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CONS P EC TU S

I n a variety of applications where the electronic and optical characteristics of traditional, siliconbased materials are inadequate,
recently researchers have employed semiconductors made from combinations of group III and V elements such as InAs. InAs

has a narrow band gap and very high electron mobility in the near-surface region, which makes it an attractive material for high
performance transistors, optical applications, and chemical sensing. However, silicon-based materials remain the top semi-
conductors of choice for biological applications, in part because of their relatively low toxicity. In contrast to silicon, InAs forms an
unstable oxide layer under ambient conditions, which can corrode over time and leach toxic indium and arsenic components. To
make InAs more attractive for biological applications, researchers have investigated passivation, chemical and electronic
stabilization, of the surface by adlayer adsorption. Because of the simplicity, low cost, and flexibility in the type of passivating
molecule used, many researchers are currently exploring wet-chemical methods of passivation.

This Account summarizes much of the recent work on the chemical passivation of InAs with a particular focus on the chemical
stability of the surface and prevention of oxide regrowth. We review the various methods of surface preparation and discuss how
crystal orientation affects the chemical properties of the surface. The correct etching of InAs is critical as researchers prepare the
surface for subsequent adlayer adsorption. HCl etchants combined with a postetch annealing step allow the tuning of the chemical
properties in the near-surface region to either arsenic- or indium-rich environments. Bromine etchants create indium-rich surfaces
and do not require annealing after etching; however, bromine etchants are harsh and potentially destructive to the surface. The
simultaneous use of NH4OH etchants with passivating molecules prevents contact with ambient air that can occur during sample
transfer between solutions. The passivation of InAs is dominated by sulfur-based molecules, which form stable In�S bonds on the
InAs surface. Both sulfides and alkanethiols formwell-definedmonolayers on InAs and are dominated by In�S interactions. Sulfur-
passivated InAs surfaces prevent regrowth of the surface oxide layer and are more stable in air than unpassivated surfaces.

Although functionalization of InAs with sulfur-based molecules effectively passivates the surface, future sensing applications
may require the adsorption of functional biomolecules onto the InAs surface. Current research in this area focuses on the
passivation abilities of biomolecules such as collagen binding peptides and amino acids. These biomolecules can physically adsorb
onto InAs, and they demonstrate some passivation ability but not to the extent of sulfur-based molecules. Because these
adsorbents do not form covalent bonds with the InAs surface, they do not effectively block oxide regrowth. A mixed adlayer
containing a biomolecule and a thiol on the InAs surface provides one possible solution: these hybrid surfaces enhance passivation
but also maintain the presence of a biomolecule on the surface. Such surface functionalization strategies on InAs could provide
long-term stability and make these surfaces suitable for biological applications.
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Introduction
Because of their unique chemical, electronic, and material

properties, group III�V semiconductors have emerged as

vital components in a variety of applications. Among III�V

semiconductors, InAs is unique with its low band gap

(0.354 eV) and relatively high electron mobility. These

propertiesmake InAs attractive in high speed optoelectronic

devices and field-effect transistors (FETs) or nanowire-based

chemical sensors.1 There is also interest in using InAs in

biological applications such as cellular sensors2 and Hall

effect devices.3,4 Furthermore, the dimensions and structure

of InAs nanomaterials can be easily controlled,5 which

opens the door to InAs nanowire FETs and other nanoscale

electronic applications.6 Other III�V semiconductors such as

GaN7 andGaP8 have demonstrated stability and biocompat-

ibility under biological conditions, but in applications such as

FET based sensors, the low band gap, high electronmobility,

and nanoscale properties of InAs make it a very attractive

material. However, under ambient or aqueous conditions,

InAs forms an oxide layer that can disrupt the electronic

properties of the device. Also, the oxide layer is physically

unstable and can corrode over time.9 When used in proxi-

mity to a biological environment, the leaching of toxic

components from the oxide layer can cause damage to cells

or surrounding tissue.10 Therefore, creating a chemically

stable surface without perturbing electronic properties is

critical.

One common way of stabilizing semiconductor surfaces

is through passivation. In the semiconductor literature, pas-

sivation can have a number of meanings, but in general,

passivation refers to both the chemical and electronic stabili-

zation of a surface. More specifically, chemical passivation of

semiconductors generally denotes the stabilization of the

surface to prevent corrosion or the buildup of contamina-

tion. Electronic passivation of semiconductors generally

refers to the stabilization of the electronic properties of the

semiconductor surface, such as the reduction of surface

states. Both chemical and electronic passivation of semicon-

ductor surfaces is critical for device function; however, this

Account will focus primarily on chemical passivation of InAs.

One common method of passivating III�V semiconduc-

tors is through the attachment ofmolecules on the surface of

thematerial. This adsorbed surface layer creates a protective

barrier between the surface and the surrounding environ-

ment which electronically stabilizes the surface,11 prevents

corrosion,9 and can improve the biocompatibility of a po-

tentially toxicmaterial.12 Avariety ofmethods exist to create

this passivation layer, but the most common and inexpen-

sive method is through molecular functionalization using

wet-chemical methods. The goal of this Account is to sum-

marize much of the recent work regarding the chemical

passivation of InAs, with a particular focus on the chemical

stability of the surface andpreventionof oxide regrowth.We

review the various methods of surface preparation and also

discuss how crystal orientation affects the chemical proper-

ties of the surface.

Surface Preparation, Structure, and
Orientation
Controlled preparation of InAs is critical for designing sur-

faces with the desired characteristics because slight changes

in preparation parameters can cause drastic differences in

surface properties. Planar InAs is generally cleaved along

three crystal planes, InAs(001), (100), and (111). The (001)

and (100) orientations are the most common and will be

discussed herein. To further modify the InAs surfaces, spe-

cific etchants have been developed to reconstruct the sur-

face structure of each individual orientation and give distinct

chemical properties in the near-surface region. Furthermore,

these surface etchants are used to remove the unwanted

native oxide layer and prepare the surface for subsequent

molecular functionalization. A variety of methods are used

to prepare InAs surfaces, including photoelectrochemi-

cal etching,13 reactive-ion etching,14,15 and wet-chemical

etching.16 This section of the Account focuses on wet-che-

mical etchants to prepare both indium- and arsenic-rich InAs

surfaces. The advantages of wet-chemical methods include

low time and cost, and flexibility in creating the desired

surface properties. We focus primarily on the resulting

surface chemistry of the etched surfaces, and not on the

physical and material properties of the surface reconstruc-

tions. For comprehensive review of the materials science

of reconstructed surfaces, we direct the reader to a reviewby

Schmidt.17

InAs(100). Several different wet-chemical etchants have

been used on InAs(100) to create both indium- and arsenic-

rich surfaces. One of the simplest wet etches consists of HCl

diluted in isopropanol (IPA). As evidenced by X-ray photo-

electron spectroscopy (XPS) analysis, treatment for short

times (∼60 s) in an HCl/IPA solution completely removes

the native oxide from the InAs surface. However, HCl/IPA

treatments cause a physiadsorbed contamination layer of

elemental arsenic to form on the surface immediately fol-

lowing etching.18,19 This adsorbed contamination can be
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removed through annealing the substrates at temperatures

above 100 �C. Furthermore, by adjusting the annealing

temperature, one can tune the chemical properties in the

near-surface region. At annealing temperatures between

∼100 and 300 �C, the majority of the weakly bound con-

taminants are removed, resulting in a relativelywell-ordered

surface with a thin layer of physiadsorbed elemental arsenic

remaining. At 330 �C, all of the physiadsorbed elemental

arsenic is removed, and the surface reorganizes to exhibit

an arsenic-rich environment. Finally, at anneal tempera-

tures above 410 �C, the surface again reorganizes and

exhibits an indium-rich environment.19 This flexibility of

tuning the chemical properties in the near-surface region

could allow for the selective functionalization of adsor-

bates onto InAs surfaces using either indium or arsenic

interactions.

While the HCl/IPA etchant can create highly ordered

InAs(100) surfaces, in all cases it requires a highly controlled

post-etch anneal to generate the desired chemical proper-

ties in the near-surface region. If not performed in an

ultrahigh vacuum (UHV), this extra step could leave the

surface open to contamination or the regrowth of the oxide

layer. Another halogen basedwet-chemical etchant consists

of a low (<1%) concentration of methanolic bromine.

Methanolic bromine etchants have been used to produce

oxide free InAs(100) surfaces without the need for a post-

etch anneal.11,18,20�22 The methanolic bromine etchant

tends to form indium-rich surfaces, and unlike the case with

the HCl/IPA etchant, there is currently no established way to

tune the chemical properties in the near-surface region to an

arsenic-rich reconstruction. Also, bromine is notoriously

hazardous to work with and can be physically destructive

to the InAs surfaces, at times forming extremely rough

surfaces.23�25 Low concentrations and short times in the

methanolic bromine solution can help mitigate the forma-

tion of rough surfaces. Less commonly, the etchant and

functionalization compound can be the same molecule. An

example is the Na2S treatment, which is strong enough to

strip the native oxide without the need for an additional

etchant.26 Also, the etching and functionalization steps can

occur simultaneously, as with NH4OH and (NH4)2Sx.
27 The

simultaneous etching and functionalization are more com-

monly seen with thiols, and the (001) orientation and will

be discussed in more detail below.

InAs(001). For materials such as InAs that have zinc

blende crystal structures, the (100) and (001) orientations

are physically identical; therefore, similar results are seen

post-etching. Surface oxides on InAs(001) are removed after

a short incubation in HCl/IPA solution, and physiadsorbed

contaminants are removed via annealing, with the

majority of elemental arsenic and InCl3 being removed at

200 �C. Arsenic-rich surface reconstructions are seen with

anneal temperatures at 330 �C, and indium-rich reconstruc-

tions are seen with anneal temperatures above 410 �C.28

As mentioned above, another common wet-chemical

etchant for InAs includes treatment with NH4OH. The

NH4OH treatment is primarily used when a simultaneous

etching and functionalization is desired. During simulta-

neous etching and passivation, compounds such as

sulfides29�31 and thiols,32,33 which are readily soluble in

NH4OH, are diluted with a relatively low (∼3%) concentra-

tion of NH4OH. The NH4OH is strong enough to strip the

native oxide layer off of InAs, allowing for the adsorption of

the thiol or sulfide passivation layer. Furthermore, for the

assembly of thiols, the highly basic NH4OHwill deprotonate

the thiol and allow for the easier formation of In�S bonds on

the surface. The advantage to the simultaneous chemistry is

the lack of contact with air between etching and functiona-

lization steps, which lowers the chance of oxide regrowth

and external contamination. As with (100) surfaces, for

the assembly of some sulfides, the etchant agent and func-

tionalization molecule can also be the same molecule

(e.g., (NH4)2Sx).
34

Methods of Passivation
To take full advantage of the electronic properties of InAs,

the surface must be both chemically and electronically

passivated. A variety of molecules have been used to

passivate InAs surfaces using both wet and dry methods.

In this Account, we focus on only wet-chemistry methods.

Dry passivation techniques include atomic layer deposi-

tion35 and vapor deposition.36,37 The majority of the dry

techniques must be performed under UHV conditions, re-

sulting in a much higher cost and difficulty.

Planar Surfaces . Thiol-Based Molecules. The assem-

bly of alkanethiol self-assembled monolayers (SAMs) on

metals and semiconductors has been extensively studied.38�40

The high affinity of the thiol group for many inorganic mole-

cules allows for covalentX�Sbindingand results in very stable,

well-defined monolayers. For InAs, a variety of different alka-

nethiol SAMs have been shown to form a stable monolayer

that can effectively passivate the surface (Table 1). The general

procedure for the stepwise assembly of alkanethiols begins

with the removal of the oxide layer via a wet-chemical etchant

and is followed by incubation in an ethanolic thiol solution
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(Scheme 1). Importantly, for alkanethiol functionalization,

it is important to use an etchant that gives an indium rich

environment in the near-surface region, since In�S binding is

thermodynamically favored over As�S binding. This is shown

experimentally, as XPS analyses indicate that the binding

occurs primarily through In�S bondswith no evidence of As�S

binding.32,41 It is important to note that there is some difficulty

inexplicitlydemonstrating In�SbondingusingXPS, as the In�S

and In�oxide components differ by only a few tenths of an

electronvolt in XPS spectra. Also, recent work by Losurdo et al.

demonstrates the selective formation of In�S andAs�S bonds,

which are dependent on initial surface oxide composition,

functionalization solvent, and concentration of adsorbate.42

However, the lack of As�S bonds in most alkanethiol studies,

along with thermodynamic data, indicates that In�S binding

is the case.

Aside from the stepwise functionalization (using a wet-

chemical etchant followed by functionalization), another

common method of functionalizing alkanethiols onto InAs

is using a simultaneous etching and functionalization step.

As discussed earlier, simultaneous etching and functionali-

zation inhibits the formation of the oxide layer and the

buildup of contamination by preventing contact with ambi-

ent air that can occur between etching and functionalization.

The most common etchant used is NH4OH, which is diluted

with an ethanolic alkanethiol solution. The highly basic

NH4OH removes the oxide layer from the surface while

simultaneously deprotonating the thiol, which allows for

In�S bonds to form on the InAs surface. The concentrations

of NH4OH and temperature play a critical role in optimizing

the quality of the alkanethiol monolayer. The functionaliza-

tion is optimized at 55 �C with NH4OH concentrations

ranging from 2 to 10%.32

The stability of the SAM on the surface is an important

parameter in the overall ability of the SAM to successfully

passivate the surface. For biological applications, the semi-

conductor surface may come into contact with solutions of

varying pH and salinity. Therefore, the ability of the surface

passivating layer to resist oxidation or dissolution is para-

mount. Unfortunately, there are few comprehensive studies

regarding the stability of surface adlayers on InAs. Some

evidence suggests that alkanethiol functionalized InAs

has relatively high stability due to the tight In�S binding.

Exposure to ambient air shows arsenic oxide formation

occurring after 1 h and reaching a maximum of one mono-

layer or less at ∼19 h with little to no change in oxide up to

twoweeks (Figure 1a).32,41 Sulfur oxides also formover time,

as the adsorbed thiols oxidize in air (Figure 1c). In terms of

TABLE 1. Summary of Chemical Passivation on InAs

passivating
molecule(s)

surface orientation/
structure etchant ref

alkanethiols
ODT, hexanethiol,
dodecanethiol

(100) Br2/methanol 11

ODT (001) NH4OH 32
ODT nanowires 57
ODT (100) HCl/IPA 41
cysteamine (001) NH4OH 33
cysteamine (100) HF/methanol

and NH4OH
42

sulfides
thioacetemide (001) NH4OH 29�31
(NH4)2Sx (001) 34, 59
(NH4)2Sx (100) H2SO4/H2O2 46
(NH4)2Sx (001) H2SO4/H2O2 44
(NH4)2Sx nanowires 58
(NH4)2Sx (100) NH4OH 27
(NH4)2Sx (111) 45, 60
(NH4)2Sx n/a HF 61
Na2S (100) 26
amino acids (100) Br2/methanol 20, 21
peptides (100) Br2/methanol 18
mixed peptide/

thiol adlayer
(100) Br2/methanol 22

SCHEME 1. Formation of Sulfur-Based Passivation Layers on InAs
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thermal stability, the alkanethiols were stable at tempera-

tures up to ∼140 �C, after which the thiol molecules des-

orbed from the InAs, leaving the surface open to oxidation

(Figure 2).41More studies such as these are necessary to fully

explore the ability of thiol passivated InAs surfaces to be

used under aqueous or ambient conditions.

Sulfide-Based Molecules. Along with alkanethiols, sul-

fides are also commonly used to passivate InAs surfaces.

Similar to thiols, sulfides are highly reactive toward a num-

ber of inorganic compounds and tend to form highly stable

covalent bonds with these inorganic surfaces. In the case of

InAs, Table 1 shows that (NH4)2Sx is most commonly used to

obtain sulfide molecules for use in surface functionalization.

In general, the crystal structure and etching method do not

seem to affect the resulting surface chemistry of (NH4)2Sx
passivated InAs, with the (001), (111), (100), and several

different etchants showing similar results. One advantage to

(NH4)2Sx is that a prior etch is not necessarily required to

remove any native oxide, as the concentrated (NH4)2Sx
solution is strong enough to completely remove the native

oxide. Regardless, initial adsorption of (NH4)2Sx on etched

InAs indicates the presence ofmostly In�S bonds alongwith

small amounts of As�S bonds.34,43 These As�S bonds could

then be easily removed through annealing at temperatures

above ∼300 �C,27,44�46 resulting in well-ordered sulfide

layers characterized by In�S bonds. This structure is known

as the “layer-cake” structure, as put forth by Petrovykh

et al.,34 in which the indium and arsenic atoms are stacked

layers and the sulfur atoms are covalently bound to the

terminal indium atoms.

Another sulfide that has been adsorbed on InAs is thioa-

cetemide (TAM), a simple thioamide. As with other sulfides,

TAM forms stable In�S bonds with the InAs surface.31 Time-

lapse analysis of the reoxidation pathways of TAM functio-

nalized InAs shows much slower reoxidation when com-

pared to the cases of unpassivated surfaces and slower

reoxidation when compared with the cases of (NH4)2Sx
functionalized samples.30 Interestingly, the surface chemis-

try of the passivated TAM can be modified simply by

modulating the pH of the passivating solution. In a basic

TAM solution, In�S interactions are found exclusively. With

an acidic TAM solution, an appreciable amount of As�S

interactions are observed. The As�S binding tends to be less

stable than In�S, and oxidizes faster in ambient air.29

Biomolecules. Due to its high electron mobility and high

sensitivity to surface adsorbates, there has been interest in

using InAs as a sensingplatform for biomolecules or cells.2,32

However, there are limitations in using InAs in biological

applications because of the inherent toxicity of indium and

arsenic components.47,48 The oxide layer that forms on the

FIGURE 2. ODTmonolayer quality as a function of temperature. Reprinted with permission from ref 41. Copyright 2009 American Chemical Society.

FIGURE 1. XPS analysis of the reoxidation of octadecanethiol (ODT)
functionalized InAs. Initial arsenic and sulfur oxides on as-deposited
ODTare negligible. The approximate binding energy for the reoxidation
of arsenic oxide is 1324.8 eV, and that of sulfur oxide is 163.5 eV.
Reprinted with permission from ref 32. Copyright 2009 American
Chemical Society.
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InAs surface is unstable and can leech into the surrounding

environment, potentially harming any cell or tissue in the

vicinity. Chemical passivation of InAs using the methods

described above is one way of stabilizing surfaces for use in

biological applications. However, there is also interest in the

direct adsorption and passivation abilities of biomolecules

on InAs. Specifically, biomolecules could be used as ligands

for chemical sensing or as templates for nanocrystal growth

or assembly.49 In general, the interactions among various

biomolecules and semiconductors have been of interest for

the past decade, but much of the focus has been on silicon

and GaAs.50�52 Regarding InAs, our primary focus has been

on assessing the adsorption and passivation abilities

of biomolecules on InAs to further its utility in biological

applications.

As themost basic building block of proteins, initial reports

focused on the adsorption and passivation abilities of a set

of amino acids onto InAs. Amino acids were shown to have

some ability to prevent the oxide regrowth, with cysteine

displaying the highest prevention of oxide regrowth on

InAs(100).20,21 Interestingly, cysteine is the only amino acid

to contain a sulfur group, suggesting that sulfur could play a

role in the adsorption of cysteine onto InAs and the blocking

of the oxide growth, as seen above with alkanethiols and

sulfides. No evidence of In�S binding was seen using XPS,

suggesting that there was no covalent binding occurring

during cysteine passivation. However, because of the close

proximity of the In�S and In�oxide components in the In 3d

spectrum, it canbe difficult to definitively show thepresence,

or lack, of In�S binding using the In 3d spectrum. Passivation

was also higher for the basic, nitrogen containing amino

acids lysine and arginine; however, again no covalent bind-

ing was detected.20 This lack of tight, covalent binding

would negatively affect the ability of the passivating layer

to prevent oxide regrowth over time. The relationship be-

tween semiconductor binding and basic amino acids has

been shown previously in studies involving histidine residues

in peptides on GaAs.50,51 Peptides containing histidine

bound to GaAs to a high degree. When nonpolar alanine

residues were substituted for histidine, the binding decreased

dramatically.

More recent work has focused on the adsorption of larger

biomolecules onto InAs, including collagen binding peptides

on InAs(100).18 The binding of such peptides is of interest

because of their potential use as templates for nanocrystal

growth49 or as ligands for further addition of collagen-based

adlayers. On the basis of the XPS data, peptides are able to

adsorb onto InAs; however, it is difficult to determine the

exact binding mechanism of the peptides onto InAs. No

evidence of In�S or As�S bindingwas seen, andon the basis

of previous results, it seems unlikely that nitrogen groups

were responsible for binding.33 Overall, on the basis of

relatively high oxide layer thicknesses, it is apparent that

the amino acids and peptides used do not passivate InAs

nearly as well as the sulfur-based molecules discussed in

previous sections. Most likely, the biomolecules discussed

are not able to form stable, covalent bonds with the InAs

surface, as opposed to the In�S bonds formed with sulfur-

based molecules. More likely, weaker, electrostatic interac-

tions could drive the assembly of these molecules on InAs.

This poses a problem for biological applications, as regrowth

of the oxide layer could be detrimental to device function

and could induce the leaching of toxic components. It could

be advantageous to combine the passivating properties of a

sulfur based molecule with the functionality of a biomole-

cule, such as a collagen binding peptide.

Mixed adlayers are a versatile and robust method of

creating surfaces with various functional groups.53 Mixed

FIGURE 3. Proposed surface structure of mixed peptide/thiol adlayers formed by two separate functionalization strategies22 (yellow = sulfur,
blue = carbon, red = oxygen).
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adlayers can combine the properties of different molecules

to create a surface with the desired properties. In the case of

InAs, (100) surfaceswere functionalizedwithmixed peptide/

thiol adlayers using several different functionalization

schemes (Figure 3) which were varied by the order of

molecular assembly.22 Short chain thiols with carboxylic

acid functional groups were used because of their solubility

inwater, and the collagen bindingpeptidewas used because

of its potential as a functional ligand in the addition of

further collagen-based adlayers. For insertion method 1,

the thiolwas adsorbed first andwas followedby adsorptionof

the peptide. The thiol formed a relatively good monolayer

characterizedby In�Sbinding. Thepeptideadsorbedon topof

the thiol, creating a layered thiol/peptide structure. For inser-

tion method 2, the peptide was adsorbed first and was

followed by adsorption of the thiol. The peptide most likely

adsorbed in clusters, as seen previously on InAs and other

semiconductors,18,50,51 and the thiol then adsorbed on the

surface where the peptide was not present. Both mixed

adlayer surfaces showed a greater degree of passivation in

terms of oxide regrowthwhen comparedwith peptide-only or

thiol-only surfaces. The increase in passivation ability was

attributed to the addition of the thiol, which bound via In�S

binding and was able to block the oxide regrowth.

Nanomaterials. One of the most promising applications

of InAs is its use in nanoscale applications. In particular, InAs

nanowires and nanocrystals have generated much interest

due to the potential use in nanoscale FET devices.6 InAs

nanowires can be synthesized to precise dimensions using

both solution and vapor-phase growth routes.5,54 Addition-

ally, InAs can be doped to tune the chemical, optical, and

magnetic properties of the nanostructures.55,56 However,

the problems seen with oxide growth on planar InAs are still

present, even exacerbated, on the nanoscale. Therefore, it is

of interest to explore the passivation of InAs nanostructures.

As with planar surfaces, the primary mode of passivating

InAs nanomaterials is through sulfur-based molecules.

Thiols have been found to prevent the oxide regrowth on

InAs nanowires when compared to unpassivated nano-

wires. The thiol/InAs interface is similar in structure to that

of the planar surfaces discussed earlier, with In�S binding

dominating the surface structure. The electronic properties

of thiol passivated InAs nanowires show improved capabil-

ities in terms of subthreshold slope and field-effect mobility

when compared with bulk nanowires.57 Similar results were

shown using a passivating solution consisting of dilute

(NH4)2Sx.
58 While not a wet-chemical method, passivation

of InAs has also been shown through the addition of

cadmium dopant atoms into InAs nanowires. XPS indicated

that the dopant cadmium atoms accumulated near the

nanowire surface, forming a passivated nanowire with

similar electronic characteristics to those of thiol-passivated

InAs nanowires.56

Conclusion and Outlook
Wet-chemistry methods can provide low cost and effective

ways to passivate InAs materials as opposed to costly and

difficult UHV-based techniques. To prepare InAs surfaces for

passivation, a variety of wet etching techniques exist includ-

ing HCl/IPA, Br2/methanol, and NH4OH. Sulfur-based mole-

cules are the most common and effective methods of

passivating InAs, as they form relatively stable In�S bonds

in the near-surface region and prevent the regrowth of the

oxide layer. Most of the research has dealt with sulfide

functionalization including (NH4)2Sx and TAM. Thiol-based

molecules have also been extensively studied, with alka-

nethiols showing promising passivation abilities. Overall,

these wet-chemical passivation methods are able to make

chemically and electronically stable InAs surfaces.

Recently, there has been much interest in employing

III�V semiconductor FETs as chemical and biological

sensors.62 The electronic properties of III�V semiconductors

make them more attractive than other traditional materials

such as silicon. However, silicon has one major advantage

over InAs and other III�V semiconductors: incontrovertible

biocompatibility. This problem with InAs biocompatibility

could potentially be rectified through proper surface passi-

vation. Unfortunately, while much research has gone into

understanding the chemical, electronic, andmaterial proper-

ties of passivated InAs, there are few examples of rigorous

studies dealing with the stability of these materials in bio-

logical solutions. Due to heavy metals such as gallium and

indium, along with the metalloid arsenic, many devices

using III�V semiconductors are considered toxic. For InAs,

the toxicity of both indium and arsenic has been demon-

strated in cells,63,64 mammals,65,66 and aquatic orga-

nisms.47,48 This inherent toxicity may not be a concern for

ex-vivo analyte sensors that do not come into contact with

cells or tissue, but toxicity for cellular or in vivo biosensors is of

major concern. For such sensors, the leaching of toxic semi-

conductor materials into the surrounding environment is an

obvious problem. Aside from direct toxicity, the use of pro-

ducts containing III�V semiconductor materials is also an

environmental concern. Over time, the leaching of these

materials fromproducts can causea buildupof toxicmaterials
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in the environment, causing irreparable damage to ecosys-

tems and either direct or indirect harm to public health. For

these reasons, it is imperative that future studies look at the

stability of chemically passivated surfaces in biological con-

ditions to better employ InAs in biological applications.
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