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ABSTRACT
It is technologically important to understand how halogens react with semicon-
ductor surfaces because halogen compounds are commonly used to etch semi-
conductor wafers in the microelectronics industry. Halogens are also model
adsorbates for studying chemisorption on covalently bonded materials, such as
semiconductors, owing to the simple nature of the bonds that they form. The
growing use of IlI-V materials in the manufacture of optoelectronic devices has
prompted investigations of the reactions of molecular halogensx>@E, Bro,
and b) with 1lI-V semiconductor surfaces (GaAs, GaSb, InP, InAs, and InSb).
This review examines the more fundamental of these investigations, which involve
model systems in ultra-high vacuum, focusing on the chemistry of the halogen
surface reactions and the physical and electronic structure of the reacted surfaces.

INTRODUCTION

The field of surface science has matured sufficiently over the past 30 years
that investigations of model systems are now giving way to studies of more

complex real-life processes. One such real-life process that has received con-
siderable attention in recent years is the etching of semiconductor surfaces,
especially the etching of Si and GaAs by halogen compounds. Now, as a re-
sult of these investigations, much more is known about how halogens react
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with semiconductors and how these reactions alter the physical and electronic
structure of the surfaces.

The fabrication of microelectronic devices relies on a class of techniques
loosely categorized as dry processing. A subclass of dry processing is dry etch-
ing, in which a substrate is exposed to reactive gases, ion beams, or plasmas
to etch a pattern into the surface by removing material. Since halogens form
volatile species when reacted with most semiconductor materials, halogens and
halogen-containing compounds are the most commonly used dry etchants. A
serious drawback to dry etching, however, is that it often roughens a surface.
Roughening introduces defects, both physical and electronic, which affect the
performance of a microelectronic device. These defects are an increasing con-
cern as the scale of modern-day devices shrinks to the submicron level. Thus,
from a technological standpoint, an understanding of the fundamental mecha-
nisms involved in the etching of semiconductor surfaces by halogens is essential.

Many practical aspects of IlI-V semiconductor etching have been studied in
the past few years. In the fabrication of microelectronic devices, substrates
are commonly etched by plasma discharges or by ions beams via reactive ion
etching (RIE) or chemically assisted ion beam etching (CAIBE). Because of the
technological importance of these processes, many studies (only some of which
are listed here) have looked at how ion beams (1-31) and plasmas (32-37), as
well as the individual constituents of plasmas [e.g. ions (1-31), atoms (38—41),
radicals (26, 42—-45), hot molecules (46, 47), electrons (48-55), and photons
(56-69)], act to etch semiconductor substrates.

In a typical plasma environment, many chemical reactions and particle-
surface interactions occur simultaneously. In order to model such a complex
situation, each of the important surface chemical reactions must first be under-
stood individually. Many fundamental studies have utilized such an approach,
in which the important reactions are investigated using well-defined single-
crystal substrates in a highly regulated ultra-high vacuum (UHV) environment.
Surfaces are cleaned, characterized, and exposed to controlled amounts of an
etchant. As a first step, many studies investigate the chemisorption of reactant
molecules on bare semiconductor surfaces in order to determine such things
as adsorption kinetics and bonding geometries. These studies also serve to
delineate the relevant spectroscopies. Once the initial chemisorption is under-
stood, the various spectroscopic techniques are applied to surfaces exposed to
sufficiently large quantities of reactants to promote spontaneous etching. The
etching chemistry is then determined by either measuring the volatile reaction
products directly or analyzing the reaction products that remain on the surface.
Changes in the product distributions, in the surface morphology, and in the
surface electronic structure are monitored as the exposure, temperature, crystal
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face, and substrate doping level are varied. A picture of the overall etching
reaction is then developed by correlating measurements of both the volatile and
nonvolatile reaction products.

This methodology has already been applied successfully to the etching of
silicon substrates (70). Early investigations looked at the chemisorption of flu-
orine on clean Si surfaces (71), while subsequent work looked at more highly
reacted surfaces (72, 73). Studies of the gaseous reaction products generated
by the spontaneous etching of Si by fluorine also contributed greatly to the un-
derstanding of silicon-fluorine chemistry by complementing the investigations
of the surface products (74, 75).

Recently, investigators have begun to study the etching of the more complex
[1I-V semiconductors. The chemistry of these systems is complicated by the
possibility of inhomogeneous etching and by the nature of the surfaces them-
selves: It is simply more difficult to produce clean, well-ordered surfaces of
[1I-V materials than of Si, which can lead to problems in the reproducibility
of results. These more complex investigations comprise the material in this
review.

Note that in addition to their industrial importance, halogens are an excel-
lent class of adsorbates for studying chemisorption and are thus also interest-
ing from a purely academic point of view. Halogen adsorbates are ideal for
structural studies because they form strong, directional, monovalent bonds to
semiconductor surfaces. As a result of their large electronegativities, halogens
withdraw an appreciable amount of charge from a neighboring atom in form-
ing a bond. This high degree of charge transfer facilitates the use of several
surface-sensitive techniques. For example, core-level spectroscopies, such as
soft X-ray photoelectron spectroscopy (SXPS), are used extensively in inves-
tigating the chemistry of halogen-semiconductor reactions, since bonding to
halogens induces large, easily detectable chemical shifts in the binding ener-
gies of the substrate core electrons (76). Reactive molecular beam scattering
has also been applied successfully to these systems, as halogen-semiconductor
reactions typically generate a variety of volatile products (41).

There are several excellent reviews in print regarding halogen adsorption
and halogen-semiconductor reactions. Various aspects of halogen adsorption
on metal surfaces are reviewed by Dowben (77) and Jones (78); their reviews
cover investigations prior to 1988. Winters & Coburn (70) surveyed investi-
gations of Si etching up to 1992. Yu & DeLouise (41) reviewed more recent
work on semiconductor surface chemistry, with particular emphasis on the use
of molecular beam scattering techniques. The aim of the present review is to
complement this work by summarizing whatis known about halogen adsorption
and reaction on IlI-V semiconductor surfaces in UHV. Note that because Yu
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& Delouise (41) have already presented an excellent discussion ai@éc-
ular beam scattering experiments on GaAs, those investigations receive less
emphasis here.

Although this review is definitely motivated by the technological importance
of semiconductor etching reactions, its focus is on the more fundamental aspects
of the reactions, i.e. those with more of an academic emphasis and less of a
directly applied nature. In particular, this work reviews what is currently under-
stood about the basic chemical reactions of simple molecular halogens on IlI-V
semiconductor surfaces and the properties of the surfaces following reaction.
For the most part, the investigations of these systems naturally divide into three
categories: geometric structure, electronic structure, and chemistry. Hence, this
review is organized along these lines. The first two sections summarize what is
known about the geometric and electronic structure of the surfaces. The third
section discusses what is known about the chemistry of molecular halogen
(XeR,, Cly, Bry, I,) reactions on 11l-V (GaAs, GaSb, InP, InAs, InSb) surfaces
and is divided into subsections describing each halogen reactant separately.

GEOMETRIC STRUCTURE

The low index faces of GaAs and other IlI-V materials exhibit a range of
complex clean-surface reconstructions. The (110) face, which is the natural
cleavage plane for l11-V single crystals, contains equal amounts of both elements
and has the simplest reconstruction, with & 1L unit cell (79). Because of
the ease of reproducibility of the & 1 reconstruction and the fact that the
Fermi level is unpinned on this surface, the (110) face has been extensively
studied. The polar (001) face can be either group-Ill or group-V terminated,
and its surface reconstructions, which often consist of ordered arrangements
of dimers, are determined primarily by the stoichiometry of the near-surface
region. Sputtering and annealing GaAs(001) in vacuum, for example, typically
results in a Ga-rich surface having &4 unit cell, while sputtering InSb(001)
and InAs(001) generates an In-rich c82) surface (80, 81). Other (001)
reconstructions, such as ct44) or c(2 x 8), can be grown using molecular
beam epitaxy (MBE) (82, 83). The polar (111) surface is also either group-Iil or
group-V terminated. Both (& 2) and (/19 x +/19) reconstructions have been
observed for clean GaAs(111), depending on the surface composition (84).
Halogens often form an ordered overlayer on semiconductor surfacgs. ClI
has been observed, in some cases, to formxalloverlayer on GaAs(110)
(85-87), GaAs(001)-c(& 2) (87), InSb(001)-4« 1 (88), and InP(001)—4
2 (19). At other times, however, £adsorption leads to the complete removal
of the low-energy electron diffraction (LEED) pattern, thereby indicating that
the surface has become disordered. This has been seen,fad€tirption
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on GaAs(110) (89), on InP(110) (90), and on InP(001)-2 (19). The ad-
sorption of b on many surfaces—including InSb(001)x41 (88), InSb(001)-

c(4 x 4) (88), InSb(001)-c(8 2) (80, 91, 92), GaAs(001)—4 1 (81, 93,

94), GaAs(001)-4 6 (81, 93, 94), GaAs(001)-c( 8) (81, 93, 94), and
InAs(001)-c(8x 2) (81, 93, 94)—relaxes the clean surface reconstruction and
forms a highly ordered ¥ 1 overlayer.

Much can be learned by following how the LEED pattern changes as a result
of halogen adsorption. For example, Varekamp et al (93) describe in detail the
coverage dependence of the LEED pattern foadsorption on GaAs(001)—

4 x 6, which is representative of ladsorption on several other surfaces.
Small L, exposures simply increase the background intensity without chang-
ing the 4x 6 pattern, suggesting that the iodine initially adsorbs randomly on
the surface. Larger exposures further increase the background and remove the
higher-order LEED spots. Following sufficiently large exposures, the 1l

LEED spots become more intense than the original @ spots. Additional
exposure causes no further change in the LEED pattern, indicating saturation.
The intense Ix 1 pattern and the lack of any higher-order spots suggest that,
at saturation, both the iodine overlayer and the substrate are ordered within a
1 x 1 unitcell.

Scanning tunneling microscopy (STM) is also an extremely useful technique
for structural studies. STM provides local surface geometric information at
the atomic level £ 1 A) and morphological information at larger length scales
(~ 25 A). Unfortunately, there have been only a handful of STM studies, to
date, of halogenated IlI-V surfaces.

Patrin and coworkers (95, 96) investigated the adsorption ol Br on
GaAs(110) by using STM. They observed three types of local bonding config-
urations for both bromine and chlorine. These configurations are illustrated in
Figure 1 and labeled A-type, B-type, and C-type. The A-type features, which
are the most prevalent, form1-A high islands and are identified, in the case
of chlorine, as Cl bonded to Ga sites. The B-type sites are located directly
above As atoms, within A-type islands, and are identified with Cl bonded to
As. The C-type sites, which are the least populated, have been assigned to
AsCl, species (97). Since Band C}, exhibit similar adsorption behavior, the
same interpretation of these three features was made for Br as for Cl.

The only other atomic scale STM study, to date, of halogen adsorption on alll-
V semiconductor is by Varekamp et al (93, 94), who investigatediorption
on InSb(001)-c(8x 2). In those studies, the STM images of arshturated
surface were found to exhibit an ordered square lattice of spots separated by
4.6 A in both the [110] and]10] directions, which agrees with the size of the
InSb(001) surface unit cell. These spots, which are presumably responsible
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Figure 1 A model depicting the adsorption sites for Brand Cl on GaAs(110). The A-type islands,
which have halogen-induced features within the rectangle formed by four As atoms, are identified
with Ga-Cl bonds. The B-type features, which are located above As atoms, are identified with
As-Cl bonds. C-type features, which are observed in pairs along the edges of A-type islands, are
identified as AsGl species. The As* features are As atoms whose core-level binding energies are
affected by nearby Cl-bound Ga atoms in the A-type islands. (From Reference 97.)

for the 1 x 1 LEED pattern, were interpreted as iodine atoms bonded atop the
outermost substrate atoms. Pairs of brighter spots, oriented along the [110]
azimuth and separated by FA8were also visible in the STM images. These
pairs were tentatively identified as iodine atoms bonded to unbroken In dimers
on the surface.

In addition to investigating the local chemisorption geometry of bromine
and chlorine on GaAs(110), Patrin and coworkers (95, 96) also looked at the
etch-induced morphological changes that occur as a result of reaction. In this
regard, C} and Bp were found to have identical effects. Reaction at tem-
peratures below~ 550 K results primarily in halogen adsorption, either in
two-dimensional islands or one-dimensional chains. Reactiené®5 K and
above results instead in etching. Between 625 and 725 K, the reaction generates



HALOGEN I1I-V SURFACE REACTIONS 533

rectangular single-layer etch pits and, at higher exposures, results in simulta-
neous multilayer etching. Reaction-af725 K and above is characterized by
single-height-step retreat and triangular double-layer etch pit formation. Exam-
ples of the morphologies that result from etching GaAs withBrder various
conditions are shown in Figure 2. Varekamp et al (93) observed similar etch-
induced morphologies, i.e. rectangular etch pits and jagged step edges, in the
room-temperature reaction of InSh(001) wigh |

ELECTRONIC STRUCTURE

In this section we describe what is known about the electronic structure of halo-
genated Ill-V semiconductor surfaces. First we outline the results of valence-
band measurements, then we summarize core-level spectroscopy investigations.

Valence Bands

The most direct way in which to investigate the electronic structure of a surface
is with photoelectron spectroscopy, which probes the filled electronic states.
The system that has attracted the most attention, in terms of the collection and
interpretation of valence-band photoelectron spectra, is chlorinated GaAs(110).
Angle-integrated valence-band spectra gffelacted GaAs(110) show that the
adsorption of chlorine generates an increase in intenrsiy5—6.0 eV below

the valence-band maximum (VBM), and this increase is associated with the Cl
3p level (89, 98-102). High-resolution angle-resolved measurements by Mar-
garitondo et al (85) indicate that there are actually five spectral features in the
valence band, roughly 2.0, 4.5, 5.0, 6.5, and 8.0 eV below the VBM. The band
structure derived from Margaritondo et al's data has>a 1 symmetry. Com-
bined with independent LEED measurements, this 1 symmetry indicates

that the periodicity of the Cl overlayer is in registry with the substrate, with
delocalized electronic states that have the same symmetry as the substrate.
Empirical tight-binding model calculations (85) and calculations based on
the charge self-consistent extendattkél method (103) compare well with the
data if it is assumed that Cl bonds to As sites. In fact, the data were originally
interpreted to mean that Cl bonds only to As, and not to Ga. However, more
recent calculations using the linear combination of atomic orbitals (LCAO) ap-
proach match best to the experimental data for Cl bonded solely to Ga sites
(104) or, possibly, to a mixture of Ga and As sites (105).

Chlorine generates similar valence-band features on other IlI-V (110) sur-
faces as well. Margaritondo et al (85) studied chlorine chemisorption on
GaSh(110) and InSb(110). Some of the results of that work are shown in
Figure 3. The adsorption of chlorine on all three surfaces has essentially the
same effect, i.e. it generates an intense feature about 4.5 eV below the VBM,
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(b)

(©) (d)

Figure 2 (a) A 450A x 450A STM image of GaAs(110) after exposure to 0.36 nehof Br, at

625 K, showing etch pits that are one layer deep. Note that the units of exposure are in terms of the
integrated current of a solid-state electrochemical cell, which was used to deliventh@Ban

850A x 850A image after a 1.8 mA s Br, exposure at 635 K, showing five different substrate
layers. €) A 3000A x 3000A image of an extended terrace following exposure to 0.7-raf

Br, at 725 K, showing triangular double-layer etch pits) & 2000A x 2000A image after a

1.8 mA- s exposure to Brat 725 K, showing almost complete removal of a GaAs double-layer.
(From Reference 95.)
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along with several other less prominent features. Table 1 is a summary of the
peak positions indicated in Figure 3. Valence-band spectra frgane@cted
InP(110), for small exposures, also contain a Cl-induced peak located 4.4 eV
below the VBM, although, after higher exposures, the position of this peak
shifts to 5.6 eV and another appears at 8.9 eV (90).

Angle-resolved valence-band spectra collected fronxdliodine overlayer
on GaAs(001)—4 1, GaAs(001)-c(Z 8), and InAs(001)-c(& 2) all contain
the same high-intensity dispersive surface state located 4.4 eV below the VBM
(81). Because this state has properties similar to those observed farha 1
Cl overlayer on the (110) surfaces of GaAs, GaSbh, and InSb (85)—i.e. a high
relative intensity, a binding energy 6f4.5 eV, and an insensitivity to the polar-
ization of the incident light (s- vs p-polarization)—it was suggested that all these
surface states have similar origins. Curiously, these states have greater intensity
when the polarization of the incident radiation is along the [110] azimuth, as
compared to thel[10] azimuth. Also, this state forms following adsorp-
tion on both Ga-terminated GaAs(001)x41 and As-terminated GaAs(001)-
c(2 x 8) and is thus apparently independent of the surface termination. Be-
cause of this independence, it cannot be attributed exclusively to either Ga-l or
As-1 bonding, but instead is identified as arising from a delocalized state of the

(110} surfaces c

N(E), PHOTOEMISSION INTENSITY

ENERGY(eV)

Figure 3 Angle-integrated valence-band spectra of chlorinated GaAs(110), GaSb(110), and
InSb(110). (From Reference 99.)
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Table 1 Experimental energy positions of the spectral peaks
for Cl-covered surfacés

Peak GaAs(116)ClI GaSb(110}Cl  InSb(110)4Cl

A 113+0.5 — —
A 7.7+04 83+0.2 815+ 0.3
B 56+03 7.2+£02 6.4+0.2
B’ — 6.1+0.2 —
C 46+04 43+04 42+03
D 20+04 35+04 —
D’ — 0.7+0.4 —

2From Reference 99.

iodine overlayer itself. Note that not al-feacted IlI-1V surfaces exhibit this
4.5-eV feature. On InSb(001)-c(8 2), a 1x 1 iodine overlayer is observed
that instead exhibits two valence-band features ateV and 6.4 eV below the
VBM (80, 91, 92).

Fluorinated GaAs(110) and GaAs(001) exhibit a very intense F 2p valence-
band feature- 8 eV below the GaAs VBM, which persists throughout the reac-
tion (106-108). Because these overlayers are not ordered, however, there would
be no dispersion of the valence-band states. By comparing high-resolution
valence-band and low-resolution electron energy loss measurements, Varekamp
et al (108) determined the band line-up of Gdifms grown on GaAs via re-
action with Xek. The Gak VBM is 5.4 eV below that of GaAs, and the GaF
conduction band minimum (CBM) is 3 eV above the CBM of GaAs.

The adsorption of halogens on a IlI-V semiconductor surface changes the
position of the Fermi level at the surface. On GaAs(110), the adsorption of
Cl>(109), Br (110), or b (109) each has basically the same effect. Namely,
following small halogen exposures, the Fermi level for n-type substrates moves
down to a position 0.2—-0.3 eV above the VBM, whereas for p-type substrates
itis pinned~ 0.1 eV above the VBM. After large exposures, the Fermi level is
pinned~ 0.5 eV above the VBM, independent of doping. Similar effects are
seen for both Xefreacted with GaAs(110) and £teacted with InAs(110),
where, following sufficiently large exposures, the Fermilevel is pinn8db eV
above the VBM, independent of doping (111, 112). In several of the studies,
this behavior was explained in terms of adsorbate-induced virtual gap states
(ViGSs) (102, 109, 110, 112).

Core Levels

Core-level photoelectron spectroscopy is one of the best ways in which to
probe halogen-surface reactions. Halogen atoms withdraw an appreciable amo-
unt of valence electronic charge in forming a bond as a result of their high
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electronegativity. This withdrawal of charge changes the potential felt by the
core electrons, thereby causing an increase in their measured binding energies,
typically on the order of 1 eV per attached halogen atom. Core-level shifts also
increase in a nearly linear fashion with the number of attached halogens (76),
which makes the identification of chemically shifted core-level components
fairly straightforward. Shifts observed in the core-level binding energies of
various IlI-V substrate atoms, as a result of halogen adsorption, are given in
Table 2. A proper identification of the source of each core-level component
is required in order to use core-level spectroscopy to probe the chemistry of
reacted surfaces. The chemical information obtained from these core-level
investigations is presented in the chemistry section below.

Core-level binding energy shifts sometimes arise from reaction products other
than surface halides. In studying the reaction of Xe&kh GaAs(110), Simpson
et al (106) observed that fluorination induced an additional As 3d component
that was shifted 0.5 eV higher in binding energy than bulk GaAs. For reaction at
temperatures below 550 K, this can be attributed simply to monofluorinated As
atoms. However, following reaction at 550 K, the 0.5-eV-shifted component
persists even though there is no fluorine on the surface. This, along with the
fact that the binding energy shift of As adsorbed onto GaAs@s5 eV (113—-
115), led to the conclusion that for reaction at 550 K and above, the additional
As 3d component is due to elemental As on the surface. Moreover, elemen-
tal As may also contribute to the intensity of the 0.5-eV-shifted component

Table 2 Core-level binding energy shifts for various species on halogenated IlI-V semi-
conductor surfaces

Absorbate Substrate Core-level Moiety  Shift (eV) References
F GaAs(110), (001) Ga 3d GaF 0.8-1.6 106-108, 111
Gak 1.6-2.6
As 3d AsF 0.4-0.5
Cl GaAs(110), (001) Ga 3d GacCl 0.6-0.9 86, 89, 97
GaCh 1.7-1.8 101, 116, 120
As 3d AsCl 0.4-0.5
AsClp 1.1-1.3
Br GaAs(110) Ga 3d GaBr 0.32 121
GaBn 1.2
As 3d AsBr 0.7
AsBr3 2.0
AsBrs5 4.1
| GaAs(001) As 3d Asl 0.9-1.0 93
InAs(001) In4d Inl 0.48-0.52
InSb(001) In4d Inl 0.38-0.54

Sb 4d Sbi 0.70
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observed for reactions at lower temperature. A 0.5-eV-shifted As 3d compo-
nent was also observed in spectra collected from chlorinated GaAs(110) (101).
In the temperature range of 400-600 K, there is no Cl remaining on the sur-
face, yet the additional As 3d component persists, leading in a similar way to
its identification as elemental As. Finally, as part of an investigation of the
room-temperature reaction of Glith As-rich GaAs(110), Simpson et al (116)
observed an anomalous low binding energy shift in the Ga 3d core level. They
suggested that this shifted component arose from Ga-Ga bonding, possibly in
Ga dimers, clusters, or droplets.

Not only are directly induced chemical shifts detectable in core-level spectra,
but so are contributions from other substrate atoms that have been disturbed as a
result of halogen adsorption. As part of their SXPS study of the reaction,of CI
with GaAs(110), Stepniak et al (97) observed an As 3d core-level component
shifted 0.65 eV to lower binding energy than bulk GaAs; they attributed this to
As atoms located beneath GaCl islands (denoted As* in Figure 1). Subsequent
theoretical investigations support the notion that Cl bonded to Ga can induce a
shift to lower binding energy in a neighboring As atom. Using ab initio calcu-
lations, Corkhill & Chelikowski (117, 118) showed that the attachment of CI
to a surface Ga site can cause the Ga atom to relax to a more bulk-like geome-
try, with a corresponding rearrangement of charge that affects neighboring As
atoms in a manner consistent with a shift to lower binding energy. On the other
hand, Khoo & Ong (119), using semiempirical molecular-orbital calculations,
showed that surface Ga atoms bonded to Cl can instead relax inwards, donating
charge to surface As atoms (119). In either case, the bonding of Cl to a surface
Ga atom is expected to indirectly induce a shift in the binding energy of the
core electrons of nearby As atoms.

Tricoordinate atoms at or near the surface also have core-level binding ener-
gies different than the atoms comprising the bulk semiconductor. As a result of
their reduced coordination number, the outermost atoms on a clean 1lI-V sur-
face are rehybridized to a more stable tricoordinate configuration. The charge
rearrangement that accompanies this rehybridization induces core-level bind-
ing energy shifts in these surface atoms, which appear in an SXPS spectrum as
surface-shifted core-level (SSCL) components. Values for some GaAs surface
shifts are tabulated in Reference 120 and references cited therein. Curiously,
spectra collected from GaAs surfaces heavily reacted wigh(&) or XeR,
(106-108) exhibit SSCL components, even though no areas of unexposed sur-
face remain. These unexpected core-level components were interpreted, first
by Shuh et al (89) and later by Varekamp et al (108) and Simpson et al (106,
107), as arising from buried tricoordinate atoms that form as a result of the
etching reaction. Shuh et al (89) argued that these atoms should have local
bonding geometries similar to unreacted surface atoms and therefore should
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exhibit core-level binding energy shifts similar to those of the outermost atoms
on a clean surface.

In addition to the substrate core levels, the adsorbate core levels sometimes
exhibit chemically induced shifts. Shuh et al (89) noted that feradisorbed
on GaAs(110), two separate components are apparent in the Cl 2p spectrum,
indicating that Cl is in two unique chemical arrangements. Simpson et al (120)
made a similar observation of two Cl 2p components for chlorinated GaAs(001).
In that study, however, a correlation was found between the appearance of the
second Cl 2p component and the formation of surface dichlorides, i.e., AsCI
and GaCl. Thus, it was concluded that the second Cl 2p component arises
from Cl atoms in dichloride species.

Intheir investigation of Bradsorption on GaAs(110), Guetal (121) observed
two Br 3d core-level components of nearly equal intensity, which they initially
identified as As-Br and Ga-Br bonding. This assignment, however, could not
be reconciled with later STM measurements carried out by the same group that
showed a preference for Ga- Br over As-Br bonding, which would not result in
equal intensities of the two Br 3d components (95).

A similar effect was also observed fos-tovered GaAs(001), InAs(001),
and InSh(001), which exhibited | 4d core-level spectra that were clearly comp-
osed of two separate components (94). For these systems, the two components
had nearly equal intensity at the saturation coverage, independent of the stoi-
chiometry or the structure of the starting surface, indicating that they are not
related to the difference between group-I1l and group-V bonding, but have some
other origin. At this time, the origin of the two Br 3d and the two | 4d core-
level components is unknown and warrants further investigation. Varekamp
et al (suggested, however, that these components may result from iodine at-
tached at unbroken and broken surface dimers, thereby corresponding to the
two structures seen with STM.

CHEMISTRY

Once the details of the relevant spectroscopies are worked out and the initial
chemisorption is understood, emphasis can shift to the chemistry of the re-
actions. Although most studies to date have concentrated on the reaction of
Cl, with GaAs, owing to its technological importance, certain general trends
are apparent for all of the reactions. For example, molecular halogens al-
ways dissociatively chemisorb on IlI-V surfaces. Also, the halogenation reac-
tions appear to occur in a stepwise manner, with monohalides formed first,
followed by di- and trihalide formation. The reactions are often sensitive to
surface crystallinity, stoichiometry, and temperature; sometimes a surface be-
comes passivated by an ordered overlayer, whereas other times it etches. This
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section gives a brief summary of what is known, to date, about the complex
chemistry of these surface reactions.

Fluorine

The development of microelectronic devices based on IlI-V semiconductor
materials has been hindered by the lack of suitable insulators. Many attempts
have been made in the pastto find insulators that can be grown on GaAs and other
I1I-V compounds, but none were particularly useful to the microelectronics
industry (122). In order for an insulating material to be suitable for device
fabrication, it must grow in a spatially homogeneous manner with an interface
thatis relatively free of gap states. Furthermore, the film growth method should
be a simple, inexpensive chemical process that is similar in procedure o SiO
growth on Si via exposure toORecently, it was shown that a 10 eV band gap
insulator, Gak, can be grown on GaAs via exposure to various fluorine-based
compounds (30, 34, 35, 38, 107, 108, 120, 123-126). Operational devices
have been constructed from GaGaAs structures (124, 125, 127-129), which
demonstrates that the interface state density can be reduced to a sufficiently low
level that Gag may be a suitable insulator for GaAs-based devices. Hence,
because of its potential technological importance, the reaction of atomic F with
GaAs has been studied recently.

There have been only a few fundamental studies of this reaction, however,
all of which used Xefkas a reactant (106—108, 111, 130). The reaction obXeF
with GaAs has been followed over a range of exposures and temperatures by
using SXPS measurements (106—108, 111) and a combination of Auger elec-
tron spectroscopy (AES) and high-resolution electron energy loss spectroscopy
(HREELS) (130) measurements. XeB an excellent source of atomic F, as
it readily dissociates on a GaAs surface, thereby liberating F atoms without
incorporating any Xe into the surface. These lone F atoms are highly reactive.
Initially, they simply chemisorb on the surface, forming Ga and As monofluo-
rides (108, 111, 130). With sufficient disruption of the surface, however, there
is a transition from chemisorption to etching (111, 130).

SXPS measurements revealed thatthe room-temperature fluorination of GaAs
results in simultaneous etching and film growth, with the removal of As from
the near-surface region accompanied by the build-up of a film of; GEF6—

108). The interface between the film and substrate 38 thick and consists

of the intermediate reaction products: GaF, AsF, and/qr, Akng with trico-
ordinate Ga and As defects (106—108, 111). Figure 4 shows typical SXPS spec-
tra of the Ga and As 3d core levels for a moderately fluorinated GaAs surface,
with the contributions from each of these species indicated.

The etching/film-growth reaction is independent of the crystal face and the
initial surface crystallinity (108), and it shows no dependence on the doping
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Ga 3d at hv = 56 eV As 3d at hv =79 eV

Intensity (arb. units)

4 3 2 1 0 1 4 3 2 1 0 4
Binding Energy (eV, relative to bulk 3ds/2)

Figure 4 Ga and As 3d core-level spectra collected from a moderately fluorinated GaAs sur-
face. Dots are the background-subtracted raw data; dashed lines are the individual components,
determined via numerical fitting; and the solid line is the sum of the components.

level of the substrate (130). Film growth is thought to occur via the diffu-
sion of F to the interface to form Gaknd via the diffusion of As from the
interface to the surface, from where As desorbs (106, 107). In this way, the
film actually grows down into the substrate and consumes GaAs to form GaF
Figure 5 shows the amounts of GaF and gafesent on GaAs(110) as a func-
tion of XeF, exposure, illustrating how a Gafilm builds up with increasing
fluorination.

The volatile reaction products have not yet been directly measured for the
reaction of fluorine with GaAs. However, in direct analogy to the formation of
AsCl; in the reaction of Glwith GaAs, which has been measured (4, 131-134),
it was proposed that AgHs the primary etch product for reactions at or near
room temperature (106—-108).

The reaction of fluorine with GaAs is thought to occur in a stepwise manner,
ie.

GaAs+ 2F — GaF+ AsF, 1.

GaF+ F — Gak, 2a.

AsF+ F — Ask,, 2b.

Gak + F — Gaks, 3a.
and

AsFk + F — AsF;. 3h.
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Assuming this to be true, the presence of surface AsF, along with the absence of
any surface Asf; indicates that Step 3b (followed by the desorption of AsF
is more rapid than Step 2b. The presence of GaF and GaFhe surface,
combined with the absence of an appreciable amount of Ga$o indicates
that Step 3a is faster than Step 2a. Using this argument, researchers concluded
that the disruption of the lattice required for Step 2 is what ultimately limits the
reaction (107, 111). Note that measurements of the volatile reaction products
would help to further support these conclusions.

Raising the substrate temperature during reaction increases the initial F up-
take somewhat, but for temperatures up+8650 K, the Gag film thickness
is limited to~ 15 A(106). This thickness limit can be overcome, however, by
increasing the XefFpressure by several orders of magnitude (106). Reaction
at temperatures above550 K leads to removal of both Ga and As, resulting
in a surface covered by approximately one monolayer (ML) of excess As. An-
nealing a Gag-covered surface, however, leads to the inhomogeneous removal
of Gakz molecules (108). The temperature dependence of the reaction ef XeF
with GaAs(110) is illustrated in Figure 6 for two exposures, 10 and 100 kL
(LkL =1073torr-s).

Chlorine

Itis critically important, from a technological standpoint, to understand the in-
teraction of chlorine with GaAs surfaces, since chlorine-based plasmas are the
most commonly used to dry etch GaAs wafers during device manufacture. Chlo-
rine is the etchant of choice for GaAs, as well as other Ill-V semiconductors,

1ol éan Thicknéss:

Thickness (A)

0 2 4 6 8 10 12 14
Total Fluoride Film Thickness (A)

Figure 5 The amounts of GaF and Gapresent on a fluorinated GaAs surface, as a function of
total fluoride film thickness, derived from analysis of core-level SXPS spectra. (From Reference
107.)
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Figure 6 GaFs film thickness, interface thickness, and interface As/Ga ratio derived from analysis
of core-level SXPS spectra are plotted as a function of substrate temperature for GaAs(110) exposed
to 10 and 100 kL of Xef. (From Reference 106.)

primarily because of the volatility of chlorides that are formed by the reaction.
Although many techniques have been applied to investigate the fundamental
reaction of C} with GaAs, photoelectron spectroscopy and molecular beam
scattering were used predominantly. The general findings of these experiments
are given below.

There was originally some ambiguity as to whether chlorine had a preferred
bonding site on GaAs(110). The first photoelectron spectroscopy studies of
the room-temperature reaction of,@ith GaAs(110), by Margaritondo et al
(85, 98, 99), combined with tight-binding calculations, indicated that chlorine
dissociatively chemisorbs on GaAs(110) and bonds preferentially to surface As
atoms. After noting a core-level shift of the As 3d level and no corresponding
change in the Ga 3d level, Schnell et al (86) also concluded that Cl bonds
primarily to As. Subsequent SXPS investigations of the Ga and As 3d core
levels by Shuh et al (89), Stepniak et al (97), and Simpson et al (101), however,
showed that Cl bonds equally well to both Ga and As on the (110) surface. The
discrepancy in these results is likely due to poorer resolution in the earlier work
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(86), which made it difficult to resolve the shifted Ga 3d component. From
an analysis of chlorine electron-stimulated desorption (ESD) from chlorinated
GaAs(110), Troost et al (135) also found evidence for two different binding
sites, which were attributed to Ga-Cl and As-Cl. Using HREELS and AES,
Pankratz et al (136) found that on GaAs(110), Cl bonds to Ga atoms initially,
but that when etching ensues, Cl also bonds to As atoms.

Researchers have recently gained some insight into these apparently contra-
dictory results, some of which suggest that gssivates GaAs(110) at room
temperature, while others indicate spontaneous etching. Sullivan et al (87)
found, using molecular beam scattering, that GaAs(110) saturates at room tem-
perature with~ 0.5 ML of Cl adsorbed. This finding is consistent with the
earliest photoelectron spectroscopy investigations (85, 86, 98, 99) but contra-
dicts later core-level SXPS investigations that show thae@lhes GaAs(110)
at room temperature (89, 101). An SXPS experiment that repeated the sample
preparation technique used by Sullivan et al (which generates a slightly As-rich
surface) showed that the surface does appear to passivate @ithML of CI
adsorbed, principally as AsCl, but that sufficiently large €lposures* 5 x
10* Langmuirs) do induce etching on this surface (116). Both Sullivan et al (87)
and Simpson et al (116) suggested that surface defects play a role in determin-
ing whether a surface passivates or etches. Simpson et al further suggested that
excess As can tie up these defect sites, thereby stabilizing the surface against
chlorine attack. Hence, crystallinity and stoichiometry both appear to directly
affect the path that the reaction of,®ith GaAs(110) follows, at least initially,
so one must be careful to fully characterize the starting surface if results from
different experiments are to be compared. Furthermore, although under certain
conditions there appear to be preferred binding sites and passivation, chlorine
ultimately does etch GaAs(110) at room temperature and bonds to both Ga and
As in the process.

The composition and structure of the initial clean surface affects reactions
on GaAs(001) as well. Using a combination of metastable quenching electron
spectroscopy (MQS), AES, LEED, and temperature-programmed desorption
(TPD), Ludviksson et al (137) showed that chlorinating Ga-rich GaAs(001)-
c(8 x 2) at 85 K generates a stable GaCl overlayer but that chlorinating an
As-rich surface instead forms As chlorides. Sullivan et al (87) showed, through
a series of molecular beam scattering experiments, that a similar effect occurs
at room temperature. Namely, Ga-rich GaAs(001)-¢(8) is passivated by a
layer of GaCl, but As-rich GaAs(001)-c2 8) exhibits continuous Gluptake,
which is indicative of etching. Using SXPS, Simpson et al (120) determined
that following room-temperature chlorination, As-rich GaAs(001) surfaces ini-
tially form more As chlorides, whereas Ga-rich surfaces initially form more
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Ga chlorides. Thus, chlorine simply bonds to whichever element is present at
the surface. Mokler et al (138), using thermal desorption spectroscopy (TDS)
and AES, and Simpson et al (120), using SXPS, found that the initial rate of CI
uptake is greater on Ga-rich surfaces. Mokler et al (138) further showed that
a surface capped with 58 of As was entirely unreactive to €l In addition,
Mokler et al (138) and Sullivan et al (87) showed that sputter-induced damage
enhances the reactivity of a GaAs surface. Hence, there is a strong sensitivity to
the stoichiometry and crystallinity of the starting surface for GaAs(001), with
Ga-rich surfaces and surfaces with more defects being more reactive.

The chemisorption mechanism for,Gin GaAs has been investigated by a
number of researchers. Using molecular beam scattering, DeLouise showed
that the reaction is precursor mediated (139-141). Later, Flaum et al (142)
showed that two processes are actually involved: direct chemisorption and
precursor mediated chemisorption. Su etal (143) and Balooch et al (4) analyzed
their data by using Langmuir adsorption kinetics, i.e.

S) = a(b — 6). 4.

Sullivan et al (87) used molecular beam scattering to find that@#s indeed
appear to exhibit Langmuir adsorption behavior on Ga-rich GaAs(001)c(8
2), As-rich GaAs(001)-c(2x 8), and GaAs(110). However, Simpson et al
(116, 120) later found from an analysis of SXPS data that the reaction, of Cl
with GaAs(110), with Ga-rich GaAs(001)x4 6, and with As-rich GaAs(001)-
c(2 x 8) and -c(4x 4) surfaces instead appears to follow adsorption kinetics
described by the Elovich equation,

S(0) = aexp(—bo). 5.

Although it has received considerable attention, the adsorption mechanism for
chlorine on GaAs is still not entirely understood and requires further investiga-
tion.

Once the initial reaction has been characterized, the result of much lagger Cl
exposures can be investigated. One means of studying the etching reaction is to
collect the volatile products created during the reaction. This is typically done
through the use of molecular beam scattering techniques. To study the etching
of GaAs by C}, for example, a beam of &is focused onto a GaAs surface and
the unreacted Glflux, as well as the flux of the various reaction products (e.g.
GacCl,, AsCl,, As,), is collected to determine sticking coefficients, branching
ratios for the various products, and etch rates (41).

For both GaAs(110) and GaAs(001), the temperature of the substrate directly
affects the reaction rate (see Figui® {143). From room temperature up to
~ 400 K, the etch rate increases roughly linearly with the substrate temperature.
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Between 450 K and 600 K, the etch rate is constant. It increases with temper-
ature between 600 and 700 K, after which it again levels off.

There are changes in the surface composition, which were observed using
SXPS (101), that correspond to the changes in etch rate. Upl@ K, Cl is
stable on the surface, but for temperatures abe¥®0 K, no Cl remains on
the surface following reaction. Instead, for temperatures betwe4¢®0 and
600 K, an overlayer of As is formed. At 650 K and above, there is complete
etching, with Ga and As removed stoichiometrically.

The changes in the etch rate and surface composition with temperature cor-
relate with changes in the gas-phase product distribution, as might be expected
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Figure 7 (a) The dependence of the steady-state GaAs etch rate on surface temperature for various
reaction products, with a €flux of 2.8 ML - s~1. (b) A comparison of the etch rates for Ga- and
As-containing products. (From Reference 134.)
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Figure 8 Temperature dependence of the etch rate of doped GaAs(001) reacted with a steady flux
of Cl,. Also shown is the signal from the reflected, unreacted (Firom Reference 132.)

(see Figure &) (143). Below~ 650 K, the primary volatile etch products are
GaCk and AsC}. Above ~ 650 K, however, the principal etch products are
instead GaCl and A#As,. Gallium and arsenic trichlorides are the thermo-
dynamically predicted products, given a sufficient Cl concentration, but GaCl
and elemental As are the predicted products for a Cl-deficient situation (144).
Thereis no significant change in the sticking probability gf&@t~ 650 K (142).
There is, however, an increase in the desorption rate of Cl-containing products
(143), so the reaction becomes limited by the Cl concentration at elevated tem-
peratures (139), and this is reflected in the gas-phase product distribution.
The reaction is also sensitive to the doping level of the GaAs substrate. Using
molecular beam scattering, Houle (132) showed that the etch rate is independent
of doping over the temperature range 400-550 K but that above 550 K, n-type
GaAs etches more rapidly than p-type (132). This is illustrated in Figure 8.
Moreover, n-type doping increases the amount of Ap@bduced, as compared
to AsCh, whereas p-type doping enhances the formation of ga¥&r GaCj.
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Insight into the etching reaction is also gained by studying the composition
of etched surfaces. From core-level photoelectron spectroscopy investigations,
it was found that the etching reaction occurs in a step-wise manner (89, 97, 116,
120).

GaAs+ 2Cl — GaCl+ AsCl. 6.
GaCl+ Cl — GaCb. 7a.
AsCl+ Cl — AsCl,. 7b.
GaCb + Cl - GaCk. 8a.
AsCl, 4+ Cl — AsCls. 8b.

In contrast to Gaf; GaCk is sufficiently volatile at room temperature that
it does not build up on the surface. The principal products on the surface
following room-temperature reaction are AsCl and Ga@8P, 116, 120), so
either Step 7b or Step 8a is rate limiting. Since comparable amounts of both
AsCl and GadJ build up on the surface, the slow rate of removal of one of them
must be limiting the other. After considering the possible ways that this can
occur, Simpson et al (116) argued that Step 8a is rate limiting in this reaction, in
agreement with Shuh et al (89). In addition, after noting a correlation between
the AsCl and GaGlcoverage, Simpson et al (116) postulated the existence of
an -AsCl-GaC] tree-like structure similar to the fluorosilyl trees observed on
heavily fluorinated Si surfaces (72). The presence of this structure was used to
explain how the stability of Gaglcould restrict further reaction of the AsCI
moieties.

Finally, as discussed above, in addition to producing Ga and As chlorides,
the reaction of Glwith GaAs also appears to generate subsurface tricoordinate
atoms (89) that are identical in nature to those formed in the reaction of XeF
with GaAs (106-108). Shuh et al (89) proposed that a measurable number of
subsurface tricoordinate atoms are observed because of the stability of tricoor-
dinate Ga and As atoms in the absence of crystal fields. For Ga, this stability
is a simple consequence of it being a group-Ill element. For As, which is a
group-V element, the two electrons not involved in bonding can pair up in a
filled orbital, thereby stabilizing the configuration. In fact, Ga and As atoms are
usually tricoordinately bonded on a clean GaAs surface. For reacted surfaces,
bond breaking reduces the coordination number of otherwise tetracoordinate
substrate atoms. These unreacted atoms can then rehybridize to the stable tri-
coordinate configuration. Hence, etching GaAs with either fluorine or chlorine
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generates these atoms naturally as part of the reaction. So far, these tricoor-
dinate atoms have only been detected by using SXPS. Corroboration by other
techniques is needed to confirm their existence.

A limited number of studies have investigated the reaction of chlorine with
[1I-V substrates other than GaAs. The results of these investigations show that
gualitative similarities exist for Glreactions on all 1ll-V substrates. Margari-
tondo et al (99) studied the chemisorption o ©h GaSbh(110), InSb(110),
and GaAs(110). In that study, which combined angle-integrated valence-band
photoemission with tight-binding calculations, it was concluded that in all three
cases Cl atoms bond preferentially to the anion and not to the cation. Since it
was later shown, however, that Cl bonds to both Ga and As atoms on GaAs(110)
(89, 97, 101), itis likely that Cl will show no preference for anion over cation
bonding on GaSh(110) or InSh(110) either.

Montgomery et al (90) investigated the room-temperature reactionof Cl
with InP(110) by using LEED, AES, XPS, and ultraviolet photoelectron spec-
troscopy (UPS) and proposed that there are two stages afl€brption: molec-
ular adsorption followed by chemisorption. They also found that the reaction
depletes the surface of P and forms a disordered chloride layer. Murrell et al
(18, 19) studied the room-temperature reaction gfv@th InP(001)—4x 2 by
using LEED, AES, and TDS and found that the thermal desorption products are
InCls, InCl, and B. They also observed that the reaction occurs in two stages, a
rapid one and a slower one, which they instead attributed to the chemisorption
of a ML of Cl followed by the subsequent corrosion of the substrate. They
further showed that the reaction is sensitive to the state of the starting surface,
since increasing the In content of the surface enhances the reaction rate and
leads to the formation of more InCl.

Bromine

Only two fundamental studies have addressed the chemistry of bromine ad-
sorption on a lll-V semiconductor surface. Both considered the reaction of
Br, with GaAs(110). Using XPS and UPS, Cierocki et al (110) found that at
room temperature Brdissociatively chemisorbs on GaAs(110), first forming a
ML of surface Br and then, much more slowly, breaking substrate backbonds
and incorporating Br into the substrate. Gu et al (121) investigated the mono-
layer and multilayer adsorption of Bon GaAs(110) in the temperature range
25-300 K by using core-level SXPS. The initial,Brdsorption was found to

be dissociative, with Br bound to both Ga and As sites. GaseouszAsir
GaBr; were formed by warming the substrate after multilayer &fsorption.

Both Ga-Br and As-Br species were observed after reaction at all temperatures
studied, and the surface was found to etch stoichiometrically.



550 SIMPSON & YARMOFF

lodine

The earliest fundamental study of halogen reactions on a IlI-V semiconductor
was published by Jacobi et al (145) in 1976, regarding the room-temperature
adsorption of} on As-terminated GaAs(111). In that investigation, it was found
from an analysis of the volatile reaction products that iodine continuously etches
GaAs(111) at room temperature, independent of the initial surface reconstruc-
tion. As a result of the reaction, a Galx = 0-3) overlayer forms, which can

be thermally desorbed to generate an As-rich surface.

An interesting trend to note is that the adsorption of iodine, followed by
annealing, appears to universally generate a group-V-terminated surface. An
Sb-rich InSb(001)-c(4x 4) surface can be formed by adsorbing a ML of |
on In-rich InSb(001)—4«x 2 at room temperature and annealing to3D(88,

93). Adsorbing 4 on InSb(001)-c(8x 2) or —4 x 1 surfaces and annealing to
200°C generates a cleanx 1 surface, whereas annealing to 26Forms an
Sh-rich c(4x 4) surface (80). Heating iodinated Ga-rich GaAs(001)-4
and GaAs(001)—4 6, and As-rich GaAs(001)-c(R 8) surfaces results, in all
cases, in a c(x 8) reconstructed surface (93). Also, In-rich InAs(001)-g(8
2) is transformed into As-rich InAs-c(2 8) by I, exposure and annealing (93).

Similar to Ch reactions, there is a competition feldetween etching and pas-
sivation, which depends on the surface structure and stoichiometry. Varekamp
et al (93) determined, using SXPS, thatdissociatively chemisorbs, and by
comparing results from various MBE-grown surfaces, they showed that iodine
bonds to whichever atoms are exposed at the surface. Reaction at room temper-
ature or below often halts as soon as approximately 1 ML of iodine is adsorbed,
as is the case for certain GaAs(001), InAs(001), and InSb(001) reconstructions
(88, 91, 93). Yet, when exposed to excegsother surfaces etch, including
As-terminated GaAs(111) (145), stoichiometric GaAs(110) (109), and In-rich
INSb(001)-c(8x 2) (93).

SUMMARY

Surface science techniques have evolved to the point where they can now be
successfully applied to real-life problems. Etching is a good example of such
a problem. The methodology originally developed for studying the etching
of silicon has been applied to the more complicated etching chemistry of Ill-

V semiconductors. Much of what has been learned is not only academically
interesting, but is also of use to the manufacturers of microelectronic devices.
In fact, this methodology, which is not limited to the study of semiconductor
etching, can be applied to many other classes of materials and can thereby make
an impact on many other technologies.
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Several trends are already apparent in the results of investigations of halogen
reactions with 1llI-V semiconductors. For example, molecular halogens dis-
sociatively chemisorb, forming first monohalides and then di- and trihalides.
Also, there is a competition between passivation and etching, which appears
to be controlled, at least somewhat, by surface temperature, stoichiometry, and
crystallinity. In the cases where passivation occurs, the halogens tend to form
an ordered overlayer. On the other hand, when etching occurs, halogens seem
to show no preference for bonding to group-I11l or group-V elements, but instead
bond to whichever atoms are exposed at the surface.

Although abundant and detailed, the existing literature on the reaction of
[11-V semiconductor surfaces with halogens is by no means comprehensive. In
its current state, it is insufficient to permit an accurate prediction of material
properties resulting from a particular set of reaction conditions, and it does
not provide complete guidance for the selection of processing conditions if
surfaces of a particular morphology and composition are desired. What is
needed most right now is more work to complement existing investigations. In
particular, much remains to be learned about the lesser studied halogens (Br and
), reactions with IlI-V substrates other than GaAs, and the effects of substrate
doping on the reactions.
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