
1 

Passivation of III-V surfaces with crystalline oxidation 

P. Laukkanen1*, M. P. J. Punkkinen1, M. Kuzmin1,2
, K. Kokko1, J. Lång3, and R. M. Wallace4*

1 Department of Physics and Astronomy, University of Turku, FI-20014 Turku, Finland 

2 Ioffe Physical-Technical Institute, Russian Academy of Sciences, St. Petersburg 194021, Russian 

Federation 

3 Comptek Solutions Inc. Voimakatu 14, FI-20520 Turku, Finland 

4 Department of Materials Science and Engineering, The University of Texas at Dallas, Richardson, 

Texas 75080, USA 

ABSTRACT 

The control of interfacial physicochemical properties associated with device materials to minimize the 

impact of point defects on device performance has been a dominant theme in the semiconductor industry. 

The control of the density of such defects for silicon has been well established for metal oxide-

semiconductor field-effect device applications through deliberate reactions with chemically congruent 

species, such as hydrogen. In contrast, the control of interfacial defects for technologically important III-

V device materials is still an active area of research. Performance criteria for the III-V devices are 

demanding in terms of energy efficiency, material consumption, sensitivity, and speed. The surface 

reactions of III-V crystals, including the oxidation, are typically known to result in performance 

limitation for devices, causing significant degradation due to high defect-level densities at the 

surfaces/interfaces, in contrast to high quality bulk crystal regions. Here, we discuss the approach of 

utilizing atomically thin, ordered oxide interfacial layers of III-V compound semiconductors, since they 

provide a unique opportunity for metal-oxide semiconductor applications, compared to the more common 

approach to avoid the surface oxidation. The long-range ordered oxide interfaces have been obtained by 
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 2 

oxidizing cleaned III-V surfaces intentionally in ultrahigh vacuum conditions. This can be combined 

with different passivation methods to decrease interfacial defect density in III-V devices. We present the 

current understanding of the physical and chemical properties of the crystalline oxidized III-V materials, 

based on both experimental and computational models. The results are compared to those obtained by 

the current state-of-the-art passivation methods. 

 

I. INTRODUCTION 

After the demonstration of stimulated electroluminescence of AlGaAs/GaAs 

heterostructure diodes1,2 as well as the field-effect transistor operation using modulation doped 

AlGaAs/GaAs heterostructures3,4 in the 1970s, the photonics components and high electron-mobility 

transistors (HEMTs) have become established III-V compound-semiconductor device technologies 

which are currently used in many applications of photonics and wireless communication. For example, 

the III-V based light emitting diodes (LED), laser diodes, and detectors are key parts of the lighting and 

optical-fiber communication systems, and are finding further applications in medical technology (e.g. 

laser diodes) and the automotive industry via the light-detection and ranging (LIDAR) technology. While 

HEMTs were already commercialized in the mid 80s via low noise amplifiers, the use of HEMTs has 

increased substantially during the last decade because of significant development of monolithic 

microwave integrated circuits (MMIC) for wireless communication. Table I exemplifies selected 

milestones for III-V technology. It is common for such III-V devices that their performance criteria are 

demanding. The surfaces of III-V crystals which easily react with environment form one weak, limiting 

part for such device technologies. 

Oxidation of the III-V surfaces serves as an example of problematic reactions. During the 

last 50 years, this surface phenomenon has been most often linked to research and development of the 

metal-oxide-semiconductor field-effect transistors (MOSFET) with a III-V surface channel. Indeed, 

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/1

.5
1
2
6
6
2
9



 3 

several excellent books and reviews have been published about that subject (e.g. Refs. 5-10). Although 

the III-V MOSFET has not yet been commercialized, an extensive body of the research results has 

provided a strong basis to fundamentally understand and control the surface-related degradation in many 

currently used III-V devices as well. For example, the obtained knowledge is essential to improve the 

efficiency and sensitivity of scaled LED and sensor components, as well as the reduction of the 

degradation of mirrors for laser diodes [e.g. Refs. 11-16]. There is also an intriguing relationship between 

the MOSFET and HEMT studies historically because the invention of HEMT, encapsulating the electron 

channel with high-quality epitaxial III-V heterointerfaces, thereby mimized the oxidation-induced 

surface/interface defect problem of the III-V MOSFET and thus suppressed the urgency for studies of 

this subject in the 1980s as low power applications were not a commercial priority at the time. However, 

the results obtained from the III-V oxidation studies have now become very relevant to further develop 

the HEMT gate structure for needs in wireless communication technology where power consumption is 

important.17-19 

Research on the oxidation of silicon surfaces in the late 1950’s and the early 1960’s in 

combination with the invention of planar process technology eventually led to manufacturing of high-

quality, amorphous SiO2/Si interfaces for devices such as the microprocessor MOSFET.20 This success 

led to intensive investigations to produce device-quality amorphous oxidized surfaces for III-V´s in the 

1970s and 80s.6 Those studies however revealed that the amorphous III-V oxidation is different from the 

well-established SiO2/Si system, as described in previous reviews.7-10,21-23 The difference between the 

oxidation of Si and III-V materials is discussed also in this review (Sections II and III). Since realizing 

that the intentional amorphous oxidation of III-V surfaces results in many defects, which are difficult to 

remove or passivate, the long-standing approach has included avoiding or minimizing any oxidation of 

III-V crystals in the research and development of III-V devices. This is indeed a very challenging target 

because it is very difficult to avoid the interaction of III-V crystalline (wafer) surfaces with oxygen and 
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the resulting oxygen incorporation into many III-V materials in practice. The oxidation is an energetically 

driven process for most III-V materials, and as such it is very difficult to avoid spurious exposure of the 

surfaces to an oxygen-containing environment during a multistep process of the device manufacturing 

(Section II). Such uncontrolled oxidation causes degradation in current III-V technology performance, 

and therefore it is relevant to understand the III-V oxide properties and to develop the passivation 

methods for decreasing the oxidation-induced defects and degradation in the devices. 

Indeed, various passivation methods have been studied and developed for III-V surfaces to 

decrease interfacial defect densities during the last 50 years (Section VI). One potential solution to 

decrease the defect density is the epitaxial growth of insulator films on III-V´s because the interfacial 

bond structure resulting from an epitaxial interface naturally contains less point defects than the 

corresponding disordered interface typically associated with oxidation. Here, the well-established HEMT 

channel technology with a highly epitaxial III-V heterostructure interface provides a strict reference. 

However it is not straightforward, in practice, to manufacture such highly crystalline insulator/III-V 

stacks that have a minimal lattice mismatch between an insulator film and a III-V surface to avoid the 

strain-induced problems with increasing an insulator-film thickness. Furthermore, the heteroepitaxial 

insulator/III-V system should have the proper physical and chemical properties: e.g. large enough energy 

barrier for carriers and chemical stability in harsh conditions of further device processing. 

Leveraging prior studies with amorphous oxide insulating layers on GaAs produced by 

molecular-beam-epitaxy (MBE) compatible methods (e.g. “GGO” (Ga2O3)1-x(Gd2O3)x), the 

demonstration of the epitaxial growth of cubic Gd2O3 was a significant step forward in oxide-epitaxy on 

GaAs and stimulated many further investigations in this field.24-28 Among these were fundamental studies 

of the oxidation of atomically clean, reconstructed GaAs under ultrahigh vacuum (UHV) conditions as 

well as device demonstrations.29-32 These investigations also revealed a significant potential of exploiting 

UHV technology in the development of insulator/III-V device interfaces, which has been also supported 
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 5 

by the results obtained via combining MBE and atomic-layer deposition in elegant way.33,34 The 

investigations reviewed here emphasize the use of UHV technology and the importance of atomic scale 

control of III-V surfaces afforded by the UHV enviroment. It is noted that the commercial III-V growth 

technology incorporates MBE among the growth techniques exploiting UHV technology, and thus has 

been rendered as a manufacturable technology with useful yield. Moreover, an alternative method for 

growing epitaxial insulator/III-V interfaces using the now common atomic-layer-deposition (ALD) 

technique used in high volume semiconductor manufacturing where much higher pressures and 

precursor-surface reactions are employed during growth, has been recently reported.35,36 

Although the III-V community has learned to avoid any oxidation of the surfaces, largely 

through exploiting epitaxial III-V insulating layers, the opposite approach - intentional oxidation of III-

V materials - has been investigated with surprisingly promising results.37-45 The resulting surface oxides 

have an amorphous or disordered nature, as expected, but also a clear indication of local interfacial 

crystallization has been measured for the thermal oxidation of InAs in non-UHV conditions.45 

Furthermore, in studies of the initial (or monolayer) oxidation of reconstructed III-V surfaces such as 

GaN, InAs and InGaAs, an ordered oxide structures were reported by several groups.46-50 Taken together, 

these results suggested that proper III-V oxidation is not necessarily harmful to the device performance, 

as Robach et al.37 concluded already in 1986: "Our results show, in contrast to what is generally assumed 

in the literature, that some specific native oxides are able to exhibit good electrical properties”. 

Currently, a significant body of the results shows that the monolayer oxidation of III-V 

surfaces offers a potential pathway, perhaps in conjunction with other passivation methods, to decrease 

the density of defect levels and to enhance the performance of III-V devices.46-68 Our purpose here then 

is to review these results and report on the progress of the research with an eye toward device 

applications. Initially in Section II, we describe why spurious oxidation can be readily harmful to the 

performance of III-V electronics and photonics devices; why it has been avoided for several decades. 
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 6 

Concomitantly, we compare the III-V oxidation to the important reference case of SiO2/Si. Then in 

Section III, we review basic experimental procedures to fabricate the crystalline oxidized III-V surfaces, 

including the first crucial step: cleaning and crystallization of III-V surfaces. Section IV summarizes the 

common characterization methods for the III-V interface research. The chemical and physical properties 

of the crystalline oxidized interfaces are described in Section V. Finally, in Section VI, we discuss the 

prospects to include the monolayer crystalline oxides for the passivation procedures in current III-V 

device technology, and make a comparison to the current state-of-the-art passivation methods. 

 

II. EFFECTS OF OXIDATION ON DEVICE INTERFACES 

Oxidation of most semiconductor crystals is an exothermic reaction. For example, the 

Gibbs formation energies ΔG for GaAs69,70 (-67.8 kJ/mol), Ga2O3 (-999.7 kJ/mol), and GaAsO4 (-891.6 

kJ/mol) provide an idea how much the energy decreases when oxygen atoms are incorporated into the 

crystal, and oxygen bonds readily form with the semiconductor elements. One assumes that the ability to 

prepare an atomically clean and crystalline semiconductor surface is established (which is not trivial, as 

described later in Section III). The resultant surface reactivity presents a challenging situation to avoid 

spurious oxidation of a semiconductor surface during the subsequent step(s) of device processing, such 

as the growth of an insulator or metal film on the top of the cleaned semiconductor surface.63 This is 

because even a short exposure to oxygen (or water) can cause the reaction and incorporation of oxygen 

atoms into a semiconductor. The challenge can be exemplified by the basic vacuum-technology result71 

from the kinetic theory of gasses that a solid surface becomes covered by one adsorbate layer in about 

one second when the environment pressure for a solid is as low as 110-6 mbar, which is already a suitable 

vacuum (clean environment relative to atmospheric exposure) for many practical thin film deposition 

systems to grow a metal or insulator thin film. In other words, the cleaned semiconductor surface can 
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 7 

become spuriously oxidized due to the residual gas pressure conditions, including the conditions through 

which the cleaned semiconductor sample is transferred to the film-growth apparatus, such as a process 

fabrication tool. Moreover, there are also other probable sources for the oxidation; several practical 

insulator films used in device processing are oxides: e.g. SiO2, Al2O3, HfO2, and TiO2. Indeed, the growth 

conditions for such insulating films are very oxygen rich, and interdiffusion of elements across an oxide-

semiconductor interface can readily cause oxygen incorporation into the semiconductor as well. The 

results presented for a very clean InGaAs surface in Ref. 63 provide an instructive example for this 

challenge. 

Then it might be asked what concentration of oxygen has some significant effect. The 

density of atoms, and thus bonds, at semiconductor surfaces is typically on the order of 1014 to 1015        

cm-2. It is the chemical reactivity control (“passivation”) of such surfaces, that inevitably exhibit dangling 

bonds (i.e. broken, unsatured bonds), with suitable insulating overlayers and reactants that is essential 

for useful interfaces in device applications. The Si MOSFET provides the most stringent interface state 

density requirement: it could be as low as 109 defect levels per cm2eV to reach well-working MOSFET 

operation, after appropriate passivation of the silicon interface.72-74 Thus a very small density of defects 

can be harmful, although other semiconductor devices are not as sensitive as the MOSFET to such surface 

defects. Indeed, many applications contain working III-V device components, as described in Section I. 

However, the comparison to the MOSFET defect-density requirement, achieved for silicon, together with 

the knowledge that III-V MOSFETs have been a very challenging goal gives one an idea of how much 

surface defects cause degradation in the current III-V devices in photonics and MMIC application for 

instance. 

Figure 1 exemplifies such surface-related degradation. The III-V surfaces are normally 

covered by an insulator or metal film in devices; that is, the critical surface lies at a buried interface. This 

embedded property has hindered the physical characterization of interface properties (Section IV). A 
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thickness of the oxidation-modified III-V layer can be several nanometers,5 depending on the 

manufacturing conditions for the insulator-semiconductor and metal-semiconductor junctions. For 

example, a 1-nm thick semiconductor film contains about six layers of atoms, each of which has the 

atomic density ~1014 cm-2.  

The reacted III-V layer contains oxidation-induced electron levels (short red lines in Figure 

1) around the crucial energy region: the band gap. The oxygen-containing III-V surface can also include 

defects arising from interaction with carbon, hydrogen, or metal elements. The function of insulator-

semiconductor interfaces is normally to enable the control of the current flow in the semiconductor side 

via the band offsets (barriers) between the semiconductor and insulator conduction or valence band 

edges, as schematically drawn in Figure 1b. The defect levels cause the recombination of carriers before 

they are directed to provide useful current flow. The defect levels might also trap carriers and become 

charged, affecting further the carrier transport properties. The interface defects may also increase a 

leakage current through the insulator.75 Last but not least concerning III-V MOSFET, the Fermi-energy 

at the semiconductor surface might become locked (pinned) at some specific energy level in the band 

gap such that an external field is unable to modulate the band bending and therefore the Fermi level 

position over the gap.6-9 In addition to the presented defect levels in the semiconductor side, so-called 

border trap states76 (not shown in Figure 1) often appear in the insulator layers near the semiconductor 

surface.77,78 Extreme care on surface preparation and passivation must be performed to enable clear 

distinctions between interfacial and border trap states.23 

The Schottky and Ohmic metal-semiconductor interfaces also include oxidation-induced 

defects because it is hard to avoid an oxygen contact of a semiconductor surface during the metallization 

process, including the sample cleaning and transfer to a metal-deposition unit. It is of course worth noting 

that the metal-semiconductor interfaces are also challenging because of metal-semiconductor 

interactions.79,80 On the other hand, a thin oxide layer between a metal film and semiconductor crystal, 
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 9 

acting as a tunneling barrier, has been proposed to solve the problem of metal-induced gap states through 

passivation.79-82 Nevertheless, the oxidation-induced defect levels can again cause losses of carriers 

around the metal-semiconductor interfaces that connect the device to outside world. Figure 1c 

exemplifies how the electrons might recombine at an Ohmic-type junction of a photodiode before light-

absorption induced carriers are collected into an external circuit. Furthermore, these defect levels can 

cause an increase in the reverse-biased leakage or dark current because the thermal excitation of electrons 

from the valence to conduction band increases via the gap levels. 

A further interesting question is what kind of atomic-scale structural change(s), as 

compared to the bulk crystal, causes the electronic defect levels in the band gap. This is a very challenging 

defect-physics issue to experimentally measure, but the detailed theoretical studies have examined this 

question. The most established model at the moment is that the origins of the gap levels are (i) dangling 

bonds (i.e. unsaturated broken bonds) of group-III and -V atoms,83 and (ii) group-V dimer bonds with 

antibonding levels.84 In contrast, the oxidized phase of group-III or group-V element itself does not 

appear to cause defect levels directly in the area of the semiconductor band gap, but can result in a 

concentration dependent, oxygen-induced structural disorder which can result in gap states.8,83-85 Another 

open question about the oxidized phases of group-III or group-V element is their band gap size; whether 

the oxidized phases still cause the electron levels just above the semiconductor conduction-band edge or 

just below the semiconductor valence-band edge. It is also emphasized that the impact of border traps in 

the insulator itself have been (typically) excluded in such analysis. The formation of different oxidized 

phases can lead to grain boundaries with enriched point-defect densities, which further can cause leakage 

paths.5,7,86 Furthermore it is possible that the oxidation of a semiconductor surface continues (e.g. during 

process annealing), and the thickness of the oxidized layer increases. Then crystal quality of the oxidized 

layer can degrade rapidly. This is due to several reasons: There are usually many different metastable 

oxide phases which can form due to the process energetics and kinetics.87-90 Most of oxidized phases 
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 10 

have also a clearly different crystal structure as compared to the III-V crystal structure, leading to a 

significant strain and its relaxation.90 Therefore, it is not surprising that the resulting oxidized 

semiconductor surfaces are normally amorphous in structure. 

Such amorphicity holds true also for the most famous oxidized semiconductor system: 

SiO2/Si. SiO2 films remain amorphous in most applications, including films that are grown at high 

temperatures even around 1000 oC. Interestingly, an ultrathin interface layer (0.5 nm) between the Si 

crystal and amorphous SiO2 film has been reported to have a well-ordered, crystalline tridymite structure 

of SiO2 after a specific high-temperature oxidation treatment of Si91 or with lattice mismatch-induced 

strain.92  There are also other observations which support that monolayer crystallization of SiO2 occurs 

under suitable conditions.91-96 The presence of such an ordered oxide monolayer might be one key 

difference between the SiO2/Si device interface and conventional III-V interfaces. A well-ordered 

interface layer naturally includes less point defects than the corresponding disordered layer as a majority 

of the interfacial dangling bonds is satisfied assuming a reasonable bond length is available. Furthermore, 

when one considers the manufacturing process of high-quality insulator/Si interfaces with low defect 

densities, the process steps often include a high-temperature rapid annealing step near the temperatures 

where SiO2 decomposes. This provides another significant difference between the Si and III-V oxides. 

Namely, SiO2 can be removed from a Si surface by vacuum heating (around 800 oC) but a similar removal 

of III-V surface oxides by vacuum heating is very difficult because most III-V crystals start to decompose 

due to III-V bond scission/desorption before their oxides do.97-99  

Finally, as noted previously, the method to passivate a major part of the remaining Si 

dangling bonds chemically by careful hydrogen incorporation into the interface, decreases the interface 

gap-level density to the 1010 cm-2eV-1 or lower range, allowing the proper MOSFET operation.72-74,100 

For the III-V interfaces, a similar hydrogen-passivation recipe resulting in similar interface state densities 

has not yet been found,101-106 but the sulfur treatments have provided promising results (e.g. Refs. 107-
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 11 

112). The hydrogen and sulfur passivation are described later in Section VI. Furthermore, crystalline 

oxidized III-V surfaces reviewed in this work might provide a step toward the interface control, 

analogous to the crystalline (tridymite) SiO2/Si interface layer. Moreover, very promising results have 

been found from ab initio calculations: an energetically favored crystalline Ga2O3-type thin interface 

layer between GaAs and HfO2 can provide a defect-level free gap.85,113,114 This means that by finding 

proper parameters for the growth of HfO2/GaAs gate dielectric structure, one should be able to decrease 

the interface defect density significantly through an ordered oxide monolayer. Indeed the previous 

experiments support that a favorable interface can be formed with amorphous (and polycrystalline) 

Ga2O3 film deposition on GaAs.115-118 Of course, bonding is a major difference in the oxides of Si and 

III-V´s: namely the covalent-type bonding structure of Si in SiO2 vs. ionic-type higher coordination 

bonding of the III elements in their oxides. It is important to note that the group V oxides resemble covalent 

type SiO2-type using electronegativity arguments.119 

 

III. PREPARATION OF MONOLAYER CRYSTALLINE OXIDIZED SURFACES 

The first crucial step is the cleaning of III-V surfaces from spurious oxides and carbon 

contaminants. This issue has been indeed investigated intensively because, as described in Section I, 

avoiding the formation of the surface oxides has been the long-standing target in conventional III-V 

technology. A comprehensive review the cleaning procedures is beyond the scope of this work, and so 

we focus initially on wet chemical treatment(s) as this is one of the most used procedures in device 

fabrication technology, and because it can be readily included in various steps of the industrial process 

of III-V device components. In contrast, an ion sputter-cleaning approach, which is a common surface-

science method to remove surface contaminants, clearly introduces surface disorder. Furthermore, in 

some specific cases, covering a III-V surface with a protective As or Sb “capping” film in the epitaxial 

growth system (e.g. using MBE) can be also utilized, which provides a well-ordered crystalline starting 
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 12 

surface after removing the As or Sb cap by the thermal desorption in ultrahigh vacuum (UHV) conditions. 

However, III-V components become often exposed to an oxygen-containing environment in several 

different processing steps associated with device fabrication, and the wet etching is a simple and quick 

method to be integrated with the multistep manufacturing procedures. 

It is noted that one common problem among most cleaning procedures (except for the As 

or Sb capping technique) persists for III-V surfaces: a III-V surface does not exhibit long-range ordering 

after removing native oxide and carbon contaminants by wet chemistry for instance. In contrast, after 

removing the contaminants, the III-V surfaces are disordered and resemble an amorphous layer with 

many point defects, lying on the top bulk crystal planes. Figure 2 exemplifies this problem using the 

InP(100) surface that has been cleaned by a HCl+IPA -based etching recipe, similar to that used 

previously for GaAs(100).120,121 Figure 2a shows a low-energy electron diffraction (LEED) pattern from 

the InP(100) surface just after the HCl+IPA cleaning in N2 background without any direct air exposure. 

Indeed most of amorphous surface oxides have been removed in the etching because (11) LEED pattern 

appears, consistent with the GaAs(100) results.120,121 However, as scanning tunneling microscopy (STM) 

images reveal (Figure 2), there is no detectable long range order for this surface. This is a good example 

where the appearance of LEED spots, typically an indication of long-range order of the near-surface 

region, does not necessarily provide proof of a crystalline topmost surface. In other words, (11) 

diffraction spots arise in this case from the bulk planes beneath a topmost amorphous layer. Although 

LEED is surely a surface sensitive characterization method, LEED is not sensitive to local defects, and 

thus it is often instructive to inspect the associated surface using STM as well. It is worth noting that 

before cleaning of a III-V surface, no LEED spot is seen because an amorphous oxidized layer is too 

thick at the surface to get elastic electrons out from the bulk plane. GaN-based crystals are an exception 
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here: (11) LEED can be observed from GaN surfaces without any cleaning as this surface resists 

extensive oxidation.55,122 

Figure 2 exemplifies also how the vacuum heating around 350 oC improves crystal quality 

of the etched InP(100) surface, and leads to the formation of a structural reconstruction. The 

InP(100)(24) reconstruction can be observed in both LEED and STM in (Figure 2). Note that InP(100) 

does not exhibit (42) at all, in contrast to GaAs(100) and InAs(100). Because the reconstructions are a 

clear fingerprint of the clean and long-range ordered surface for most III-V crystals, Figure 3 summarizes 

some common III-V reconstructions: III-As(100)(24),123-133 GaAs(100)(66),124,134 III-V(100)(42),135-

138 InP(100)(24),139-141 GaSb(100)(43),142-145 and InSb(111)B(33),146-148 which are also relevant to 

the oxidized III-V surfaces considered in Section V. 

When a clean and ordered III-V surface is obtained under ultrahigh vacuum (UHV) 

conditions, it is possible to reoxidize the surface again, but now in a controlled way. The parameter space 

for controlling the oxidation includes: the III-V oxidation process temperature, oxygen pressure and 

duration (exposure), and the starting as well as ending of the oxidation procedure (e.g. whether the 

oxidized III-V crystal is still post heated or not in vacuum after terminating the oxygen exposure). 

Depending on the III-V material, the crystal surface temperature has been typically in the range of 350-

500 oC, the oxygen pressure in the range of 510-7-510-5 mbar, and the duration in the range of 10-30 

min. The crystal temperature has been typically increased and stabilized before opening an oxygen leak 

valve for controlled exposures. The parameters are described in more detail for each III-V surface in 

Section V and Table II. It is also instructive to provide some comparison to the controlled oxidation of 

the Si surface.91,93,149,150 The crystal nature of the SiO2 interface layer has been obtained in particular by 

means of the high temperature oxidation around 900 oC in atmospheric pressures. However, as noted 

previously, the III-V crystals start to decompose at such high temperatures, depending on the crystal 
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environment during the heating.97-99 The wide-bandgap GaN and AlGaN are again an exception to such 

thermal decomposition because they tolerate similar temperatures to those used for silicon due to the 

relatively large bond scission energies of the nitrides. The high-quality silicon oxidation occurs near the 

temperatures at which SiO2 starts to decompose, as well as significant oxygen diffusion through the SiOx 

and into the underlying Si. In contrast to atmospheric oxidation pressures for Si, the formation of III-V 

crystalline oxides (Section V) has been observed by lowering the oxidation pressure (flux) using 

ultrahigh-vacuum technology. This pressure difference appears to result in reaction kinetics that 

compensate the requirement of the lower oxidation temperatures for III-V´s.151 Moreover, there is an 

interesting consistency between the findings of crystalline tridymite SiO2 interface91 and III-V crystalline 

oxidation. Namely, and as Ourmazd et al. explained,91 the key for their observation of crystalline SiO2 

formation was the preparation of a very smooth and highly crystalline starting Si surface by means of a 

sophisticated silicon molecular-beam-epitaxy (MBE) technique. The resulting grain size of the SiOx 

crystals is determined by the spacing between atomic-scale steps on the clean surface before the 

oxidation.91 Although MBE has not been always available in the III-V crystalline oxidation studies, a 

special focus by the research community has been put on the preparation of well-defined starting surfaces 

for the subsequent oxidation studies.24-34,46-67 

Figure 4 presents a schematic approach to prepare crystalline oxidized III-V surfaces. The 

cleaning of crystal surfaces can be done in several ways to remove the surface oxides and contaminants. 

The optimized environment of a vacuum chamber allows one to enhance the crystalline nature of the 

cleaned surface, which is otherwise a very challenging task because a semiconductor surface strongly 

reacts with environment. In UHV surface-science apparatus, the heating of the surface is the established 

method to make semiconductor surfaces well ordered. Table II summarizes key surface-preparation 

parameters under such conditions.  
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After the subsequent controlled oxidation, the crystal can be transferred to a next processing 

step such as the growth of an overlying insulator film. Foe example, the crystalline oxidation of InAs 

were initiated using small samples (about 6 mm  12 mm pieces of a wafer),50 but later the approach was 

also transferred on a wafer-scale.54 These oxidized wafers were successfully transferred via air to an 

atomic layer deposition (ALD) reactor for subsequent (high-k) dielectric deposition, but the use of 

clustered-chamber vacuum technology also allows designing a less reactive environment for the sample 

transfer and deposition, in principle.152 This is a relevant issue because it has been found that properties 

of the crystalline oxidized InAs change during air exposure,53 as discussed more in Section V. 

 

  

IV. INTERFACE MEASUREMENTS METHODS 

Characterization of the buried interfaces is challenging in general because a critical 

interface layer typically lies below the topmost film and is narrow as well as disordered. Thus, it is often 

necessary to combine the benefits of several complementary experimental and computational methods 

to get good understanding of the interface properties and effects. The widely used measurements for the 

interface characterization include the x-ray photoelectron spectroscopy (XPS), capacitance-voltage (C-

V) analysis of MOS capacitors, high resolution transmission electron microscopy (TEM), and 

photoluminescence (PL). Each of these techniques has their own strengths and weaknesses, which we 

attempt to summarize in this section. Furthermore, in the characterization of the monolayer crystalline 

oxidized III-V surfaces in Section V, the traditional surface-science methods: LEED, reflection high 

energy electron diffraction (RHEED) as well as STM and scanning-tunneling spectroscopy (STS), 

reviewed elsewhere,153-155 can be used to probe initial stages of the interface formation and 

semiconductor oxidation. As noted previously, the benefit of STM/STS is that the method allows to probe 
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the local atomic and electronic structures around defects at surfaces, while electron diffraction methods 

enable long range order studies.  

Here it is also useful to consider the interface dimensions such as one point defect per unit 

(interface) area which can cause the uniform defect densities 11010 cm-2 and 11012 cm-2 for instance. 

Namely, such a low density as one point defect per the 100 nm  100 nm interface area can already cause 

a midgap level density of 11010 eV-1cm-2, while one point defect per 10 nm  10 nm can lead to the 

defect-level density of 11012 eV-1cm-2. The comparison to the semiconductor host-atom density of ~1014 

cm-2 sets a rather stringent requirement for a sensitivity of any physical interface characterization method.  

Indeed, the sensitivity of electrical characterization due to carrier scattering is often employed for such 

evaluations in combination with process variations. This approach also has limits though as some 

interpretation ambiguity can manifest itself from the device model, experimental design, and 

characterization method.156 

After the research of Siegbahn et al.,157,158 XPS (also known at the time as Electron 

Spectroscopy for Chemical Analysis – ESCA) has become one of the most used techniques in materials 

science and technology.153,155,159,160 One clear strength of XPS is in its elemental sensitivity which enables 

the determination of material chemical composition in non-destructive manner down to perhaps 0.5-1 

atomic % (~1012 to 1013 atoms/cm2) for most elements, and is better for heavy than light elements.161 

However, such XPS result reflects the chemical composition of a near-surface region rather 

than the bulk composition because a mean free path () for the elastic photoelectrons (without any energy 

losses) inside a solid is rather short: typically 0.5 nm – 3 nm depending on the photoelectron kinetic 

energy. This results in an “information depth" of ~3.153,159,162 Although the electron mean free path is a 

universal property among solids, some material-dependent variation has been also found for the mean 

free path generally due to the material density. For example, the path can be larger for oxides than the 

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/1

.5
1
2
6
6
2
9



 17 

corresponding pure element.163,164 Even if the XPS probing depth is low, it provides an opportunity to 

obtain a signal from the buried interface region through a thin, outermost film. Furthermore, the use of 

hard x-ray photoelectron spectroscopy (HAXPES) with high-resolution, tunable energy synchrotron 

sources has been utilized more and more to investigate deep interfaces beneath an insulator or metal film 

thicker than 10 nm.162,165 Such synchrotron XPS (also called Photoemission Spectroscopy – PES) enables 

one to probe practical type interfaces because in many applications a crucial interface lies deep below a 

cap. However, when trying to connect the core-level results to the defect-level densities, it is useful to 

remember that the low atomic concentrations (<11011 cm-2) are very challenging to measure by XPS or 

HAXPES, and require an extremely good signal/noise ratio. Another limitation is the associated 

analytical spot size, which can range from microns to millimeters depending on the configuration. 

The widely used benefit of XPS is its capability to provide information about the atomic 

bonding structure with neighboring atoms at interfaces via the core-level shift analyses. The valence-

electron distribution around the studied atoms is sensitive to the bonding environment of the atoms. 

Furthermore, the binding energies of core-level electrons depend on the valence-electron distribution (so-

called on-site charge) in a simplified initial-state picture: higher electron density around the atom smaller 

core-level binding energy. However, there are also two other physical factors which can change the core-

level binding energy: namely changes in the Coulombic electrostatic potential induced by other atoms 

(e.g. nearest and second-nearest neighboring atoms) in the material and changes in the final-state 

screening effect of remaining electrons (i.e. relaxation response of other electrons to the created core 

hole).166-168 These different contributions can even cancel each other, complicating the analysis of the 

measured core-level shift. Thus, it is very instructive to compare the measured and calculated core-level 

shifts (simulated with both the ground-state structures and the final relaxed structures with the core hole) 

to understand possible atomic structures behind the measured shifts.167,168-172  
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Concerning the oxidation of semiconductors, it is widely accepted that the core-level 

binding energy of Si and group-V atoms increases systematically with increasing the number of direct 

oxygen bonds (e.g. Refs. 168-172), but for group-III elements the situation might be much more 

complex,172 as discussed below in Section V. Figure 5a exemplifies the oxidation-induced InGaAs core-

level shifts measured by HAXPES from SiNx/InGaAs, which can be seen as a shoulder or tail of the III-

V substrate bulk peak that is commonly used as the reference energy (i.e. 0 eV) for shifts. It can be seen 

that the oxidation-induced shifts for Ga and In are not so large, around 1 eV or smaller, as compared to 

the oxidation-induced shifts of As which can extend up to 5 eV. The emission components with only 

small shifts (e.g. for Ga and In) typically overlap with each other, hindering a detailed determination of 

the substrate peak position. Tuning the surface sensitivity of XPS spectra by changing the photoelectron-

emission angle or kinetic energy is helpful to solve the bulk peak position carefully, for understanding 

the interface-related spectral features in detail. Still, it is important to note that different atomic structures 

at the interfaces can cause similar core-level shifts, and surely, complementary characterizations need to 

be combined toward good understanding of the atomic structures of interfaces. Even the detailed atomic 

structure of the SiO2/Si interface causing the commonly observed Si core-level shifts: i.e. Si+1 - Si+3 

oxidation-state like components in addition to Si+4 of SiO2 appears to remain an open issue.168-170,173-176 

High resolution transmission electron microscopy (HR-TEM) has provided indispensable 

information about atomic structures of various materials, particularly when coupled with various imaging 

and spectroscopic techniques.177-183 The preparation of the specimen has been revolutionized by the use 

of focused ion-beam techniques. However, work on III-V materials can require considerable care, and 

even require the traditional methods of polishing. TEM is often utilized to image insulator/III-V 

interfaces on the atomic scale (e.g. Refs. 45,181-183). One example is shown in Figure 5b, including 

large-scale and zoomed-in atomic-scale TEM images for the ZrO2/InAs interface with thermal 

oxidation.45 Such images of atomic columns through the speciemen thickness give important information 
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for example about a degree of interface crystallization, size of possible crystalline domains, and unit-cell 

dimensions. Indeed, Figure 5b reveals at least local crystallization of a thermally oxidized InAs layer,45 

which interestingly resembles the crystalline tridymite SiO2/Si case.91 Also, possible post-annealing 

induced structural changes inside an insulator film (e.g. formation of crystalline grains) can be observed 

by TEM. The atomic resolution images provide nanoscale information on the material, and it is worthy 

to recall what defect densities might be relevant in this case: one defect per 10 nm  10 nm area 

corresponsing to 11012 defects/cm2. In regard to the oxidation studies of III-V interfaces, the imaging 

of individual oxygen atoms is not straightforward with any microscopy technique due to the associated 

atomic electron density (e.g. low Z). 

Photoluminescence (PL) is a very common measurement in the research and development 

of III-V optoelectronics materials, where the direct band gap enables an efficient enough light emission. 

Traditionally PL has been used to study the electronic structures of III-V bulk crystals and 

heterostructures around the energy band gap. However, the potential of PL for the interface 

characterization has been also realized for some time.184-190 The basic argument for the surface or 

interface sensitivity of PL arises from a long diffusion length of the photogenerated carriers (i.e. electrons 

in the conduction band and holes in the valence band), which can be hundreds of nanometers depending 

on the majority and minority carrier lifetimes. Therefore, although the major absorption of the excitation 

photons occurs in the bulk crystal area, the photogenerated carriers can reach the defect-rich interfaces 

via the long carrier diffusion lengths. That is; the interfaces cause non-radiative recombination of the 

carriers via defect levels and decrease the PL intensity. The qualitative comparison of defect-level 

densities is the common result of the PL characterization of different interfaces. Figure 5c presents an 

example for the PL characterization for Ga2O3/GaAs interfaces together with the high-quality 

heteroepitaxial interface.187 It is seen that the PL intensity from Ga2O3/GaAs is almost the same as for 
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the very strict reference of epitaxial AlGaAs/GaAs. The room-temperature PL measurement is relatively 

quick and of course non-destructive. One challenge arises from possible overlapping band-bending 

effects on the PL intensity comparsion;188,189 for example, the upward band bending toward the interface 

repels the conduction-band electrons that have typically longer diffusion lengths than holes. This 

decreases the non-radiative recombination via interface defects, and a harmful effect of the interface 

defect levels on PL intensities. The fixed charges inside an insulator film or/and slow border traps191 can 

form a static charge and internal electric field in relation to the time scale of PL intensity measurement. 

It is also useful to realize that the reflection of excitation light might vary between different samples with 

different refractive indexes, affecting the PL intensity. 

Last, but not least, capacitance-voltage (C-V) characterization of metal-oxide-

semiconductor capacitors (MOSCAP) is popular. C-V characterization serves as a well-known electrical 

probe of the insulator-semiconductor interfaces, as compared to XPS, TEM, or PL. Thus the C-V 

characterization has been widely utilized in the research and development of III-V passivation (e.g. Refs. 

192-202). Indeed, the performance of MOSCAPs is very sensitive to the properties of an 

insulator/semiconductor interface. The quantitative analysis of C-V data to determine the defect-level 

density is described in detail in many previous works (e.g. Refs. 9,192,194), and here we only 

qualitatively present specific features of C-V curves related to the interface defects. In Ref. 194 the 

challenges and guidelines for the analysis of III-V MOSCAP have been described in instructive way. As 

Engel-Herbert et al.194 write, the C-V analysis concepts have been largely developed for silicon 

MOSCAP, but many properties of III-V are naturally different from silicon ones. For example, the carrier 

lifetime in III-V’s can be several orders shorter than in Si because of the direct band gap.  

Figure 5d shows the C-V curve examples measured from Al2O3/n-InGaAs MOSCAP with 

and without the forming-gas-anneal (FGA) hydrogen passivation.202 A measurement frequency for the 

difference curves increases to downward. The observed dispersion of accumulation capacitance as a 
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function of the frequency at the positive voltage side has been found to arise from border traps for 

carefully fabricated capacitors,23,203 which however lie very close to interface (distance less than 1 

nm).196-199 Furthermore, the frequency dispersion of the depletion region (around 0 V), appearing as a 

hump of the capacitance increase, can be attributed due to the interface defects. It can be seen that FGA 

decreases the density of these defects (Figure 5d). The capacitance increase in the hump area resembles 

the early inversion increase, but in the true inversion operation (i.e. proper Fermi-level movement over 

the band gap without a significant pinning) the capacitance should increase and saturate clearly in the 

inversion region at the negative voltage side (for n-type semiconductors). Another qualitative comparison 

of C-V curves can be done for the curves measured at high enough frequency to avoid any response of 

the fast interface states. In such conditions, the slope of the depletion region capacitance is still affected 

by the interface levels because the DC voltage is changed so slowly. Thus, the reduced slope (or more 

stretched out capacitance step) in the depletion region, measured with high frequencies, corresponds to 

a higher density of defect levels.  Recent modeling and C-V characterization work (using an 

Al2O3/InGaAs capacitor structure) has also demonstrated the role of inelastic tunneling as a means to 

distinguish interface state and border trap contributions to the C-V (and conductance-voltage) 

response.204 Similar studies using a crystalline oxide interface would be of interest. 

 

V. CHEMICAL AND PHYSICAL PROPERTIES OF CRYSTALLINE OXIDIZED SURFACES 

A. In-V surfaces   

a. InAs surfaces 

The monolayer crystalline oxidation of InAs(100) surfaces has been investigated 

extensively.50,52-54,56,58,62,66 Before those studies, long-range ordered In2O molecule structures have been 

deposited and investigated on InAs(100), providing an interesting counterpart system for comparison.48,49 

The response of InAs(100) surfaces is that their lattice cell changes upon exposure to the crystalline 
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oxidation process. This leads to oxidation-induced surface-reconstruction periodicities that are distinct 

from those for the clean InAs(100) surface which exhibits the c(44), (24), and (42) reconstructions 

after the cleaning with a decreasing As/In ratio at the surface (Section III). The oxidation has been so far 

been found to induce c(42) and (31) reconstructions at InAs(100). Thus, LEED or RHEED can be 

quickly used to monitor and conclude the incorporation of oxygen, due to clear changes in LEED and 

RHEED patterns. This is indeed a benefit because typical laboratory XPS is not sufficiently sensitive to 

small changes in the incorporated oxygen amount (<1013 cm-2). On the other hand, a small XPS oxygen 

signal (i.e. O1s) can easily appear on a cleaned surface before the controlled oxidation due to for instance 

incomplete cleaning or degassing surfaces present in vacuum tools. However, with careful attention to 

the analytical spot size and geometry, monochromatic XPS provides a crucial piece of the evidence for 

the crystalline oxidation because the O1s peak should increase in intensity with the oxygen incorporation 

and because chemical bonding environment of group-III and -V elements changes, causing detectable 

changes in their core-level spectra. 

The c(42)-O and (31)-O layers are two different crystalline oxidized surfaces of 

InAs(100), of which (31)-O includes more oxygen (about two times) than c(42)-O according to the 

O1s XPS measurements.50,58,59 The clean InAs(100) surface has been reported to be obtained by either 

the Ar-ion sputtering+vacuum heating50,58,59 or by the As-decapping technique.53,54,56,62 In Figure 6, 

LEED shows the (42) reconstruction for the sputter-cleaned InAs(100) after the vacuum heating around 

400 oC. Figure 7 shows the corresponding STM image, which reveals a smooth two-dimensional step-

terrace structure for a well-cleaned InAs(100). It is noted that the As-decapping method allows also the 

preparation of a more As-rich (24) starting surface, as compared to the (42) surface (Figure 3).54 

Figures 6 and 7 also show LEED patterns and associated STM images for the oxidized 

InAs(100) surface.50,66 The two-dimensional step-terrace structure remains in large-scale STM images 
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for the c(42)-O and (31)-O surfaces after the controlled oxidations. This indicates the crystalline nature 

for these surfaces and is consistent with the clear LEED patterns. This is further supported by the 

comparison to LEED and STM from an amorphous surface oxides of InAs(100) in Figures 6 and 7. The 

c(42)-O surface is obtained when the oxidation temperature has been higher than that used for the (31)-

O reconstruction, or when the oxidation time (i.e. oxidation dose) has been smaller than that used for the 

(31)-O. It is essential to note here that these observations have been done with the same experimental 

setup,50,58,59 because the comparison of the temperatures, in particular, between different experimental 

surface analysis systems is generally a complicated issue and can require extensive cross-calibrations. 

Furthermore, the oxidation temperature, pressure, and time affect each other in the establishment of the 

“window” of reproducible parameters required to obtain (31)-O and c(42)-O reconstruction signatures.  

Table II presents details for the surface cleaning and oxidation, and the parameter ranges 

where both the (31)-O and c(42)-O surfaces have been observed can be summarized as follows: 300-

400 oC for the oxidation temperature, 1-1010-6 mbar for oxygen pressure, and 5-30 min for the oxidation 

duration. The (31)-O surface has been found to contain a double the amount of oxygen atoms, as 

compared to the c(42)-O surface.50,58,59 This difference might also be seen in the STM image (Figure 

7e) where both the c(42)-O and (31)-O phases coexist. Namely, the c(42)-O areas look more flat (or 

two dimensional) than the (31)-O areas do; the (31)-O areas are more corrugated on atomic scale, 

which can be understood as follows. Because the (31)-O layer can be expected to be a thicker oxide 

than the c(42)-O layer, the structural strain is expected to increase for the (31)-O layer. These 

crystalline oxides on the top of InAs resemble a thin heteroepitaxial system where the strain might be 

relieved through the formation of a corrugated (31)-O structure. 

In Figure 7e, an additional structural feature is detected, distinct from the (31)-O and 

c(42)-O areas. Namely, local white rows (marked with AsOx) appear in particular on the (31)-O areas. 
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That phase has been associated with As oxides because XPS of (31)-O shows a clear As2O3-type high-

oxidation state feature in the As3d core-level spectra,53,54,58,62 as exemplified in Figure 8. Furthermore, 

this As2O3-type emission arises from the topmost surface according the synchrotron-radiation XPS 

(Figure 8),58 and it also disappears immediately after starting the atomic layer deposition.53,62 These 

results indicate that the As2O3-type bonding structure (i.e. As3+ atoms) does not belong to the basic unit 

cell of (31)-O but rather lies on the top of it. It has been suggested that the local As2O3-type rows form 

when oxygen atoms become incorporated into InAs, removing some of the As host atoms which then 

diffuse toward the surface and form there bonds with oxygen.66 That is, the In-O bonding is energetically 

more favored than As-O in InAs. 

Indeed several oxidation-induced changes (i.e. core-level shifts) have been found in the In 

core-level spectra for both the (31)-O surface53,54,58,62 and c(42)-O surface.59 Moreover, in the O1s 

spectrum of (31)-O, it has been observed both the In-O and As-O emission components,58 while the 

O1s spectrum of c(42)-O has less components and energy variation.59 Surprisingly, the In core-level 

spectra of both the (31)-O and c(42)-O surfaces have the oxidation-induced components (shifts) at 

smaller binding-energy side, as compared to the InAs bulk binding energy.58,59 In early studies, these 

shifts were associated, at least in part, with In dangling bonds,57-59 but subsequent studies of the buried 

interfaces of Al2O3/InAs66 and HfO2/InP172 have revealed that the oxidation can cause negative shifts in 

particular for indium. The As oxides resemble more the Si oxidation case, where the Si core-level binding 

energy systematically increases with increasing the number of oxygen bonds up the +4 oxidation state, 

but a great care should be put on the analysis of the group-III shifts induced by oxidation.172  An 

interesting and surprising result, which the calculated core-level shifts reveal, is that the In core-level 

shift does not directly depend on the amount of oxygen bonds or nearest oxygen neighbors, in contrast 

to the common reference system of the silicon oxidation. However, this result is consistent with the 
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comparison of the In core-level shifts between the InAs(100)(31)-O and InAs(100)c(42)-O surfaces; 

namely, the most positive In shift for (31)-O is about 0.5 eV while the most positive In shift for c(42)-

O, having lower oxygen amount, is about 1 eV.58,59 

Initial atomic models50 were proposed on the c(42)-O and (31)-O surfaces on the basis 

of the ab initio calculations and STM-image comparison, as presented in Figure 9. Subsequent PES 

measurements have however shown that these surfaces include more oxygen than the initial models 

predict. By comparing the spectral results of (31)-O to the corresponding oxidized structures of InSb 

(see below), it can be concluded that the (31)-O surface includes more than two monolayers (MLs) of 

oxygen (1 ML means the atomic density of InAs plane).57-59 The higher amount of incorporated oxygen 

atoms is reasonable for several reasons. First, it has been found that the (31)-O surface is relatively 

more stable in air exposure than the clean InAs because some (31) LEED spots appear even after the 

air exposure.50 Also, a (31) RHEED pattern can be observed after air exposure of the InAs(100)(31)-

O, as shown in Figure 7f. Furthermore, even if (31) LEED has been found to disappear just after starting 

the atomic-layer deposition (ALD) of Al2O3 or HfO2 insulator film,53,62 an improvement has been found 

in the electrical properties of the interfaces,54,62 as described below. This suggests again that the (31)-O 

layer is persistent and thick enough to provide a suitable barrier to harsh ALD growth conditions of the 

overlayer. 

Valence-band photoelectron spectra of the c(42)-O and (31)-O surfaces show that the 

gap area below the Fermi level is free of the electron levels within the resolution of the photoelectron 

spectroscopy.50 For comparison, the spectrum from an air-exposed InAs(100) showed a clear electron 

emission from the levels around the gap area up to the Fermi-level (i.e. metallic type surface)50 and is 

consistent with the harmful effect of the normal (disordered) III-V oxides reported many times. In 

contrast, the valence spectra of c(42)-O and (31)-O indicate that the band gap increases for these 
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surfaces, as compared to InAs. Therefore, the above results predict that the crystalline oxidized InAs 

surfaces improve electrical properties of the InAs materials. 

It is interesting to compare the crystalline oxidized InAs results to the similar system where 

In2O molecules are deposited on the well-defined InAs(100)(42) surface.48 Figure 10 presents STM 

images for this In2O/InAs system which becomes ordered after post annealing at 380 oC. A row structure 

with the distance of 13 Å or 8.5 Å can be seen in the STM images, indicating the 3 or 2 periodicities 

in STM images.48 This is consistent with the periodicities of c(42)-O and (31)-O discussed previously. 

The row structure of In2O/InAs (Figure 10) resembles more the structure of (31)-O than c(42)-O 

according to STM images (Figures 7 and 9). However, as also discussed previously, the oxidized (31)-

O surface can contain 2 ML or more oxygen. On the other hand, the STS measurements and calculated 

electronic structures48 indicate that the band gap free of defect levels is possible using the In2O 

deposition, which also agrees with the valence-band photoemission of the c(42)-O and (31)-O 

surfaces.50 

The electrical test of the crystalline oxide approach was reported in 2013 by a large 

international consortium for the crystalline oxidized III-V surfaces using the InAs(100)(31)-O 

surface.54,205 Their HfO2/InAs capacitor measurements revealed a significant decrease (about 40 times) 

in the defect-level density (2.21011 cm-2 eV-1)54 and also a very promising mobility values for ZrO2/n-

InAs MOSFET205 due to incorporating the (31)-O layer into the gate interface. The reference sample 

was a traditional HCl-based treated InAs(100) surface before the ALD-HfO2 growth. Alternative studies 

by this group also explored ALD pre-treatments of the InAs surface in combination with Al2O3 and HfO2 

ALD, where extracted Dit values were ~30 higher, and no detection of an ordered interface was 

reported.206 The capacitance-voltage curves of the HfO2/InAs capacitors54 are presented in Figure 11, 

and similar C-V curves have been found also for the ZrO2/(31)-O/InAs interfaces.205 The latter interface 
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revealed also high performance mobility of 6000-7000 cm2/Vs for surface channel NMOSFET.205 These 

results indeed provided good motivation for investigating the controlled oxidation of III-V´s, and were 

later supported by other findings for the (31)-O.62,66 At the same time, the work presented in Ref. 54 

provided also the first wafer-scale test for the controlled oxidation using the reflection high-energy 

electron diffraction (RHEED) to monitor the crystalline oxidation in elegant way in situ by means of 

clear changes in the diffraction pattern. It is worth noting that the crystalline oxidized InAs(100)(31)-O 

wafer was exposed to the air prior to the ALD growth,54 which is a rather tough test of the surface oxide 

stability, and further supporting the above conclusion that the (31)-O layer includes more than two 

monolayers of incorporated oxygen. 

In further studies, it was  also observed that a leakage current through the ALD-

Al2O3/InAs(100) structure decreased when the crystalline c(42)-O or (31)-O layers were incorporated 

at the interface.66 This result is consistent with the decrease in interface defect density.75 In the leakage 

current comparison,66 the crystalline oxidation decreased the leakage current by factor of 10 

approximately (at -2 V), when compared to the reference sample which was cleaned by a similar Ar-ion 

sputtering+vacuum heating before ALD-Al2O3. When the reference sample contained a native oxide plus 

ALD-Al2O3, then the crystalline oxidation decreased the leakage current by factor of about 5 (at – 2V). 

The most-likely reason for this difference between the sputtered and native-oxide samples is that the Ar-

ion sputtering, used in surface preparation, degrades the crystal structure of InAs into some depth toward 

the bulk, and the subsequent heating in vacuum cannot fully recover the crystal quality, as compared to 

the bulk in the native oxide sample. 

 

b. InSb surfaces 
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Clean InSb(100) surface reconstructions are similar to InAs(100) when the Sb amount 

decreases on the surface; namely both InSb(100) and InAs(100) exhibit the In-induced (42) structure 

(Figure 3) which is also called c(82) because a shift of the 4 rows in turn along the row direction causes 

sometimes c(82) LEED. However, the atomic structure is basically same for c(82) and (42), including 

the same 4 rows. InSb(100) has a similar (31)-O crystalline oxidized structure to that for InAs. The 

photoelectron data indicates that (31)-O is largely same for InSb and InAs.58 However the oxidation 

results in a (12)-O reconstruction on InSb(100), instead of c(42)-O as found for InAs. Therefore we 

focus here on (12)-O, also because it has been studied more.57 Subsequently, we also describe  a specific 

III-V(111) example in this review: crystalline oxidized InSb(111) which is more challenging because its 

surface lattice does not change obviously due to oxidation, in contrast to the (12)-O and (31)-O 

periodicities which do not appear on the clean InSb(100). 

Figure 12 summarizes how the oxidation parameters for the crystalline InSb(100)(12)-O 

depend on the crystal temperature, oxygen pressure and duration. The atomic models were studied by 

means of ab initio calculations as a function of the oxygen amount. It is clear that many different models 

can be constructed, and as more oxygen was incorporated, the stability of the structure formed is 

enhanced because oxidation decreases the total energy. Figure 13 presents such models which explain 

reasonably the scanning tunneling microscopy/spectroscopy and photoelectron results measurements of 

the InSb(100)(12)-O structure to date.. The models presented in Figure 13 as a function of oxygen 

amount in the range of 0.5-2.0 monolayers exemplify an interesting change of the conductivity when the 

oxygen amount changes. Namely, the 0.5 ML model is metallic while with the 1.0 – 2.0 ML oxidation, 

the band structure becomes more insulating. The band structure examples are shown in Figure 14. The 

metallic nature of the 0.5 ML model (Figures 13a and 14a) arises from the dimer-atoms 2 and 3. 

Interestingly, the In dangling bonds become filled (saturated) when the oxygen amount is increased, 
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which is in contrast to the common prediction that the group-III dangling-bond levels remain empty and 

lie in the conduction band.57 The variation in the conductivity observed with oxygen amount supports 

the goal to control the oxidation state of III-V surfaces on atomic scale at the device interfaces. 

Crystalline oxidized InSb(111) provides an interesting, different example in comparison to 

the common III-V(100) faces considered in this review. The results obtained for the oxidized 

InSb(111)B(33)65 provide also a relevant information for technology where usually several different 

crystal plane orientations are exposed to oxygen-containing environment during the device component 

processing. On the basis of the oxidation results of InSb(100), it can be hypothesized that the crystalline 

oxidation is possible for the other crystal planes too. However, as the results of Ref. 65 show, there are 

some important differences, as compared to the III-V(100) oxidation. First of all, the oxidation of 

InSb(111)B does not produce a new surface lattice cell or periodicity, in addition to the (33) and (22) 

reconstructions formed at the clean surface (Figure 15) as a function of Sb/In surface ratio. That makes 

the studies of InSb(111) oxidation challenging because a simple and quick monitoring of the oxidation 

by LEED (or RHEED) is apparently not possible in this case. It is worth noting that even the combination 

of LEED and XPS does not provide conclusive evidence for the crystalline oxidation phase here because 

the possibility that the oxidation-induced changes in XPS arise from local defects between the (22) or 

(33) areas still remains. However, compelling evidence for the crystalline oxidation of InSb(111)B is 

gained by combining atomic resolution STM images and STS curves with LEED and XPS.65  

When the clean InSb(111)B(33) surface was oxidized to result in a crystalline layer, its 

surface lattice remained (33) or changed to (22) depending on the oxidation temperature. The (33) 

lattice remained when the temperature was higher, around 400 oC, while the cell transformed to (22) 

due to the oxidation when the temperature was lower than 400 oC, around 350 oC. This result is consistent 

with the knowledge that the (22) structure is usually seen in Sb-rich surface conditions, which 
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furthermore can remain if the temperature is low enough. The result suggests that some Sb atoms are 

forced out to the surface because of oxygen incorporation into InSb, consistent with the initial stages of 

oxidation of InSb(100) in Figure 13a. The STM image in Figure 15 reveals that epitaxial-type islands are 

formed at the oxidized InSb(111)B(22)-O surface. Also XPS data (Figure 15) clearly shows the 

oxidation. To recapitulate, the results for InSb(111)-B suggest that the crystalline oxidation is a general 

property among the different crystal planes, which is relevant to the practical processing of III-V devices 

and future nanodevices. 

  

c. InP surfaces 

The crystalline-oxidized InP surface has received less attention than the other crystalline 

oxidized III-V surfaces. The InP(100)(23)-O surface has been found at relatively high temperatures 

450-550 oC when the oxygen pressure is 5-1010-7 mbar. STM, LEED, and XPS results are summarized 

in Figure 16 for InP(100)(23)-O. It is interesting that that the calculated core-level shifts for the 

HfO2/InP(100) interface with a semicoherent structure (i.e. O10 model)172 agree well with the shifts 

estimated by means of XPS measurements for InP(100)(23)-O (Figure 16). Thus this structure provides 

a good starting point for developing the atomic model InP(100)(23)-O. 

In regard to establishing the structure, it is relevant that the semicoherent (O10 model) 

interface models for HfO2/InP(100) causes a significant positive (i.e. high binding energy) shift for P 

atoms between +3 eV and +5 eV.172 Therefore, the suggested surface nature of the corresponding high-

binding energy shift of As atoms on the InAs(100)(31)-O comes into question; viz. whether this As 

shift still arises from the deeper, inherent unit-cell structure of the (31)-O layer. On the other hand, the 

P-O bonding is energetically more favored than As-O or Sb-O bond formation.9,69,70 Furthermore P2O5 
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is more stable than In2O3 while As2O5 or As2O3 is less stable than In2O3. These details remain to be 

studied further at this time. 

 

B. Ga-V surfaces 

a. GaAs surfaces 

The crystalline oxidation parameters, similar to those found for the InAs and InSb systems, 

have not been reported on the pure GaAs surfaces so far. However, the growth or deposition of Ga2O 

molecules on GaAs(100) has led to an ordered structure.29,31 Figures 17(a) and 17(b)  show the initial 

bonding sites for Ga2O on GaAs(100)(24). The MBE method combined with the As capping was used 

to prepare the well-defined As-terminated GaAs(100)(24) surface for Ga2O depositions. RHEED 

showed a clear 2 periodicity for the Ga2O covered surface.29 Furthermore, the STS curves in Figures 

17(c) and 17(d) suggest an unpinned surface free of the gap levels. Moreover, the recent computational 

results113,114 indicate that an ordered Ga2O3 type interface layer has the potential to form. This prediction 

is consistent with the experiments showing interfacial crystallization at MBE-grown Ga2O3/GaAs,182 in 

addition to the Ga2O3/Gd2O3/GaAs system.24-28,115-118 Incorporating Gd atoms into the interface is 

expected to make the epitaxial film growth easier because Gd atom is much larger than Ga, providing 

better lattice match between the oxide and GaAs. Consistently, the results from the GaAs oxidation 

experiments have shown that even small amount of another group-III element of indium, which is also 

larger atom than Ga, at the GaAs(100) surface induces the long-range ordering of intentionally oxidized 

surfaces, as presented below. That is also consistent with the previous calculations showing a difference 

in structural and electronic properties between GaAs and InGaAs, and a benefit for including indium.207  

Initial crystalline oxidation tests in Ref. 48 were performed on GaAs(100) using tin (Sn) 

and indium adsorption and desorption experiments. Oxidation was studied through examination of the 
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reaction of tin (Sn) on removing surface oxides from GaAs in a catalytic manner, and also oxidation of 

Sn-covered GaAs surfaces.208,209 Similar catalytic effects for indium on removing GaAs oxides were 

studied, and weak 3 streaks were observed when In-terminated GaAs(100)(42)-In surface was 

oxidized. This led to the oxidation induced (43)-InO structure which showed the same sharp 4 spots 

as for the starting GaAs(100)(42)-In combined with 3 streaks (Figure 18), in contrast to 2 streaks 

(e.g. Figure 6b). 

Figure 18 shows STM images for the GaAs(100)(43)-InO, which reveals the formation of 

additional building blocks between the initial 4 rows. The initial atomic model for (43)-InO is in good 

agreement with the topmost structure (Figure 18) according to the comparison of the simulated and 

measured STM images. Further studies has reported also oxidation-induced c(42)-InO and (11)-InO 

surface reconstructions on GaAs(100).64 The In-containing GaAs(100) surfaces are challenging because, 

in addition to the large oxidation parameters space, the amount of indium can vary signifcantly for 

GaAs(100)(42)-In reconstructions.210 The results indicate that (11)-InO has less indium than the two 

other reconstructions.64 Initially, the (11) LEED pattern suggests just an amorphous topmost surface, as 

discussed in Section III, but STM images for this surface show a long-range ordering, as presented in 

Figure 19. Also the (11) LEED pattern is exceptionally sharp for this surface, supporting the ordering 

for the surface. Thus, further studies of GaAs(100)(11)-InO with the lowest indium amount might 

provide crucial information to find proper crystalline oxidation parameters for pure GaAs(100). Related 

to that, it would also be useful to investigate further how the ratio of As/Ga amounts on the GaAs surface 

affects the oxidation result. Namely, the above described result that Ga2O-induced 2 periodicity was 

observed particularly on the As-terminated GaAs(100)(24) starting surface, in contrast to Ga-terminated 

GaAs(100)(42)29,31 indicates a role of controlling the As/Ga surface ratio (Figure 3). 
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The crystalline oxidation of the In-terminated GaAs(100)(42) surfaces have been often 

performed with lower oxygen pressures, 1-1010-7 mbar, as compared to the above InAs and InSb 

systems. Also the oxidation temperatures have been higher for GaAs(100)(42)-In; in the range of 400-

550 oC. As mentioned already, the oxidation of GaAs(100)(42)-In is challenging also because the final 

result depends on the amount ratio of As/group-III at the starting surface. If indium is deposited on the 

As-terminated (or As rich) GaAs substrate, an ultrathin InAs layer with the (42) reconstruction is most 

likely formed. However, this InAs can readily re-evaporated from the substrate at the elevated oxidation 

temperatures. 

The third structure on GaAs(100), namely c(42)-InO is probably linked to the InAs-type 

topmost structure because its formation is sensitive to finding a correct combination of the experimental 

parameters. And also because the pure InAs(100) has the oxidized c(42)-O phase. Properties of the 

GaAs(100)c(42)-InO surface have been summarized in Figure 20. First, this oxidized structure has been 

incorporated into the Al2O3/GaAs interface, where atomic layer deposition (ALD) was used to grow 

Al2O3 in situ without breaking vacuum conditions. The photoluminescence (PL) intensity comparison in 

Figure 20 indicates that the interface defect density decreases due to c(42)-InO because the PL intensity 

increases; that is non-radiative recombination decreases at the interface. The PL-intensity method is 

based on long diffusion lengths (even hundreds of nanometers) of carriers in high-quality III-V crystals, 

which means that the photoexcited carriers in the bulk can diffuse and reach the surface and interface 

regions. Therefore, the surface region of III-V crystals affects the PL intensity. However, when analyzing 

PL-intensity results one needs to realize also other possible factors behind PL intensity changes, such as 

the band bending at III-V interfaces and changes in the light reflection (Section IV). If the bands bend 

upward at the interface, electrons experience a repelling internal electric field while holes feel an opposite 

effect. Such field-effect passivation can also increase the PL intensity.187,188 
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Figure 20 presents also XPS results from the Al2O3/GaAs interfaces to understand if the 

interfaces have a different chemical structure, which can be linked to the PL improvement. Indeed XPS 

reveals a difference: the Al2O3/GaAs interface without c(42)-InO has higher oxidation state for part of 

Ga atoms (i.e. GaOy component). This emission component is missing or is smaller when the c(42)-InO 

structure was used. The GaOy component with a shift of around +1 eV has been often associated with 

Ga2O3 type (Ga3+) structure.211,212 On the other hand, the Ga2O3 type interface structure has been found 

to be useful, as discussed above.113-118,182 The recent ab initio calculations of core-level shifts172 can 

provide an explanation for the observed shifts: similar to the negative core-level (i.e. smaller binding 

energy) shifts for In2O3 phase, our calculations indicate similar negative shift also for the Ga core level 

in Ga2O3 as compared to GaAs. Thus, the atomic structure behind the +1 eV shift of GaOy might be 

different from the previous Ga2O3 identification. Nevertheless, it can be seen in Figure 20 that at both 

interfaces, the bonding environment of Ga atoms is affected by the oxidation. Furthermore, the Ga3d 

spectra (Figure 20) show that the c(42)-InO interface layer decreases the oxidation-induced changes in 

the Ga bonding structure, which might be expected. One scenario for the defect level formation is 

following: Without the c(42)-InO layer, Ga atoms will have more direct oxygen bonding leading to 

Ga2O3 -type formation. Although the formed Ga2O3 phase itself does not probably cause the electron 

levels in the GaAs band-gap area, the Ga2O3 formation can lead to the presence of harmful dangling 

bonds,83-85 for example, in the surrounding GaAs crystal because of broken bonds and the lattice 

mismatch between GaAs and Ga2O3.87-90 Such concepts makes it reasonable to enable detecting 

oxidation-induced XPS features (e.g. tiny shoulders or tails) although the defect-level density can be on 

the order of 11013 cm-2eV-1 or slightly lower (Section IV).   

 

b. InGaAs surfaces 
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Although the crystalline oxidation of In-terminated GaAs(100) surfaces was reported in 

2011, the crystalline oxidation for a ternary InGaAs alloy was demonstrated only in 2017.63 Indeed, a 

rather different combination of the oxidation parameters was found to produce the crystalline 

In0.53Ga0.47As(100)(31)-O surface (Figure 21). Namely, higher oxygen pressure (510-5 mbar) and 

shorter oxidation time (5 min) at 350 oC were used as compared to the InAs oxidation. In addition, it was 

also introduced an interesting complementary vacuum procedure for controlling the oxidized surfaces: 

atomic hydrogen exposure which produced another crystalline oxidized surface, 

In0.53Ga0.47As(100)(32)-O.63 This was obtained by exposing an amorphous pre-oxidized surface 

afterward to atomic hydrogen at 350 oC with 110-6 mbar. These periodicities are consistent with the 

earlier results for the In2O deposition on In0.53Ga0.47As.47,48 Namely, the ordered In2O structure, similar 

to In2O/InAs with 2 or 3 periodicity, has been reported also on In0.53Ga0.47As(100)(42).47,48 However, 

similar detailed studies of other stable InxGa1-xAs alloys remain to be reported.  

It was also found that the formation of Ga3+ oxidation-state type structures (Figure 21) 

should be avoided in mapping the crystalline oxidation parameters for InGaAs.63 This is a crucial 

instruction and consistent with the above GaAs-InO measurements. The Ga3+ XPS component resembles 

the above GaOy emission. As discussed already, this component most likely originates from an 

alternative bonding environment than Ga2O3. The comparison to the calculated InP core-level shifts 

suggests that Ga3+ (i.e. GaOy) can arise from Ga(AsO3)3 type structure but then clear positive shifts can 

be expected for As.172 At any rate, the Ga3+ type XPS feature has been clearly shown to be harmful,59,63,211 

but future studies are needed to pinpoint its atomic structure, which would be helpful to engineer the 

oxidation parameters for GaAs crystal inrterfaces. 

Using the electrical measurements of HfO2/In0.53Ga0.47As(100) capacitors, it was 

furthermore reported that the (31)-O and (32)-O layers are helpful to decrease the density of interface 
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defects and also the density of border trap (Figure 21). In these experiments, the reference or control 

sample included high-quality crystalline In0.53Ga0.47As(100)(42) surface obtained by the elegant 

decapping technique. Thus these results are very promising and consistent with the above electrical 

results for InAs and GaAs-InO materials. 

 

c. GaSb surfaces 

Pure GaSb resembles GaAs because no crystalline oxidized structure has been so far found 

for them by means of the oxidation of the pure GaAs and GaSb surfaces. Furthermore, small amount of 

indium deposited on GaSb before the oxidation changes the resulting oxides.60 Indium deposition 

combined with vacuum annealing near 400 oC provides a (42)-In reconstruction for GaSb(100) too. A 

difference is that the clean GaSb(100) surface does not exhibit a (42) reconstruction (while GaAs does). 

In contrast, clean GaSb(100) shows different types of (43) reconstructions with decreasing the Sb/Ga 

ratio (Figure 3). However, the GaSb(100)(42)-In surfaces can be formed as shown in Figure 22. This 

STM image presents also the oxidized GaSb(100)(13)-InO areas. The comparison between the (42)-

In and (13)-O areas reveals how the structural corrugation is increased on (13)-O. A similar effect was 

above observed also for the InAs(100)(31)-O, supporting that a relief in the structural strain can 

contribute to the phase stabilization. 

STS curves in Figure 22 suggest that the InOx structure does not cause the gap levels. In 

contrast the oxidation of pure GaSb(100) leads to increasing of the gap emission.60 Figure 23 shows 

defective clusters formed on GaSb due the oxidation, and corresponding changes in the Ga and Sb core-

level spectra measured by synchrotron PES (MAX-lab, Lund).213 It can be seen how the Ga3+ type 

emission with about +1.0 eV shift as well as the Sb-Sb-Sb type emission with +0.8 eV shift start to form 

due the oxidation. That is consistent with the above GaAs and GaInAs results where the Ga3+ shift was 
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identified as the harmful step. On the other hand, metallic features seen in STS for the oxidized GaSb 

clusters can readily arise from extra Sb which is enriched toward the surface. The oxidation temperature 

is low enough that Sb atoms hardly evaporate from the surface.  

 

C. AlGaN surfaces 

One of the earliest finding for the monolayer crystalline oxidation of III-V’s was reported 

on GaN in 2006.46 Figure 24 summarizes characterization of the oxidized GaN(0001) surface. In general, 

GaN and AlxGa1-xN crystals are clearly different from the other III-V´s. First, the nitrides have usually 

the wurtzite crystal structure with a polarity along the [0001] direction due to the ionic nature of Ga-N 

bond. Second, these crystals tolerate much higher heating temperatures than other III-V´s due to the 

interatomic bond stength. The AlxGa1-xN crystals can be readily heated around 1000 oC without crystal 

decomposition. Strong Ga-N bonding makes the nitrides also chemically stable, which is reflected by the 

observations that a (11) LEED pattern can be seen from the nitride surfaces without any cleaning.55,122 

This is an unusual property (Figure 25) compared to most III-V materials. 

The GaN surface was oxidized at 550 oC in an O2 partial pressure of 1.510-5 Torr (Figure 

24).46 A specific starting surface on GaN(0001) was used: namely GaN(0001)(11)-Ga where a bilayer 

of Ga was deposited before the oxidation. Again, the MBE method was used to prepare a well-defined 

starting surface (see Section III). The oxidation in molecular O2 background changed the surface structure 

to so-called GaN(0001)(3333)-O-R30o (Figure 24).46 A similar periodicity has been observed also 

on a clean GaN.46 According to the experimental and computational results reported, Dong et al. 

suggested atomic models for the crystalline oxidized GaN in Figure 24d. They concluded that a saturation 

amount of the incorporated oxygen is about 2 ML in their conditions. This result is also consistent with 

the above finding that the In-V(100)(31)-O can contain 2 ML of oxygen or more (Section VA) because 
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it can be expected the saturation oxygen amount is even higher for InAs as compared to GaN (GaN is 

chemically more stable). Furthermore, these oxidation results46 for GaN suggest that it is useful to 

increase the amount of Ga on GaAs to find the crystalline oxidized phases on GaAs (Section VBa).  

The strong bonding associated with the nitrides presents a challenge to oxidize AlxGa1-xN 

crystals. Thus a modified procedure was found for the crystalline oxidation of Al0.25Ga0.75N using the 

plasma of oxygen containing also nitrogen.55 The N2 : O2 flow ratio was 45 sccm : 0.5 sccm, and the 

AlGaN temperature was 550 oC during 10 min plasma treatment.55 The temperature during the plasma 

treatment was found to affect the resulting surface structure: lowering the temperature to 300 oC caused 

an amorphous AlGaN surface, as can be seen in Figure 25. The atomic model for the crystalline oxidized 

AlGaN surface is shown in Figure 26, which follows that proposed for GaN.214 It has the same bulk-

plane lattice at the surface in consistent with the hexagonal (11) LEED. Furthermore, electrical 

characterization of Al2O3/AlGaN diodes (Figure 26) reveals that the crystalline oxidation decreases the 

density of interface defects. The capacitance-voltage curves in Figure 26 look different from the common 

C-V curves because they have two different capacitance steps. The first step of C around -10 V or -6 V 

is due to a 2D electron-gas at the epitaxial AlGaN/GaN interface, which has indeed higher crystal quality 

than the Al2O3/AlGaN interface. Indeed, the slope of the C step is higher around -10 V or -6 V (Section 

IV). The second capacitance step arises from the Al2O3/AlGaN interface.215 

 

VI. CURRENT PASSIVATION METHODS AND DEVICE APPLICATIONS 

The passivation of III-V surfaces has been investigated and developed intensively for 

several decades because decreasing the surface-related defect levels is relevant to develop the current 

and future III-V devices. This field is exceptionally broad since it has been traditionally divided in two 

main sectors, electronics and photonics, which have been rather separated disciplines. Furthermore, the 
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passivated III-V surfaces can be categorized into those at insulator/III-V and metal/III-V interfaces. 

Indeed excellent books have been written about the III-V oxidation and passivation together with the 

related device issues (e.g. Refs. 6 and 9), and it is obvious that a very comprehensive review for this 

complex field is beyond the scope of this review. However, we have attempted to provide a step toward 

the useful comparison of various III-V passivation methods by summarizing a large arsenal of the 

passivation instruments. Surely each method has own strengths and weaknesses and requires further 

perusal of the associated literature. Furthermore, it can be readily expected that combining the benefits 

of different passivation methods is the key to improve the performance of current III-V devices further, 

and also to enable the development of future III-V applications. Because of a diverse variety of III-V 

device components including for example HEMT, laser diode, LED, detector and solar cell, the most 

proper or efficient passivation method is not likely the same for all device types but rather varies among 

the target devices. The monolayer crystalline oxidation process reviewed here might be one tool to exploit 

for the III-V passivation puzzle. In this Section, we first introduce a few examples of the currently used 

III-V devices where the surfaces cause the performance degradation. After that, we go through different 

passivation methods studied and developed for III-V crystals. Finally, it is discussed how the crystalline 

oxidation method might be incorporated into the passivation technology as one processing step. 

 

A. Examples of surface challenges in the currently used III-V devices 

As mentioned in the introduction, the use of HEMT components has increased significantly 

because of various applications of monolithic microwave integrated circuit (MMIC) in wireless 

communication. Indeed, the annual market of MMICs is recently projected to be several billions of US 

dollars.216 The III-V HEMT is one of the main components used to build up MMICs. Typically a MMIC 

circuit chip contains less than ten HEMT components processed on semi-insulating GaAs wafer. Also 

InP wafers are used more and more because they allow the epitaxial growth of structures with the high 
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indium-composition InGaAs channels, providing superior speed and operation frequencies which 

approach the InAs ones. Furthermore, use of GaN HEMTs is expected to increase sunstantially in future, 

particularly in the area of power transistors.217-221 The gate properties of GaN-based HEMTs continue to 

be investigated and developed in order to realize the full potential of these devices in many applications. 

The gate stability and normally-off mode (i.e. enhancement HEMT) are crucial targets toward this GaN 

technology.217-224 Here the results presented in Section V for the crystalline AlGaN oxidation are very 

relevant because GaN HEMTs contain typically an AlGaN/GaN junction at the gate area. One main 

strategy to produce the enhancement-mode GaN HEMT has been the recess gate combined with a thin 

insulator (e.g. Al2O3 or SiO2 or SiNx) between AlGaN and a gate metal.217-224 

Figure 27a shows the HEMT structures with an insulator film at the gate. The current 

HEMT industry employs largely the GaAs-based heterostructures, grown either in pseudomorphic or 

metamorphic manner, and containing a high-electron mobility InGaAs channel. The epitaxial film 

structure above the channel often includes a heteroepitaxial InGaP or AlGaAs or InAlAs film capped 

still by n-type GaAs which provides Ohmic-type drain and source contacts. Then the gate area is etched 

to remove n-GaAs and part of InGaP or AlGaAs or InAlAs, to enhance the Schottky-gate control of 

channel. Another way is to process the gate area first on the as-grown epitaxial structure, and after that, 

to use a re-growth approach for preparing the highly n-doped drain and source areas. Commercial GaAs-

based HEMTs also suffer different degradation mechanisms during the operation, which largely arises 

from the three different contact areas, and are originating from metal-semiconductor interactions.218 

Indeed it has been investigated the incorporation of a thin insulator film between the gate metal and 

semiconductor because the gate insulator/III-V interface has a significant effect on the device 

performance.17-19,225-232 The insulator barrier at the gate junction can be expected to suppress the 

intermixing of metal and III-V elements, and to decrease the leakage current through the gate. The role 

of the surface passivation increases further, when the recess etching is used to remove a part of III-V 
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material before the gate metallization, because the gate metal becomes a very close to the epitaxial carrier 

channel. As discussed in Section III, the semiconductor surfaces are very far from the ideal surface after 

any etching procedure, containing disorder and contaminants. Thus, one question is how to treat and 

passivate III-V surface in the gate area before the metal deposition. A less studied option is still to use a 

thin insulator film at the drain and source contact areas too forming the passivated contacts, but for the 

silicon solar cells a similar approach has been considered and tested.80-82,233  

Figure 27b exemplifies another current application of III-V crystals: infrared (IR) 

photodiodes or detectors, which cannot be made of silicon because Si is largely transparent for the 

technologically crucial infrared wavelengths such as 1550 nm. The use of infrared photodiodes increases 

continuously due to various applications such optical fiber communication and sensor circuits. The 

sensors also typically incorporate a III-V infrared light emitter, and such sensors are utilized in diverse 

industrial areas like aerospace, automotive, and security.234-241 The surface region of III-V crystals have 

again a significant role in the IR detector operation.242-246 III-V surfaces cause losses of the 

photogenerated carriers via non-radiative recombination processes (Figure 1). On the other hand, the 

thermal excitation of electrons via the gap levels to the conduction band increases the dark, or leakage 

current. Both surface effects degrade the signal/noise ratio, and therefore, the development of III-V 

surface passivation is relevant to the IR diode sector too, to decrease losses and malfunctions. Figure 27b 

is an example of a large planar type IR detector, but also dense arrays of the mesa-type structures are 

developed, in particular, for imaging applications. In the mesa structures like in nanostructures, various 

III-V surfaces are exposed after to the dry or wet etching processing step. That is, the passivation of 

different crystal orientations becomes relevant; not only for the typical (100) face. The mesa type 

structure is presented in Figure 27c but it is an example for the third application of III-V crystals: 

microLED of which passivation becomes more and more relevant to the technology.247-251 Part of the 

forward-bias current in the LED is lost at the mesa surfaces via non-radiative recombination. 
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Furthermore, the semiconductor surfaces and interfaces can cause optical losses,250,251 in addition to the 

electrical losses. 

Surely, there are many more examples for the current III-V applications such as bonded 

III-V chips on Si wafers,252 high-efficiency solar cells,253 and metal-semiconductor FET254,255 of which 

further development includes the target to decrease the surface-induced defect levels. Among the various 

III-V devices, the MOSFET provides the most stringent test for the surface passivation method under 

research and development to reduce the Dit to low 1010 cm-2eV-1. However, it is important to note that 

the passivation method, which works well for MOSFET applications, is not necessarily optimized or 

even applicable for many other III-V devices. In other words, there are the passivation methods and in 

particular the combinations of them that do not provide the lowest Dit but are still very potential to 

improve the efficiency of some currently used III-V devices. 

 

B. Comparison of different passivation methods 

As described in the introduction, many investigations in 1970s and 80s indicated that 

amorphous III-V oxidation did not provide the high-quality passivation, attained for the well-known 

SiO2/Si system.6-10 The mainstream effort in the III-V passivation work has entailed avoiding the 

formation of (or removing) III-V oxides. One of the earliest methods toward that target has been the 

deposition of a thin silicon interface control layer (Si ICL).8,9,256-259 The method seeks to reproduce the 

properties associated with the SiO2/Si interface. Typically, an amorphous or disordered ultrathin (0.5-1 

nm) silicon layer is deposited on a III-V surface at low temperatures (less than 400 oC) before an insulator 

film growth. Si can be deposited from solid or gas sources. The post-deposition annealing of the stack of 

insulator/Si/III-V has been often performed after the growth of insulator film(s). Thus, the Si ICL 

becomes oxidized at least partly. Indeed the Si ICL approach has provided the interface defect-level 

densities (Dit) that are among the lowest Dit values reported in literature,256,258 ⁓1010 eV-1cm-2, which are 
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in fact close to Dit of a well-passivated SiO2/Si system. Table III presents and compares the Dit values 

for different passivation methods. One challenge in the Si ICL method is a possible interaction between 

III-V and Si because small Si atoms can readily diffuse toward III-V, in particular, at elevated 

temperatures. On the other hand, such intermixing provides an interesting way to increase the n-type 

doping concentration at many III-V surfaces (i.e. Si substitution of elements III can causes the shallow 

donor level), which should be beneficial for the Ohmic n-contacts for instance.  

The other passivation method that has been also investigated already for several decades is 

based on incorporating sulfur at III-V interfaces.107-112,260-268 The wet chemistry (e.g. dip in (NH4)2S 

solution) has been mostly used for the sulfur incorporation because it is a simple and scalable method, 

and thus has the potential to be integrated with industrial manufacturing procedures. Because sulfur-

containing solutions like (NH4)2S are not a strong etchant typically for III-V surface oxides, a 

complementary wet chemistry such as HCl etching is often combined with the sulfur passivation. The 

sulfur-based passivation has also led to a low Dit ⁓1010 eV-1cm-2, as well as to proper MOSFET operation 

for SiO2/InP interface.258 On the other hand, a pure sulfur treatment is not typically durable or stable 

enough in reactive environments like in air, and the resultant passivation effect vanishes with the time.263-

265 Therefore, the sulfur treatment is often combined with a capping or encapsulation of III-V crystals by 

a thin film. For example, ALD after the sulfur treatment is the common capping method.110-112,263-265  

Since the beginning of 2000s, use of the ALD method has continuously increased in 

semiconductor industry.269-288 It can be also predicted that ALD will become even more popular in future 

because it enables the growth of conformal coatings for nanostructures and three-dimensionally 

structured surfaces at low temperatures (< 400 oC). The low temperature processing is needed as different 

materials are integrated with semiconductor crystals to produce hybrid materials and three-dimensionally 

stacked heterostructures. So far HfO2 and Al2O3 insulating films are the most common materials grown 

by ALD. A very interesting property of ALD on III-V’s concerning the passivation is the self cleaning 
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of III-V surfaces during ALD.271-275 Promising Dit values ⁓1011 eV-1cm-2 and very low leakage current 

through the oxide interface: 2×10-9 A/cm2 at ±2V have been obtained by utilizing ALD (Table III). 

Another very promising result found in ALD-based studies is the growth of epitaxial La2O3/GaAs and 

MgCaO/GaN interfaces by means of ALD.35,36  

Furthermore, ALD is often combined with the preparation of a specific interface layer 

before ALD. The interface layer can contain the above-described sulfur treatment and/or Si ICL. 

Recently also ZnO and ZnS as well as AlN interface layers have been investigated.277-280 A specific 

property of Zn is its potential for the p-type doping of many III-V’s, which needs to be taken into account 

when planning the III-V passivation. Moreover, the incorporation of fluorine into InAs surface has been 

found to decrease Dit down to ⁓1010 eV-1cm-2 level.281 Fluorine passivation has been also studied for 

silicon (e.g. Ref. 282) because strong bonding between Si and F, as compared to Si-H bond, can provide 

a more stable chemical passivation than hydrogen. However, harmful effects (e.g. decrease in n-type 

doping efficiency) have been also found because of the fluorine incorporation into III-V.283-285 Another 

interesting finding is also that an amorphous InAs oxide, prepared in a UHV chamber, can be used as the 

interface layer before ALD.286 

The chemical passivation with hydrogen is often the last step in a well optimized 

passivation procedure of SiO2/Si interfaces.73,74,84,100 Hydrogen incorporation into Si dangling bonds is 

understood to remove part of the Si dangling-bond induced gap levels far away from the Si band gap area 

(i.e. deep to the valence and conduction bands) via the Si-H bonding. Such hydrogen passivation is often 

performed by heating SiO2/Si interfaces in a “forming gas” environment (e.g. 95%N2+5%H2) at around 

400-500 oC. The current understanding is that a proper forming gas annealing (FGA) also decreases Dit 

at III-V interfaces, but there is still room for optimizing the hydrogen passivation of III-V device 

interfaces.101-106,289-292 One potential way is a concomitant nitridation of III-V surfaces resulting a III-N 

nitride passivation together with hydrogen.287 Benefits of the hydrogen passivation include simplicity 
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and scalability of the method as well as the low operation temperature, latter of which means that the 

ready components with the metal contacts can be also treated by FGA. On the other hand, excessive 

hydrogen incorporation into insulator films can be harmful to device operations.293  

We then return to the MBE method introduced already in the introduction section. The 

option for electron-beam deposition and/or thermal deposition of films has been typically integrated with 

MBE.24-28,294-299 One of the lowest Dit, 5×1010 eV-1cm-2 was obtained by means of the MBE passivation 

for Ga2O3/GaAs interface.26 That is consistent also with the PL results showing almost same PL intensity 

for Ga2O3/GaAs and epitaxial AlGaAs/GaAs systems.187-189 Undoubtedly MBE enables the preparation 

of the cleanest and most crystalline (or most well-ordered) starting surfaces, which are often 

reconstructed with a large surface unit cell (Section III and Figure 3). Furthermore, MBE enables a 

control of the doping level at III-V surfaces. Moreover, RHEED is normally integrated with MBE, 

allowing in-situ control of the III-V surface modification and insulator growth. MBE has been also used 

for sulfur passivation in sophisticated way via preparing sulfur-induced III-V(100)(21)-S reconstructed 

passivation layer.297 It is however admitted that MBE is a relatively complex instrument. The method is 

particularly suitable for so-called front-end-of-line material growth and passivation, but the use of MBE 

during the device prosessing and in the back-end-of-line device fabrication stages is not straightforward.  

It is noted however that the multichamber tools (equipped with capabilities such as sputter deposition, 

ALD, annealing, etc.) employed for contemporary, wafer-scale semiconductor integrated circuit 

manufacturing are quite sophisticated, and include the ability to obtain pressures down to ~10-9 mbar in 

some processes.  Provided through put could be established, tool innovation for the crystalline oxidation 

approach remains a real possibility.  

The crystalline monolayer oxidation method utilizes the UHV environment similarly to the 

method of MBE. However, the instrumental requirements for the crystalline oxidation (Figure 4) are not 

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/1

.5
1
2
6
6
2
9



 46 

as high as for MBE. The Dit value of 2×1011 eV-1cm-2 has been reported for the InAs crystalline 

oxidation,54 and Dit ~1012 eV-1cm-2 has been found for the crystalline oxidation of InGaAs (Table III),63 

while the leakage current of 5×10-9 A/cm2 at 2 V was measured for Al2O3/InAs-(31)-O.66 As the 

reviewed studies also present, the crystalline oxidation can be combined with the ALD method, as one 

part of the passivation procedure. Because thin crystalline oxidized layers have been found to unstable 

in air and in ALD growth,53,62 it is indeed reasonable to integrate the crystalline oxidation as one step of 

multistep passivation procedures, similarly to the above sulfur and Si ICL methods. On the other hand, 

the crystalline oxidation method allows one to modify (or continue) the preparation of clean and 

crystalline starting surfaces in UHV conditions, and after that to control the oxidation of III-V surfaces, 

which is difficult to avoid in practice.63  

The crystalline oxidation approach can be considered to belong to a category of the 

intentional oxidation methods. Although the III-V community has strived to avoid any oxidation of the 

surfaces, promising thermal-oxidation results for III-V’s have been reported, as mentioned in the 

introduction.37-45,300-302 The resulting surface oxides have demonstrated an amorphous or disordered 

nature, as expected, but also a clear indication of interfacial crystallization has been measured for the 

thermal oxidation of InAs in non-UHV conditions.45 Moreover, an interesting combination (O2 flow in 

ozone cleaner + (NH4)2S + ALD) has been recently used in processing of high-quality III-V MOSFET.300 

Another approach of the intentional oxidations has been the oxidation of relatively thick aluminum-

containing III-V epitaxial insulating films (e.g. AlInP and AlGaAs).38-44,301,302 Indeed this is a very 

promising method to develop both the III-V transistors and optoelectronics because it enables a selective 

oxidation of III-V layers via a strong oxidation tendency of aluminum, as compared to the other III-V 

elements. This subsection can be closed by citing Hollinger et al.37 once again: "Our results show, in 
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contrast to what is generally assumed in the literature, that some specific native oxides are able to exhibit 

good electrical properties." 

Similarly to the intentional surface oxidation approach, an intentional nitridation of III-V 

surfaces have been studied for the passivation.303-307 For example the nitridation of GaAs to form a GaN 

surface layer is indeed a potential method to decrease the oxidation induced defects because the GaN 

bonding is strong, reducing the oxygen incorporation. Thus, a thin nitride passivation layer is more robust 

against air exposure than for example a sulfur layer.307 On the other hand, it has been found that possible 

N dangling bonds are not harmful to electrical properties because the N dangling-bond induced electron 

levels lie deep in the valence band as compared to the GaAs band gap.308 

  

C. Toward integration of crystalline oxidation with multistep passivation procedures  

The sophisticated As-decapping technique has been previously used to integrate the 

crystalline oxidation in the studies of III-V passivation using electrical characterization.54,63,64,66 In order 

to extend the device passivation tests of the crystalline oxidation, a more general and simple method to 

perform the cleaning step (i.e. the 1. step in Figure 4) should be considered. It is also worth noting that 

during the device processing, several mask or patterning stages have been done before the final surface 

passivation. That is; the passivated surface is often a three-dimensionally structured (e.g. mesa or 

nanowire surface).309,310 Indeed, significant development of III-V nanowires has been obtained for future 

devices (e.g. Refs. 311-316). One obvious solution is to utilize the wet chemical etching that has been 

already used for long in the semiconductor industry,317 as described in the Section III. Although the 

plasma-based dry etching is commonly used to produce uniform patterns of 3D structures, it is still 

possible to carry out a short, or gentle wet etching after the dry etching. That approach might be indeed 

useful because the surface parts become contaminated at least to some extent during the dry etching 

process. 
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It was presented in Figure 2 that the HCl-based etching of InP(100) in N2 background 

combined with a proper UHV heating provided the clean surface with an improved crystal structure. This 

result is consistent with the previous surface-science results on HCl-etched GaAs(100).120,121 Similar wet 

chemical etching was recently65 combined with the crystalline oxidation in proof of concept manner to 

demonstrate that such an industrially potential route is possible. Here it is worth noting that all the 

crystalline oxidations described above were done for the III-V surfaces which were cleaned by either the 

Ar-ion sputtering or the As decapping technique. Therefore it is relevant to the technology that the full 

process was performed in industrially compatible way for the InSb(111)B surface, providing 

simultaneously a complementary HCl+IPA etching “test” for the III-V member of antimonides.65 

After the HCl+IPA treatment, a piece of InSb(111)B was transferred to the vacuum system 

via air (about two minutes air exposure). Such an inert property of the HCl-etched surface can be 

understood by extra antimony formed during the etching, consistent also with the enrichment of arsenic 

at the III-V surfaces due to the HCl treatment.120,121 Indeed Sb decapping technique has been also used 

previously on InSb and GaSb (e.g. Refs. 213, 318), in a similar way to the more common As decapping 

method. Thus, extra Sb prevents the spurious oxidation while oxidized Sb can be still removed by low 

temperature vacuum heating. Figure 28 presents how the vacuum heating around 300 oC results in a (22) 

LEED for InSb(111)B, and when the temperature was increased to 400 oC, the LEED changed to (33) 

pattern. During the latter heating, the InSb(111)B piece was exposed to a molecular hydrogen exposure 

(110-5 mbar), which was found to improve the (33) LEED pattern. The STM image in Figure 28 for 

this surface shows a smooth terrace-step structure, and a zoomed-in image shows atomic scale ordering. 

After that the (33) surface was still oxidized in the same way as described in Section VA, to produce 

the oxidized (22)-O layer. 
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As mentioned above, the wet chemical etching can be readily integrated with current 

passivation methods, and with three-dimensionally structured devices. For example, the HEMT gate area 

is often recess etched toward the channel to improve the gate control. After that, the HCl-based treatment 

provides a group-V enriched III-V gate surface which can be still vacuum treated and oxidized in the 

controlled way. Finally, the ALD can provide an elegant way to grow a thin insulator film in conformal 

way.269,270 

 

VII. SUMMARY AND OUTLOOK 

It can be expected that the use of III-V compounds will continue to expand in the 

electronics/photonics industry, particularly, in the application areas where the natural properties of III-V 

crystals are superior compared to the main workhorse of silicon. These devices include the light emitters, 

infrared sensors, and high-speed MMIC circuits. Furthermore, low-power transistor devices might form 

in future one application area of III-V crystals. As discussed in Ref. 300, it has been shown that state-of-

the-art III-V MOSFET components can even outperform the corresponding large-scale integrated Si 

MOSFET within some metrics.  

The vulnerability of most III-V devices (like semiconductor devices in more general) is 

that surfaces of the crystals become exposed to diverse processing conditions, leading to the electronic 

defect levels around the band gap and finally to the electrical degradation in many currently used III-V 

devices. The devices have different critical surface or interface areas; for example, at the insulator/III-V 

and metal/III-V junctions and on the mesa or chip sidewalls. One of the main reactions of III-V surfaces 

with the environment is the oxidation of III-V surfaces. The review shows that it is impossible to avoid 

the III-V oxidation in practical devices (Section II). Therefore, the long-standing goal to avoid any 

oxidation of III-V surfaces in the technology appears to be quite challenging. Such unintentional oxygen 

incorporation into device surfaces has occurred in non-controlled manner. Thus, a relevant hypothesis is 
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whether it is still beneficial to try to incorporate oxygen atoms intentionally and in more controlled 

manner during the multistep passivation procedure, to reduce losses in the current and future devices. 

This review aims to explore and test that hypothesis. First it was recapitulated that already 

in 1986 the researchers concluded the potential of the intentional oxidation of III-V.37 After that work, 

promising results have been obtained also by intentional oxidation of Al-containing III-V materials 

particularly. This review focused on the results obtained during the last 10 years for the intentionally 

oxidized III-V surfaces that remain crystalline in contrast to the normal amorphous surface oxides of III-

V’s typically reported. The key to observing these monolayer crystalline oxidized III-V surfaces was the 

preparation of clean and long-range ordered starting surfaces of III-V crystals, resembling the epitaxial 

SiO2/Si interface, and thereby minimizing point defects, such as dangling bonds, at the interface.91 In 

Section III, it has been emphasized how difficult it is to obtain and maintain the clean and crystalline 

semiconductor surface. Furthermore, most characterization methods, even surface-science techniques, 

are not conclusive enough to determine whether the topmost surface part is sufficiently crystallized. A 

justified conclusion about that arises typically from combining the complementary surface probes, and it 

is often very instructive to check the scanning probe microscopy image for the surface before a film 

growth. 

It has been underlined that ultrahigh vacuum (UHV) technology plays an important role in 

preparing and keeping a clean and crystalline III-V surface for the controlled oxidation performed also 

in UHV conditions. Thus, it is suggested to combine the industrially applicable wet chemical etching and 

the UHV technology at one stage of the multistep procedure of the semiconductor surface passivation. It 

is interesting to test in future if less demanding vacuum conditions, as compared to UHV, can be utilized 

toward that target as well. The benefit of the HCl-based etching treatment is that it often provides a 

group-V enriched III-V surface which can tolerate even short air exposure, resembling the special As- or 

Sb- decapping technique. Then a subsequent UHV heating can be used to produce a clean and crystalline 

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/1

.5
1
2
6
6
2
9



 51 

III-V starting surface for growing an insulator/ or metal/III-V junction. A useful fingerprint for the clean 

and crystalline III-V surface is its reconstruction(s) which can be monitored by the common surface 

diffraction probes. 

The RHEED and LEED diffraction techniques are useful also to monitor the crystalline 

oxidation because the most crystalline oxidized III-V surfaces have an own specific reconstruction 

lattice, different from the clean surface lattices. However, there are exceptions such as the oxidation of 

InSb(111) is a good example. The monolayer crystalline oxidation of pure GaAs or GaSb surface has not 

been demonstrated to date, although ordering of the deposited Ga2O molecule layers on GaAs has been 

observed.29,31 Furthermore, one of the earliest results46 on the crystalline oxidation of III-V via the GaN 

oxidation indicates that increasing the Ga amount on GaAs or GaSb might be useful toward the crystalline 

oxidation. Moreover, adding even small amount of indium on the GaAs and GaSb surfaces enables the 

crystalline oxidation.50,59,60 Future theoretical calculations can clarify the reason for such an indium-or 

gallium-mediated property.  

Another interesting indium-related property is linked to the indium core-level spectra that 

are often used in the research and development of III-V materials. Namely there is now a significant body 

of the results showing that the crystalline oxidation and more generally indium oxidation at the 

insulator/III-V interfaces can decrease the indium core-level binding energy as compared to the In-V 

bulk crystal. Such oxidation-induced smaller binding-energy shifts are unusual because the oxidation of 

Si and Ge as well as group-V elements has been established to cause clear higher binding-energy shifts. 

This result should be taken into account in the widely used XPS analyses of indium core-level spectra, 

to find an answer to the question whether a III-V surface is oxidized, by means of the fitting procedure 

which is not unambiguous. To develop the XPS analysis, it is useful to combine theoretically calculations 

and simulated core-level shifts to understand the detailed atomic structures at III-V interfaces that can 

cause the core-level shifts. 
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The electrical measurements of HfO2/III-V and Al2O3/III-V interfaces with the crystalline 

oxidation have shown a clear decrease in the interface defect density, as compared to reference samples 

without the crystalline oxidation. Some previous passivation methods have however provided even lower 

Dit values (Table III). In Section VI, we have summarized a large arsenal of currently used passivation 

methods. Each method has own strengths and weaknesses. The most promising passivation approach 

depends probably on the device type. However, it can be concluded that the finding of a proper 

combination of complementary methods among the large arsenal of the passivation methods is needed 

to develop the passivation for the current and future III-V devices, to decrease the performance 

degradation. The intentional oxidations, including the crystalline oxidation form one instrument for the 

arsenal. 

 In this review it has been attempted to make a comparison to the best possible 

insulator/semiconductor interface: SiO2/Si. Although there are clear differences between the natural 

properties of Si and III-V (e.g. the heating tolerance; the ionic vs. covalent character of the oxygen bonds; 

intrinsic carrier lifetimes), the following observations: the crystallization of deposited Ga2O and In2O 

molecule layers,29,31,47-49 and thermally oxidized crystalline InAs,45 as well as the crystalline oxidized III-

V surfaces (Section V) can be seen to resemble the crystalline tridymite SiO2 interface layer at high 

quality SiO2/Si junctions. Even if researchers and engineers have learned during the last 40 years to avoid 

the mimicking of Si interfaces, for very good reasons, there might be still, at least, one potential method 

to adopt from the Si community for testing more within the III-V interfaces. Namely, the field-effect 

passivation which has been intensively studied and developed, in particular, for silicon solar cells.319-322 

For example, it has been found to methods to produce so-called fixed negative charges at the Al2O3/Si 

and HfO2/Si junctions, which provide an internal electric field to repel electrons away from the defect-

containing interfaces. The origin of this field-effect passivation is still an open issue, but it has been 

associated with Al2O3/SiO2 or HfO2/SiO2 interfaces.319 This might open paths to modify the internal 
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electric field at the insulator/III-V device interfaces as well by growing a stack of the insulator films for 

example by ALD. 
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TABLE I: Selected milestones for III-V technology. 
 

 

 

 

 

 

 

Milestone Reference 
1961 GaAs infrared LED J. R. Biard and G. Pittman, Semiconductor radiant diode. US Patent 3293513, (1962) 
1962 GaAs-based red LED N. Holonyak and S. F. Bevacqua, Coherent (visible) light emission from Ga(As1−x Px) 

junctions. Appl. Phys. Lett. 1, 82 (1962). 
1967 Growth of III-V p-n junction Zh. I. Alferov, Possible development of a rectifier for very high current densities on the 

bases of a p-i-n structure with heterojunctions. Sov. Phys. Semicond. 1, 358 (1967). 
1970 III-V laser diode M. B. Panish, I. Hayashi, and S. Sumski, Double-heterostructure injection lasers with 

room-temperature thresholds as low as 2300 A/cm2. Appl. Phys. Lett. 16, 326 (1970). 
1970 III-V laser diode Zh. I. Alferov, Electroluminescence of heavily-doped heterojunctions p AlxGa12x-

nGaAs. J. Lumin. 1, 869. (1970). 
1970 GaAs solar cell Zh. I. Alferov, V. M. Andreev, M. B. Kagan, I. I. Protasov, and V. G. Trofim, Solar-

energy converters based on p-n AlxGa12xAs-GaAs heterojunctions. Sov. Phys. 
Semicond. 4, 2047 (1971). 

1971 Growth of GaAs p-n junctions A. Y. Cho, Film deposition by molecular-beam techniques. J. Vac. Sci. Techn. 8, S31 
(1971). 

1971 Growth of AlGaAs/GaAs quantum Wells A. Y. Cho, Growth of periodic structures by the molecular‐beam method. Appl. Phys. 
Lett. 19, 467 (1971). 

1976 GaAs metal semiconductor field-effect transistor A. Y. Cho, GaAs MESFET prepared by molecular beam epitaxy. Appl. Phys. Lett. 28, 
30 (1976). 

1977 InGaAs photodiode. T. P. Pearsall and R. W. Hopson, Growth and characterization of lattice‐matched 
epitaxial films of GaxIn1−xAs/InP by liquid‐phase epitaxy. J. Appl. Phys. 48, 4407 
(1977). 

1978 Quantum well laser R. D. Dupuis, P. D. Dapkus, N. Jr. Holonyak, E. A. Rezek, and R. Chin, Room 
temperature operation of quantum-well Ga(1-x)Al(x)As-GaAs laser diodes grown by 
metalorganic chemical vapor deposition. Appl. Phys. Lett. 32, 295 (1978). 

1978 HEMT electron channel R. Dingle, H. L. Störmer, A. C. Gossard and W. Wiegmann, Electron mobilities in 
modulation‐doped semiconductor heterojunction superlattices, Appl. Phys. Lett. 33, 665 
(1978). 

1980 HEMT device T. Mimura, S. Hiyamizu, T. Fujii, and K. Nanbu, A new field-effect transistor with 
selectively doped GaAs/n-AlGaAs heterostructures. Jpn. J. Appl. Phys. 19, L225 (1980). 

1982 AlGaAs/GaAs bipolar junction transistor W. V. McLevige, H. T. Yuan, W. M. Duncan, W. R. Frensley, F. H. Doerbeck, H. 
Morkoc, T. J. Drummond. GaAs/AlGaAs heterojunction bipolar transistors for 
integrated circuit applications. IEEE Electr. Dev. Lett. 3, 43 (1982). 

1983 1.55 micron laser diode  H. Temkin, K. Alavi, W. R. Wagner, T. P. Pearsall, A. Y. Cho. 1.5-1.6 micron 
GaInAs/AlInAs multiquantum well laser grown by molecular beam epitaxy. Appl. Phys. 
Lett. 42, 845 (1983). 

1989 P-type doping of GaN H. Amano, M. Kito, K. Hiramatsu, and I. Akasaki, P-Type Conduction in Mg-Doped 
GaN Treated with Low-Energy Electron Beam Irradiation (LEEBI). Jpn. J. Appl. Phys. 
28, L2112 (1989). 

1993 GaN-based HEMT M. Khan, A. Bhattarai, J. Kuznia, and D. Olson, High Electron Mobility Transistor 
Based on a GaN-AlGaN Heterojunction. Appl. Phys. Lett. 63, 1214 (1993). 

1994 Efficient blue LED S. Nakamura, T. Mukai & M. Senoh, Candela‐class high‐brightness InGaN/AlGaN 
double‐heterostructure blue‐light‐emitting diodes. Appl. Phys. Lett. 64, 1687 (1994). 

2005 III-V laser integration with silicon waveguide in CMOS-
compatible way 

H. Park, A. Fang, S. Kodama, and J. Bowers, Hybrid silicon evanescent laser fabricated 
with a silicon waveguide and III-V offset quantum wells, Opt. Express 13, 9460 (2005). 

2009 Monolithic InP HBT integration with silicon CMOS T.E. Kazior, J.R. LaRoche, D. Lubyshev, J. M. Fastenau, W. K. Liu, M. Urteaga, W. 
Ha, J. Bergman, M. J. Choe, M. T. Bulsara, E. A. Fitzgerald, D. Smith, D. Clark, R. 
Thompson, C. Drazek, N. Daval, L. Benaissa, and E. Augendre, High performance 
differential amplifier through the direct monolithic integration of InP HBTs and Si 
CMOS on silicon substrates. IEEE MTT-S International Microwave Symposium Digest, 
1113 (2009) 

2014 Solar-efficiency higher than 45% using III-V 
multijunctions 

New world record for solar cell efficiency at 46%, Presseinformation of Fraunhofer, 
CEA-LETI, and Soitec, December 1st, No. 26/14 Freiburg (2014). 

2015 First THz HEMT device X. Mei, W. Yoshida, M Lange, J. Lee, J. Zhou, P.-H. Liu, K. Leong, A. Zamora, J. 
Padilla, S. Sarkozy, R. Lai, and W. R. Deal, First Demonstration of Amplification at 1 
THz Using 25-nm InP High Electron Mobility Transistor Process IEEE Electron Device 
Letters. 36, 327 (2015). 
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TABLE II: Summary of surface cleaning and crystalline oxidation parameters for different crystalline 

III-V surfaces. 

Starting surface parameters Monolayer oxidation parameters Material characterization 
As-decapping (400 oC)  
→ GaAs(100)(2×4) (Fig. 3a) 

Deposition of Ga2O molecules in 10-5 mbar at 400 oC 
using high temperature Ga2O3 effusion cell 

Ordered Ga2O molecule layer on GaAs shows 2x 
periodicity, RHEED, STM, PL, C-V, FET, Ref. 29 

MBE of GaN + extra Ga on surface 
→ GaN(0001)(1×1)-Ga 

1 ×10-5 mbar O2, 550 oC, 2 ×105 L exposure GaN(0001)(3333)-O-R30o: LEED, STM, STS, 
AES, theory, Ref. 46 

As-decapping  
→ InAs(100)(4×2) (Fig. 3c 

Deposition of In2O molecules (effusion cell) at room 
temperature + 380 oC post annealing 

Ordered In2O molecule layer on InAs: 2x or 3x 
periodicity rows, STM, STS, theory Refs. 47, 48 

As-decapping  
→ In0.53Ga0.47As(100)(4×2) 

Deposition of In2O molecules (effusion cell) at room 
temperature + 380 oC post annealing 

Ordered In2O molecule layer on In0.53Ga0.47As: 2x 
or 3x periodicity, STM, STS, theory Refs. 47, 48 

Sputtering (1 kV, 10 mA) + heating (450 oC)  
→ InAs(100)(4 × 2) (Fig. 3c) 

4×10-6 mbar O2, 30 min, 350 oC; simultaneous stop of 
heating and oxygen  

InAs(100)(3×1)-O: LEED, STM, theory Ref. 50 

As-decapping (380 oC)  
→ InAs(100)(4×2) (Fig. 3c) 

8×10-6 mbar O2, 5 min, 350 oC; simultaneous stop of 
heating and oxygen 

InAs(100)(3×1)-O: LEED, XPS, ALD; Ref. 53 

As-decapping  
→ InAs(100)(2×4) (Fig. 3a) 

4×10-6 mbar O2, 30 min, 350 oC InAs(100)(3×1)-O: RHEED, XPS, AFM, C-V; Ref. 54 

Sputtering (2 kV, 15 mA) + heating (450 oC)  
→ InAs(100)(4×2) (Fig. 3c) 

4×10-6 mbar O2, 15 min, 400 oC; simultaneous stop of 
heating and oxygen 

InAs(100)(3×1)-O: LEED, synchrotron XPS; Ref. 58 

As-decapping (380oC)  
→ InAs(100)(4×2) (Fig. 3c) 

3×10-6 mbar O2, 20 min, 290-330 oC + post-heating 
without O2 for 10 min 

InAs(100)(3×1)-O: LEED, XPS, ALD; Ref. 62 

Sputtering (1 kV, 10 mA) + heating (400 oC)  
→ InAs(100)(4×2) (Fig. 3c) 

8×10-6 mbar O2, 15 min, 360 oC; simultaneous stop of 
heating and oxygen 

InAs(100)(3×1)-O: LEED, STM synchrotron XPS, 
leakage current; Ref. 66 

Sputtering (1 kV, 10 mA) + heating (450 oC)  
→ InAs(100)(4×2) (Fig. 3c) 

4×10-6 mbar O2, 15 min, 400 oC; simultaneous stop of 
heating and oxygen 

InAs(100)c(4×2)-O: LEED, STM; Ref. 50 

As-decapping (380oC)  
→ InAs(100)(4×2) (Fig. 3c) 

4×10-6 mbar O2, 15 min, 380 oC; simultaneous stop of 
heating and oxygen 

InAs(100)c(4×2)-O: LEED, XPS; Ref. 53 

Sputtering (2 kV, 15 mA) + heating (450 oC)  
→ InAs(100)(4x2) (Fig. 3c) 

4×10-6 mbar O2, 15 min, 450 oC; simultaneous stop of 
heating and oxygen 

InAs(100)c(4×2)-O: LEED, synchrotron XPS; Ref. 59 

Sputtering (1 kV, 10 mA) + heating (400 oC)  
→ InAs(100)(4×2) (Fig. 3c) 

4×10-6 mbar O2, 10 min, 380 oC; simultaneous stop of 
heating and oxygen 

InAs(100)c(4×2)-O: LEED, STM synchrotron XPS, 
leakage current; Ref. 66 

Sputtering (2 kV, 15 mA) + heating (400 oC)  
→ InSb(100)(4×2) (Fig. 3c) 

4×10-6 mbar O2, 15 min, 400 oC; simultaneous stop of 
heating and oxygen 

InSb(100)(3×1)-O: LEED, synchrotron XPS; Ref. 58 

Sputtering (1 kV, 10 mA) + heating (450 oC)  
→ InSb(100)(4×2) (Fig. 3c) 

4×10-7 - 1x10-5 mbar O2, 5-15 min, 320-440 oC; 
simultaneous stop of heating and oxygen 

InSb(100)(1×2)-O: LEED, synchrotron XPS, STM, 
theory; Ref. 57 

Sputtering (1 kV, 15 mA) + heating (400 oC)  
→ InSb(111)B(3×3) (Fig. 3f) 

1×10-5 mbar O2, 10 min, 400 oC; simultaneous stop of 
heating and oxygen 

InSb(111)B(3×3)-O: LEED, STM, STS; Ref. 65 

Sputtering (1 kV, 15 mA) + heating (400 oC)  
→ InSb(111)B(3×3) (Fig. 3f) 

1×10-5 mbar O2, 10 min, 360 oC; simultaneous stop of 
heating and oxygen 

InSb(111)B(2×2)-O: LEED, XPS, STM, STS; Ref. 65 

HCl:IPA (1:3) wet etching (150 s) + IPA (60 s) + 1 
min air exposure + heating (300 oC) 
+ H2 exposure (5×10-5 mbar) 30 min at 300 oC 
→ InSb(111)B(3×3) (Fig. 3f) 

1×10-5 mbar O2, 10 min, 360 oC; simultaneous stop of 
heating and oxygen 

InSb(111)B(2×2)-O: LEED, XPS, STM, STS; Ref. 65 

Sputtering (1 kV, 10 mA) + heating (450 oC)  
→ InP(100)(2×4) (Fig. 3d) 

4×10-6 mbar O2, 15 min, 500 oC; simultaneous stop of 
heating and oxygen 

InP(100)(2×3)-O: LEED, STM; Ref. 50 

Sputtering (1 kV, 10 mA) + heating (550 oC) + In 
deposition (2 ML) + heating (500 oC) 
→ GaAs(100)(4×2)-In (Fig. 3c) 

4×10-6 mbar O2, 15 min, 520 oC; simultaneous stop of 
heating and oxygen 

GaAs(100)(4×3)-InO: LEED, STM, theory; Ref. 50 

Sputtering (1 kV, 10 mA) + heating (450 oC) + In 
deposition (2 ML) + heating (450 oC) 
→ GaAs(100)(4x2)-In (Fig. 3c) 

4×10-6 mbar O2, 15 min, 470 oC; simultaneous stop of 
heating and oxygen 

GaAs(100)(4×3)-InO: LEED, synchrotron XPS, PL; 
Ref. 64 

Sputtering (1 kV, 10 mA) + heating (550 oC) + In 
deposition (1 ML) + heating (500 oC) 
→ GaAs(100)(4×2)-In (Fig. 3c) 

2×10-7 mbar O2, 5 min, 470 oC; simultaneous stop of 
heating and oxygen 

GaAs(100)c(4×2)-InO: LEED, XPS, PL; Ref. 59 

Sputtering (1 kV, 10 mA) + heating (450 oC) + In 
deposition (1 ML) + heating (450 oC) 
→ GaAs(100)(4×2)-In (Fig. 3c) 

4×10-6 mbar O2, 5 min, 470 oC; simultaneous stop of 
heating and oxygen 

GaAs(100)c(4×2)-InO: LEED, synchrotron XPS, PL; 
Ref. 64 

Sputtering (1 kV, 10 mA) + heating (450 oC) + In 
deposition (0.5 ML) + heating (450 oC) 
→ GaAs(100)(4×2)-In (Fig. 3c) 

4×10-6 mbar O2, 5 min, 470 oC; simultaneous stop of 
heating and oxygen 

GaAs(100)(1×1)-InO: LEED, synchrotron XPS, PL; 
Ref. 64 

As-decapping (350oC)  
→ In0.53Ga0.47As(100)(4×2) 

5×10-5 mbar O2, 5 min, 350 oC; simultaneous stop of 
heating and oxygen 

In0.53Ga0.47As(100)(3×1): LEED, XPS, ALD, CV; Ref. 
63 

Over-oxidized In0.53Ga0.47As(100)(4×2) at 1x10-4 mbar, 
2 min, 320 oC→ amorphous In0.53Ga0.47As(100) surface 

Atomic-hydrogen exposure at 1×10-6 mbar, 5 min, 350 
oC 

In0.53Ga0.47As(100)(3×2): LEED, XPS, ALD, CV; Ref. 
63 

Sputtering (1 kV, 4 mA) + heating (450 oC) + In 
deposition (2 ML) + heating (400 oC) 
→ GaSb(100)(4×2)-In 

2×10-6 mbar O2, 15 min, 400 oC; simultaneous stop of 
heating and oxygen 

GaSb(100)(1×3)-InO: LEED, XPS, STM, STS; Ref. 
60 

Acetone (1 min) + methanol (1 min) + and 
isopropanol (1 min) → Al0.25Ga0.75N (0001)(1×1) 

N2 : O2 flow ratio was 45 sccm : 0.5 sccm, and the 
AlGaN temperature was 550 oC for 10 min 

Al0.25Ga0.75N(0001)(1×1): LEED, XPS, ALD, CV; 
Ref. 55 
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TABLE III: Comparison of different passivation approaches to decrease the oxidation-related defect-

level densities (Dit) at III-V interfaces. 

Passivation system Dit  Comment 
Anodic InP oxidation for Al2O3/InP interface; 
Ref. 37 (1986) 

4×1010 eV-1cm-2 Study of thin In(PO3)y oxide layer 

Si interface control layer passivation of 
SiO2/GaAs; Ref. 256 (1988) 

⁓1012 eV-1cm-2 MOSFET inversion 

Sulfur-passivated SiO2/InP; Ref. 261 (1988) 1010 - 1012 eV-1cm-2 Enhancement MOSFET 
Sulfur-passivated SiNx/InP; Ref. 262 (1993) ⁓1012 eV-1cm-2 Excess sulfur and phosphorous pentasulfide. 
MBE Ga2O3 passivation of GaAs; Ref. 26 
(1997) 

5×1010 eV-1cm-2   

SiO2/GaN; Ref. 289 (1998) 2.5×1012 eV-1cm-2  
Si interface control layer of SiNx/InP; Ref. 258 
(2000) 

⁓1010 eV-1cm-2  

ALD self cleaning of Al2O3/GaAs; Ref. 271 
(2003) 

5×1011 eV-1cm-2 Oxide leakage 1×10-7 A/cm2 at ±2V 

ALD self cleaning of InGaAs; Ref. 274 (2005) ⁓1012 eV-1cm-2 
 

Oxide leakage 2×10-9 A/cm2 at ±2V 

Si interface control layer of HfO2/GaAs; Ref. 
259 (2006) 

1×1012 eV-1cm-2  

MBE Ga2O3 and GdGaO passivation of GaAs, 
Ref. 295 (2009). 

1×1011 eV-1cm-2 Oxide leakage 2×10-8 A/cm2 at ±2V 

 (NH4)2S passivation of Al2O3/InGaAs; Ref. 263 
(2009) 

3×1012 eV-1cm-2 MOSFET study 

 (NH4)2S passivation of Al2O3/InGaAs; Ref. 111 
(2011) 

 2.5×1012 cm-2  Wet chemistry before ALD 

Hydrogen passivation of Al2O3/InGaAs; Ref. 
290 (2011) 

3.7×1011 eV-1cm-2 Insulator deposition in hydrogen environment 

Vapor (NH4)2S passivation of Al2O3/InP; Ref. 
265 (2011) 

⁓1012 eV-1cm-2 

  
Buried channel transistor test (HEMT type) 

ZnO-passivated ZrO2/GaAs interface 
Ref. 280 (2011) 

2.5×1011 eV-1cm-2 Oxide leakage ⁓10-7 A/cm2 at ±2V 

MBE-mediated sulfur of III-V’s; Ref. 297 
(2012) 

 Sulfur induced (2x1) surface structure 

 (NH4)2S + TaON passivation of 
HfTiON/GaAs; Ref. 264 (2013) 

1×1012 eV-1cm-2 Oxide leakage ⁓10-5 A/cm2 at ±2V 

Crystalline oxidation of HfO2/InAs interfaces, 
Ref. 54 (2013) 

2×1011 cm-2eV-1  

Hydrogen passivation of Al2O3/GaN; Ref. 291 
(2013) 

⁓1011 eV-1cm-2  

ALD of epitaxial La2O3/GaAs; Ref. 35 (2013)  3×1011 cm-2eV-1  
ALD-AlN interface for Al2O3/InGaAs; Ref. 278 
(2014) 

⁓1011 eV-1cm-2 Oxide leakage ⁓10-9 A/cm2 at ±2V; crystalline 
AlN interface layer 

F passivation of InAs with fluorinated anodic 
layer; Ref. 281 (2014) 

2-12×1010 eV-1cm-2 Atomic resolution TEM of crystalline InAs 
interface 

ZnS passivation of HfO2/InGaAs; Ref. 279 
(2016) 

⁓1011 eV-1cm-2 In-situ XPS characterization 

MBE passivation of HfO2/GaAs; Ref. 296 
(2017) 

1×1011 eV-1cm-2 Oxide leakage leakage 2×10-8 A/cm2 at ±2V 

Crystalline oxidation of HfO2/InGaAs interface; 
Ref. 63 (2017) 

⁓1012 eV-1cm-2 In-situ XPS characterization 

AlN interface layer on GaN; Ref. 287 (2019) ⁓1012 eV-1cm-2 Metal contact passivation 
ALD- Al2O3/GaN; Ref. 288 (2020) 3×1010 eV-1cm-2  
MBD method for La-silicate passivation of 
AlGaN; Re. 298 (2020) 

0.5×1012 eV-1cm-2 E-mode MOSHEMT of AlGaN/GaN 
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FIGURE CAPTIONS 

 

FIG. 1. (a) Schematic presenting how an oxidized III-V surface (red line) lies at the interface between a 

III-V crystal and a film. The film is usually insulating or metallic in device applications. The oxidized 

III-V surfaces include defects such as point defects (e.g. broken dangling bonds) and line defects (e.g. 

grain boundaries) which cause performance degradation in the current and future devices. (b) Schematic 

of the band-gap structure for an insulator/III-V interface, where the oxidized III-V layer cause many 

defect-induced electron levels (short red lines) in the crucial band gap area. Charge carriers (electrons 

and holes) can be consumed due to the recombination via the defect levels. Note that border traps in the 

insulator side are excluded here. (c) Schematic of the band-gap structure for an Ohmic metal/III-V 

interface, which also includes oxygen atoms in the III-V side because it is difficult to avoid oxygen 

incorporation. Here the oxygen-induced defect levels can cause the carrier recombination. In addition, 

resistive losses often occur at metal-semiconductor interfaces because it is difficult to prepare high-

quality Ohmic contacts. 

 

FIG. 2. (a) LEED pattern from an etched InP(100) surface, showing (11) LEED spots, arising from the 

crystal planes below the topmost amorphous layer. Note that the (0,0) reciprocal spot is not seen due to 

a shadowing electron gun. (b) LEED pattern of (24) from the same InP surface after a post-treatment in 

vacuum conditions at about 350 oC. (c and e) STM images from the etched surface before any vacuum 

treatment showing a disordered (amorphous) structure for the topmost layer. (d and f) STM images from 

after the vacuum treatment, which improves ordering and crystal quality of the topmost layer. 
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FIG. 3. Established atomic models for some common III-V reconstructions. (a) The GaAs(100)(24) 

and InAs(100)(24) surfaces exhibit two different structures depending on the As amount: so called -2 

and -2. The latter is shown here, while in the -2 structure has the second As-As dimer in the topmost 

layer instead of group-III dimers. (b) GaAs(100)(66) typically coexists with GaAs(100)(42) 

reconstructed areas when the amount of As is decreased on the surface. [Reprinted with permission from 

Ref. 134, Phys. Rev. B 73, 035317 (2006). © 2006 by the American Physical Society.] (c) III-

V(100)(42) structures contain specific sub-surface dimers. The indium-containing III-V surfaces tend 

to have a structure with a higher concentration of group-III elements (the left model). These unusual 

models are energetically stable and reproduce all experimental data to date. [Reprinted with permission 

from Ref. 210, Phys. Rev. B 81, 245305 (2010). © 2006 by the American Physical Society.] (d) InP(100) 

has a different (24) structure as compared to GaAs and InAs when the amount of group-V elements 

decreases. It is noted that InP(100) does not result in a (42) reconstruction. (e) GaSb(100) also differs 

drastically from III-As(100) because GaSb(100) does not result in either (24) or (42) reconstructions. 

In contrast, GaSb(100) shows various (43) building blocks with different Sb/Ga ratio, which often 

appears as a (13) diffraction pattern. When indium is added on GaSb, the (42) appears. [Reprinted 

with permission from Ref. 60, Appl. Phys. Lett. 107, 061601 (2015). © 2015 by the American Institute 

of Physics.] (f) InSb(111)B shows the (33) reconstruction, as many other III-V(111) too, when the Sb/In 

surface ratio decreases. [Reprinted with permission from from Ref. 65, Sci. Rep. 8, 14382 (2018). © 

2018 by the Springer Nature.] 

 

FIG. 4. Basic steps to include the ultrahigh-vacuum (UHV) based heating and crystalline oxidation in 

the processing of III-V device interfaces. First, the wet chemistry is technologically one of the most 

common methods to remove most of the native oxides and contaminants from various starting III-V 
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surfaces. The air-exposure time after a chemical treatment should be minimized during the sample 

transfer to a vacuum chamber (see Section II). Heating under UHV conditions typically enhances a 

degree of crystalline order at III-V surfaces. Note that the topmost surface is very disordered after a wet 

chemical treatment. During the UHV heating, it is also possible utilize different gas exposures as well: 

e.g. H2 or NH3 to decrease the amounts of remaining oxygen and carbon contaminants. When crystalline 

order of the starting III-V surface has been obtained, the controlled oxidation can be performed by 

feeding oxygen gas via a leak valve (pressures 10-7 to 10-5 mbar, see Table II).  Finally, the sample can 

be transferred to the next step of a film growth via air or using an interconnected multi-chamber system. 

 

FIG. 5. Examples of the results obtained by the common interface probes. (a) High-resolution XPS 

spectra measured with a synchrotron source from SiNx/InGaAs: the semiconductor bulk peak is 

commonly used as the reference energy (“0” eV relative binding energy), and the interface-related 

emissions can be seen as shoulders or tails of the substrate bulk peak or even as separate peaks. The 

largest interface-related shifts for Ga and In are around 1 eV in this example, while the interface-induced 

shifts of As extend up to 5 eV; reproduced from Ref. 162. (b) TEM data from the interfaces of an InAs 

film transferred on SiO2/Si substrate. Thermal oxidation of InAs surfaces under non-UHV conditions has 

induced crystallization of the oxidized InAs (InAsOx layer) which interestingly resembles the crystalline 

tridymite SiO2/Si interface.91 [Reprinted with permission from Ref. 45, Nature 468, 286 (2010). © 2010 

by the Springer Nature.] (c) Photoluminescence (PL) from different GaAs interfaces: the PL intensity for 

Ga2O3/GaAs is almost the same as that for epitaxial AlGaAs/GaAs, while for a bare GaAs surface 

oxidized in air, the PL intensity has decreased due to the high density of surface defects [Reprinted with 

permission from Ref. 187, Appl. Phys. Lett. 66, 625 (1995). © 1995 by the American Institute of 

Physics.] (d) Capacitance-voltage curves as a function the modulation frequency which increases as 
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indicated with the arrow in the curves. The frequency dispersion in the depletion region (around 0 V), 

appearing as a hump of the capacitance increase, is due to the interface defects of which the density can 

be decreased by a proper forming-gas passivation annealing, (“FGA”). [Reprinted with permission from 

Ref. 202, ACS Appl. Mater. Interf. 9, 7819 (2017). © 2006 by the American Chemical Society.] 

 

FIG. 6. LEED patterns from InAs(100) surfaces. (a) Before any cleaning, an amorphous oxidized surface 

is so thick that no (11) pattern arises from the bulk plane(s). (b) After the Ar-ion sputtering+vacuum 

heating, the LEED shows a (42) pattern for clean InAs(100); note that (42) and c(82) describe the 

same surface in practice. (c) After the controlled oxidation in the UHV chamber, LEED shows c(42) 

pattern. (d) After an alternative oxidation, the LEED shows a (31) pattern. The large white squares mark 

the (11) reciprocal lattice cells for the bulk planes, and the rectangles show the surface reciprocal unit 

cells, as visualized in real space. All images show a shadow of the electron beam source, and the (0,0) 

diffraction spot is hidden. [Reprinted by permission from Ref. 66, ACS Appl. Mat. Int. 10, 44932 (2018). 

© 2018 by the American Chemical Society.] 

 

FIG. 7. STM images from the different InAs(100) surfaces corresponding to the LEED patterns in Figure 

6(a)-(d). The InAs surface which is oxidized in air (native oxide) in (a) does not show any long-range 

order, as compared to the crystalline oxidized InAs in (e). Another typical feature of the crystalline 

oxidized surfaces is their two-dimensional terrace-step structure seen in the large-scale images (c)-(d). 

In the zoomed-in image (e), the surface was oxidized in such way that both the (31)-O and c(42)-O 

phases coexisted together with white line features which were associated with extra AsOx. [Reprinted by 

permission from Ref. 66, ACS Appl. Mat. Interf. 10, 44932 (2018). © 2018 by the American Chemical 

Society.] (f) RHEED patterns from InAs(100)(31)-O after the vacuum preparation as well as after air 
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exposure of this surface. Bright white diffraction lines mark the (11) distance in the reciprocal space, 

which becomes divided into three equal parts by two less bright lines, indicating the 3 periodicity for 

the surface. After air exposure, these RHEED intensity lines become weaker, but they can be still 

resolved. 

 

FIG. 8. High-resolution synchrotron photoemission spectroscopy (PES) spectra and their fitting analysis 

for the (31)-O surface: (a) As3d, (b) In4d, and (c) O1s. The surface sensitivity of the spectra has been 

changed by changing the photon energy and thus the kinetic energy of photoelectrons in the synchrotron-

radiation center. The surface sensitivity increases from the top to bottom spectra. The B components 

mark the bulk substrate emission while the S components are surface related features. [Reprinted with 

permission from Ref. 58, Appl. Phys. Lett. 106, 011606 (2015). © 2015 by the American Institute of 

Physics.] 

 

FIG. 9. Initial atomic models proposed for the c(42)-O and (31)-O surfaces: blue spheres are In atoms, 

red spheres are As atoms, and green spheres are O atoms. The comparison of the measured and simulated 

(based on the models) STM images for the c(42)-O surface: (a vs. b in the filled state) and (c vs. d in 

the empty state), respectively. The comparison of the measured and simulated (based on the models) 

STM images for the (31)-O surface: (e vs. f in the filled state) and (g vs. h in the empty state), 

respectively. [Reprinted with permission from Ref. 50, Phys. Rev. B 83, 195329 (2011). © 2011 by the 

American Physical Society.] 

 

FIG. 10. Characterization of the InAs(100)(42) surface after the deposition of 1 ML of In2O molecules 

and post annealing at 380 oC. (a) and (b) STM images show ordering of In2O molecules after the post 
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annealing with 3 periodicity. Label A marks a local area of the initial InAs(100)(42) surface. (c) 

Potential atomic models to describe the In2O adsorption. [Reprinted with permission from Ref. 48, J. 

Chem. Phys. 133, 164704 (2010). © 2010 by the American Institute of Physics.] 

 

FIG. 11. Capacitance-voltage curves measured from (a) the HfO2/InAs reference sample with HCl 

surface treatment and (b) the HfO2/InAs sample with the (31)-O interface [Reprinted with permission 

from Ref. 54, Appl. Phys. Lett. 103, 143510 (2013). © 2013 by the American Institute of Physics.] (c) 

and (d) Characterization of InAs MOSFET with ZrO2/(31)-O/InAs gate [Reprinted with permission 

from Ref. 205, IEEE Trans. Electr. Dev. 62, 2429 (2015). © 2015 by the IEEE.] 

 

FIG. 12. Mapping the parameter space for the InSb(100)(12)-O surface. The InSb temperature, oxygen 

pressure, and oxidation time have a complex interplay in the crystalline oxide formation. One expected 

trend is that decreasing the oxygen pressure increases the oxidation time. It also appears that increasing 

the InSb substrate temperature enables one to increase the oxygen pressure or the oxidation time 

(exposure). This indicates the presence of a competing oxide desorption kinetic process at the elevated 

temperatures and/or the formation a thicker oxide (i.e. increased oxygen diffusion toward bulk) with the 

same surface reconstruction. [Reprinted with permission from Ref. 57, Phys. Rev. B 90, 045312 (2014). 

© 2014 by the American Physical Society.] 

 

FIG. 13. Atomic models as a function of oxygen concentration for the InSb(100)(12)-O. Among many 

possible oxygen-containing structures, these models explain the measurements of the surface to date. At 

the initial stages of oxidation, oxygen atoms tend to occupy the subsurface Sb sites-1 in (a), suggesting 

the Sb diffusion toward the surface. The oxygen concentration varies between 0.5 - 2 ML among the 
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different models, but the same (12) periodicity remains. In the 2-ML model in (d), there are 4 oxygen 

atoms incorporated per the (12) area, leading to the formation of local InO, InO3, SbO2, and SbO3 

bonding configurations. Yet, the calculated core-level shifts show only small high binding-energy shift 

around +0.2 eV for indium, while the most positive shift is about +1.0 eV for antimony according to the 

model. [Reprinted with permission from Ref. 57, Phys. Rev. B 90, 045312 (2014). © 2014 by the 

American Physical Society.] 

  

FIG. 14. (a) Calculated band structure for the atomic model with 0.5 ML of oxygen (i.e. Figure 13a) 

showing the metallic nature for this structure having bands crossing the Fermi energy around 0 eV. 

Metallic bands largely arise from the dimer-atoms 2 and 3 of the model in Figure 13a. (b) Calculated 

band structure for the atomic model with 2.0 ML of oxygen (i.e. Figure 13d) showing an insulating 

structure. Red circles show the filled indium dangling-bond related band. (c) Measured band gap at the 

(12)-O surface using scanning tunneling spectroscopy, showing a clear zero dI/dV intensity around the 

Fermi level (= 0 eV). [Reprinted and adapted with permission from Ref. 57, Phys. Rev. B 90, 045312 

(2014). © 2014 by the American Physical Society.] 

 

FIG. 15. (a) The (33) LEED pattern has been observed before and after the oxidation of InSb(111)B 

surface. (b) The (22) LEED pattern has been observed before and after the oxidation of InSb(111)B 

surface. (c) XPS characterization of InSb(111)-B as a function of the oxidation reveals small oxidation-

induced features, tails in the spectra. (d) STM from InSb(111)B(33) surface after the oxidation that 

induces formation of (22)-O phase, which is seen as the formation of a bright island on the top of upper 

terrace. Local oxidation-induced (22)-O formation is also seen on the lower terrace.  [Reprinted and 

adapted with permission from from Ref. 65, Sci. Rep. 8, 14382 (2018). © 2018 by the Springer Nature] 
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FIG. 16. Summary for the oxidized InP(100)(23)-O surface. Large-scale STM image shows a two-

dimensional epitaxial structure. Inset exemplifies LEED pattern in which 2 spots are typically sharper 

than 3 spots. Core-level spectra measured by traditional XPS. Because of the poor resolution (due to a 

non-monochromatized x-ray source and of the difficulty to determine the substrate peak position 

carefully) the presented fitting of In3d is not as justified as the clear oxidation-induced feature in P2p at 

+4.7 eV. [Reprinted with permission from Ref. 50, Phys. Rev. B 83, 195329 (2011). © 2011 by the 

American Physical Society.] 

 

FIG. 17. Characterization of the GaAs surface after deposition of Ga2O molecules. (a) Zoomed-in STM 

image shows that adsorption of Ga2O starts on the top of the intial As-dimer rows, causing specific bright 

features which have not been seen on the clean GaAs(100)(24). (b) The model to describe the Ga2O 

bonding sites. (c) and (d) STS data indicate the unpinned Fermi level at the Ga2O/GaAs system because 

the surface Fermi-level lies near the valence-band maximum on the p-GaAs substrate and near the 

conduction-band minimum on n-GaAs. [Reprinted with permission from Ref. 29, Microelectr. Engineer. 

80, 138 (2005). © 2005 the Elsevier.] 

 

FIG. 18. (a) STM image from GaAs(100)(43)-InO surface. Inset shows the LEED pattern where a 

smaller rectangle visualizes the (43) reciprocal lattice cell in real space. (b) Zoomed-in STM image 

showing oxidation-induced building blocks between the initial dimer rows. (c) Simulated STM image 

based on the first atomic model presented in (d): red spheres are As atoms, gray spheres are In atoms, 

green spheres are O atoms, and blue spheres are Ga atoms. [Reprinted with permission from Ref. 50, 

Phys. Rev. B 83, 195329 (2011). © 2011 by the American Physical Society.] 
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FIG. 19. STM images from a sputter-cleaned GaAs(100)(66) substrate, and after the indium deposition 

+ oxidation for the GaAs(100)(11)-InO surface of which LEED images are shown below for two 

different electron energies. The sputtering combined with UHV heating has led to a non-optimized 

starting GaAs(100)(66) surface with a small island size. The formed GaAs(100)(11)-InO layer appears 

to follow the initial large-scale morphology. The inset STM image is zoomed in (5 nm  5nm) for (11)-

InO, showing a local ordering which is also consistent with sharp (11) LEED patterns. [Reprinted with 

permission from Ref. 64, Adv. Mater. Int. 4, 1700722 (2017). © 2017 by the Wiley.] 

 

FIG. 20. Effects of crystalline oxidized GaAs(100)c(42)-InO on photoluminescence (PL) intensity and 

the Ga3d core-level spectrum measured from Al2O3/GaAs. The Ga3d spectra show that the c(42)-InO 

interface layer decreases the oxidation-induced changes in the Ga bonding structure. This spectral change 

in Ga3d can be linked to the decrease in defect density at the Al2O3/GaAs with the c(42)-InO interface 

structure, as the PL-intensity comparison indicates, if the Ga oxidation leads to the formation of dangling 

bonds, for example. (See also the text in Section IV). [Reprinted with permission from Ref. 59, Phys. 

Chem. Chem. Phys. 17, 7060 (2015). © 2015 the Royal Society of Chemistry.] 

 

FIG. 21. XPS characterization for the crystalline In0.53Ga0.47As(100)(100)(31)-O surface. Electrical 

characterization of HfO2/In0.53Ga0.47As capacitors shows that interface defect density as well as border-

trap density can be decreased by incorporating the crystalline oxidized layers into the interface. 

[Reprinted with permission from Ref. 63, J. Appl. Phys. 121, 125302 (2017). © 2017 by the American 

Institute of Physics.] 
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FIG. 22. STM images from the crystalline oxidized GaSb(100)(42)-In surface, causing the formation 

of (13)-InO phase coexisting with (42)-In areas. The electron density is more localized in the (13)-

InO areas appearing as bright dots in the rows, which resembles the InAs(100)(31)-O system (see 

Section VAa) where the strain might be relieved through the formation of a corrugated structure. The 

STS curves indicate that (13)-InO structure does not have gap levels. [Reprinted with permission from 

Ref. 60, Appl. Phys. Lett. 107, 061601 (2015). © 2015 by the American Institute of Physics.] 

 

FIG. 23. (a) and (b) Synchrotron XPS results for the oxidation of pure GaSb(100) causing defect clusters. 

The defects can be linked to increasing the Ga3+ oxidation state (G2) and Sb-Sb type component (S2). 

(c) STM image showing the defect clusters which can be categorized into A type along the intial dimer 

rows and B type which interconnect the dimer rows. (d) Atomic models for the clean GaSb(100)(43) 

showing potential atomic sites (red arrows) where oxygen becomes incorporated. [Reprinted with 

permission from Ref. 213, Appl. Surf. Sci. 369, 520 (2016). © 2016 the Elsevier.] 

 

FIG. 24. Characterization of the GaN(0001) surface oxidized at 550 oC in O2 pressure of 1.510-5 Torr. 

(a) LEED indicates (3333)-R30o periodicity. (b) and (c) STM images from the oxidized GaN surface 

showing smooth islands with an ordered (3333)-R30o type structure. (d) Possible atomic models 

determined by first-principles calculations for the oxidized GaN. [Reprinted with permission from Ref 

46, J. Vac. Sci. Technol. B 24, 2080 (2006). © 2014 by the American Vacuum Society.] 

 

FIG. 25. LEED patterns from Al0.25Ga0.75N after (a) native oxide without any cleaning, (b) heating at 

550 oC in N2 + O2 flow of 45 sccm + 0.5 sccm, (c) heating 300 oC in plasma of N2 + O2 flow of 45 sccm 

+ 0.5 sccm, and (d) heating 550 oC in plasma of N2 + O2 flow of 45 sccm + 0.5 sccm. Increasing the 
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substrate temperature from 300 oC to 550 oC during the plasma oxidation significantly increases a degree 

of crystalline order at the oxidized surface because in the pattern (c) the background intensity dominates 

while the pattern (d) shows the diffraction intensity similar to the starting crystal surface. [Reprinted with 

permission from Ref. 55, Appl. Phys. Lett. 105, 141604 (2014). © 2014 by the American Institute of 

Physics.] 

  

FIG. 26. Atomic models for the clean AlGaN surface and for the crystalline oxidized surface obeying 

electron counting (EC) rule, which means that the surface electron levels below the Fermi level in the 

valence band are completely filled with available valence electrons, while the electron levels in the 

conduction band above the Fermi level remain completely empty. Capacitance-voltage curves as a 

function of modulation frequency for Al2O3/AlGaN capacitors including the different AlGaN surface 

treatments corresponding to LEED images in Figure 25. The first step of capacitance around -10 V or -6 

V is due to the 2D electron-gas formation at the epitaxial AlGaN/GaN interface while the second 

capacitance step corresponds to the Al2O3/AlGaN interface. The plasma oxidation (D) provides an 

increased slope and a decreased frequency dispersion around the depletion-region step, indicating a 

decrease in the interface defect density. [Reprinted with permission Ref. 55, Appl. Phys. Lett. 105, 

141604 (2014). © 2014 by the American Institute of Physics.] 

 

FIG. 27. Examples of contemporary III-V devices which get a benefit from the surface passivation 

development. (a) Insulator gated HEMT, so-called MOSHEMT. [Left structure reprinted with permission 

from Ref. 232, IEEE Electr. Dev. Lett. 30, 5 (2009). © 2009 the IEEE. Right structure reprinted with 

permission from Ref. 219, Appl. Phys. Lett. 86, 063501 (2005). © 2005 by the American Institute of 

Physics.] (b) 1.55 µm photodiode or detector. [Reprinted with permission from Ref. 243, IEEE Transact. 

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/1

.5
1
2
6
6
2
9



 103

Electr. Dev. 35, 2349 (1988). © 2009 the IEEE.] (c) MicroLED structure and device image. [Reprinted 

with permission from Ref. 247, Appl. Phys. Lett. 116, 251104 (2020). © 2020 by the American Institute 

of Physics.] 

 

FIG. 28. Wet chemical cleaning and UHV treatments were combined to test whether the crystalline 

oxidation could be included in the III-V passivation processes in a simplified way. LEED patterns from 

HCl+IPA etched InSb(111)B, which was transferred via air (about 2 min), after the vacuum heating 

around 300 oC (a) and 400  oC (b) show the fingerprint (22) and (33) reconstructions (see Section VAb) 

for a clean and ordered InSb(111)B. Molecular hydrogen (H2) exposure (110-5 mbar) during 400  oC 

heating improved (33) LEED pattern. Two-dimensional terrace-step structure with a long-range order 

is observed in the STM images (c) and (d). [Reprinted and adapted with permission from Ref. 65, Sci. 

Rep. 8, 14382 (2018). © 2018 by the Springer Nature.] 
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