV above the VBM 

causes n-type pinning behavior. The p-type character of both InGaAs surfaces is 

reproducible in STS experiments and is described as being “pinned p-type”. 

 After full-coverage deposition of HfO2 (substrate temperature of 25 °C followed 

by a 100 °C anneal and a growth rate of ~0.2 ML sec-1), the STS results show at least a 

partial unpinning of the surface. The blue dashed line in Fig. 29a (p-type InGaAs) is the 

STS data after oxide deposition; the results show that the CBM position remains the same 

with respect to EF, but the valence band-edge density decreases. The origin of this 

decrease in valence band-edge density on the p-type material is unknown and does not 

occur with the n-type material, but the difference could be due to irregularities in the 

thickness of the oxide layer. In Fig. 29b (n-type InGaAs), the Fermi level position shifts 

with respect to both the CBM and VBM, consistent with a partially unpinned surface 

Fermi level (blue dashed line). The overall shift is only about 0.2 eV. It appears that the 

band gap was reduced in this case by 0.1 eV. However, the badgap is still close to the 

expected value (0.73 eV) and the Fermi level position clearly moves towards the CBM 

and away from the VBM. 
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Figure 29. STS results for HfO2 on p-type and n-type InGaAs(0 0 1)-(4 × 2). 

a) The STS results for clean (red solid line) vs. full coverage of HfO2 (blue dashed line) 
on p-type InGaAs(0 0 1)-(4 × 2) using e- beam deposition at 25 °C and subsequent 100 
°C anneal. The EF position remains at 0.5 eV below the CBM, consistent with an 
unpinned interface. b) The STS results for clean (red solid line) vs. full coverage of 
HfO2 (blue dashed line) on n-type InGaAs(0 0 1)-(4 × 2). The EF position shifts with 
respect to both the VBM and CBM, which is consistent with the HfO2 interface 
removing the p-type pinning behavior associated with the clean InGaAs surface. 
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 Consistent with a partially unpinned interface, the STS results for HfO2 on p-type 

InGaAs(0 0 1)-(4 × 2) show no change for the Fermi level position with respect to the 

CBM (EF = CBM – 0.5 eV), while the STS results for HfO2 on n-type InGaAs(0 0 1)-(4 × 

2) show that the Fermi level moves from 0.5 eV below the CBM to 0.2 eV below the 

CBM. Additionally, for HfO2 on n-type InGaAs(0 0 1)-(4 × 2), the Fermi level position 

moves from VBM + 0.2 eV to VBM + 0.4 eV. These results suggest that a partially 

unpinned interface is formed between HfO2 and InGaAs(0 0 1)-(4 × 2) for the conditions 

of low annealing temperature (≤ 200 °C). At higher annealing temperatures (≥ 300 °C), 

the Fermi level position on n-type material is not as close to the CBM and appears more 

p-type. This is likely related to the substrate roughening seen for 300 °C annealed 

HfO2/InGaAs(0 0 1)-(4 × 2). For p-type material and higher annealing temperatures, the 

Fermi level position remains near the VBM. For low annealing and deposition 

temperature (< 200 °C), the unpinning may not be complete due to oxidation of the III-V 

substrate during deposition. The background pressure during e- beam deposition reaches 

the range of 10-6 Torr in the differentially pumped evaporation chamber, indicating that 

the HfO2 evaporates incongruently. Adventitious oxygen species could chemisorb onto 

the InGaAs surface and create pinning states. Oxygen-induced pinning has been seen for 

other III-V surfaces [7]. Investigation is warranted of other deposition methods (atomic 

layer deposition) since the reactions may involve less adventitious O2 and the undesired 

arsenic oxide “clean up” effect has been observed for other high-κ oxide metal precursors 

such as trimethyl aluminum [133,134]. 

 The partial unpinning of InGaAs(0 0 1)-(4 × 2) is very instructive for identifying 

other possible oxide-semiconductor unpinned interfaces. The only other STM study that 
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showed the atomic positions for an unpinned interface was Ga2O/GaAs(0 0 1)-(2 × 4) 

where the Ga2O made simple Ga–As bonds to the surface; the surface was unpinned by 

just forming a bulk-like transition to the oxide [7,135]. For HfO2/InGaAs(100)-(4 × 2), 

the interfacial bonds are not bulk-like; instead they are Hf–As bonds and O–In/Ga bonds.   

Strong highly ionic bonds are expected to create midgap states which pin the interface, 

but this does not occur for HfO2/InGaAs(0 0 1)-(4 × 2). Instead the bonds are relatively 

weak, as shown by the formation of some locally ordered regions at medium coverage. 

This relatively weak bonding to the surface occurs because the HfO2 formula units 

already have cationic-anionic charge exchange. Furthermore, the fortuitous structure of 

HfO2 allows elimination of the partially filled dangling bonds on the surface which are 

thought to be responsible for Fermi level pinning of InGaAs(0 0 1)-(4 × 2) even on the 

defect free surface. 

 

4.5 Conclusion 

 Oxidation of Hf metal on the InAs(0 0 1)-(4 × 2) surface was observed in situ via 

STM. Two different single atom Hf chemisorption sites were identified on the InAs(0 0 

1)-(4 × 2) surface, but these single atom sites had low reactivity to O2. Annealing the 

Hf/InAs(0 0 1)-(4 × 2) surface created Hf clusters, the smallest of which was six atoms in 

size. These hexamers and other larger Hf islands were reactive to O2, but selectivity over 

the substrate for oxidation may be a problematic. The direct e- beam deposition of HfO2 

on In(Ga)As(0 0 1)-(4 × 2) is preferable for interface formation. 
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 Single chemisorption sites for e- beam deposited HfO2 on the surface of 

In(Ga)As(0 0 1)-(4 × 2) were identified that occur on the side of the rows and over the 

trough group III dimers. Thicker layer growth of HfO2 occurs via a Volmer-Weber-like 

process where there is a preference for the HfO2 to form islands on the III-V surface. The 

STS (electronic structure) results show that full coverage of HfO2 annealed below 200 °C 

on the InGaAs(0 0 1)-(4 × 2) surface moves the EF further from the VBM and closer to 

the CBM for n-type InGaAs. The Fermi level is unchanged with respect to the CBM for 

p-type InGaAs. The STS results suggest that the p-type pinning observed on clean 

InGaAs(0 0 1)-(4 × 2) is partially removed upon the formation of an interface with HfO2. 

If the surface could be protected from adventitious O2 chemisorption during deposition, 

full unpinning would likely be possible for deposition below 200 °C. The partial 

unpinning of the interface results from the modest strength of the bonding between HfO2 

and InGaAs(0 0 1)-(4 × 2), preventing surface disruption at these low annealing 

temperatures. The fortuitous structure of HfO2 allows for the elimination of the partially 

filled dangling bonds on the surface by formation of both Hf-As bonds and O-In/Ga 

bonds. Theoretical results in the companion paper further support this data [129].  
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CHAPTER 5: Reaction of oxidation precursors for atomic layer deposition on InAs(0 0 

1)-(4 × 2)/c(8 × 2) 

 

5.1 Abstract  

 Three atomic layer deposition (ALD) oxygen precursors for metal oxide 

deposition were examined for the reaction with the group III rich InAs(0 0 1)-(4 × 2)/c(8 

× 2) surface: water (H2O), hydrogen peroxide (HOOH), and isopropyl alcohol (IPA). 

Scanning tunneling microscopy revealed that surface atom displacement occurs in all 

cases, but via different mechanisms for each precursor. The reactions were examined as a 

function of post-deposition annealing temperature. Water reaction shows displacement of 

surface As atoms, but it does not fully oxidize the As, since the clean (4 × 2) 

reconstruction is regenerated by annealing. Exposure of IPA and subsequent low 

temperature anneals (100 °C) showed preferential reaction on the row features of InAs(0 

0 1)-(4 × 2)/c(8 × 2), but higher temperature anneals result in permanent surface atom 

displacement/etching. Etching of the substrate was observed with HOOH exposure for all 

annealing temperatures. The reversible oxidation by H2O shows that it may be a superior 

precursor for metal oxide ALD with metal precursor-first processing since adventitious 

oxidation of the substrate may be at least partially reversed by post-deposition annealing. 

Scanning tunneling spectroscopy was performed to investigate the resulting surface 

Fermi level position after exposure to the three ALD O-precursors and subsequent 

annealing. The Fermi level position remains near the conduction band minimum for the 



 

  

99

select cases examined, suggesting that the n-type Fermi level pinning observed on the 

clean InAs(0 0 1)-(4 × 2) surface is not removed for the coverages studied (< 1 

monolayer). 

 

5.2 Introduction 

 Of the many thin film deposition techniques, atomic layer deposition (ALD) has 

received much attention for nanoscale films due to its precise control of film growth over 

large areas. ALD has the advantage that one can grow on three dimensional surfaces, the 

reactions are self-limiting, and layer thickness can be controlled to a fraction of a 

monolayer. These advantages contribute to the wide use of ALD in many applications in 

microelectronics [31,85,136] with oxides having been investigated more than any other 

inorganic material [137]. In metal-oxide-semiconductor field effect transistor (MOSFET) 

technology, ALD is of particular interest due to its control of the thickness of the thin 

film. Many types of high-κ dielectrics can be grown on semiconductor surfaces using 

ALD, decreasing the equivalent oxide thickness (EOT) of the MOSFET gate dielectric 

[85,136,138]. Additionally, III-V materials are being investigated for use in MOSFETs 

due to their high electron mobility compared to silicon and their tunable bandgaps [75,83-

85,114,139]. Consequently, ALD of metal oxides on III-V semiconductor surfaces is a 

very active area of research. 

 The ALD initiation step occurs after the first pulse of precursor material; it is 

important to understand how this initiates a III-V semiconductor surface for metal oxide 

growth. A good interface will require that the semiconductor surface remains relatively 



 

  

100

unperturbed, preventing Fermi level pinning, which is critical for operable MOSFET 

devices. ALD can be initiated for growth of metal oxides using either the oxygen 

precursor or the metal precursor. In this study, three different oxygen precursors (H2O, 

HOOH, and IPA) were investigated for the ALD growth of metal oxides on the (4 × 

2)/c(8 × 2) surface of InAs(0 0 1). ALD growth of oxides usually employs water as the 

oxygen precursor [133,137], but other oxygen precursors have been utilized less 

frequently, including hydrogen peroxide (HOOH) [77,140,141] and propan-2-ol 

(isopropyl alcohol or IPA) [78,142,143]. Studies have shown that the choice of precursor 

greatly affects the quality of the film [144-146].  

 Indium arsenide is a low bandgap, high electron mobility III-V material. The (0 0 

1) surface is the technologically important crystallographic orientation upon which most 

epitaxial growth is performed. There are many different reconstructions of this surface. 

These range from the As-rich series of reconstructions like the α2(2 × 4) and the β2(2 × 

4) [14,60,147], to the In-rich reconstructions also known as the β3(4 × 2) or β3'(4 × 2) 

[15,17,65]. A key feature of the (2 × 4) reconstructions is the presence of As dimers, 

which have been shown to facilitate the reaction of O2 on other III-V surfaces [7,92]. The 

In-rich (4 × 2) surface reconstruction lacks surface As dimers and has been shown to be 

much less reactive to molecular oxygen [127]; therefore, the In-rich reconstruction is 

likely to be more suitable for ALD growth. ALD usually occurs at higher pressures than 

other thin film deposition techniques such as molecular beam epitaxy (MBE); 

consequently, substrate resistance to oxidation by background gasses is important. The 

ability to produce high quality, low defect density InAs(0 0 1)-(4 × 2)/c(8 × 2) surfaces 

makes this surface an excellent substrate for scanning tunneling microscopy (STM) 
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studies. It also closely resembles another important III-V semiconductor surface, 

In0.53Ga0.47As(0 0 1)-(4 × 2)/c(8 × 2) [20]. Since the InAs(0 0 1)-(4 × 2) surface is nearly 

identical to the In0.53Ga0.47As(0 0 1)-(4 × 2) surface but has better order, it is preferable 

for STM studies. The reactions on these two surfaces are likely very similar. 

 

5.3 Methods 

 The experiments were performed in an ultrahigh vacuum (UHV) chamber 

equipped with an Omicron low-temperature scanning tunneling microscope (STM), a 

Perkin Elmer model 11-500A Auger electron spectrometer (AES), and an Omicron 

SpectraLEED low energy electron diffractometer (LEED). The base pressure was 2×10-11 

Torr. The InAs samples were grown using MBE by collaborators offsite on commercially 

available InAs(0 0 1) substrates. The MBE grown layers were 300 nm thick and the 

doping concentration was 1×1018 cm-3 for both p-type and n-type wafers, using Be or Si 

as dopants, respectively. The samples were protected with an amorphous As2 capping 

layer (60–80 nm thick) for rough vacuum transport. After transfer into the UHV analysis 

chamber, the InAs samples were degassed at 200 °C for 3 hours and subsequently, heated 

to 380 °C for 2 hours to desorb the As2 capping layer. The InAs(0 0 1)-(4 × 2)/c(8 × 2) 

reconstruction was formed by increasing the substrate temperature by 0.2 °C s-1 to 450 °C 

and holding for 10 minutes. To obtain the (2 × 4) reconstruction of the InAs(0 0 1) 

surface, a different degassing-decapping-annealing process was employed. The degas 

cycle was performed at 180 °C for 3 hours followed by 300 °C for 2 hours and finally a 

360 °C anneal for 45 minutes. Surface periodicity was confirmed using LEED and STM. 
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 The InAs substrates were transferred from the UHV chamber into a high vacuum 

chamber (P ≅ 5×10-7 Torr) for dosing with ALD oxygen precursors. The oxygen 

precursors were HPLC grade H2O, HPLC grade IPA and 30% HOOH in H2O 

(HOOH(aq)). The pure vapor was prepared in a clean dosing line at room temperature over 

~5 mL of the liquid in a reservoir. The desired vapor dose was prepared by throttling the 

pumping speed on the dosing line and, subsequently, flowing this vapor into the dosing 

chamber through a shut off valve. After dosing, the samples were re-introduced into the 

UHV chamber and annealed. The range of annealing temperatures was chosen to mimic 

ALD processing conditions– from 100 °C to 450 °C. After dosing the surface with any of 

the ALD precursors, the samples required an annealing temperature of at least 100 °C in 

UHV before analysis by STM. Presumably, this is due to the large amount of physisorbed 

material that remains on the surface and interacts with the STM tip after dosing at 25 °C 

and 10–100 mTorr. 

 Filled (empty) state STM images were acquired at -1.50 V to -2.50 V (+2.5 V) 

sample bias relative to the electrochemically etched W tip. The constant-current images 

were taken at a tunneling current setpoint of 50–200 pA. Scanning tunneling 

spectroscopy (STS) was performed using a lock-in amplifier with a sine wave reference 

signal of 50 mV and 10 kHz. Averaged I(V) curves are reported. 

 

5.4 Results and discussion 

 The InAs(0 0 1)-(4 × 2)/c(8 × 2) surface has been imaged using STM by this 

research group, and the results are discussed elsewhere [17]. The clean surface is 
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modeled as consisting of rows of In atoms along the [1 1 0] direction divided by trough 

regions that contain two In–In dimers per unit cell in the 3rd atomic layer; there are no As 

dimers on this surface. This surface reconstruction is known as the β3'(4 × 2) 

reconstruction of the InAs(0 0 1)-(4 × 2)/c(8 × 2) surface. Feldwinn et al. [17] discuss the 

possibility that the β3'(4 × 2) reconstruction may be a superposition of two similar 

reconstructions that differ only in minor details within the row structure, similar to what 

is discussed in Shen et al. [20] for In0.53Ga0.47As(0 0 1)-(4 × 2). 

 With oxidant-first ALD, the purpose of the oxygen precursors is to initiate the 

ALD reaction by functionalizing the semiconductor surface with hydroxyl ligands, which 

are in turn reactive to the ALD metal precursors such as trimethyl aluminum. On the 

subsequent pulse, the metal ALD precursor attacks the O atom of the –OH group, 

substituting for the H atom [148,149]. A good O precursor should have a reactive R–OH 

bond where the R group is a good leaving group upon formation of the substrate–OH 

bond. 

 The InAs(0 0 1)-(4 × 2)/c(8 × 2) surface exhibits different reactivity towards the 

three oxygen precursors examined in this study. Fig. 30 illustrates this with a comparison 

of the InAs surface after reaction with equivalent doses from all three ALD precursors. 

The vapor pressure and exposure times for the three precursors were similar, and dosing 

was followed by one minute anneals at 200 °C in UHV. The result of the H2O dose is 

shown in Fig. 30a and represents a coverage of ~0.05 ML. This is very similar to the 

coverage obtained by the IPA dose, which is ~0.07 ML and shown in Fig. 30b. However, 

the HOOH dose resulted in a much higher coverage of 0.44 ML, which is shown in Fig. 

30c. Therefore, the 30% HOOH(aq) solution produces a vapor that reacts with the 
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semiconductor surface much more readily than either pure H2O or IPA. This is likely due 

to the difference in R–OH bond energy of the three precursors. For hydrogen peroxide 

this energy is only 2.18 eV, whereas for IPA and water the R–OH bond dissociation 

energies are 4.12 eV and 5.15 eV [150]. 
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Figure 30. Reactivity comparison between the three ALD oxygen precursors. 

The coverage shows the different reactivities on the InAs(0 0 1)-(4 × 2)/c(8 × 2) 
surface. a) H2O dose: the coverage is about 0.05 ML (STM image +2.50 V, 50 pA, 780 
Å × 780 Å). b) IPA dose: the coverage is similar to that of the H2O dosed surface; it is 
about 0.07 ML (STM image -2.50 V, 200 pA, 870 Å × 870 Å). c) HOOH dose: the 
coverage is about 0.44 ML. (STM image -2.5 V, 50 pA, 780 Å × 780 Å). All exposures 
(>> 104 L) and subsequent annealing temperatures and times (200 °C for ~1 min) were 
equal. 
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5.4.1 The water-dosed surface 

 The clean InAs surface prior to H2O exposure is shown in Fig. 31a. At sub-ML 

coverages, the H2O/InAs(0 0 1)-(4 × 2)/c(8 × 2) surface exhibits ordered features in the 

[1 1 0] direction centered between the In rows called “interstitial rows,” as shown in Fig. 

31b. Although not atomically resolved, the adsorbates are centered between and at the 

same apparent height as the adjacent In rows; a bonding structure for this overlayer was 

not determined, but the height of the adsorbate interstitial rows is consistent with bonding 

of OH or displaced As atoms to trough In atoms. At this coverage, the length of these 

interstitial rows can be longer than 280 Å, consistent with attractive long range order. 
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Figure 31. The H2O/InAs(0 0 1)-(4 × 2) reaction at different temperatures. 

a) The clean InAs surface before H2O exposure. The blue boxes highlight the T defects 
[15,127] (STM data 870 Å × 870 Å, filled state). b) The same surface after H2O 
exposure and subsequent 200 °C anneal. The inset (180 Å × 50 Å) shows the prevalent 
feature for these conditions, called the interstitial rows (STM data 870 Å × 870 Å, 
filled state). c) The same H2O-exposed surface after annealing to 350 °C. The main 
features for these conditions are zig-zag rows in the [-1 1 0] direction (shown in the 
inset, 70 Å × 120 Å) and cuts in the rows (highlighted by the green boxes). STM data 
870 Å × 870 Å, filled state. d) The same surface after annealing to 450 °C. All 
regrowth and row cut features are gone from the surface. The T defects are highlighted 
by the blue boxes and are present at densities similar to the clean surface (left lower 
inset, 60 Å × 60 Å). STM data 870 Å × 870 Å, filled state. 
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 Analysis of Fig. 31b reveals that the regrowth resulting from the H2O dose 

constitutes an area of 2,600 nm2 of the full 7,570 nm2, or 34% of the image area, which is 

shown in Fig. 32a. A histogram of the STM data from Fig. 31b reveals a bimodal 

distribution of heights of the STM pixel data (see Fig. 32b). The first mode of the 

distribution corresponds to only the trough structure on InAs(0 0 1)-(4 × 2)/c(8 × 2). The 

remaining part of the distribution represents both the rows on the InAs(0 0 1)-(4 × 2)/c(8 

× 2) surface and the H2O-induced regrowth, including the interstitial rows. It was 

determined that regrowth above both the interstitial and In rows accounts for the highest 

9% of the image area. Since the total regrowth area must equal 34%, the interstitial rows 

combined with the other 1st layer regrowth account for 25% of the image area. This is 

summarized in Fig. 32b. 
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Figure 32. Height analysis from H2O/InAs(0 0 1)-(4 × 2), 200 °C anneal. 

From the STM data in Fig. 31a. a) Only the regrowth areas are shown, with the clean 
InAs surface data subtracted from the STM image (870 Å × 870 Å, filled state). This 
constitutes 34% of the image area. b) A histogram of the heights in the STM pixel data 
from Fig. 31b, which shows a bimodal distribution. The 1st layer regrowth accounts for 
25% of the image area and the remaining 9% of the regrowth consists of 2nd layer 
regrowth and above. 
 

 

 Upon annealing the H2O-dosed surface to 350 °C, a new ordered structure is 

observed, as shown in Fig. 31c and 33a. The structure forms zig-zagging rows in the [-1 1 

0] direction that are separated by about 16–18 Å in the [1 1 0] direction and consist of 

lobes that are separated by about 8–9 Å in the [-1 1 0] direction (along the length of the 

new rows). This new ordered structure is consistent with regrowth of the α2(2 × 4) 

reconstruction of the clean InAs(0 0 1) surface, which is stable at lower temperatures than 
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the β3'(4 × 2) reconstruction and lower As flux than the β2(2 × 4) reconstruction 

[26,147]. For comparison, an as-prepared (2 × 4) surface is shown in the STM data in Fig 

33b. Ball-and-stick diagrams for the β3'(4 × 2) and the α2(2 × 4) reconstructions of the 

InAs(0 0 1) surface are shown in Figs. 33c and 33d. The as-prepared (2 × 4) surface 

consists of mostly α2(2 × 4) reconstruction with some β2(2 × 4) reconstruction present 

[26,60]. The zig-zagging rows of the α2(2 × 4) reconstruction of InAs(0 0 1) are also 

separated by about 16–18 Å in the [1 1 0] direction and consist of lobes that are also 

separated by about 8–9 Å along the length of the new rows. It appears that the H2O-

induced α2(2 × 4) regrowth on the β3'(4 × 2) surface initiates at step edges. Further 

evidence suggesting that this is α2(2 × 4) regrowth is that within the surface unit cells for 

both the β3'(4 × 2) and the α2(2 × 4) reconstructions, there are the same number of As 

and In atoms. No change to the surface As:In ratio is required for the transition between 

the two reconstructions. 
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Figure 33. H2O-induced regrowth on InAs(0 0 1)-(4 × 2) vs. (2 × 4) reconstruction. 

a) STM image (130 Å × 170 Å, -1.80 V, 100 pA) of the H2O-induced regrowth after 
350 °C anneal on InAs(0 0 1)-(4 × 2)/c(8 × 2). b) STM image (120 Å × 160 Å, -2.0 V, 
100 pA) of the InAs(0 0 1)-(2 × 4) surface. The black box surrounds an α2(2 × 4) 
region and the red box surrounds a β2(2 × 4) region [60]. c) and d) Top-down ball and 
stick diagrams of the β3'(4 × 2) and α2(2 × 4) reconstructions of the InAs(0 0 1) 
surface, respectively. Only the uppermost atomic layers are shown for clarity. Note that 
each surface reconstruction contains 4 surface As atoms and 6 surface In atoms per unit 
cell. 
 

 

 After H2O exposure followed by 350 °C annealing, row cut features are observed. 

These row cut features are highlighted in the STM data by the green boxes in Fig. 31c. 

One possible explanation is that the cuts are the result of substrate surface As 

displacement or In displacement. Additionally, the dark sites could be due to O 

chemisorption which has been shown to cause dark cut features (also via surface As 

displacement) upon exposure to molecular oxygen at 25 °C [127]. The vapor pressure of 
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pure As2O3 at 350 °C is 141 Torr [151], so for the 350 °C annealed surface, it is assumed 

that any As2O3 formed due to H2O exposure on the InAs surface will have evaporated. 

Furthermore, the 350 °C-annealed, H2O-dosed surface showed no evidence for the 

presence oxygen within the detectable limits of AES (Fig. 34). Therefore, the cuts in Fig. 

31c are likely In or As displacement, and by 350 °C nearly all oxygen is removed from 

the surface. The desorption of oxygen does not involve arsenic oxide desorption since 

desorption of oxygen results in regions of the surface having an As rich reconstruction. 

Rather than oxidizing the surface As or In, the initial reaction of H2O on InAs(0 0 1)-(4 × 

2)/c(8 × 2) displaces surface As atoms. The water desorption at 350 °C could occur via 

two distinct mechanisms:  H2O could directly evaporate from the surface, or the –OH 

chemisorbed species could recombine and undergo evaporation as 2(OH)  H2O + ½ O2. 

 

 

Figure 34. The AES of InAs(0 0 1)-(4 × 2) after H2O exposure and 350 °C anneal. 

There is no Auger peak for O at 503 eV, indicated by the arrow. 
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 After annealing the surface to 450 °C, the clean InAs(0 0 1)-(4 × 2)/c(8 × 2) 

surface is regenerated; there are neither row cut features nor α2(2 × 4) regrowth present 

(Fig. 31d). This high annealing temperature is the same temperature that is used to 

prepare the clean surface in UHV from the MBE-grown and As2-capped samples, without 

As flux. If the As dimers were to evaporate, excess In would remain on the surface and 

there would be evidence of this in the STM data for the (4 × 2) surface in the form of 

amorphous metallic islands. A comparison of the STM data for the InAs(0 0 1)-(4 × 

2)/c(8 × 2) surface before and after the H2O exposure and 450 °C anneal shows the same 

amount of amorphous island features; Figs. 31a and 31d each have 2% island coverage. 

The lack of row cut features is also evident when comparing Figs. 31a and 31d. The T 

defect is distinct from a row cut feature. The T defect [15,127] causes a local depression 

in both adjacent rows and is shown in the inset of Fig. 31d and indicated by blue boxes in 

Fig. 31. A row cut is more pronounced with sharper boundaries and does not have a 

corresponding depression in adjacent rows, and is centered on the row rather than in the 

trough. During the 450 °C anneal, the displaced As dimers rearrange on the InAs(0 0 1) 

surface to form the thermodynamically stable β3'(4 × 2) reconstruction. 

 The post deposition annealing (PDA) step involved in ALD with H2O as the O 

precursor for high-κ oxides shows an improvement in the C-V characteristics of MOS 

structures grown on the same or similar III-V surfaces [75,152,153]. This is likely due to 

the process described above where any displacement of surface As by the H2O during 

ALD is healed upon annealing, lowering the defect density at the III-V surface that may 

lead to Fermi level pinning. 
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5.4.2 The isopropyl alcohol-dosed surface 

  For low coverage (< 0.25 ML), after exposure of the clean InAs(0 0 1)-(4 × 

2)/c(8 × 2) surface to IPA, followed by annealing to 100 °C, the STM results show that 

reaction occurs selectively on the In rows along the [1 1 0] direction. The combination of 

IPA exposure and 100 °C anneal was the only ALD precursor examined that showed site-

selective bonding to the InAs surface. Attempts were made to acquire STM data after 

using only 100 °C as the annealing temperature for the studies using H2O and HOOH, but 

these were not successful. Presumably, this is due to physisorbed material on the surface 

that interacts undesirably with the STM tip and which is not present after using IPA with 

a 100 °C anneal. 

 The selective bonding by IPA at 100 °C may suggest a lack of substrate atom 

displacement, with low surface roughness, and an –OH terminated substrate for the ALD 

initiation reaction. However, typical ALD conditions use higher temperatures such as 200 

°C to 400 °C for Al2O3 ALD using TMA and IPA [78,143] and similar temperatures 

using H2O instead of IPA as the O precursor [134,137]. Regardless, H2O and TMA 

precursors have been used for alumina growth on Si(1 0 0) with an optimum temperature 

of 177 °C [154] and even lower temperatures (< 100 °C) have been used with some 

success for ALD of alumina [142,155]. 

 Fig. 35 shows three STM images of the InAs(0 0 1)-(4 × 2)/c(8 × 2) surface after 

successive IPA doses and 100 °C anneals for ~1 minute. Fig. 35a shows the site-

selectivity of IPA for the row features at low coverage. It is assumed that the adsorption 

occurs via dissociation of the R–OH bond and chemisorption of the –OH (hydroxyl) 

group onto the InAs surface. The coverage shown in Fig. 35b was obtained after 3 
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consecutive doses of >> 106 L each and 100 °C anneals. Only after the 4th dose/anneal 

cycle was full coverage (~1 monolayer) obtained (as shown in Fig. 35c); this corresponds 

to an irreversible chemisorption probability of less than 10-6. Since the bond dissociation 

energy of the R–OH group in IPA is 4.12 eV, most of the incident IPA molecules may 

not dissociate upon physisorption and may only evaporate during the annealing cycle, 

rather than undergoing dissociative chemisorption. Additionally, there is a large amount 

of steric hindrance around the hydroxyl group of the IPA molecule. This may contribute 

to the low reactivity by restricting access to the frontier orbitals of the O atom by the 

substrate electrons, except with preferred orientations. Additionally, a physisorbed IPA 

molecule will sterically hinder other incident IPA molecules from approaching the 

substrate and dissociatively chemisorbing. 

 After formation of the first ML of hydroxyl ligands, the surface remains very flat 

with an RMS roughness of 0.7 Å. The RMS roughness of the clean surface is also about 

0.7 Å. The similarity in RMS roughness of clean InAs(0 0 1)-(4 × 2)/c(8 × 2) is due to the 

highly corrugated row and trough structure, whereas the –OH terminated surface tends to 

fill in the trough structure, even though some second layer growth may occur. AES of the 

full coverage surface reveals the relative concentrations of the surface species (for Auger 

depth); the AES spectrum is shown in Fig. 35d. The AES results confirm the presence of 

O and C on the surface at a ratio of 1:2. This is evidence for the successful –OH 

termination of the surface. The presence of C on the surface is likely due to carbon 

contamination from the IPA, although if all –OH and (CH3)2CH remained on the surface 

stoichiometrically, the O:C ratio should be 1:3 instead of 1:2. In addition, the AES 

process may also deposit C onto the surface. 
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Figure 35. Reaction of IPA with InAs(0 0 1)-(4 × 2) vs. exposure. 

25 °C reaction followed by 100 °C anneal of IPA with InAs(0 0 1)-(4 × 2)/c(8 × 2) 
surface as a function of IPA exposure. a) STM image (390 Å × 390 Å, -2.50 V, 100 pA) 
at low coverage, showing preference for reaction on the rows. The RMS roughness is 
0.71 Å. b) STM image (390 Å × 390 Å, -2.50 V, 50 pA) at medium coverage regime with 
an RMS roughness of 0.73 Å. Reaction occurs in the trough region of the surface as well 
as on the row. c) STM image (390 Å × 390 Å, -2.50 V, 50 pA) at high coverage; no clean 
InAs surface is apparent. The RMS roughness is 0.65 Å. d) The Auger electron spectrum 
from the surface in Fig. 35c, indicating the presence of both C and O at the energies of 
272 eV and 503 eV (arrows). The relative concentrations of the surface elements are In = 
0.46, As = 0.39, O = 0.05, C = 0.10 for the region of the surface sampled by the Auger 
technique
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 All annealing temperatures between 200 °C and 450 °C for IPA coverage on 

InAs(0 0 1)-(4 × 2)/c(8 × 2) showed surface reactions that would be less favorable for an 

O-first ALD initiation layer (Fig. 36). Although the nucleation density for the 200 °C 

annealing temperature is still high (Fig. 36a), there is evidence for second layer growth. 

The line trace profile for Fig. 36a is shown in Fig. 36d (blue lines). Regrowth is seen to 

exist up to 5 Å above the row height of the InAs surface. Additionally, substrate atom 

displacement is evident in the STM data for Figs. 36a–36c showing dark pits in the 

surface. Pits are evidenced in the line scan profile in Fig. 36d, which is for Fig. 36b (red 

lines), since the surface height drops below the trough height for the clean InAs surface. 

This was not evident in the IPA dosed, 100 °C annealed surface. 

 A change in the nucleation density is apparent after annealing the surface to 350 

°C. As shown in Fig. 36b, the island size increases dramatically and multilayer growth 

occurs. Row cut atom displacements (indicated by the green boxes) are observed, which 

are likely the same defects as the row cuts seen after H2O dosing followed by 350 °C 

anneals, shown in Fig. 31c. However, in the case of IPA dosing, these row cuts are not 

healed upon annealing to 450 °C as they are in the case of H2O dosing. 

 To determine if irreversible displacement of surface atoms occurs after IPA 

dosing, the surface was annealed to 450 °C as shown in Fig. 36c. The row cut features are 

still present (green boxes) as are the pits (blue arrows). The nucleation density of 

regrowth is lower for the surface in Fig. 36c than for the lower annealing temperatures, 

and the regrowth is concentrated at domain boundaries and pits. Since the regrowth is 

concentrated at certain regions of the surface, it is difficult to determine if the total 

amount of regrowth has declined after high temperature annealing. This is due to the 
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small areal selectivity of STM and the relatively large size and specific density of the 

grain boundaries. Comparison of the 450oC annealed surfaces for IPA dosing (Fig. 36c) 

and H2O dosing (Fig. 31d) shows that annealing of IPA dosed InAs(0 0 1)-(4 × 2)/c(8 × 

2) does not restore the clean surface morphology in contrast to annealing of H2O dosed 

InAs(0 0 1)-(4 × 2)/c(8 × 2). Therefore, As displacement is irreversible for IPA dosing of 

InAs(0 0 1)-(4 × 2)/c(8 × 2). 
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Figure 36. IPA dosing at 25 °C and annealing at 200 °C, 350 °C and 450 °C. 

a) The 200 °C annealed surface shows high nucleation density and the onset of 2nd 
layer growth. b) The same surface after annealing to 350 °C shows lower nucleation 
density, but the clear presence of multilayer growth (green arrows), row atom 
displacement (green box), and pits in the surface. c) The same surface after annealing 
to 450 °C shows that some of the multilayer regrowth (green arrows) is gone from the 
surface, but the pits (blue arrows) and row atom displacement still remain. d) The line 
scan profile data for the blue and red line scans from Figs. 36a and 36b. All STM data 
are 870 Å × 870 Å, filled state. 
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5.4.3 The hydrogen peroxide-dosed surface 

 Of the three oxygen precursors examined in this study, HOOH was the most 

reactive on the InAs surface. This is expected since the peroxide bond is much more 

reactive than either the H–OH bond of water or the secondary alcohol (CH3)2HC–OH 

bond of IPA; the HO–OH bond dissociation energy is only 2.18 eV [150]. In Fig. 30c, the 

HOOH-dosed InAs surface shows the most surface reaction from an equivalent dose of 

the other O precursors. At low coverage and 200 °C anneal, single reaction sites are 

observed in STM as shown in Fig. 37a. These reaction sites occur in the trough region of 

InAs(0 0 1)-(4 × 2)/c(8 × 2). Line scans of the data show that the adsorbates bond in the 

trough region ~9 Å apart in the [1 1 0] direction and ~6 Å from the In row. This is 

consistent with forming hydroxyl bonds to the In atoms involved in the trough dimers. 

Additionally, there is 2nd layer (and higher) growth reaction sites grouped in clusters. 

This is in contrast to the H2O-dosed surface where the reaction is much more ordered and 

tends to be mostly 1st, with some 2nd layer growth, where the 1st layer growth is ordered 

and centered in the trough region. Although the vapor from 30% HOOH(aq) contains H2O, 

most of the reaction appears to be due to HOOH rather than H2O. At higher doses of 

HOOH, there is very little site selectivity that was seen for the case of water alone (Fig. 

37b). The data show that InAs(0 0 1)-(4 × 2)/c(8 × 2) undergoes oxidation (at a variety of 

sites) more readily when dosed with 30% HOOH(aq) as opposed to H2O or IPA.  

 Extreme disorder is observed upon annealing at 350 °C. The surface becomes 

pitted and amorphous islands (mounds) appear in STM images as shown in Fig. 37c. The 

topology ranges from about 6 Å below the clean InAs surface to about 4 Å above the 
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surface, as shown in the line scan in Fig. 37e. Since arsenic oxides are quite volatile at 

this temperature [151] and HOOH is a very good oxidizer, it is likely that the surface As 

atoms become oxidized and evaporate upon annealing at 350 °C, leaving the surface 

disordered. The surface indium is also likely oxidized. The extent of this is clearly 

evident in Fig. 37c, in which there are large pits, 100–500 Å in size, adjacent to the 

amorphous mounds that are similar in size. AES reveals the presence of O on the surface. 

As2O3 is quite volatile [151], but indium oxides are not [156]; therefore, the surface As is 

removed, but the In remains, in the form of In2O3 or In sub-oxides. This process forms the 

pits and mounds seen in STM. Additionally, since no α2(2 × 4) regrowth occurs after 

HOOH and 350 °C anneal, the surface As is not simply being displaced. 

 After annealing to 450 °C, the extreme disorder observed after annealing to 350 

°C is partially removed. The clean InAs(0 0 1)-(4 × 2)/c(8 × 2) reconstruction is mostly 

restored with the exception of the row cut features (green boxes in Fig. 37d); however, 

the surface has been etched, leaving behind “gaps” of one full layer on the surface. This 

is shown in the lower section of Fig. 37d where two large, single-layer “gaps” are seen 

that are about 400 Å wide and separated by only two surface unit cells in the [-1 1 0] 

direction. These features are not seen on the MBE-grown surfaces and are consistent with 

surface etching. Other STM data for this surface show more large single-layer pits that 

are not seen on the clean surface and also consistent with etching. 

 The disappearance of the oxide mounds that are formed by 350 °C annealing (Fig. 

37c) is consistent with them having an indium oxide composition. Bulk In2O3 evaporates 

incongruently as In2O and O2 [157,158] and In2O has been shown to evaporate from 

surfaces in UHV around 400 °C [159]. Therefore, the mounds most likely consist of 
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In2Ox. The arsenic oxides created by the reaction of HOOH evaporate at lower 

temperatures and the indium oxides remain in the form of amorphous mounds. When the 

surface is annealed to 450 °C, the indium suboxides evaporate. The presence of row cuts 

after HOOH dosing and 450 °C annealing is consistent with As evaporating from the 

surface preferentially over the surface In. Not all of the oxidized In is a suboxide. Some 

regrowth islands still remain after the 450 °C anneal, as indicated by the blue boxes in 

Fig. 37d. These islands could be In2O3, and it would indicate that the oxidation by HOOH 

produces fully oxidized In at a rate of about 1–2 orders of magnitude lower than the 

suboxide. 
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Figure 37. HOOH dosing at 25 °C and annealing at 200 °C, 350 °C and 450 °C. 

a) At low coverage and 200 °C anneal, the reaction occurs on the trough In dimers, in 
addition to a variety of other sites (STM data 60 Å × 60 Å, filled state). b) At coverages 
of almost 1 ML, the surface reaction occurs in a multilayer fashion at a variety of surface 
sites for annealing temperatures of 200 °C (STM data 870 Å × 870 Å, filled state). c) At 
similar doses and a higher annealing temperature of 350 °C, the surface is etched and 
both multilayer pits and mounds appear on the surface (STM data 870 Å × 870 Å, filled 
state). d) Annealing the surface to 450 °C removes much of the HOOH reaction products 
from the surface. Still present are the row cut features (green boxes) and a small amount 
of multilayer regrowth (blue boxes). The two large single layer gaps in the lower part of 
the STM image are the result of etching by HOOH (STM data 870 Å × 870 Å, filled 
state). e) The data for the line trace in Fig. 37c, showing that the 350 °C anneal produces 
regrowth mounds and also etch pits.
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 Besides In2O3 regrowth (blue boxes in Fig. 37d), there are row cut features after 

the HOOH-dosed surface is annealed to 450 °C (green boxes in Fig. 37d). By comparing 

the dosed surfaces of all three oxidants, the origin of the row cut features can be deduced. 

The row cuts are present when the InAs(0 0 1)-(4 × 2)/c(8 × 2) surface is annealed to 450 

°C after dosing with either HOOH or IPA, or after the surface is annealed to 350 °C after 

dosing with HOOH, IPA, or H2O. However, the row cuts subsequently disappear only 

from the H2O-dosed surface with annealing at 450 °C. The 350 °C annealed, H2O-dosed 

surface also shows the presence of As dimers, evidenced by the α2(2 × 4) regrowth. As 

in all ALD dosing systems, some O2 can be present. The row cut features may be due to 

the chemisorption of O2, since similar features are seen for oxidation of the InAs(0 0 1)-

(4 × 2)/c(8 × 2) at 25 °C [127]. To test this hypothesis, the clean InAs(0 0 1)-(4 × 2)/c(8 × 

2) surface was exposed to O2 in UHV and then annealed to 450 °C. The data are 

summarized in Fig. 38. Figure 38a shows the clean surface before O2 exposure, with a 

domain boundary present in addition to the T defects (indicated with blue boxes). Fig. 

38b is the same surface after exposure to 200 L O2 and subsequently, annealed to 450 °C 

for 2 minutes. The same surface was exposed to an additional 425 L O2 and annealed 

again to 450 °C for ~5 minutes; the results are shown in Fig. 38c. In all cases, the number 

of T defects (blue boxes in Figs. 38a–38c) remains roughly the same (no trend of 

increasing T defect density) and no cut features are observed to form. Since these 

exposures are known to develop cut features at 25 °C, it must be assumed that the 450 °C 

annealing heals any row cuts due to O2 that are present at lower temperatures. Therefore, 

the row cut features which persist to 450 °C after exposure to both HOOH and IPA are 

not the result of molecular oxygen that may be present during the dosing of ALD 
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precursors. The row cuts are likely the result of displaced As. The displacement of As is 

irreversible for HOOH and IPA dosing due to the formation of arsenic oxides which 

readily desorb on annealing, but As displacement is reversible for H2O dosing.  

 

 

Figure 38. InAs(0 0 1)-(4 × 2) as a function of O2 exposure and 450 °C anneals. 

No increase in the density of either row cut features or T defects (blue boxes) was seen. 
All STM images are 870 Å × 870 Å taken at -3.00 V and 50–100 pA. a) Clean surface. 
b) 200 L O2. c) 625 L O2. 
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5.4.4 STS measurements for IPA, H2O, HOOH on n- and p-type InAs 

 The clean (4 × 2) surface of InAs(0 0 1) exhibits n-type behavior with the Fermi 

level close to the CBM, even for p-type material; the surface Fermi level is pinned n-

type. This phenomenon is also discussed in Chapter 7. A fully unpinned hydroxyl-

terminated surface of InAs(0 0 1)-(4 × 2) must show that the n-type pinning behavior is 

fully removed for p-type material, yet maintains the EF position near the CBM for n-type 

material. In order to achieve this, the STS technique must consistently show resolution of 

about 0.1 eV because the bandgap of InAs is only 0.35 eV. 

 For low coverage of all of the oxygen precursors studied (H2O, HOOH, and IPA), 

there was no apparent effect on the I(V) output characteristics compared to the clean 

InAs(0 0 1)-(4 × 2)/c(8 × 2) surface. In all cases examined, the overall electronic 

behavior remained n-type for the coverages (2–13 % ML) and annealing temperatures 

(200–250 °C) studied.  

 The case for HOOH/InAs(0 0 1)-(4 × 2)/c(8 × 2) illustrates the effects of low 

coverage –OH termination. The I(V) curves are shown in Fig. 39b for p-type material. On 

the clean I(V) curve, the apparent bandgap is 0.3–0.4 eV and the Fermi level position is 

about 0.15 eV below the CBM (EF = CBM – 0.15 eV). For the p-type InAs surface, after 

HOOH exposure and 200 °C anneal (resulting in ~10 % ML coverage), the Fermi level 

position does not change (Egap ≅ 0.35 eV and EF = CBM – 0.15 eV). Similar results are 

seen for HOOH reaction on n-type material in Fig. 39a. The I(V) curve for clean n-type 

InAs(0 0 1)-(4 × 2)/c(8 × 2) shows a bandgap of ~ 0.3 eV, and the Fermi level position is 

about 0.1 eV below the CBM. The n-type InAs shows more band-edge current density 

and a slightly narrower bandgap than for the p-type material. It is important to note that 
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the Egap narrowing arises from both the VB and CB sides and does not represent a 

significant shift of the ratio (CBM – EF):(EF – VBM). The HOOH dosing conditions on 

the n-type InAs were slightly different. The coverage was lower (only 2 % ML) and the 

annealing temperature was higher (250 °C). The resulting I(V) data is identical to the 

case for p-type material, within the resolution of the technique. At these coverages, there 

is no apparent difference in the I(V) data before and after exposure of the InAs substrate 

to HOOH and subsequent 200–250 °C anneals for both p-type and n-type material.  

 Selective STS measurements for both the H2O and IPA precursors were 

performed. For the case of H2O, I(V) data was obtained for both the clean and reacted n-

type InAs(0 0 1)-(4 × 2)/c(8 × 2) surfaces, shown in Fig. 39c. Scanning tunneling 

spectroscopy data was not taken for H2O chemisorption on p-type InAs. For the clean n-

type surface, Egap was again measured to be about 0.3–0.4 eV, with EF ≅ CBM – 0.15 eV. 

After reaction of the InAs substrate with H2O and subsequent 200 °C anneal that resulted 

in ~3 % ML coverage, the bandgap was slightly narrowed, to ~0.25–0.3 eV. However, 

the Fermi level position did not significantly change (EF ≅ CBM – 0.1 eV). 

 The origin of the bandgap narrowing is not known. However, it likely arises due 

to inconsistencies in the STS measurements between experiments. The z setpoint (tip-

sample distance) during each STS measurement was maintained at a constant level within 

the Omicron MATRIX v2.0 software. However, uncontrollable tip-surface interactions 

can cause atom transfer from (to) the tip that can affect tunneling conditions, increasing 

the transmission coefficient for electron sample to (from) the tip [160]. Additionally, 

changes in the tip shape (radius, etc.) can also affect the tunneling current [161,162]. 
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 In Chapter 7, the pinning behavior of the clean surfaces of both InAs(0 0 1)-(4 × 

2)/c(8 × 2) and InGaAs(0 0 1)-(4 × 2) is discussed. It is possible that the pinning state 

defect density may be so high on each of these clean surfaces that the Fermi level pinning 

might not be removed by any adsorbate at low coverage (<< 1 ML). As opposed to 

unpinned surfaces, where a very low coverage of pinning state defect density is enough to 

pin the surface, to unpin a pinned surface requires a huge reduction in the surface defect 

density to acceptable limits. On Si(0 0 1) and other technologically important 

semiconductor surfaces, this threshold is about 1011–1012 cm-2 ev-1, or a surface coverage 

of only about 0.1% or fewer defects. This corresponds to a requirement of 99.9% ML 

coverage of adsorbates that electronically passivates a pinned semiconductor surface.  
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Figure 39. Select STS results for O-precursor coverage on InAs(0 0 1)-(4 × 2). 

a) HOOH on n-type InAs. b) HOOH on p-type InAs. c) H2O on n-type InAs. d) IPA on 
n-type InAs. For all cases, the Fermi level position (0 Volts) remains near the CBM for 
both clean (red lines) and –OH reacted (blue lines) InAs(0 0 1)-(4 × 2). 
 

5.5 Conclusion 

 The reactions of three common ALD oxygen precursors on InAs(0 0 1)-(4 × 

2)/c(8 × 2) were investigated. The chemisorption dynamics involved indicate that 

different reactions occur during ALD initiation of the III-V substrate for the precursors 

studied. For all precursors examined in this study, there was evidence of substrate atom 
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displacement that varied depending on annealing temperature. However, for the case of 

water, it is clearly shown that surface As is reversibly displaced, but not oxidized. The 

clean surface is regenerated at 450 °C. This is an important result because it shows that 

water does not fully oxidize the surface atoms and has the least amount of (if any) 

undesirable semiconductor etching for the O precursors studied.  

 For the case of IPA, substrate atoms are displaced, resulting in row cut features 

that do not heal upon annealing to 450 °C. The IPA may oxidize the displaced As, which 

would then evaporate from the surface during annealing. The IPA dosing does not 

recreate the clean InAs(0 0 1)-(4 × 2)/c(8 × 2) surface structure after annealing at 450 °C 

as in the case of H2O dosing. Pitting is also observed with IPA doses and higher 

annealing temperatures, which is clear evidence of substrate atom displacement/etching. 

However, IPA showed site-selective, first layer growth for an ALD initiation layer at 100 

°C. Furthermore, several cycles of IPA exposure plus 100 °C anneals results in a very flat 

initiation layer with low RMS roughness. 

 In the case of hydrogen peroxide, the InAs surface was etched away. The As-

displacement row cut features are seen, and pitting occurs at 350 °C. Both As and In are 

displaced and oxidized. The As oxides evaporate at low annealing temperatures, and the 

In2O only evaporates from the surface at temperatures near 450 °C. This process leaves 

large gaps in the semiconductor surface and also row cut features, indicating that the 

HOOH oxidizes As and In non-stoichiometrically. 

 The results show that none of the precursors studied would be ideal as an ALD 

oxidant-first initiation step on InAs(0 0 1)-(4 × 2) or probably In0.53Ga0.47As(0 0 1)-(4 × 

2) since none leave an undisturbed surface with a monolayer of OH termination. 
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However, the results also show that H2O is preferable as an ALD oxidation precursor for 

a metal precursor-first ALD because H2O only displaces surface atoms rather than 

etching the semiconductor surface, unlike IPA and HOOH. If a PDA step is used for the 

deposition of gate oxides for III-V MOSFETs, the surface atom displacement will likely 

heal, which is consistent with literature showing that the PDA results in better C-V 

characteristics. 

 It is inconclusive whether the reactions of these O precursors on InAs(0 0 1)-(4 × 

2) result in a pinned surface. The experiments should be performed on the wider bandgap 

material, InGaAs(0 0 1)-(4 × 2), which would provide analogous reactions and a better 

platform for STS experiments. Also, full ML coverage should be examined. 
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CHAPTER 6: Atomic imaging of the unpinning and passivation of a compound 

semiconductor surface during atomic layer deposition 

 

6.1 Abstract 

 The reaction of trimethyl aluminum (TMA) on the group III rich reconstructions 

of InAs(0 0 1) and In0.53Ga0.47As(0 0 1) is imaged with scanning tunneling microscopy. 

At high coverage, a self-terminated ordered reconstruction is observed that satisfies 

requirements for passivation of the surface including covalent bonding to the substrate. 

Complete monolayer coverage removes the surface Fermi level pinning that is present on 

the clean InGaAs surface, consistent with successful passivation of InGaAs(0 0 1)-(4 × 

2). Density functional theory simulations confirm the experimental results. 

 

6.2 Introduction 

 Atomic layer deposition (ALD) has received attention due to the precise control 

of film growth at the Ångström scale. ALD has the advantages of growth on three 

dimensional surfaces, the reactions being self-limiting, and control over the layer 

thickness to a fraction of a monolayer (ML) [163-165]. These advantages contribute to 

the wide use of ALD in many applications, especially in gate oxides for microelectronics 

[115,137]. In metal-oxide-semiconductor field effect transistor (MOSFET) technology,
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 ALD enables reduction of the equivalent oxide thickness (EOT) of the gate dielectric 

[85,136,138]. Additionally, III-V materials are being investigated for use in MOSFETs 

due to their high electron low field mobility compared to silicon and their tunable  

bandgaps [31,75,83-85,115]. ALD is the primary technique to form gate oxides on 

InGaAs(0 0 1) [31,136,138,166]. 

 The choice of ALD precursor for the initial functionalization of the 

semiconductor surface affects the quality of the III-V/oxide interface [144-146,165]. An 

ideal interface should consist of ordered, nearly covalent uniform bonding between the 

dissociation products of the ALD precursor and the semiconductor, leaving the substrate 

atoms with bulk-like bonding; a similar requirement exists for other oxide deposition 

methods [167]. This requires that the dissociative chemisorption of the ALD precursor 

does not displace any surface atoms, has a nucleation density of unity on a single 

chemisorption site, and leaves the surface Fermi level (EF) unpinned. It is established that 

the TMA-first pulse for Al2O3 on InGaAs(0 0 1) can “clean-up” undesirable surface 

arsenic oxides [134,168]. C-V experiments on MOS capacitors have shown that an 

unpinned interface can be formed between chemically-treated n-In0.53Ga0.47As and ALD 

grown Al2O3 [139] with low density of states [166]. This study reports upon the first 

atomically resolved imaging of the metal-first ALD initiation reaction using TMA on the 

group III rich (4 × 2) surfaces of In0.53Ga0.47As(0 0 1) and InAs(0 0 1). 

 The group III rich (4 × 2) reconstructions of both InGaAs(0 0 1) and InAs(0 0 1) 

closely resemble one another [15,17,20,39]. Although the band structure of InGaAs(0 0 

1) makes it preferable for use in MOSFETs, the InAs(0 0 1)-(4 × 2) surface exhibits more 

long range order and fewer defects than InGaAs(0 0 1)-(4 × 2) so it is preferable for 
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scanning tunneling microscopy (STM) studies of the local bonding environment. The (0 0 

1)-(4 × 2) surfaces lack As dimers, which are key features of the lower temperature (2 × 

4) reconstructions, and which are known to facilitate the dissociative chemisorption of O2 

and concomitant pinning of the EF on other III-V surfaces [7,92]. Conversely, the InAs(0 

0 1)-(4× 2) surface has been shown to have very low reactivity to molecular oxygen 

[127]. This is ideal for ALD because it prevents pinning by adventitious adsorption of O2. 

Therefore InAs(0 0 1)-(4 × 2) and InGaAs(0 0 1)-(4× 2), are believed to be the surfaces 

most suitable for ALD growth. 

 

6.3 Methods 

 The experiments were performed in an ultrahigh vacuum (UHV) chamber 

equipped with an Omicron low-temperature STM, an Omicron SpectraLEED low energy 

electron diffractometer (LEED), and an Omicron monochromatic x-ray photoelectron 

spectrometer (XM 1000 MkII with SPHERA analyzer), at a base pressure of 2×10-11 

Torr. The InAs samples were grown using molecular beam epitaxy (MBE) on 

commercially available InAs substrates as described elsewhere [127]. The In0.53Ga0.47As 

samples were grown using MBE by collaborators offsite on commercially available InP 

substrates as described elsewhere [20]. The preparation method of the (4 × 2) surfaces of 

these semiconductors is described elsewhere [20,127]. Surface periodicity was confirmed 

using LEED and STM. The III-V semiconductors were transferred into a high vacuum 

chamber (P ≅ 5×10-7 Torr) for dosing with TMA. The TMA (vapor deposition grade, 

Sigma-Aldrich) was in a 1% mixture with N2 carrier gas (99.99% purity). After 25 °C 
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dosing at pressures from 0.6 to 4 Torr, the samples were re-introduced into the UHV 

chamber and subsequently annealed to 200 °C for one minute. Filled state STM images 

were acquired from -2.00 V to -3.00 V sample bias relative to the electrochemically 

etched W tip. The constant-current images were taken at a tunneling current setpoint of 

50–100 pA. Scanning tunneling spectroscopy (STS) was performed via the fixed tip-

sample method, using a lock-in amplifier (with a sine wave reference signal of 50 mV 

and 1.5 kHz) to obtain the dI/dV data from the I(V) output of the Omicron MATRIX 

electronics. Averaged spectra are reported. 

 All DFT simulations were performed with the Vienna ab initio Simulation 

Package (VASP) [102,169] using projector augmented-wave (PAW) pseudopotentials 

[104,170] and the PBE (Perdew-Burke-Ernzerhof) exchange-correlation functional 

[103,171]. The choice of PBE functional and PAW pseudopotentials was validated by 

parameterization runs demonstrating good reproducibility of experimental lattice 

constants, bulk moduli, and formation energies for bulk crystalline GaAs, and InAs. A 

Brillouin zone integration was performed at 4 × 4 × 1 Monkhorst-Pack k-point mesh with 

8 irreducible k-points and a plane wave energy cut-off of 400 eV. A double (0 0 1)-(4 × 

2) reconstructed unit cell (~16.95 Å × 16.95 Å, 212 atoms) was used, consisting of 8 

atomic layers. The bottom layer As atoms were passivated by H atoms with fractional 3/4 

e- charge to mimic a continuous InGaAs bulk according to Ref. [172]. The slabs were 

relaxed using Conjugate-Gradient relaxation algorithms with 0.05 eV/Å force tolerance 

level. During relaxation, the three bottom layers were fixed in their bulk positions. The 

vacuum layer of ~12 Å was added over the slabs to eliminate spurious interaction through 

periodic boundary conditions. To compensate for spurious electric fields induced by 
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periodic boundary conditions for this type of system, a dipole correction was applied 

[102,169,173]. The preliminary In0.5Ga0.5As bulk unit cell was formed from the GaAs 

unit cell by substituting half of Ga atoms by In atoms following checkerboard pattern and 

DFT optimizing the lattice constant of the alloy to equilibrium value. 

 

6.4 Results and Discussion 

 The InAs(0 0 1)-(4 × 2) surface has been imaged using STM and the results are 

discussed elsewhere [17,127]. The clean β3'(4 × 2) surface reconstruction consists of 

rows of In atoms along the [1 1 0] direction divided by trough regions that contain two 

In–In dimers per unit cell in the 3rd atomic layer. The clean surface is shown in Fig. 40a. 

For a low coverage of TMA, doublet adsorption sites are observed in the trough region of 

the III-V surface as shown in Fig 40b. Since TMA exists in the gas phase as a dimer [20], 

it would be expected that the first step in surface reaction would be physisorption of the 

dimer followed by the chemisorption of two aluminum alkyl adsorbates in close 

proximity. In this case, the TMA dimer reacts on opposite edges of the neighboring rows 

to bridge across the trough regions. TMA undergoes reaction to form a dimethyl 

aluminum (DMA) species bonded to the surface, as seen in ALD experiments [137]. 

 When the substrate is dosed with a higher amount of TMA (1% in N2), and 

subsequently annealed at 200 °C, the surface shows a more ordered reconstruction. A 

typical intermediate coverage (0.25 ML) is shown in Fig 40c. The ordered reconstruction 

forms rows of bright lobes spaced evenly at 4.3 ± 0.8 Å and oriented in the [-1 1 0] 

direction. The row-to-row distance in the [1 1 0] direction is 7.9 ± 0.9 Å. The line traces 
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from Fig. 40c are shown in Fig. 40d. The STM and DFT data allow for determination of 

the resulting ordered structure on the InAs(0 0 1)-(4 × 2) surface. The full coverage 

structure of DMA/InAs is shown in Fig 41a. The highly ordered islands of TMA-induced 

regrowth seen for the 0.25 ML do not coalesce into large conformal overlayers even at 

full coverage. The domain sizes vary greatly, from ~50 Å2 to ~4000 Å2. At domain 

boundaries, there is frequently a ~4 Å shift in the [1 1 0] direction between neighboring 

regrowth rows (a shift of ~4 Å is consistent with ½ unit cell length of the underlying 

substrate). The full coverage structure of DMA/InGaAs(0 0 1)-(4 × 2) is shown in Fig. 

41b. The domain sizes for the full coverage InGaAs structure are slightly smaller, ranging 

from only single sites to ~3000 Å2. The presence of Al on the surface for the high 

coverage regime is confirmed with XPS, showing the Al 2s peak. Additionally, the Al to 

C ratio in XPS is seen to be 0.5, which supports that the adsorbed species is DMA. 
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Figure 40. STM results for TMA reaction on InAs(0 0 1)-(4 × 2). 

a) STM image (-2.00 V, 100 pA) of a 130 Å × 110 Å region of the clean InAs(0 0 1)-(4 
× 2) surface. b) STM image (-2.00 V, 100 pA) of a 130 Å × 110 Å region of the InAs(0 
0 1)-(4 × 2) surface after a low exposure to TMA showing the adjacent reaction sites, 
bridging the In rows. c) STM image (-3.00 V, 100 pA) of a 135 Å × 180 Å region of 
the surface after a higher TMA dose, showing the formation of ordered domains of 
TMA-induced reaction that forms rows in the [-1 1 0] direction. d) The line trace data 
for the corresponding line traces in Fig. 40c. The blue line shows periodicity along the 
rows of 4.3 ± 0.8 Å and the red line shows periodicity between the rows of 7.9 ± 0.9 Å. 
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Figure 41. Full coverage TMA on InAs(0 0 1)-(4 × 2) and InGaAs(0 0 1)-(4 × 2). 

a) 345 Å × 345 Å STM image of the full coverage TMA-induced reaction on the 
InAs(0 0 1)-(4 × 2) surface showing small domains consisting of horizontal rows in the 
[-1 1 0] direction. b) 345 Å × 345 Å STM image of the same reaction occurring on the 
InGaAs(0 0 1)-(4 × 2) surface, which also results in domains consisting of horizontal 
rows in the [-1 1 0] direction. In both cases, the annealing temperature was 200 °C and 
the STM setpoints were -2.50 V and 50 pA. 
 

 

 The periodicity observed in STM for the TMA-induced reaction requires 

modification of the surface reconstruction of In(Ga)As(0 0 1)-(4 × 2). The β3'(4 × 2) 

structure is illustrated in Fig. 42a with a double unit cell, but chemisorption sites of the 

correct periodicity do not exist on this surface. Fig. 42b shows the required adsorbate-

induced reconstruction to obtain the correct periodicity for adsorption sites; no atoms are 
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lost or gained it results in bulk-like termination of the surface III-V atoms. This 

reconstruction now has 4 adsorption sites per unit cell spaced 4.3 Å in the [-1 1 0] 

direction and 8.6 Å in the [1 1 0] direction, which matches the STM data. The ball-and-

stick diagram of the relaxed DFT simulation for full coverage of DMA on this 

reconstruction is shown in Fig. 42c. The total energy of the model shown in Fig 42c is 

more stable by 0.73 eV than the comparative adsorption for the β3'(4 × 2) surface without 

the new adsorbate-induced reconstruction. The gain in stability likely originates from the 

Al–As bonds on this new reconstruction, which are 0.99 eV more stable than the average 

Al–group III bonds and 0.52 eV more stable than the Al–As bonds of the β3'(4 × 2) 

surface. There are other possible bonding schemes that could lead to the observed STM 

results that may include only the most stable As–DMA–As bridge bonds; investigations 

are ongoing. However, it is believed that the current adsorbate-induced reconstruction is 

necessary to explain the results and it is confirmed to be more stable upon DMA 

adsorption via DFT. Additionally, the density of states (DOS) calculated by DFT for the 

structure in Fig. 42c shows no density within the bandgap region of the InGaAs(0 0 1) 

surface (Fig. 42d, black solid line). The simulated DOS from the group III rich InGaAs(0 

0 1) reconstruction at low temperature (80 K) is also shown (Fig. 42d, red dashed line), 

which was reported in the work by Shen et. al. [20]. In that data, there is state density 

near EF, indicative of a pinned surface, which is consistent with what is seen 

experimentally of the p-type pinning of clean InGaAs(0 0 1)-(4 × 2).  
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Figure 42. DFT simulation results for TMA reaction on InGaAs(0 0 1)-(4 × 2). 

a) Top (upper) and side (lower) views of the β3'(4 × 2) reconstruction of the 
In0.53Ga0.47As(0 0 1) surface. The red arrows indicate the necessary movement of 
surface atoms to form the adsorbate-induced reconstruction. b) Top (upper) and side 
(lower) views of the reconstruction of In0.53Ga0.47As(0 0 1) that gives the necessary 
bonding sites corresponding to the observed periodicity change in STM. c) The DFT 
ball-and-stick diagram of the induced reconstruction with DMA adsorption. d) The 
DOS for the DFT slab in Fig. 42c (black solid line), compared with the clean InGaAs(0 
0 1) surface (red dashed line). Note that the clean surface has midgap state density 
while the DMA full coverage structure has no state density within the bandgap. 
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 Averaged STS dI/dV measurements of the as-prepared InGaAs(0 0 1)-(4 × 2) 

surface and also of the full coverage (1 ML) DMA-passivated InGaAs(0 0 1)-(4 × 2) 

surface are shown in Fig. 43. In Fig. 43a the clean p-type InGaAs sample (represented by 

the red solid line) shows the EF (0 V) near the valence band maximum (0.2 eV above the 

VBM). After TMA passivation, the STS shows that the EF position has not changed with 

respect to the VBM (the blue dashed line). The density of states has increased near the 

conduction band onset, but the position of the conduction band minimum (CBM) relative 

to the EF is similar to the clean surface (about 0.5–0.6 eV above EF). 

 In Fig. 43b, the clean n-type InGaAs sample (represented by the red solid line) 

also shows the EF near the VBM. This is consistent with the surface EF being pinned for 

clean InGaAs(0 0 1)-(4 × 2) and is usually attributed to either a large surface dipole or 

pinning induced by the trough group III dimers [20]. In order for TMA to effectively 

passivate the surface for the ALD initiation step, the surface EF must be unpinned. The 

blue dashed line in Fig. 43b shows the averaged dI/dV after the full coverage (1 ML) 

passivation by DMA on n-type InGaAs. The STS results show the EF shifts to about 0.1 

eV below the CBM and about 0.6 eV above the VBM. The density of states also 

increases near the conduction band onset for n-type material, similar to the results for p-

type material. The STS results for TMA passivation on both n-type and p-type InGaAs(0 

0 1)-(4 × 2) are consistent with having formed an unpinned interface which will 

effectively act as an ALD initiation step for the growth of Al2O3 on InGaAs(0 0 1)-(4 × 

2). The STS results are consistent with the DFT results showing that no states are induced 

in the midgap region for the full coverage DMA overlayer. 
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Figure 43. STS results for TMA passivation of InGaAs(0 0 1)-(4 × 2). 

The average STS dI/dV results from the clean (red solid lines) vs. ML TMA-induced 
reaction (blue dashed lines) of the InGaAs(0 0 1)-(4 × 2) surface. a) Both the clean 
surface and the surface after full ML coverage of TMA-induced surface reaction for the 
p-type substrates. The EF position is unchanged with respect to the VBM. b) The clean 
n-type surface shows p-type behavior, consistent with the surface EF being pinned. 
After full ML coverage of TMA-induced surface reaction, the EF shifts towards the 
CBM and away from the VBM. The results from both n-type and p-type InGaAs(0 0 1) 
substrates are consistent with the surface being unpinned. 
 

 

6.5 Conclusion 

 In summary, the results show that the reaction of TMA on InGaAs(0 0 1)-(4 × 2) 

surfaces at 200 °C results in a flat, ordered surface with a unity nucleation density that is 

consistent with the surface EF being unpinned as shown via STS and DFT. The reaction 

induces a stable reconstruction in the underlying substrate that does not result in 
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displaced surface adatoms, satisfies the bulk-like covalent tetrahedral bonding geometries 

of the semiconductor’s surface atoms and results in flat, self-limited ML growth of 

dimethyl aluminum. This demonstrates the successful ALD initiation step for the growth 

of Al2O3 on InGaAs(0 0 1)-(4 × 2) for III-V MOSFETs. 
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CHAPTER 7: Conclusion 

 

7.1 Discussion on the surface reconstructions 

 The work reported in Chapter 2 reflects an ongoing debate in the scientific 

community about the exact surface reconstructions of III-V semiconductors. This debate 

is likely to continue, even for the semiconductor surfaces reported herein. There are 

questions regarding DFT that need to be addressed. The results of DFT STM simulations 

for InAs(0 0 1)-(4 × 2) were not reported in this dissertation, but have been reported in 

Fedwinn et. al. [17] and will likely be included to some extent in the upcoming 

publication by Bishop et. al. [129]. In those results, the Tersoff-Hamann DFT STM 

simulations for the filled state image of InAs(0 0 1)-(4 × 2) surface are not a perfect 

match the experimental results. This is likely related to the difficulty that DFT has with 

handling narrow bandgap semiconductors and also the type of valence states included in 

the In pseudopotentials. Interestingly, however, the empty state DFT Tersoff-Hamann 

STM simulation of InAs(0 0 1)-(4 × 2) almost exactly reproduces the filled state STM 

experimental data. 

 Experimentally, there has been shown to exist an electron accumulation layer at 

the surfaces of most InAs reconstructions [65,174,175]. Both Piper et. al. [176] and 

Olsson et. al. [177] assign the physical origin to antisites, which cause the surface band 

bending associated with the electron accumulation layer (and EF pinning) on 
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InAs(0 0 1)-(4 × 2). The density of electrons at the surface accumulation layer is 

estimated to be about 5×1011 cm-2 [175,177]. The DFT models have not accounted for the 

electron accumulation layer, which would add this additional electron density to the β3'(4 

× 2) surface of InAs(0 0 1). Perhaps this is the origin of the discrepancy between the DFT 

STM simulations and the experimental data. 

 A simple electron counting model of the β3'(4 × 2) reconstruction of the InAs(0 0 

1) surface reveals that there are 38 e- to be distributed to the non bulk-like atoms of the 

surface per unit cell. The two trough In dimers take a total of 10 e- if there is no density in 

their dangling bonds (leaving each trough In atom in an oxidation state of +0.5). The four 

row-edge As atoms take a total of 23 e- with their dangling bonds filled (leaving each 

row-edge As atom in an oxidation state of –0.75). The two row In atoms have two bonds 

each to the row-edge As atoms, which account for 3 e-. This leaves the row In atoms in an 

oxidation state of +1.5, but an additional 2 e- are yet unaccounted for. The four trough In 

atoms and four row As atoms are all closer to neutral with the current division of 

electrons. Therefore, the extra two electrons are assigned to the row In atoms, but these 

atoms are only sp hybridized. It is suggested that the extra 2 e- occupy a non-hybridized p 

orbital on each of the 2 row In atoms (making their oxidation state +0.5, like the trough 

In atoms). However, this is a non-stable state since the electrons would be unpaired. The 

e- density arising from the electron accumulation layer at the surface would likely attempt 

to stabilize any non-paired electrons since they would be in such a high energy state. 

Additionally, the conduction band states arise from the group III atoms of the surface, 

which are at similar energies to the electron accumulation layer. Therefore, it is suggested 

that the non-hybridized, partially filled non-bonding p orbitals of the row In atoms in the 
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β3'(4 × 2) reconstruction of InAs(0 0 1) are occupied by the electrons from the 

accumulation layer. 

 This is consistent with the experimental data. The STM images show electron 

density in circular regions above the In row atoms at 4.3 Å periodicity. This would be due 

to the e- density within the non-hybridized p orbital oriented normal to the surface plane 

(pz) and above the As row-edge atoms. However, an e- accumulation density of 5×1011 

cm-2 is only enough to pair about 0.4% of the unpaired electrons on the row In non 

bonding half-filled pz orbitals, which have a surface areal density of 1.4×1014 cm-2. This 

leaves most of the non-hybridized pz orbitals with unpaired electrons, and partially filled 

dangling bonds generally pin semiconductor surfaces, so this is still consistent with the 

experimental data showing that InAs(0 0 1)-(4 × 2) is pinned. 

 The alternating dimerization/non-dimerization of the row In atoms that occurs at 

low temperatures allows some of these non-paired electrons to pair up and occupy 

bonding orbitals. It is unknown why this does not occur at room temperature, but in 

reality it is possible that the β3'(4 × 2) reconstruction (non-dimerized row In atoms) is 

really the result of a rapid thermally-activated switching between dimerization of 

adjacent In atoms on the rows (rapid switching between the β3(4 × 2) and β3'(4 × 2) 

reconstructions). STM is a slow procedure, so an STM image would average this process 

and result in what appears to be the non-dimerized β3'(4 × 2) structure. This would be 

similar to other semiconductor surfaces that show a rapid flipping of dimer orientation 

that averages out in STM images [178-180]. However, in this case it would require the 

breaking and formation of In–In bonds on the row, a much more activated process. This 

would therefore be less likely to occur when the necessary activation energy could not be 
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supplied by thermal energy at 80 K. Further discussion is given in Feldwinn et. al. [17] 

and Shen et. al. [20]. 

 

7.2 Discussion on the electronic structure of the clean surfaces 

 The clean surfaces of InAs(0 0 1)-(4 × 2) and In0.53Ga0.47As(0 0 1)-(4 × 2) both 

have the surface Fermi levels pinned at roughly 0.3 eV above the valence band 

maximum, as measured by STS. Although this causes the pinning behavior of InAs(0 0 

1)-(4 × 2) to be n-type, the pinning behavior on InGaAs(0 0 1)-(4 × 2) is p-type since the 

bandgaps of the two materials are different. It is suggested that the pinning behavior of 

these two analogous β3'(4 × 2) reconstructions is caused by a common mid gap pinning 

state at the same energy on both surfaces. There is very little VB offset for InAs and 

GaAs, and InGaAs is expected to also have nearly the same energy at the VBM 

[113,181]. The valence band arises from filled states of the As atoms, so the VBM 

alignments of this series of semiconductors is expected. The conduction band arises from 

the empty states of the group III atoms, which are either In, Ga, or both. Shen et. al. show 

using DFT that the pinning behavior of InGaAs(0 0 1)-(4 × 2) arises due to the trough 

group III dimers of the β3'(4 × 2) reconstruction [20]. If one of the trough dimers is 

allowed to buckle in the theoretical calculations, the pinning behavior of the clean surface 

is alleviated. This buckling phenomena was observed on InAs(0 0 1)-(4 × 2) in the paper 

by Feldwinn et. al. [17]. In that case, the DFT electronic data were not reported, but it 

shows a simulated surface DOS with less mid gap state density than for the case of 

unbuckled trough dimers, which is consistent with less Fermi level pinning. The trough 
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buckling is not observed in STM, which is consistent with the surfaces being pinned. 

DFT simulates an infinite slab, but defects on real surfaces, such as step edges or T 

defects, could prevent buckling, even over long ranges. These two III-V surfaces have 

many similarities; the pinning states also likely arise due to the same defect(s) for both 

InAs(0 0 1)-(4 × 2) and InGaAs(0 0 1)-(4 × 2). 

 In order to create a passivated interface between a high-κ dielectric and these III-

V surfaces, the pinning states must be removed. On an unpinned semiconductor surface, 

even < 1 ML of pinning adsorbates can change the electronic STS results to show a 

pinned surface [52,135,182]. A defect density of 1×1011 cm-2 corresponds to only 10 

adsorbates for the sampling region of a typical 100 nm × 100 nm STM image. On the 

other hand, one pinning state per unit cell on the InAs(0 0 1)-(4 × 2) surface corresponds 

to a defect density of ~7×1013 cm-2. Therefore only nearly full monolayer coverage will 

be able to completely remove the pinning behavior of In(Ga)As(0 0 1)-(4 × 2). This was 

reflected in the STS results for the ALD oxidants study in Chapter 5. No STS was 

performed on the full coverage surfaces, and the InAs(0 0 1)-(4 × 2) surface remained 

near the CBM even for p-type material. In contrast, the study of the TMA ALD precursor 

in Chapter 6 showed complete unpinning of the InGaAs(0 0 1)-(4 × 2) surface due to the 

ability to form site-selective uniform bonding to the surface without displacing substrate 

atoms. This overlayer passivated the pinned semiconductor surface in a manner that left 

the underlying substrate terminated in a bulk-like fashion. In between these cases were 

the results for the HfO2 study in Chapter 4. In that case, a variety of HfO2 chemisorption 

sites were observed (no site-selective reaction was occurring) leaving some unpassivated 

surface defects behind, yet still passivating others. Therefore only partial unpinning of the 
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surface Fermi level occurred as shown in STS. These observations illustrate the simple 

guideline that unpinning a pinned interface requires very specific conditions such as site-

selectivity of the passivating adsorbate. 

 

7.3 Discussion on the initiation of a passivated interface  

 The displacement of surface As occurred for the water dosing ALD O precursor 

experiment in Chapter 5, as evidenced by the formation of the α2(2 × 4) surface 

reconstruction upon 350 °C annealing. Surface As displacement is also common for other 

III-As semiconductors upon adsorption [93,183]. The formation of group III oxides is 

more thermodynamically stable than the formation of arsenic oxides and furthermore, 

metallic As clusters are stable groups on the semiconductor surface up to moderate 

temperatures [92,127]. Additionally, oxygen is present in most oxide deposition 

environments. Therefore, it is important to consider the reactivity of the semiconductor 

substrate during gate insulator formation for MOSFETs. It is possible that as a general 

rule for deposition of insulators on III-V materials (where V = As) is that the starting III-

V surface should not contain As dimers. Previous success has been achieved for III-V 

MOSFETs on the As-rich surface of GaAs(0 0 1)-(2 × 4), but this is primarily due to the 

fact that the adsorbate coverage that left the surface unpinned actually terminated it in a 

bulk-like fashion and was limited to using Ga2O as the template layer for GGO gate 

insulator [7,83,135]; it is a fortuitous case. 

 The group III rich surfaces of InAs(0 0 1)-(4 × 2) and InGaAs(0 0 1)-(4 × 2) are 

preferable starting surfaces for oxide deposition. In Chapter 2 it was shown that there are 
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no As dimers on the (4 × 2) reconstructions, as opposed to the (2 × 4) reconstructions. 

Arsenic dimers would likely be more readily displaced since they make good leaving 

groups. It was shown in Chapter 3 that the (4 × 2) surface of InAs(0 0 1) is not very 

reactive to molecular oxygen. In ALD experiments, the best results were found for the 

metal-first ALD precursor reaction of TMA with the (4 × 2) surfaces, as reported in 

Chapter 6. Presumably, this is due to the highly selective nature of ALD. MBE of gate 

oxides can produce O2 if the source material evaporates incongruently and it is not a self-

limiting reaction (Chapter 4). As MOSFET device feature sizes continue to shrink, the 

self-limiting behavior of ALD will make the technique critical for thin gate oxide 

deposition. In addition, ALD metal precursors scavenge oxygen species from the reaction 

vessel and even have a clean up effect on the semiconductor surface itself, further 

exemplifying their preference in MOSFET technology. 

 

7.4 Future work and preliminary results 

 Research associated with the use of interlayers in the formation of HfO2/III-V 

semiconductors for MOSFETs has shown that the deposition of a sacrificial layer of a 

few ML can improve the high-κ/III-V interface quality [84,118,121,184]. Usually, this 

sacrificial interlayer is another semiconductor material deposited between the high-κ 

material and the semiconductor. Upon annealing, the interlayer is oxidized and becomes 

incorporated into the final gate stack of the MOSFET and does not disrupt the crystalline 

structure of the underlying substrate, but prevents it from becoming oxidized itself. While 

this may lower the overall gate-semiconductor capacitance, the avoidance of EF pinning 
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makes it attractive. Preliminary work using a non-reactive protecting interlayer for HfO2 

deposition on InGaAs(0 0 1)-(4 × 2) was carried out. Ultra high purity CO2 was allowed 

to condense on the III-V surface at liquid nitrogen temperatures (80 K) by introducing it 

into the UHV chamber through a leak valve until about 50 ML was deposited (assuming 

a sticking probability of unity). Next, the HfO2 e- beam deposition was carried out 

normally, depositing about 2 ML of oxide on the 80 K CO2/InGaAs(0 0 1)-(4 × 2) 

surface. Finally, the HfO2/CO2/InGaAs(0 0 1)-(4 × 2) stack was annealed slowly to 400 

K, removing the CO2 interlayer and leaving a HfO2/InGaAs(0 0 1)-(4 × 2) surface. STS 

and STM was performed on this surface and the results showed that the Fermi level 

position was partially unpinned for n-type InGaAs. These preliminary results are 

summarized in Fig. 44. Furthermore, control experiments showed that no disruption of 

the surface occurred during adsorption/desorption of CO2 on InGaAs(0 0 1)-(4 × 2). The 

results suggest that future experiments should explore this method further with the 

potential of protecting the substrate from oxidation and substrate atom displacement 

during oxide deposition. Background oxygen species and HfOx are likely present during 

the e- beam deposition environment of an oxide that evaporates incongruently. If the III-

V surface is protected during deposition, these species can recombine on the protected 

surface and would be less likely to react with the semiconductor in their higher energy 

states. 
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Figure 44. Preliminary results for HfO2 deposition with CO2 interlayer. 

a) The control experiment room temperature STM results (330 Å × 435 Å, -2.50 V, 75 
pA) that show the adsorption/desorption of CO2 at 80 K/400 K does not disrupt the 
InGaAs(0 0 1)-(4 × 2) surface. b) Room temperature STM results (330 Å × 435 Å, -
2.50 V, 25 pA) from the deposition of a few ML of HfO2 on CO2/InGaAs(0 0 1)-(4 × 
2) at 80 K and subsequent annealing to 400 K. Presumably, the CO2 desorbs through 
the thin amorphous oxide layer at 400 K and only the HfO2/InGaAs(0 0 1) remains. c) 
The average dI/dV results for the case of Fig. 44b. The Fermi level position is about 
0.5–0.6 eV above the VBM. This means the CBM should be about 0.2 eV above the 
Fermi level, but the small density at the energy range of +0.2 to +0.5 eV makes the 
determination of the CBM difficult. If the CBM is at 0.2 eV, the correct bandgap is 
measured and the material returns to n-type character. 
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 Preliminary work has also been done on the reaction of another ALD precursor, 

tetrakisethylmethylamido hafnium (TEMAH) on the (4 × 2) surfaces of In(Ga)As(0 0 1). 

Initial results show that the reaction likely occurs on the group III rows of the surface 

material, but more work is need in this area. The success of TMA begs similar research of 

other high-κ gate oxide ALD precursors such as TEMAH. However, this will not be 

without its challenges. The vapor pressure of TEMAH is much lower than that of TMA 

(less than 1 mTorr), so it may be necessary to construct a heated reaction vessel for 

experiments. Additionally, the ligands of TEMAH are much larger than for TMA, which 

could restrict the ultimate nucleation density for a single ML of Hf metal of the surface. 

However, future work with other precursors such as TEMAH and others like it 

(tetrakisethylmethylamido zirconium, TEMAZ) is warranted. 

 The results for TMA on In(Ga)As(0 0 1)-(4 × 2) were very promising. It is likely 

the first time a combined STM/STS study has been done for the passivation/ALD 

initiation of a semiconductor surface. It would be interesting to investigate the next 

reaction of Al2O3 growth via ALD, which is to react the Al(CH3)2/InAs(0 0 1)-(4 × 2) 

surface with H2O. Generally, H2O is the O precursor for the growth of Al2O3 via ALD. 

However, other precursors should not be ruled out, such as IPA. 

 The interfaces between high-κ dielectrics and III-V semiconductors are going to 

be important players in the future of CMOS development. If Moore’s Law is to continue, 

atomic level studies on these interfaces will become more critical as device features 

shrink in size. Currently, gate oxides are fabricated with thicknesses less than 10 atoms 

wide. Without atomic level understanding of the interface, engineering control at this 

precision will be nearly impossible. 
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