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Self-Assembly of Alkanethiolates Directs Sulfur
Bonding with GaAs(100)

Pablo Mancheno-Possoa, Anthony J. Muscata,∗

aDepartment of Chemical and Environmental Engineering, University of Arizona, Tucson,
Arizona 85721, USA

Abstract

Molecules that contain linear alkane chains self-assemble on a variety of surfaces

changing the degree of wetting, lubricity, and reactivity. We report on the

reoxidation of GaAs(100) in air after adsorbing five alkanethiols (CnH2n+1-SH

where n = 3, 6, 12, 18, 20) and one alkanedithiol (HS-(CH2)8-SH) deposited

from the liquid phase. The alignment of the alkane chains forms a self-assembled

layer, however, air diffuses readily through the carbon layer and reaches the

surface. The impact of alignment is to improve the bonding of sulfur with

the surface atoms which reduces the oxidation rate based on fitting the data

to a reaction-diffusion model. The layer thickness and molecular density scale

linearly with the number of carbon atoms in the alkane chain. The thickness of

the alkanethiolate (RS−) layer grows by 0.87 ± 0.06 Å for each C atom in the

chain and the surface density by 0.13 ± 0.03 molecule per nm2 per C atom up

to a coverage of 5.0 molecules/nm2 for n = 20 or 0.8 monolayer. The surface

coverage increases with length because interactions between methylene (CH2)

groups in neighboring chains reduce the tilt angle of the molecules with the

surface normal. The tight packing yields areas per alkanethiolate as low as 20

Å2 for n = 20. The amount of C in the layer divided by the chain length

is approximately constant up to n = 12 but increases sharply by a factor of
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2-4× for n = 18 and 20 based on the C 1s x-ray photoelectron spectroscopy

(XPS) peak. Fourier transform infrared (FTIR) spectroscopy shows that the

asymmetric methylene stretch shifts continuously to lower wavenumber and the

relative peak area increases sharply with the length of the alkane chain. Fitting

the data to a reaction-diffusion model shows that for times less than 30 min the

surface oxide coverage does not depend on the thickness of the self-assembled

layer nor the diffusivity of oxygen through the layer. Instead increasing the

layer thickness makes more S available for bonding with the predominately As

termination and reduces the rate coefficient for reaction of oxygen with the

GaAs surface.

Keywords: passivation, self-assembled monolayer, liquid phase, alkanethiol,

GaAs(100)

2010 MSC: 00-01, 99-00

Acronyms

ALD Atomic layer deposition

FTIR Fourier-transform infrared spectroscopy

HBT Heterostructure bipolar transistor

MOS Metal-oxide-semiconductor

MOSFET Metal-oxide-semiconductor field-effect transistor

NEXAFS Near-edge X-ray absorption fine structure

PL Photoluminescence

SAM Self-assembled monolayer

SEM Scanning electron microscopy

SRV Surface recombination velocity

TEMA-Hf tetrakis(ethylmethylamino) hafnium

TMA Trimethylaluminum

TOF-SIMS Time-of-flight secondary ion mass spectrometry

UPW Ultrapure water

XPS X-ray photoelectron spectroscopy
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Thiol molecules

PT-3C 1-propanethiol, 3 carbon atoms

HT-6C 1-hexanethiol, 6 carbon atoms

ODT-8C 1,8-octanedithiol, 8 carbon atoms, 2 sulfur atoms

DT-12C 1-dodecanethiol, 12 carbon atoms

OT-18C 1-octadecanethiol, 18 carbon atoms

ET-20C 1-eicosanethiol, 20 carbon atoms

Nomenclature

λi ith eigenvalue

Φ Thiele modulus defined by
√

(kσL)/(DA)

σ Surface site density of GaAs(100) (sites/cm2)

θ Fraction of surface sites that have oxidized

A Avogadro’s number

Ai Coefficients that depend on the eigenvalues λi

C(t, z) Concentration of oxygen in the alkanethiolate layer (mol/cm3)

Cair
O2

Concentration of oxygen in air

D Diffusivity of oxygen in the alkanethiolate layer (cm2/s)

k Second-order rate coefficient for reaction of oxygen with GaAs

surface (cm3/mol s)

L Thickness of the alkanethiolate layer (cm)

t Time (s)

z Position in the alkanethiolate layer perpendicular to the surface

where 0 is defined at the top of the thiolate film at the interface

with air (cm)

1. Introduction

The continuous scaling and performance improvement of metal-oxide-semiconductor5

field-effect transistors (MOSFETs) in Si-based technology is limited by power

dissipation [1]. Reducing the operating voltage can decrease energy losses, but
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not without affecting the switching speed of the device. Strained Si is currently

used to increase the charge mobility of high performance MOSFET devices,

but this effect will saturate with future scaling [2]. Higher mobility substrate10

materials are consequently needed to continue scaling MOSFETs without in-

creasing energy losses and reducing device performance. Several problems must

be solved before high mobility materials such as III-Vs can be used in manufac-

turing. III-V surfaces lack a high quality insulating native oxide like Si. Instead,

the oxides of III-V substrates create interface defects and contain border traps15

that degrade device performance [3]. Removal of the oxides of both the III and

V atom is readily accomplished using liquid phase chemistries [4, 5, 6, 7, 8, 9],

but exposure to air reoxidizes the surface. A major challenge for III-V device

technology is the development of surface protection schemes during ambient

exposure that can be easily removed in vacuum when no longer needed.20

Several methods have been used to prevent surface reoxidation and defect

formation. Inorganic precursors containing sulfur atoms have been widely used

to passivate dangling bonds of III-V compound semiconductor surfaces. Liq-

uid phase passivation is commonly carried out by immersion in aqueous or

organic solutions of Na2S·9H2O [10, 11, 12, 13], (NH4)2S [14, 15, 16, 17, 18, 19],25

or (NH4)2Sx [20, 21, 22, 23, 24, 25, 26], while gas phase deposition can be

done through the thermal or electrochemical decomposition of Ag2S [27, 28] or

upon exposure to H2S vapor [29, 30, 31, 32]. Sulfur deposition from aqueous

Na2S·9H2O reduced the surface recombination velocity (SRV) on GaAs to 1000

cm/s, which is lower than untreated GaAs (106 cm/s) and comparable to the30

ideal AlGaAs/GaAs interface [11, 10]. Liquid phase treatments with (NH4)2S

and (NH4)2Sx decreased the SRV on sulfur-coated GaAs [33, 34, 22] and re-

duced As and Ga oxides on GaAs and InGaAs [14, 20, 17, 19]. Treating GaAs

with Na2S·9H2O showed a greater increase in photoluminescence (PL) inten-

sity than processes using (NH4)2S [35] and alcohol solutions of both compounds35

improved this intensity when compared to aqueous solutions [34]. Both the re-

duction in SRV and the increase in PL intensity are correlated to the decrease

of defective surface states. In additional studies, Tiedje et al. passivated GaAs
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using H2S vapor at room temperature and compared the performance with a

Na2S·9H2O treatment [29, 36]. Ultraviolet photoemission spectroscopy showed40

that Na2S·9H2O did not completely remove surface oxides and produced an

incomplete S layer [36]. On the other hand, deposition of S atoms from H2S

requires thermal activation of the precursor, and subsequent annealing leads to

the formation of GaSx species that are stable in air or water for short exposures

[29, 31]. The electrical properties of AlGaAs/GaAs heterostructure bipolar tran-45

sistors (HBTs) and GaAs homojunctions after passivation with liquid solutions

of Na2S·9H2O and (NH4)2S were also reported [10, 37, 38]. The current gain of

AlGaAs/GaAs structures was enhanced by a factor of 60 at low collector cur-

rents and was directly correlated to a reduction in SRV [10]. This enhancement,

according to the authors, was stable for several days. An improvement in the50

current gain was also observed for InGaAs/InP HBTs [17].

The effectiveness of S passivation towards ambient oxidation can be directly

measured using X-ray photoelectron spectroscopy (XPS). Kim et al. studied

the passivation of GaAs using (NH4)2Sx in the vapor and aqueous phase [39].

GaAs etched with HCl was exposed to (NH4)2Sx vapor for 3 min or dipped55

in (NH4)2Sx for 10 min. Scanning electron microscopy (SEM) and XPS after

vapor phase treatment showed the formation of polysulfide agglomerates. The

bulk-sensitive Ga 3d and As 3d XPS peaks of vapor-treated GaAs showed that

oxides were not completely removed and that this surface oxidized continuously

during the first 30 min of air exposure. The liquid phase treatment also showed60

incomplete oxide removal, but exhibited a reduced oxidation rate during the

same period of time, after which both liquid and vapor treatments were unable

to prevent oxidation and displayed a similar oxide re-growth over 10 hours of

exposure. Although the vapor treatment formed agglomerates with a higher S

content than the liquid treatment, this S quickly evaporated during the first65

30 min. The Ga and As 3d peaks were also used by Petrovykh et al. to

assess substrate oxidation of InAs treated with (NH4)2Sx solutions [25]. This

passivation prevented the oxidation of As atoms for over 20 min of air exposure

and after about 5 days the As oxide levels were 3 times lower than samples
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etched with HCl. The In atoms, however, were oxidized at a higher rate. This70

selective oxidation was a result of the surface structure, which was comprised

of an outermost layer of In-S on top of an As rich layer.

Atomic layer deposition (ALD) of a thin dielectric leaves a permanent pas-

sivation layer on a semiconductor surface [40, 41, 42, 43]. Alumina (Al2O3)

ALD using trimethylaluminum (TMA) and water is the most common process75

because the substrate oxide is sacrificial and Al replaces the substrate atoms

bound to O [40, 41, 44, 45]. However, the reaction depends on the metal pre-

cursor and the oxidation state of the substrate atom. For instance, removal of

GaAs oxides was readily accomplished using TMA, but not HfCl4 [40]. TMA

removed As+3 and tetrakis(ethylmethylamino) hafnium (TEMA-Hf) removed80

As+5 [44]. A recent study by McDonnell et al. showed that reoxidation of

GaAs occurs after ambient exposure of samples even with thin films (∼1 nm) of

Al2O3 and HfO2 deposited via ALD [46]. In comparison with typical NH4OH

treatments, S deposition using (NH4)2S before Al2O3 ALD with TMA and wa-

ter decreased the frequency dispersion in MOS capacitors and band bending at85

the interface between Al2O3 and GaAs [47, 43].

Another method to control surface reoxidation is the deposition of alkanethi-

ols to form a diffusion barrier for oxygen, as well as to passivate dangling bonds

through thiolate bonding. Since the reports of Lunt et al. [48] and Sheen et al.

[49] on the deposition of organic thiols and the formation of a self-assembled90

monolayer (SAM) of 1-octadecanethiol on GaAs(100), respectively, a wide vari-

ety of alkanethiol SAMs have been used to make GaAs suitable for biochemical

and electronic applications [50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61]. Alka-

nethiols have been adsorbed by immersion in the pure thiol compound [49, 50],

from alcohol solutions [62, 51, 63, 53], or from the vapor phase [64, 65, 56, 60].95

Several studies on the characterization of the oxide re-growth upon ambient

exposure after liquid phase passivation [50, 53, 66, 55], and on the role of the

carbon chain length in oxidation protection [66, 67, 68, 58] have been reported.

SAMs of methyl-terminated alkanethiols deposited from alcohol solutions and

with more than 16 CH2 groups formed more organized monolayers due to in-100
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creased van der Waals interactions, thus increasing thiol coverage and protecting

the GaAs substrate from ambient oxidation [67, 58]. Liquid phase treatments

with alkanethiols, in particular, are relatively simple compared to methods that

require vacuum enabling the development of electrical and optical biosensors

[25, 69].105

The stability of GaAs treated with molten 1-octadecanethiol and stored

under a nitrogen ambient was studied using Raman spectroscopy [50], since

changes in the intensity of the longitudinal optic and phonon-plasmon modes

are related to changes in the width of the surface depletion region. Based on the

increase of this width, a sample treated with the thiol and exposed to ambient110

conditions showed only a slight reoxidation after one week of exposure, while

samples stored under nitrogen were stable for a period of 4 months. In another

study, a stability of at least 2 weeks against ambient oxidation was reported

for thiol-treated GaAs(001) [53]. GaAs oxides were etched with NH4OH and

subsequently treated with 1-octadecanethiol in an alkaline solution in ethanol115

for 20 hours and under a nitrogen environment. Near-edge X-ray absorption

fine structure (NEXAFS) spectroscopy showed that the thiol layer had a tilt

angle of 14◦, corresponding to a layer thickness of 23.8 Å. The water contact

angle was 111◦. The bulk-sensitive Ga and As 3d XPS peaks showed that after

thiol deposition oxygen was reduced below detection limits, but peaks due to120

As-S and Ga-S species were not resolved. After an exposure of 2 weeks the

substrate oxides species grew to about one quarter that on a native oxide sam-

ple. SAMs of 1-dodecanethiol were deposited from a solution in methanol under

a nitrogen atmosphere and immersion over night [66]. Based on transmission

Fourier-transform infrared spectroscopy (FTIR) and XPS analysis, these SAMs125

exhibited a disordered structure and incomplete oxide removal compared to

molecules with longer chains containing 14, 16 and 18 C atoms. The water con-

tact angle varied from 110◦ for 1-dodecanethiol to 112◦ for 1-octadecanethiol.

After 3 days of exposure, the thickness of the oxide layer of a sample treated

with 1-dodecanethiol was more than 4 times thicker than the initial oxide thick-130

ness. In addition, recent studies on the deposition of short- and long-chain

7



thiols showed that the former had poor order and coverage, while the latter

formed more dense and ordered monolayers [54, 57, 58]. Ellipsometry showed

that layers formed by thiols with 14 C atoms or less were thinner than the

length of the molecule, because the molecules were loosely packed and disor-135

dered [54] and high-resolution XPS and FTIR spectroscopy showed that layers

of 1-octadecanethiol were more dense and ordered than layers of 1-dodecanethiol

[57, 58]. A study on the self-assembly of alkanethiols on Pt oxide and metal-

lic Pt showed that the order and surface packing of the layers improves on the

oxide-free surface and with long C chains [70]. A layer formed by a thiol with 20140

C atoms, 1-eicosanethiol, was about 31 Å thick and had a water contact angle of

113◦ on a metallic Pt surface, while a thickness of 7 Å was achieved on an oxide

surface due to increased disorder. A well-ordered layer of this thiol on a Pd sub-

strate was also formed by immersion in an ethanol solution or by microcontact

printing with a PDMS stamp, as shown by the ellipsometry thickness of 28 Å145

obtained in both cases and an average contact angle of 115◦ [71]. Time-of-flight

secondary ion mass spectrometry (TOF-SIMS) showed that UV photooxidation

of alkanethiol SAMs on GaAs(001) depends on the length of the C chain [72].

The increased order of long alkanethiols with 16, 18, and 20 C atoms yielded

different reaction kinetics compared to chains with 11 and 14 C atoms. The150

deposition of a layer of partially fluorinated alkanethiols was studied by Lu et

al. [73] SAMs of molecules containing the same number of CH2 groups but a

different number of C−F bonds showed different protection against oxidation

depending on the length of the SAM. The molecules with longer fluorocarbon

segments, which formed thicker films, exhibited greater protection against am-155

bient oxidation as shown by the As and Ga 3d XPS regions. NEXAFS spectra

showed that the methylene and fluorocarbon segments of the molecule had dif-

ferent orientations with respect to the surface, and the order of the fluorocarbon

segments decreased with the length of these segments. The packing density and

order of the SAM, and the effective protection of the substrate, was dominated160

by the fluorocarbon segments.

XPS and ellipsometry showed that the adsorption of 1,8-octanedithiol, de-
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spite being a relatively short molecule, yielded an organized and dense mono-

layer, based on the presence of two peaks in the S 2p region due to thiolate

and free thiol groups, and an ellipsometry thickness of 14 Å, which agrees with165

the length of the molecule [54]. A comparison of monothiols and dithiols was

performed by Aqua et al. [55] XPS showed that a 1-nonanethiol layer was 11.7

Å thick and a 1,9-nonanedithiol layer was 14.3 Å thick. The authors found that

after 10 days of ambient exposure the thickness of a 1,9-nonanedithiol mono-

layer did not change, while that for 1-nonanethiol decreased to half of the initial170

thickness. Although the dithiol formed a more stable monolayer, the substrate

was oxidized after 3 days and shorter exposure times were not presented. As

shown by PL intensity, similar levels of interface states were achieved by thiols

with less than 6 C atoms or benzene rings and by aqueous sulfide treatments

[48]. Despite these results, the use of varied cleaning treatments, indirect meth-175

ods of characterization of oxide re-growth, such as PL or Raman spectroscopy,

and XPS states with different surface sensitivities, prevents quantitative com-

parison of the protection of thiol layers towards exposure to ambient over short

and relatively long periods of time.

In this study, we investigated the adsorption of a series of five alkanethiols180

and one alkanedithiol on GaAs(100) to understand how these molecules protect

the surface from reoxidation when exposed to air. Protection could be due

either to the resistance of a hydrophobic carbon film to oxygen diffusion or to

the resistance of a S-terminated surface to react with oxygen. The oxides on

GaAs were removed using a liquid phase process sequence and alkanethiolates185

with C chain lengths from 3 to 20 atoms were adsorbed from the liquid phase.

The surface was monitored as a function of time in air using ellipsometry and

the surface sensitive Ga and As 2p XPS states. The oxide coverage data from

these two techniques were fit with a reaction-diffusion model. For short times

defined as 30 min or less the model shows that oxygen diffusion through the190

layers is fast. The surface resists oxidation because the kinetics are slowed for

the reaction of oxygen and water vapor when sulfur atoms terminate the GaAs

surface.
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2. Experimental

2.1. Materials195

Semiconductor grade acetone, hydrofluoric acid (HF, 49%), hydrochloric acid

(HCl, 37%) and hydrogen peroxide (H2O2, 30%) were obtained from Honeywell.

Ethanol (anhydrous, 99.5%), 1-propanethiol (PT-3C, 99%), 1-hexanethiol (HT-

6C, 95%), 1,8-octanedithiol (ODT-8C, 97%), 1-dodecanethiol (DT-12C, 98%),

and 1-octadecanethiol (OT-18C, 98%) were purchased from Sigma-Aldrich, and200

1-eicosanethiol (ET-20C, 98%) from Alfa-Aesar. The thiol acronyms include

the number of C atoms in the alkane chain. All the solvents and reagents were

used as received.

2.2. Thiol Deposition

Undoped GaAs(100) wafers (> 1 × 108 Ω-cm, 625 µm) were obtained from205

Freiberger Compound Materials. Samples were cleaved into 1 × 1.5 cm2 coupons

and cleaned by sonication in acetone and ultrapure water (UPW, 18 MΩ-cm)

for 1 min each. Following a rinse with UPW and N2 dry, samples were immersed

consecutively for 1 min in 0.28 M HF and for 2 min in 1.0 M H2O2. This sequence

was repeated twice with UPW rinses and N2 drying between each step. Samples210

were finished with an immersion in the same dilute HF solution for 1 min and,

without rinsing or drying, in 1.0 M HCl for 1 min. The removal of GaAs oxides

using HCl solutions produces a highly reactive surface enriched with elemental

As [4, 5, 74, 6], which readily oxidizes when exposed to the ambient. After the

HCl treatment, the As to Ga molar ratio was 1.8, and the surface was terminated215

with Cl atoms based on XPS data. The Cl layer could be removed by immersion

in pure ethanol. The corresponding XPS spectra of the Cl 2p region for HCl-

treated GaAs without an UPW rinse and subsequent treatments are provided in

the Supporting Information. To minimize air exposure after etching with HCl,

samples were promptly transferred without drying to a continuously stirred 4220

mM solution of the alkanethiol in ethanol, where the deposition was carried out

for 20 min. In this transfer, a wet film containing HCl (< 0.1 mL) was carried on
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the sample surface into the thiol solution yielding an HCl concentration of less

than 2 mM. Following deposition, samples were swished in fresh ethanol, dried

with N2, and loaded in an ultra high vacuum system within 3 min during which225

the sample was exposed to the ambient air, unless otherwise stated. The surface

preparation and deposition steps were all carried out at room temperature.

2.3. Characterization

Overlayer thickness after thiol deposition was measured with a spectroscopic

ellipsometer (J.A. Woollam, M-2000) at an incident angle of 75◦. A simple230

model consisting of a GaAs oxide layer on a GaAs substrate (GaAs/GaAs oxide)

was used, owing to the close match of the refractive indexes of the oxide (1.8) and

the thiol molecules (1.5) [75] and the indeterminate structure of the interface.

To monitor oxide re-growth under ambient conditions, samples were left on the

ellipsometer stage and measurements were taken every 10 min for the first two235

hours, and every 30 min thereafter.

XPS was performed with a Physical Electronics (Model 549) instrument

equipped with a non-monochromatic dual-anode Al/Mg X-ray source and a

double-pass cylindrical mirror analyzer. The Al Kα X-ray source (1486.6 eV)

was used for all the analyses. The analysis chamber was maintained at 10−9240

Torr. The Au 4f7/2 peak at 84.0 eV had a full-width half-maximum of 1.9

eV and was used for calibration. A pass energy of 50 eV was used for high-

resolution scans with incremental steps of 0.1 eV. The duration of the XPS

measurements was approximately 2 h. The As 3d state at 41.1 eV served as the

reference to correct for sample charging [76]. Shirley background subtraction245

[77] and fitting of Voigt lineshapes was done using the analysis packages in

Igor Pro (WaveMetrics, Inc., v.6.2). Atomic concentrations and ratios were

calculated assuming homogeneous layers and using sensitivity factors from the

literature [78]. Layer thickness and surface coverage were calculated from XPS

data using quantitative analysis procedures [79, 80, 81, 82, 83]. All of the surface250

characterization was carried out at room temperature.

Water contact angle measurements were done using a Ramé-Hart Standard
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Goniometer (Model 250). Sessile UPW droplets with a volume of 5 µL were

used and an average of 3 measurements on each sample is reported. A single

beam spectrometer (Nicolet Nexus 670) equipped with a MCT detector was255

used for transmission FTIR. Spectra were collected at 4 cm−1 resolution and

200 scans were co-added. Contact angle measurements and FTIR analysis were

carried out within 10 min of film deposition. Surface topography was imaged ex

situ using atomic force microscopy (AFM, Digital Instruments Multimode IIIa).

Imaging was done using tapping mode over 500 × 500 nm2 areas. All of the error260

bars reported in the paper correspond to a 95% margin of error. Confidence

intervals in linear fitting results correspond to one standard deviation.

3. Results

3.1. SAM Formation

Figure 1(a) shows the increase in the overlayer thickness when thiol-treated265

GaAs was exposed to air. Contributions from both surface oxides and the

alkanethiol film are possible. At the shortest air exposure time of 3 min, the

thickness varied from 9.8 ± 0.2 Å for PT-3C (1-propanethiol, 3 C atoms) to

25.5 ± 0.5 Å for ET-20C (1-eicosanethiol, 20 C atoms). A thickness of 13.7

± 0.4 Å was measured for ODT-8C (1,8-octanedithiol), which was studied for270

comparison due to the increased stability and order of dithiol monolayers re-

ported in the literature [54, 55]. Table 4 and line markers on the left axis in

Figure 1(a) show the calculated thickness of each alkanethiol, assuming the C

chains are fully extended and oriented normal to the substrate surface. The ini-

tial values measured for the short-chain thiols (PT-3C, HT-6C, and ODT-8C)275

were greater than the maximum length of each molecule, whereas that for the

long-chain thiols (DT-12C, OT-18C and ET-20C) was less than the maximum.

The higher initial thickness for the short-chain molecules is due to formation of

oxides during sample transfer to the ellipsometer. The lower initial thickness

for the surfaces covered by the long-chain molecules indicates that little or no280

oxide formed. The difference of about 3 Å for OT-18C and 1.4 Å for ET-20C
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is due to tilting of the molecules in these layers with respect to the surface nor-

mal. Based on ellipsometry and calculated molecular lengths, the tilting angle

from the surface normal decreased with increasing C chain length from 28◦ for

OT-18C to 19◦ for ET-20C. The tilting angle is obtained from the angle formed285

by the theoretical length of the molecule, assuming the molecule is normal to

the surface, and the length of the molecule obtained from ellipsometry.

The thickness of all of the overlayers increased with time as the substrate

oxidized. The oxide re-growth for each thiol was relatively fast during the first

hour of exposure, then slowed and reached a plateau from 150 to 240 min in-290

dependent of the length of the C chain. Over an exposure of four hours, the

increase in the overlayer thickness was almost 3 Å for PT-3C, in contrast to

changes of 5.3 Å for HT-6C, 4.5 Å for ODT-8C, 4.3 Å for DT-12C, 4.1 Å for

OT-18C, and 2.4 Å for ET-20C. The chain with 3 C atoms showed the smallest

change because the substrate was oxidized before the first measurement. The295

reduction in the change over 4 h from HT-6C to ET-20C shows that the resis-

tance to oxidation increased with the length of the C chain. The growth rates

obtained from linear fits of the data for the first 30 min of exposure were 0.043,

0.066, 0.076, 0.042 and 0.026 Å/min for PT-3C, ODT-8C, DT-12C, OT-18C,

and ET-20C, respectively. The re-growth curve for ODT-8C, despite having an300

extra thiol group, was in accord with the length of the molecule, and did not

deviate significantly from the trend in the monothiols. All the thiols, except for

ET-20C, exhibited oxidation after 10, 20, and 30 min of ambient exposure. The

ET-treated surface showed no variation in thickness during 30 min of exposure

within the measurement error.305

The initial (3 min of ambient exposure) and final (240 min) overlayer thick-

ness as a function of the number of C atoms are plotted in Figure 1(b). The

thickness reported was obtained from ellipsometry and is not corrected for the

tilt angles of the molecules with respect to the surface normal. A linear fit of the

initial thickness yields a slope of 0.87 ± 0.06 Å/CH2 and an intercept equal to310

6.8 ± 0.7 Å. After 240 min of exposure, linear regression yielded a slope of 0.82

± 0.06 Å/CH2 and an intercept equal to 11.4 ± 0.8 Å. The calculated length
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of the molecule assuming a vertical orientation produced a slope of 1.22 ± 0.04

Å/CH2 and an intercept equal to 2.6 ± 0.6 Å, in agreement with the literature

[84].315

In Figure 2 the symmetric CH2 stretch (νs-CH2) of an ET-20C (OT-18C)

layer appeared at 2850 (2849) cm−1 and the asymmetric stretch (νa-CH2) at

2918 (2919) cm−1. For ET-20C (OT-18C), a peak due to the asymmetric stretch

of CH3 groups (νa-CH3) was observed at 2960 (2961) cm−1. As reported in the

literature for thiol monolayers on gold substrates [84], the position and inten-320

sity of these peaks provide information on the order, orientation, and coverage

[84, 49]. Specifically, the location of the νa-CH2 vibrational mode is indica-

tive of the order of the molecules, while the intensity provides information on

the coverage. Since the asymmetric stretching peak of bulk crystalline OT-18C

is at 2919 cm−1 [58], the degree of order in the monolayer is assessed by the325

proximity to this peak. Thus, in the case of ET-20C and OT-18C, the ob-

served peak positions correspond to a layer composed of closely-packed chains

with a crystalline-like structure [66, 53, 58]. The peaks for the symmetric and

asymmetric CH2 stretches of DT-12C at 2851 and 2923 cm−1 (Figure 2) were

significantly less intense and shifted to higher wavenumber because of reduced330

order and density of this layer. The FTIR results for the DT-12C layer indi-

cate that the difference between the ellipsometric thickness of 16.8 Å and the

molecular length of 17 Å is due to disorder of the molecules in the layer and

a greater oxide contribution than the thiols with longer C chains. The relative

peak areas of the νa-CH2 stretch for OT-18C and ET-20C increased by factors335

of 7 and 20 with respect to the peak area of the DT-12C layer.

3.2. Brief (3 min) Air Exposure

Figure 3(a) shows the XPS spectra of the As 2p and Ga 2p states after

deposition of the series of six alkanethiols and 3 min of ambient exposure. All

the peaks were attenuated due to thiol adsorption and this attenuation increased340

with the C chain length. The As and Ga 2p XPS spectra for OT-18C and ET-

20C are multiplied by factors of 2 and 3, respectively, to aid comparison. In
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the As 2p XPS region, the peak at a binding energy shift (∆BE) of +3.2 eV

from the bulk As peak (1323.0 eV) is due to the As+3 oxide state (As2O3)

[85, 46]. The intensity of the As+3 oxide state progressively decreased from PT-345

3C to DT-12C and was reduced below detection limits for OT-18C and ET-20C,

indicating a gradual reduction of oxides for the thiols with longer C chains. A

third peak located between the bulk and the As+3 oxide state corresponds to

a combination of As2+ (∆BE = +2.6 eV) and As+1 (∆BE = +1.3 eV) oxide

states, elemental As (∆BE = +0.5 eV) and As-S bonding of the thiol (∆BE =350

+1.3 eV) [85, 46, 57, 86]. This peak shifted to lower binding energies and was

attenuated from PT-3C to ET-20C due to smaller contributions from suboxide

states and an increase in As-S bonding. For OT-18C and ET-20C layers, the

peak at ∆BE = +1.3 eV is due only to As-S bonds, since the As+3 oxide and

suboxide states were not detected. The ratio of the peak due to As-S bonds to355

the bulk As peak is 0.07 and 0.13 for OT-18C and ET-20C, respectively. The

slight shift (within a 0.3 eV range) in the position of the bulk As 2p peaks to

lower binding energy from PT-3C to ET-20C is attributed to band bending and

charge donation from the C chain.

In the Ga 2p region, the peak located at 1117.1 eV corresponds to Ga-As360

bonds from the bulk substrate [19]. A second peak at higher binding energy is

attributed to the contribution of the Ga+3 (∆BE = +1.1 eV) and Ga+1 (∆BE

= +0.6 eV) oxide states, and Ga-S bonding of the thiol (∆BE = +0.4 eV)

[19, 86, 46]. Similarly, the peak at high binding energy decreased from PT-3C

to ODT-8C, because of a lower oxide re-growth that decreased the contribution365

to the Ga+3 and Ga+1 states for longer C chains. For DT-12C, this peak

corresponds to the contribution of Ga oxides and Ga-S bonds. In the case of

OT-18C and ET-20C, oxide states were not detected and the Ga-S state was not

resolved due to the close proximity to the bulk Ga-As peak and the termination

of the substrate by As. The ratio of the area of the As 2p peaks to that of the370

Ga 2p peaks corrected for sensitivity was 1.6 and 1.5 for OT-18C and ET-20C.

The O 1s XPS region after 3 min of air exposure shown in Figure 3(c)

confirms the previous XPS peak assignments and the ellipsometry results. The
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intensity of the O 1s peak was reduced with increasing C chain length, with

OT-18C and ET-20C reducing oxygen atoms below detection limits. Since a375

contribution from O-Ga bonds is included in this peak, the progressive decay in

O content is in agreement with the trends of As+3, Ga+3, and Ga+1 oxide states.

Figure 3(e) shows the corresponding S 2p XPS region. The precise identification

of the S 2p peak at 163 eV, however, is hindered by the presence of a larger

peak at about 160 eV due to the Ga 3s photoelectron line. Nevertheless, a high380

binding energy shoulder due to S atoms at 163 eV was most pronounced for

ODT-8C, DT-12C, OT-18C, and ET-20C, and is assigned to thiolate bound to

the surface. This is in agreement with an additional thiol group for ODT-8C

and an increase in surface coverage for DT-12C, OT-18C, and ET-20C. The

same peak was not present for PT-3C and HT-6C due to a lower coverage and385

density of thiol molecules on the surface.

The ratio of the As+3 peak area to the area of the bulk As 2p peak was

calculated to assess substrate oxidation without the effects of attenuation caused

by the thiol layer. As shown in Figure 4(a), the ratio as a function of the number

of C atoms decreased from PT-3C to DT-12C, reaching a value of zero for OT-390

18C and ET-20C for 3 min of air exposure. The presence of oxide attenuates the

bulk As 2p peak as well which exaggerates the ratio for the shorter chains. The

ratio of the O 1s peak area to the total As 2p peak area is shown in Figure 4(b).

The data point for zero C atoms corresponds to an HCl-etched sample immersed

in ethanol only. Using the total As 2p peak area reduces the effect that oxide395

attenuation has on the substrate. We observe that the O 1s to As 2p ratio

decreases linearly with the number of C atoms. After 3 min of air exposure,

oxygen was detected for chains with 12 C atoms or less, and no oxygen was

detected for the layers containing either 18 or 20 C atoms.

The amount of carbon added to the surface by transfer in air was below400

detection limits as shown by the control experiments in Figure 1(a) in the Sup-

plemental Information. The area of the C 1s peak was normalized with respect

to the number of C atoms (n) to account for the different C content of each

alkanethiol. Figure 4(c) shows the area ratio of the normalized C 1s peak to
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all the As 2p peaks to determine the surface coverage as a function of C chain405

length (red circles). The relative coverage per C atom was the same for the

short-chain thiols (PT-3C, HT-6C, ODT-12C, and DT-12C), and rose steeply

by a factor of 2-4× for the long-chain thiols (OT-18C and ET-20C). Water con-

tact angle measurements performed after 3 min of exposure are shown in Figure

4(c) (black triangles). The contact angle depended on the length of the C chain,410

increasing from 55◦ for 3 C atoms to 108◦ for 20 C atoms, and with steep rises

between PT-3C and HT-6C, and again from ODT-8C to DT-12C. The contact

angle remained unchanged between HT-6C and ODT-8C, suggesting that the

beneficial effect of additional CH2 groups in ODT-8C is balanced by the extra

thiol (R-S-H) group, which increases the hydrophilicity of the film.415

The initial thickness calculated for both the oxide and thiol layers that were

resolved in the XPS is shown in Table 4. The thickness of the substrate oxides

was reduced from 4.0 Å for PT-3C to 0.8 Å for ODT-8C. Accordingly, the

calculated thiol thickness increased from 4.6 Å for PT-3C to 31.3 Å for ET-20C.

The sum of the thickness of thiol and oxide layers agrees with the ellipsometry420

thickness for all the thiols, except for HT-6C and ET-20C. For HT-6C the XPS

thickness was smaller by 4.7 Å than the ellipsometry thickness, while for ET-20C

it was larger by 5.8 Å. The surface coverage calculated from XPS data (Figure

1(b) and Table 4) increased from 3.0 for PT-3C to a maximum of 5.0 thiol

molecules per nm2 for ET-20C. ODT-8C showed a higher coverage than PT-3C,425

HT-6C, and DT-12C, even though the latter has four more CH2 groups than the

ODT-8C molecule. A linear fit of the surface coverage of the monothiols after

3 min of air exposure and as a function of the C chain length yielded a slope of

0.13 ± 0.03 thiols/(nm2 CH2) and an intercept of 2.2 ± 0.4 thiols/nm2 (Figure

1(b)). A maximum coverage of 6.3 thiols per nm2 was calculated assuming430

that all surface As and Ga atoms bond with one thiol and using a GaAs lattice

constant of 5.65 Å [87]. On this basis, the ET-20C coverage was 0.8 monolayer

(ML), which is a about 1.2 times higher than that of OT-18C. The procedure

used for these calculations is provided in the Supporting Information.
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3.3. Air Exposure for 30 min435

Figure 3(b) shows the Ga 2p and As 2p XPS regions of samples after 30 min

of ambient exposure. The oxidation of the substrate is shown by the re-growth

of the As+3 oxide state (∆BE = +3.2 eV). The intensity of this peak decreased

with the length of the C chain, and only in the case of ET-20C remained below

detection limits. The identification of a peak due to As–S bonds from PT-3C to440

OT-18C is hindered by an enhanced oxide re-growth, however, the peak (∆BE

= +1.3 eV) is still evident in the ET-20C spectrum, showing that the thiolate is

still adsorbed on the surface. The Ga 2p state displayed the same trend as the

As 2p state. The peak assigned to Ga oxides and sulfide states shifted to lower

binding energy with increasing C chain length due to the decreased contribution445

of the Ga+3 (∆BE = +1.1 eV) oxide state upon substrate oxidation. The re-

growth of this peak was inhibited with increasing chain length, and was still

not detected for the ET-20C monolayer. The bulk Ga and As 2p peak shifted

to lower binding energy with increasing C content of the thiol due to charge

donation to the surface substrate atoms. Accordingly, the intensity of the O450

1s peak (Figure 3(d)), which contains contributions from both Ga-O and As-O

bonds, was reduced for longer C chains, but only the ET-20C layer kept oxygen

atoms below detection limits. The corresponding ratio of the As+3 peak to

the combined area of the As 2p peaks (Figure 4(a)) shows that the oxide peak

increased more than 10 times in all cases, except for ET-20C. Similarly, the455

total oxygen content shown by the O 1s to As 2p ratio (Figure 4(b)) increased

by a factor of 2 or more for chains with 18 C atoms or less.

In Figure 3(f), the high binding energy shoulder at 163 eV for chains with 8,

12, 18 and 20 C atoms, qualitatively shows that S atoms from the alkanethiolate

layers are still present on the surface after 30 min of air exposure, and that460

oxidation had little effect on their stability. If the S oxidized we would expect a

peak for S–O bonding near 168 eV [88]. Nevertheless, the stability of the short

chains, PT-3C and HT-6C, can not be assessed based on these spectra because

of the proximity of the Ga 3s peak. In contrast, the ratio of the normalized C

1s peak area to the combined area of As 2p peaks shown in Figure 4(c) (blue465
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diamonds), quantitatively shows the stability of the thiol layers. The ratio is

about the same for each C chain at 3 and 30 min of air exposure based on the

scatter in the data. This ratio, however, depends on the C 1s peak and As 2p

peak areas. Therefore, it is affected by the reduction of the C content when

thiol desorbs, which reduces the attenuation and increases the area of the As470

2p peaks. The thiol-dependent growth rate of the As+3 oxide peak and the

changes in the attenuation of each thiol layer also hinder the quantification of

chain desorption if it occurs.

3.4. Reaction-Diffusion Model

The one-dimensional diffusion of oxygen (or water vapor) across a continuous

alkanethiolate layer and reaction at the surface was modeled using a differential

mass balance with reaction only at the interface between the layer and GaAs.

The alkanethiolate layer was assumed to be a thin uniform slab across which

gas can diffuse in the direction perpendicular to the surface. The initial condi-

tion is the concentration of oxygen is zero throughout the alkanethiolate layer,

C(0, z) = 0, where C(t, z) is the oxygen concentration in the layer (mol/cm3),

which is a function of both time t (s) and distance z (cm). One boundary con-

dition at the thiol-air interface is the concentration of oxygen equals that in air,

C(t, 0) = Cair
O2

. The second boundary condition at the thiol-substrate interface

equates the oxygen flux through the thiol layer to the initial rate of oxidation

of the GaAs surface, −D∂C/∂z = kC(t, L)σ/A, where D is the oxygen diffu-

sivity through the alkanethiolate layer (cm2/s), L is the thickness of the layer,

k is the rate coefficient for reaction of oxygen with GaAs terminated by the

alkanethiolate (cm3/mol s), σ is the GaAs(100) surface site density (sites/cm2),

and A is Avogadro’s number. The reaction rate is assumed proportional to the

surface site density because it is not known whether oxygen reacts initially with

the atoms that terminate the surface or with As-Ga backbonds. Solving the

differential mass balance with these conditions leads to

C(t, z) = Cair
O2

[
1 −

(
Φ2

1 + Φ2

)( z
L

)
+

∞∑
i=1

Aie
−λ

2
i Dt

L2 sin
(
λi
z

L

)]
(1)
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where Φ is the Thiele modulus defined by
√

(kσL)/(DA), λi are the eigenvalues475

that satisfy cotλi = −Φ2/λi, and the Ai coefficients depend on the eigenvalues.

Assuming the reaction between oxygen molecules and the surface is first

order, the oxygen concentration was inserted into the reaction rate expression

dθ/dt = kC(1 − θ), where θ is the fraction of surface sites that have oxidized,

and the equation integrated to find the oxide coverage as a function of time480

less than 1800 s (30 min) where the XPS data show that no oxide formed for

ET-20C. Choosing an alkanethiolate layer thickness equal to that of ET-20C

(L = 2.55 × 10−7 cm) and a reaction rate coefficient equal to 30 cm3/mol s,

the model predicts that there is no dependence of the surface oxide coverage on

the diffusivity of gas molecules in the C layer in the range 10−10 to 10−3 cm2/s485

because the values lie on top of each other as shown in Figure 5(a). Diffusivity

values outside of this range produced negative oxygen concentrations or did not

fit the coverage data from ellipsometry. In the literature, oxygen diffusivities of

2.5 × 10−5 cm2/s in n-hexadecane have been reported and on the order of 10−4

cm2/s in n-hexadecanethiolate SAMs on Cu and Au surfaces [89, 90]. These490

values are consistent with values typically found in liquids [91]. Choosing an

oxygen diffusivity of 1×10−5 cm2/s and keeping the surface oxidation rate coef-

ficient at 30 cm3/mol s, the model predicts that oxide regrowth is independent

of the length of the alkanethiolate layer thickness over the range 2.55×10−3 cm

to 2.55×10−12 cm as shown in Figure 5(b). Different markers and colors were495

chosen but the curves lie on top of each other. The model predicts that diffusion

of gas molecules through the C layer is fast over a wide range of thickness.

4. Discussion

The surface preparation steps remove all of the As and Ga oxides and ter-

minate the GaAs surface with chlorine atoms when the surface is not rinsed500

(Figures 1(b) and 2 in Supporting Information). Although oxide is always de-

tected on freshly prepared GaAs surfaces because samples are exposed to air in

transit to the vacuum chamber, the stability of the Cl-terminated GaAs surface
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Table 5: Bond dissociation energies (kJ/mol) at 298 K [94]

As Ga Cl S O

As 385.8 202.5 448 379.5 ± 6.3 484

Ga < 106.4 463 393 ± 28 374

Au 418.4

in solution is indirectly supported by the XPS data on the thiol layers that show

oxide growth increases with the time that a sample is exposed to air and de-505

creases with the length of the alkyl chain on the thiol. The cleaning steps leave

the surface predominately with As-Cl bonding since the As to Ga molar ratio is

1.8. Chlorine termination is a desirable starting point for thiol deposition and

was the rationale for carrying over a thin liquid layer on the surface containing

water and HCl. Adding HCl via the carry over layer or intentionally to the510

thiol solution minimizes oxide that grows during the brief air exposure between

cleaning and deposition.

Thiols could adsorb on the surface by directly displacing Cl via proton trans-

fer from the S atom producing HCl or in a two step sequence where a protic

solvent such as ethanol or water solvates the chlorine anion leaving a positively-515

charged site on which thiolate (RS−) binds. The latter mechanism is supported

by XPS data that shows Cl atoms were removed after rinsing with ethanol (Fig-

ure 1(b) in Supporting Information) or water. The formation of Ga-S bonds is

more favorable based on bond energy (Table 5), but As-S bonds are formed on

the predominantly As-rich surface after the acid clean. After the deposition of520

OT-18C and ET-20C, the surface remained As-rich since the As to Ga molar

ratio was about 1.5. This is consistent with previous reports where a peak due

to As-S bonds was identified in XPS spectra [57, 92]. The bond that S makes

with As is about 10% weaker than that with Au, which is closely associated

with self-assembled monolayers of thiols [93].525

The length of the alkane chain not only determined the thickness of a layer

but also the density. The data in Figure 1(b) for the shortest possible air
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exposure show that the layer grows by 0.87 ± 0.06 Å for each methylene unit

added to the chain. On gold a value as low as 0.56 Å/CH2 has been reported

for short alkanethiols containing 2-6 C atoms that were poorly ordered, which530

increased markedly to 1.22 ± 0.04 Å/CH2 based on the calculated lengths of

the molecules and 1.5 Å/CH2 for chains containing 9-21 C atoms [84]. The

intermediate value measured on GaAs indicates that alkanethiolates have a lower

surface density and are less ordered than on gold. The magnitude of the length

per methylene group on GaAs can also be attributed to the presence of substrate535

oxides for the shortest alkanethiols (about 4 Å for PT-3C and 2 Å for HT-6C,

as determined by XPS).

The atomic density of a flat GaAs(100) surface is 6.3 atoms/nm2, which

is an area per atom of 16 Å2. The surface density of 4.2 and 5.0 thiols/nm2

calculated for OT-18C and ET-20C correspond to a coverage of 0.7 and 0.8 ML540

or an area per thiol molecule of 24 Å2 and 20 Å2, respectively. The surface area

of an alkanethiol with 22 C atoms on Au(111) is 21.4 Å2/molecule [95] (12.0

atoms/nm2 for Au(100) and 13.9 atoms/nm2 for Au(111), based on the lattice

parameters). An area of about 21.2 Å2/molecule was reported for a OT-18C

monolayer deposited on GaAs(001) under a nitrogen blanket [58].545

The density of molecules in the thiol layers increases at a rate of 0.13± 0.03

molecules/nm2 per CH2 for the monothiols based on the attenuation of the As

3d XPS peak (Figure 1(b)). Octanedithiol was excluded because ellipsometry

and XPS results have shown that this layer is more stable and ordered compared

to the corresponding monothiols [54, 55]. The alkane chains on the thiols must550

be floppy and interact not only with neighboring chains in the layer but also with

the GaAs surface atoms covering adsorption sites. Smaller chains are floppier

because there are fewer van der Waals interactions between CH2 groups in the

chains to hold them in place, and the density of thiol molecules in the layer is

lower as a result. The longer chains in the molecules OT-18C and ET-20C are555

packed more tightly together because of the stabilization energy provided by

the additional CH2 groups.

Alkanethiolates adsorbed on GaAs at a coverage greater than 50% require
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a distortion of the surface to accommodate the molecules, since highly dense

layers are incommensurate with the flat GaAs(100) surface [53, 58, 59]. The560

strength of the bond and the interaction between the long chains has been

shown to distort the GaAs lattice, causing a surface reconstruction that allows

the formation of crystalline-like SAMs on GaAs(100) [58]. AFM (Figure 3 in

Supporting Information) shows that the GaAs starting surface is smooth (RMS

roughness 0.2 nm) and remains smooth after deposition of ET-20C (RMS 0.4565

nm) as shown in the Supporting Information. Phase domains of thiols with

different orientations on the surface are possible and domain sizes of about 66-

74 Å have been reported for OT-18C [58].

Previous reports of OT-18C SAMs on Au and GaAs substrates showed a

peak at 2917 cm−1 for the CH2 asymmetric stretch, which is close to 2919 cm−1570

for bulk crystalline OT-18C [84, 61, 58]. The values of 2919 cm−1 for OT-18C

and 2918 cm−1 for ET-20C that we measured shows that only the layers with the

longest chains were well-ordered with a high packing density and crystalline-like

structure. In contrast, the peaks for DT-12C were shifted to higher wavenumber

because the packing order of the molecules in the layer was reduced (coverage575

of 3.6 thiols/nm2 or 28 Å2/molecule). The higher intensities of the OT-18C and

ET-20C vibrational peaks is due to the higher C content and surface coverage

compared to DT-12C (Figure 2). The initial thickness of the OT-18C and ET-

20C layers was less than the theoretical length of the molecules (Figure 1(a)),

and the contribution of GaAs oxides was not significant (Figure 3(c)). Using580

the ellipsometry data, the tilt angle of the molecules with respect to the surface

normal was about 28◦ for n = 18 and 19◦ for n = 20. A tilt angle of 14◦ was

reported for a OT-18C monolayer deposited on GaAs(001) under a nitrogen

blanket, and an angle of 27◦ for OT-18C on Au [58, 93].

The relative orientation between the adsorbed molecules and the angle of585

incidence of the IR electric field also affects light absorption and the intensities

of the peaks. The dipole moment of the CH2 vibrational modes is perpendicular

to the alkane chain. As the tilt angle decreases and the alkane chains are

propped more upright or perpendicular to the surface, the dipole moment is
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better aligned with the electric field of the IR light [96]. The alignment increases590

the intensities of the vibrational modes in transmission FTIR done at normal

incidence. Adding methylene groups not only adds CH2 groups and increases

the coverage but also reduces the tilt angle, all of which increase the intensity

of the C-H stretches in OT-18C and ET-20C which explains the 7-20× increase

relative to DT-12C.595

The threshold for ordering of the molecules in the layer is about 12 CH2

groups. This is the length where we first detect the asymmetric and symmetric

stretching vibrations, the oxygen coverage is significantly reduced (Figure 4(b)),

and a pronounced increase in contact angle occurs (Figure 4(c)). The effect on

the FTIR peaks is nonlinear as attested to by the large increases in the intensities600

between DT-12C and OT-18C (difference of six C atoms) and again between

OT-18C and ET-20C (difference of only two C atoms) as shown in Figure 2.

The peak intensity is not only the result of adding C atoms to the chains but

also the interaction between neighboring methylene groups that induces order

in the layer. Lower tilting angles opens up surface area for more molecules to605

adsorb as shown by the smaller area per molecule, which increases the S bonded

to the As atoms on the surface. The high binding energy shoulder in the S 2p

region (Figure 3(e)) shows that more sulfur atoms are bound to the surface for

the longer chains corroborating the surface coverage and surface density data.

The theoretical dispersion energy of interaction per CH2 in hydrocarbon chains610

is about 6.9 kJ/mol [97]. Therefore, the interaction energy in ET-20C is about

138 kJ/mol for the hydrocarbon chain and 379.5 for the As-S bond. The total

stabilization energy of one ET-20C molecule in the layer is about 517.5 kJ/mol.

This energy is higher than the strong As-O bond and bonds with other adatoms

(Table 5). Based on bond energies, a threshold for molecular organization can615

be calculated by subtracting the energy of the As-S bond from that of As-O, and

dividing the difference by the energy per CH2 group. The estimated threshold

is about 15 C atoms, which agrees reasonably with the threshold of 12 C atoms

found based on FTIR, XPS, and contact angle measurements in this study, and

the decrease in order reported in other studies [58, 98].620
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The change in the degree of wetting of the surface is a consequence of alka-

nethiolate deposition. The extent of this change scaled with the number of C

atoms, with ET-20C yielding the highest water contact angle. Contact angles

higher than 100◦ were readily obtained when using thiols with 12 or more CH2

groups (Figure 4(c)). Hydrophobic films might be presumed to slow down oxy-625

gen and water diffusion, but this raises a central question. Is the protection the

alkanethiolate chain affords the surface primarily the result of the resistance to

gas diffusion of a hydrophobic carbon film or the resistance to reoxidation of

the surface atoms because of the bonds made to S?

Remarkably both XPS and ellipsometry showed that after 30 min of ambient630

exposure only ET-20C prevented oxidation of the substrate. The rate of oxide

re-growth during the first 30 min of ambient exposure (0.026 Å/min) and the

increase in overlayer thickness over 4 hours of exposure (2.4 Å) were the lowest

for the ET-20C layer. The surface coverages presented in Table 4 showed that

the ET-20C coverage is about 20% higher than that of OT-18C due to tighter635

packing of the longer molecules. Tighter packing of the alkanethiolate molecules

could contribute more to retard the diffusion of oxygen and water vapor from

the gas phase to the surface than the increase in the thickness of the layer

would suggest. Tighter packing also increases the availability of S atoms at the

interface with substrate As atoms.640

The length of the C chain necessary to block oxygen from diffusing through

the layer and oxidizing the GaAs substrate not only depends on the thickness

of the molecule but also on the molecular density. Excluding the dithiol which

yielded a lower oxide peak than expected from the trend, the O 1s XPS peak

scaled by the As 2p peak at 3 min decreased linearly with the length of the645

C chain for the monothiols as shown by the dashed line in Figure 4(b). The

dithiol has a lower oxide ratio and the same contact angle as the shorter 6 C

atom chain monothiol (Figure 4(c)), which is consistent with S atoms exposed

to air that have an affinity for oxygen and water vapor. The slope of the linear

trendline for the monothiols is −2 × 10−2/CH2. The data point for the 20 C650

atom thiol was not included because no oxide was present for the 18 C atom
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chain. The amount of oxide produced in a given exposure time is the nominal

rate, and the data in Figure 4(b) are proportional to the rate of reoxidation of

the GaAs substrate.

There is more scatter in the data for the scaled O 1s peak at 30 min (Figure655

4(b)). More GaAs oxide has grown because of the longer air exposure, and the

slope of the best fit line increased to −3.5 × 10−2/CH2. The As+3 peak scaled

by the As 2p bulk peak area after 30 min of air exposure in Figure 4(a) shows

that the surfaces containing the 3 and 6 C atom monothiols oxidize at about the

same rate, and this rate is about four times higher than the surfaces covered by660

the 12 and 18 C atom molecules, which also oxidize at about the same overall

rate. No oxide is present yet for the 20 C atom molecule, which blocks oxide

formation for about 30 min based on XPS data in Figure 3(d). At long times the

ellipsometry data plateau at different thickness for each thiol, since the onset

for the diffusion limitation occurs earlier for short thiols. The mechanism for665

surface reoxidation for long times is different than at short times. At long times

an oxide layer forms providing more resistance than the alkanethiolate layer.

But at short times there is the question of whether the alkanethiolate molecules

offer diffusion resistance or a kinetic barrier.

In order to find the oxygen diffusivity and rate coefficient for reaction of670

oxygen with the surface, the reaction-diffusion model was compared to the data

for n = 18 (LOT = 2.16 × 10−7 cm) and n = 20 (LET = 2.55 × 10−7 cm)

since the XPS shows no oxide formed at short times. Two data sets were

used: the net change in the thickness measured by ellipsometry referenced to

the starting alkanethiolate thickness converted to an oxide coverage and the675

coverage calculated from the XPS data at 3 and 30 min. A monolayer thickness

of 4.4 Å (1 ML) based on As2O3 was assumed. Only the data for exposure

times less than 30 min were fit because with ellipsometry the thiol layer could

not be distinguished from the underlying oxide layer which grows with time,

and the XPS data showed that no oxide formed for ET-20C. The results are680

shown in Figure 6. The ellipsometry data are shown as solid circles with error

bars; the XPS as solid triangles without error bars. The model curves are shown
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as solid black lines. Since oxide regrowth is independent of diffusivity, a value

of 10−5 cm2/s was chosen. Despite the dense and well-ordered structure of the

OT-18C and ET-20C films on the GaAs surface, these layers are thin (≤ 30 Å)685

and oxygen diffusion is as fast as in liquids. The thickness increase of only 3.9

Å (based on the initial ellipsometry measurement) from n = 18 to n = 20 does

not appreciably increase the barrier for the diffusion of oxygen.

The model shows that oxygen diffuses rapidly through the 2.1-2.6 nm thick

C film and the oxygen concentration reaches reaches steady-state at the GaAs690

surface within one second of air exposure. The difference in the oxide that

regrows with time for the two molecules chosen for comparison in Figure 6 is

due to the reaction kinetics. Based on the ellipsometry data, the rate coefficient

k for reoxidation of the surface is 20-30 cm3/mol s for the 18 C atom chain

and 10 cm3/mol s for the 20 C atom chain. Based on the XPS data, the rate695

coefficient is 60 cm3/mol s for the 18 C atom chain and less than 1 cm3/mol

s for the 20 C atom chain. The difference in reactivity is consistent with the

higher density of S atoms in the ET-20C layer at the interface with As. The

denser film reduces the reaction rate coefficient because there are more S-As

bonds or the S-As bond is stronger because of better overlap. Without oxides700

the As+1 XPS state is a measure of the number of S-As bonds. The peak area

ratio of As+1 to As metal is 0.07 for 18 C atoms and 0.13 for 20 C atoms after

the shortest air exposure. For exposure times greater than 1500 s, the coverage

predicted by the model is greater than that measured with ellipsometry, which

is consistent with the surface oxide providing a greater resistance to growth than705

the alkanethiolate film.

The diffusion through the thiol layers is fast and the oxygen concentration

at the alkanethiolate-GaAs interface reaches steady-state quickly. The chain-to-

chain interactions and the bonding of S with the As atoms that terminate the

surface direct the assembly of the film which determines the packing density of710

both chains and S atoms. The S atoms passivate the surface by bonding to the

terminal As (Ga) atoms making them less prone to react with oxygen. Reoxi-

dation is kinetically limited by the S-As (Ga) bonds, and the rate is controlled
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by the reaction of oxygen with the S-terminated surface, not diffusion of oxygen

through the carbon layer.715

5. Conclusions

Alkanethiolates chemically passivated clean GaAs(100) and protected it from

ambient oxidation. The longest alkanethiol molecule, 1-eicosanethiol (ET-20C,

n = 20), had the highest packing density, the most order, and protected the

surface from reoxidation in air for at least 30 min. The molecules with the longer720

C chains have additional cohesion energy, which is essential for the formation

of well-ordered and dense layers. The cohesion energy of the alkanethiols has

to be large enough to direct the assembly of the layer and make the chains

stand as upright as possible on the surface. The coverage of ET-20C was 0.8

monolayer, which formed a semisolid film on the surface. Although the film was725

well-ordered and tightly packed, the film thickness is only on the order of 2 nm

and a reaction-diffusion model showed that oxygen can diffuse across it in less

than one second. S offers protection to reoxidation by satisfying the dangling

bonds on Ga and the predominant As atoms at the surface of the GaAs. The

S-As bonds must be stable because they induce a surface reconstruction to730

accommodate a dense monolayer and they remain at the interface even after

30 min of ambient exposure. The bond strength between S and As not only

protects the surface from reoxidation but determines how good a passivation

layer can be formed. The S-As bonds anchor the molecules to GaAs and the

cohesion energy between chains lifts them off of the surface. The result is a dense735

well-ordered layer that formed in solution in only 20 min at ambient conditions.

The relatively short deposition time could broaden the integration of GaAs into

devices.
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Figure 2: Transmission FTIR spectra of (a) native oxide GaAs, and GaAs treated with (b)

DT-12C, (c) OT-18C, and (d) ET-20C.
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Figure 3: XPS spectra of As 2p and Ga 2p states after (a) 3 min and (b) 30 min of ambient

exposure, O 1s after (c) 3 min and (d) 30 min of ambient exposure, and S 2p after (e) 3

min and (f) 30 min of ambient exposure. Vertical dashed lines are guides to the eye for the

position of the respective peaks. Circle markers in (a) and (b) correspond to data and solid

lines to fitting curves. Solid lines in (c)-(f) correspond to data.
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Figure 4: Ratio of (a) oxide to bulk As 2p peak areas, (b) O 1s peak area to all the As 2p

peaks area, (c) C 1s peak area to all the As 2p peaks area for 3 min (•) and 30 min of ambient

exposure (�), and (c) water contact angle (N) for 3 min of ambient exposure as a function of

number of C atoms (n). Solid lines are guides to the eye and dashed lines correspond to linear

fits.

(a) (b)

Figure 5: Calculated oxide coverage (solid black lines and markers) as a function of time for

a) fixed k = 30 cm3/mol s and L = 2.55×10−7 cm with D varying from 1×10−3-1×10−16

cm2/s and b) fixed D = 1×10−5 cm2/s and k = 30 cm3/mol s with L varying over the range

2.55×10−3-2.55×10−12 cm.
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Figure 6: Calculated oxide coverage (solid black lines) from Equation 1 as a function of time

for different values of the reaction rate coefficient k (cm3/mol s). The oxygen diffusivity D

was fixed at 1 × 10−5 cm2/s, and the alkanethiolate thickness L was fixed at 2.5 × 10−7

cm. The oxide coverage was calculated from the net change in the overlayer thickness of

thiol-treated GaAs measured by ellipsometry (•) and from XPS peak areas (N). Blue data

points correspond to OT-18C and red points to ET-20C.
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