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1 Summary 
This thesis deals with a new method to engineer stoichiometric gallium arsenide 

(GaAs) [100] surfaces by deposition of organic monomolecular films, which can be 

used as stable and functional platforms for the design of novel bio-inspired 

semiconductor devices. Here, instead of commonly used inorganic insulators, a new 

class of self-assembled monolayers (SAMs) composed of 4-mercaptobiphenyl 

derivatives (X-MBPs) is used to stabilize the GaAs/electrolyte interface as well as to 

functionalize the GaAs surface. These functional organic “domino-like” molecules 

with rigid and bulky biphenyl backbones are chosen to accomplish high surface 

stabilities against the degradation in air and in water, and to provide various chemical 

functions to the surface via flexible 4’-substitutions.  

 

In Chapter 4, two dominant parameters, solvent polarity and temperature, which 

determine the film qualities were systematically changed to optimize the grafting 

conditions of the X-MBPs. Qualities of the SAMs were evaluated in terms of the 

thickness using ellipsometry and the electrochemical stability checked by impedance 

spectroscopy. 

In Chapter 5, the optimized SAMs and the bare GaAs (prepared by wet chemical 

etching) were characterized using various surface sensitive techniques in dry states, 

i.e. either in ambient or in vacuum. Atomic force microscopy (AFM) implied that the 

surfaces of SAMs have the comparable smoothness to bare GaAs, while ellipsometry 

measurements verified the monolayer formation. Near edge x-ray adsorption fine 

structure (NEXAFS) spectroscopy yielded the tilt angle of highly ordered MBP 

backbones to the surface normal. Furthermore, high resolution x-ray photoelectron 

spectroscopy (HRXPS) confirmed the covalent binding of sulfur and arsenide, and 

demonstrated the high chemical stability of the engineered surface against the 

oxidation in ambient. 

In Chapter 6, the functionalized GaAs surfaces were characterized in contact with 

water. Firstly, the surface free energies were calculated from the contact angles of 

different liquid droplets, which provide quantitative measures for the surface 

compatibilities to lipid membranes and biopolymers. In the next step, the 
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electrochemical characterizations of the functionalized GaAs in physiological 

electrolytes were carried out by cyclic voltammetry and AC impedance spectroscopy. 

Cyclic voltammetry demonstrated that the grafting of SAMs resulted in a significant 

reduction of charge transfer across the GaAs/electrolyte interface. Furthermore, 

impedance spectroscopy experiments denoted excellent electrochemical stabilities of 

the monolayer-coated GaAs in physiological electrolytes for more than 20 h. 

Chapter 7 introduces the direct application of the established engineering protocol on 

the planar FET with a Hall-bar configuration, where the two-dimensional electron gas 

(2DEG) is confined in the vicinity of the GaAs surface. Here, the molecular dipoles 

from 4’-substituents and the solvent polarities were found to influence the sheet 

resistance of the 2DEG significantly, suggesting that the functionalized FETs are 

highly sensitive to the surface dipole moments. 

 

The surface engineering method developed in the present study demonstrated a 

reliable device stability for the operations of various GaAs-based semiconductors 

with well defined surface characteristics, and suggests its large potentials to fabricate 

new biofunctional devices by deposition of biopolymers and model cell membranes. 

 

 



2 Introduction  3 

 

2 Introduction 
Since almost 30 years ago, there have been numerous applications of semiconductor 

devices as chemical sensors, where the changes on the device surface can be 

detected as electrical and/or optical readouts (Bergveld '03; Schöning '01; Seker et 

al. '00). For example, using field-effect-transistors (FETs), the changes in the surface 

potentials (and the resulting accumulation and depletion of charge carriers) can be 

detected electrically as the changes in conductance or related electrical properties. 

Recently, the engineering of semiconductor surfaces with bio-functional molecules 

has been drawing increasing attentions towards the design of a new class of 

biosensors (Bergveld '96; Cui et al. '01; Sackmann & Tanaka '00; Vilan et al. '03). 

 

On the other hand, the application of semiconductor devices for biological sensors 

has suffered from the undesired properties of each material. For example, gallium 

arsenide (GaAs) has demonstrated its large potential to fabricate surface sensitive, 

low-dimensional structures via flexible band-gap engineerings using molecular beam 

epitaxy (MBE). However, the sensor operations of GaAs-based devices under 

physiological environments are often found to be difficult because of complex 

electrochemical processes at the GaAs/electrolyte interface that result in 

electrochemical degradation and release of poisonous arsenides. In fact, most of the 

electrochemical studies on GaAs have been performed under acidic or basic 

conditions, at which the GaAs surface is stable (Hens & Gomes '99; Miller & 

Richmond '97; Uhlendorf et al. '95). As generally known, the deposition of relatively 

thick inorganic insulators (like SiO2 and Al2O3 (Kakimura & Sakai '79) with thickness 

of 50 – 100 nm) certainly improves the stability however, the large separation 

between the surface and the sensing layer would cause the loss of sensitivity. 

 

One of the promising strategies to overcome such fundamental drawbacks without 

loosing the surface sensitivity is the covalent coupling of organic monomolecular films 

with a typical thickness of 1 – 2 nm, such as self-assembled monolayers (SAMs) 

(Ulman '91; '96). Many studies have been conducted to passivate GaAs surfaces by 

coupling of various sulfides and mercapto compounds, but the passivation effects are 
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mostly discussed in dry state, i.e. either in contact with air or with metals (Asai et al. 

'93; Lunt et al. '91) (Miller & Richmond '97; Nakagawa et al. '91; Sheen et al. '92). 

However, systematic investigations on the electrochemical passivation of GaAs with 

SAMs in physiological electrolytes are still missing. 

 

In 2000, we firstly accomplished the electrochemical passivation of GaAs surfaces 

under physiological conditions by depositon of octadecylthiol (ODT) monolayers 

(Adlkofer & Tanaka '01; Adlkofer et al. '00). Nevertheless, this strategy includes two 

fundamental drawbacks: (1) the surface pre-treatment (photochemical etching under 

UV irradiation) might roughen or damage the surface, and (2) gauche defects of the 

alkyl chains results in inhomogeneous films. 
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Figure 2.1 

Sketch of well-ordered self-assembled monolayer (SAM) of 4’-substituted-4-
mercaptobiphenyl (X-MBP) on stoichiometric GaAs [100] surface. 

 

To solve the above mentioned problems, a new method to functionalize 

stoichiometric GaAs surfaces with 4-mercaptobiphenyl derivatives has been 

developed in the present study (Fig. 2.1). Here, 4’-substituted-4-mercaptobiphenyls 

(X-MBPs) with more rigid and bulkier biphenyl backbones were chosen to avoid the 

gauche rotation of backbones as well as to achieve high passivation efficiencies on 

stoichiometric GaAs [100] surfaces. Furthermore, flexible 4’-substituitions allow for 

the control of functionalities of the engineered surface (Kang et al. '98; Kang et al. 
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'99; Kang et al. '01; Ulman '01), which can provide the useful platform to design 

plasma membrane models by deposition of lipid membranes with membrane-

associated proteins. Indeed, the wetting interactions of the engineered surface with 

lipid membranes are very crucial to accomplish mechanically stable composite 

membranes (Sackmann & Tanaka '00). 

 

As the first step, the grafting conditions of the X-MBPs on GaAs surfaces have to be 

optimized. In Chapter 4, the impacts of solvents and reaction temperature on the 

layer quality have systematically been studied in terms of the film thickness and 

electrochemical resistivity to gain the optimal grafting conditions. After optimizing the 

preparation protocol, the surface topography, film thickness, backbone orientation, 

and chemical composition of the SAMs have been studied using various surface 

sensitive techniques in dry states, i.e. either in ambient or in vacuum (Chapter 5). 

Chapter 6 is mainly dedicated for the characterizations of GaAs surfaces coated with 

the X-MBP monolayers in contact with water. As the first step, the wetting conditions 

of the functionalized surfaces were quantitatively evaluated in terms of the surface 

free energies by contact angle measurements. This was followed by the 

electrochemical characterizations of the functionalized GaAs in physiological 

electrolytes. Current-voltage scans demonstrated a remarkable suppression of 

oxidation and reduction at the GaAs/electrolyte interface by the monolayer 

deposition. Furthermore, the GaAs coated with three different X-MBPs showed 

excellent electrochemical stabilities in the wide frequency region for more than 20 h, 

confirmed by AC impedance spectroscopy. 

After the systematic studies of the X-MBP monolayers on bulk GaAs in air and under 

physiological conditions, the established engineering protocol was also transferred to 

the AlGaAs/GaAs heterostructures, where the two-dimensional electron gas (2DEG) 

is confined in the vicinity of the GaAs surface (Chapter 7). As depicted in Figure 2.2, 

the planar FET with a Hall-bar configuration was used to study the influence of 

surface dipole moments on the sheet resistance of the 2DEG (Luber et al. in print; 

Luber et al. '02). The electrochemical stability achieved by the optimal surface 

chemistry suggests a promising feature for the application of such surface-near low-

dimensional semiconductors as biosensor platforms. 
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Figure 2.2 

a) Schematic view of the standard measurement setup for resistance 
measurements on the Hall-bar. 

b) Calculated (nextnano3, Walter Schottky Institute, TU München) conduction 
band edge (CB, solid line) and electron density (n, broken line) of the 2DEG 
system near the surface (d = 60 nm) at 295 K. 

 

Details of the obtained results are discussed in the following Chapters. 
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3 Materials, Preparation and Methods 
First, the used materials and the preparation of the self-assembled monolayers 

(SAMs) of 4’-substituted-4-mercaptobiphenyl (X-MBP) are described. In the second 

part an overview of the various measure methods to analyze the gallium arsenide 

(GaAs) surface after the etching and grafting of the SAMs is given. 

 

3.1 Materials 
 

    

a) H-MBP b) CH3-MBP c) HO-MBP

 
Figure 3.1 

Ball and stick model of 
a) 4-mercaptobiphenyl (H-(C6H4)2-SH; H-MBP), 
b) 4’-methyl-4-mercaptobiphenyl (CH3-(C6H4)2-SH; CH3-MBP) and 
c) 4’-hydroxy-4-mercaptobiphenyl (HO-(C6H4)2-SH; HO-MBP). 

 

Single crystalline Si-doped n-type GaAs [100] wafers with a doping ratio of 2.2 - 3.4 x 

1018 cm-3 were purchased from American Xtal Technology Inc. (Fremond, California, 

USA). To improve the accuracy of the spectroscopic studies, an undoped GaAs layer 

of 100 nm thickness was grown on top by molecular beam epitaxy (MBE). For 

electrochemical measurements, an Ohmic contact was established at the backside of 

the wafer by electron beam vapor deposition of Ni (100 Å), Ge (200 Å), and Au (2500 

Å). 

The 4’-substituted-4-mercaptobiphenyl (X-(C6H4)2-SH; X-MBP) (Fig. 3.1) consist of a 

more rigid and bulkier biphenyl backkbone (cross sectional area: 21 Å2 (Ulman '01)) 
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compared to the alkyl chains (18 Å2 (Nyburg & Lüth '72)). Synthesis of X-MBPs were 

reported elsewhere (Kang et al. '98; Sabatani et al. '93). The 4-mercaptobiphenyl (H-

(C6H4)2-SH; H-MBP) was provided by W. Eck (University of Heidelberg, Germany), 

while 4’-methyl-4-mercaptobiphenyl (CH3-(C6H4)2-SH; CH3-MBP) and 4’-hydroxy-4-

mercaptobiphenyl (HO-(C6H4)2-SH; HO-MBP) were synthesized by A. Ulman 

(Polytechnic University of Brooklyn, NY, USA). 

As an electrolyte a 10 mM phosphate buffer with 10 mM NaCl (pH = 7.5) was used. 

All the other chemicals were purchased from Sigma-Aldrich (München, Germany) 

and used without further purification. Freshly deionized ultra pure water (Millipore, 

Molsheim, France) was used throughout this study. 
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3.2 Preparation 
The coating of GaAs with thiolates is a self-assembling process, where the sulfide 

covalently bounds to surface arsenide (Chapter 5.3.2). Figure 3.2 shows a sketch of 

the well-ordered 4’-substituted-4-mercaptobiphenyls (X-MBP) SAM on stoichiometric 

GaAs [100] surface. 

 

    

GaAs (100)

X X X X X X X X X XX X X X

As As
Ga

S

X

S

X

 
Figure 3.2 

Sketch of well-ordered 4’-substituted-4-mercaptobiphenyl (X-MBP) self-
assembled monolayer (SAM) on stoichiometric GaAs [100] surface. 

 

Prior to the surface modification, the samples were sonicated in acetone for 3 min  

and rinsed with ethanol. The native oxide of GaAs was stripped by soaking the 

sample in concentrated HCl for 1 min, resulting in a stoichiometric GaAs [100] 

surface (Adlkofer & Tanaka '01; Adlkofer et al. '00; Stocker & Aspnes '82; Tufts et al. 

'90; Wagner et al. '78). SAMs were deposited by immersing freshly prepared 

substrates into 0.1 mM X-MBP solution in dimethylformamid (DMF), toluene and 

ethanol at different temperatures for 20 h to optimize the grafting conditions (Chapter 

4). The reactions were carried out under nitrogen (N2) atmosphere to avoid surface 

oxidation (Fig. 3.3). After deposition, the sample was taken out from the reactor, 

sonicated for 1 min in ethanol, and dried by a N2 flow. 
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Figure 3.3 

Glass reactor for the deposition of 4’-substituted-4-mercaptobiphenyl (X-MBPs) 
self-assembled monolayers (SAMs). 
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3.3 Measurement Methods 
Various surface sensitive techniques have been applied to analyze the gallium 

arsenide (GaAs) surface after the etching and grafting of the self-assembed 

monolayers (SAMs) of 4-mercaptobiphenyl (H-MBP), 4’-methyl-4-mercaptobiphenyl 

(CH3-MBP) and 4’-hydroxy-4-mercaptobiphenyl (HO-MBP). 

The topography of the freshly etched (FE) and monolayer-coated surfaces was 

characterized by atomic force microscopy (AFM). The thickness of the deposited 

monolayer was determined by ellipsometry. The orientation of the H-MBPs on the 

GaAs surface was evaluated by near edge x-ray adsorption fine structure (NEXAFS) 

spectroscopy and chemical composition of the surfaces was determined by high 

resolution x-ray photoelectron spectroscopy (HRXPS). Total surface free energies 

and their dispersive and polar components were quantitatively determined by contact 

angle measurements. The drastic depression of oxidation and reduction by the H-

MBP monolayer was monitored by cyclic voltammetry. Electrochemical properties of 

GaAs/electrolyte and GaAs/X-MBP/electrolyte interfaces were determined by 

impedance spectroscopy. 

 

3.3.1 Atomic Force Microscopy 

AFM is a convenient technique for topography measurements of bare and monolayer 

coated solids. The setup is schematically given in Figure 3.4. Two modes of 

operation are available, the contact and the tapping mode. In the contact mode the 

tip is always in contact with the sample and the aberration of the tip is adjusted by the 

piezo. In the tapping mode the tip oscillates near its resonance frequency. In close 

vicinity of the surface the amplitude is damped to an appointed value which is 

balanced by the piezo keeping the distance to the surface constant. 

Topography of the freshly etched (FE) and the three 4’-substitutd-4-mercaptobiphenyl 

(X-MBP) coated surfaces were characterized by AFM (Nanoscope IIIa, Digital 

Instruments, Mannheim, Germany). A silicon cantilever with a spring constant of 

about 40 N/m was used to scan an area of 1 µm2 and 25 µm2 in tapping mode. 

Typical modulation amplitudes and frequencies were in the order of 10 nm and 300 

kHz, respectively. 
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Figure 3.4 

The sample is moved relatively to the tip by the piezo. The movement of the 
cantilever mounted tip results in a change of the laser beam reflection which 
is monitored by the quadrupole diode. 
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3.3.2 Ellipsometry 

Ellipsometry is a non-invasive technique for thickness measurements of thin films. By 

using substrates with well defined values of the complex refractive indices, a 

thickness resolution of 1 Å can be reached. The incident beam with well defined 

polarization state is reflected at a sample and a rotating analyzer detects the change 

in polarization in terms of the two ellipsometric angles, ψ and ∆ (Fig. 3.5).  

By the following equation: 
 

)exp(tan ∆−Ψ= iR
R

s

p
 

 

(3.1)  

 

the ratio between the complex reflection coefficients, Rp/Rs, for p- and s-polarized 

(parallel and perpendicular to the plane of incidence) light can be calculated. 

Absolute values of the thickness or the refractive index of adsorbed layers can be 

determined by analyzing the ratio Rp/Rs in terms of Fresnel’s equations. 

 

θ θ

polarizer
P = 45o

rotating
analyzer

A

Fresnel's
equations

He-Ne laser detector I(A)

d1
d2

Figure 3.5 

Principle of ellipsometry. 
 

The measurements were carried out by using a conventional rotating analyzer 

ellipsometer (Plasmos GmbH Prozesstechnik, München, Germany) which consist of 

a HeNe laser (wavelength λ = 632.8 nm, diameter ≈ 0.5 mm) and a polarizer as a 
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source for linear polarized light (P = 45o). From the bulk refractive index of GaAs 

substrates, n- ik = 3.856 – i0.196 (Hellwege '83; Palik '85), the Brewster angle of the 

GaAs substrates can be obtained to be β = arctan n = 75° . In order to reach a good 

thickness resolution an angle of incidence, θ = 70o which is close to the Brewster 

angle was chosen for the measurements. 

To take statistical values for the background data and the layer thickness the 

samples were measured at three different points before and after 4’-substituted-4-

mercaptobipheny (X-MBP) monolayer deposition. Using the refractive index of 

biphenyl, n = 1.588 (Weast '70), the thickness of the monolayer was estimated. 
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3.3.3 Spectroscopic Techniques 

Detailed information about the orientation of molecules and the chemical composition 

on the surface can be obtained by synchrotron-based near edge x-ray absorption fine 

structure (NEXAFS) spectroscopy and high resolution x-ray photoelectron 

spectroscopy (HRXPS). 

Both the HRXPS and NEXAFS spectroscopy experiments were performed at room 

temperature and at a pressure of < 2 x 10-9 mbar. The time for either the NEXAFS or 

HRXPS characterization was selected as a compromise between the spectra quality 

and the damage induced by x-rays (Heister et al. '01b; Jäger et al. '97; Wirde et al. 

'97; Zharnikov & Grunze '02). 

 

3.3.3.1 Near Edge X-Ray Fine Structure Spectroscopy 

The near edge x-ray absorption fine structure (NEXAFS) measurements to analyze 

the orientation of the grafted molecules were performed at the HE-SGM beamline of 

the synchrotron storage ring BESSY II in Berlin, Germany. The spectra acquisition 

was carried out at the C 1s absorption edge in the partial electron yield mode with a 

retarding voltage of –150 V. Linear polarized synchrotron light with a polarization 

factor of 92% was used. The energy resolution was about 0.40 eV. The incident 

angle of the light was varied from 90° (E-vector in surface plane) to 20° (E-vector 

near surface normal) in steps of 10° - 20° to monitor the orientational order of the 4-

mercaptobiphenyl (H-MBP) molecules within the monolayer (Shaporenko et al. '03). 

This approach is based on so-called linear dichroism in x-ray absorption, i. e. the 

strong dependence of the cross-section of the resonant photoexcitation process on 

the orientation of the electric field vector of the linearly polarized light with respect to 

the molecular orbital of interest (Stöhr '92). The raw NEXAFS spectra were 

normalized to the incident photon flux with a spectrum of a clean, freshly sputtered 

gold sample. Before the normalization, a spectrum of freshly etched GaAs was 

subtracted from the raw spectrum of 4-mercaptobiphenyl coated GaAs (Frey et al. 

'00; Zharnikov et al. '00).  The energy scale was referenced to the pronounced π1* 

resonance of highly oriented pyrolytic graphite at 285.35 eV (Batson '93). 
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3.3.3.2 High Resolution X-Ray Photoelectron Spectroscopy 

The chemical composition of molecules on the surface can be derived by applying 

synchrotron-based high resolution x-ray photoelectron spectroscopy (HRXPS). This 

method involves irradiation of solids in vacuum with monoenergetic soft x-rays of the 

photon energy hν and sorting the emitted photoelectrons by their kinetic energy Ekin 

(Fig. 3.3) (Wagner et al. '78). The spectrum obtained by the analyzer is a plot of the 

number of emitted photoelectrons per energy interval versus their binding energy Eb, 

which can be described as 
 

 

Eb = hν - Ekin (3.2) 

 

The choice of photon energy hν for every individual spectrum was based on the 

optimization of the photoionization cross-section for the corresponding core level 

(Band et al. '79; Goldberg et al. '81; Yeh & Lindau '85) as well as on adjustment of 

either surface or bulk sensitivity. The energy resolution was better than 100 meV, 

which allows to distinguish between different chemical species and to decompose the 

spectra into the respective components. 
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Figure 3.6 

Principle of x-ray photoelectron process. 
 

The HRXPS measurements were performed at the synchrotron storage ring MAX II 

at MAX-Lab in Lund, Sweden, using the D1011 and I311 beamlines. Both beamlines 
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are equipped with a Zeiss SX-700 plane-grating monochromator and a two-chamber 

UHV experimental station with a SCIENTA analyzer. 

Excitation energies hν of 130 eV were used for measurements of the As 3d narrow 

scan spectra of the untreated (UT), the freshly etched (FE), and the three 4’-

substituted-4-mercaptobiphenyl (X-MBP) coated GaAs. Photon energies hν in the 

range of 200 to 350 eV were used to scan the S 2p spectra of the three X-MBP 

coated GaAs samples. Energy calibration was performed individually for every 

spectrum to avoid effects related to the instability of the monochromator. The energy 

scale was referenced to the pronounced Au 4f "bulk" peak (83.93 eV) of a C12/Au 

sample (Heister et al. '01b). 

The spectra were fitted using Voigt peak profiles and a Shirley background. The high 

energy resolution of the HRXPS and the domination of the As 3d spectra by a single 

doublet enable the decomposition of the parameters (fwhm = 0.65 eV, spin-orbit 

splitting = 0.69 eV, and branching ratio = 3/2) of the doublets, which were used as 

elementary fitting units. The decomposition was carried out self-consistently over the 

entire set of the spectra and the assignments of the individual emissions were 

performed in accordance with literature values (Adlkofer & Tanaka '01; Adlkofer et al. 

'00; Asai et al. '93; Chang et al. '91; Lunt et al. '91; Mao et al. '91; Moulder et al. '92; 

Shin et al. '91; Wagner et al. '78). The binding energies Eb of the individual doublets 

in the As 3d spectra are 41.1 eV (GaAs), 41.8 eV (elemental As, As0) and 42.4 eV 

(As-S). Within the fitting procedure, only the spectral features with visible individual 

components (doublets) were decomposed, whereas the broad, structure-less 

maxima, related to As oxides, were not considered. The resulting accuracy of the 

binding energies (Eb) and fwhm's reported here is 50 meV. These values are 

noticeably higher than the ultimate accuracy of the experimental setup (Heister et al. 

'01a), which is based on the distribution of the resulting fit parameters over the 

spectra of different samples in the same spectral region. 
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3.3.4 Contact Angle Measurement 

Total surface free energies of bare or coated surfaces and their dispersive and polar 

components can quantitatively be estimated by contact angle measurements. 

The contact angles between solid surfaces and liquids can be measured by forming a 

sessile drop (volume ~ 10 µL) at the end of a blunt-ended needle and placing it on 

the substrates. In our study, a G10 contact angle meter (Krüss GmbH, Hamburg, 

Germany) equipped with a CCD camera was used and the measurements were 

carried out in an ambient atmosphere at room temperature. The advancing contact 

angles of water were determined during the continuous growth of a droplet, while the 

receding angles of water were measured during the volume reduction by suction. The 

angle between the droplets and the substrate was determined with the aid of DSA1 

droplet shape analysis program (Krüss GmbH, Hamburg, Germany) with an accuracy 

of ± 2°. Based on Owens-Wendt method (Owens & Wendt '69), the total surface free 

energy γ, as well as the dispersive γs, and polar γp, components were evaluated, 

using the static contact angles of water, diiodomethane, and glycerol and their 

surface free energies given in Table 3.1.  

The overall accuracy throughout the evaluation of surface free energies of the 

samples was within ± 3 mNm-1. 

 

liquid total surface free 

energy γ [mNm-1] 

dispersive component 

γs [mNm-1] 

polar component 

γp [mNm-1] 

water 72.8 26 46.8 

diiodomethane 50.8 44.1 6.7 

glycerol 64 34 30 

Table 3.1 

Total surface free energies γ, dispersive components γs, and polar components, γp of 
water, diiodomethane and glycerol. Taken from the DSA1 droplet shape analysis 
program (Krüss GmbH, Hamburg, Germany). 
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3.3.5 Electrochemical Measurements 

Electrochemical properties of the freshly etched (FE) and the 4’-substituted-4-

mercaptobiphenyl (X-MBP) coated GaAs were systematically characterized by cyclic 

voltammetry and impedance spectroscopy (VoltaLab 40, Radiometer Copenhagen) 

at room temperature. 

The contact area of the surface to the electrolyte was 0.28 cm2, and the volume 

inside the chamber was about 1.5 ml. A Ag/AgCl electrode (Metrohm, Herisau, 

Switzerland) was used as reference electrode, and a Au electrode as the counter 

electrode. Throughout this study, the potential, U(t), was applied versus the Ag/AgCl 

electrode. Instead of using rotating disk electrodes (Hens & Gomes '99; Menezes & 

Miller '83; Uhlendorf et al. '95), a constant flow of the electrolyte was applied to the 

measuring chamber (Fig. 3.7). 
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Figure 3.7 

Measuring chamber for the electrochemical studies: 
a) top view 
b) side view 
c) appearance 
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3.3.5.1 Cyclic Voltammetry 

Electrochemical processes across the interface can be studied by cyclic voltammetry. 

In this method, the current response, I(U), was monitored as a function of the applied 

potential, U(t) (Fig. 3.8). Electrochemical processes across the interface, i.e. charge 

transfer, adsorption, and dissolution, can be determined by the shape and shift of the 

cyclic voltammograms (Bard & Faulkner '80). 

 

A + e- A-

A- - e- A

Umin Umax

Umax

Umin

~v

Time t

first cycle second cycle

a) b)

Figure 3.8 

a) Cyclic potential sweep. 
b) Resulting cyclic voltammogram of reversible charge transfer. 
 

Unfortunately, the GaAs/electrolyte interfaces near neutral pH conditions are 

suffering from coupled and consecutive electrochemical processes, such as (1) 

reduction of an oxidant, (2) oxidation of a reductant, (3) surface passivation by film 

formation, (4) substrate dissolution by external current, and (5) substrate dissolution 

by hole injection of an oxidant (Menezes & Miller '83). Thus, only qualitative 

information is available from cyclic voltammetry. 

In this study, five cycles were measured for freshly etched and 4-mercaptobiphenyl 

(H-MBP) coated GaAs interfaces in the potential range from –1000 mV to +500 mV 

at a scan speed of v = 25 mV s-1. 
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3.3.5.2 Impedance Spectroscopy 

Electrochemical properties of bare and coated substrate/electrolyte interfaces can be 

characterized by impedance spectroscopy (Macdonald '87). 

In this method, a sinusoidal potential U(t) = Ubias + U0 sin(ωt) with a bias potential 

Ubias, frequency ω, and amplitude U0 is applied across the interface, and the current 

response I(t) = I0 sin(ωt + ϕ(ω)) is monitored. 

To consider the relationship between two related sinusoidal signals, U(t) and I(t), 

each can be represented as a phasor, Û and Î, rotating at the same frequency ω. 

Generally, they are not in phase, therefore their phasors will be separated by the 

phase angle, ϕ (Fig. 3.9). 

 

Û
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Figure 3.9 

Relationship between potential and current signals at frequency ω. 
 

The generalized version of Ohm’s law 
 

 

ÎZÛ =  (3.3) 

 

links the potential to the current through a complex resistance iXR −=Z , called 

impedance. 

The absolute value of Z is given by 
 

22|| XRZ +=  (3.4) 
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and the phase angle is  
 

X
R

=ϕtan  (3.5) 

 

Thus, in the polar form, the complex impedance Z can be represented as: 
 

 

ϕieZZ ||=  (3.6) 

 

The impedance spectra can be fitted by using equivalent circuit models. These 

models consist of resistors and capacitors, which represent the individual 

electrochemical properties of the interface. 

In general, a GaAs/electrolyte interface can be represented by the equivalent circuit 

given in Figure 3.10 proposed by Allongue et al. (Allongue & Catchet '85; Horowitz et 

al. '84). 

 

    

Csc

Cgcs

Css

Rs

Rss

Rp

 
Figure 3.10 

Equivalent circuit model of GaAs/electrolyte interface proposed by Allongue et al. 
(Allongue & Catchet '85; Horowitz et al. '84). 

 

The serial resistance Rs corresponds to the Ohmic behavior of electrolytes and 

contacts, while the parallel resistance Rp is attributed to an Ohmic behavior of the 

interface. Css and Rss denote the capacitance and resistance of the surface states. 

Csc is the capacitance of the semiconductor space charge region, and Cgcs is the 

capacitance of Gouy-Chapmann-Stern layer (Bard & Faulkner '80). Our preliminary 
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fitting (Adlkofer & Tanaka '01; Adlkofer et al. '00) showed that it was impossible to 

estimate the contributions from the surface states quantitatively, which might be 

attributed to the relative low density of the surface states (Allongue & Catchet '85; 

Horowitz et al. '84). Consequently, the impedance spectra was analyzed according to 

the simplified equivalent circuit model depicted in Figure 3.11, where capacitance C 

represents the complex interface capacitance and which is used in this study 

(Adlkofer & Tanaka '01; Adlkofer et al. '00). The impedance Z of this circuit model is 

calculated by: 
 

2

2
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)2(1
)2(
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p
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(3.7) 
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Figure 3.11 

Simplified equivalent circuit model used in this study. 
 

For the freshly etched surface, the interface capacitance C can be explained as the 

serial connection of Cgcs and capacitance of the semiconductor space charge region 

Csc: 
 

gcssc

gcssc

CC
CC

C
+

=  

 

(3.8) 

 

Cgcs can be divided into the contribution from Helmholtz layer Ch and that from the 

diffuse layer Cdiff: 
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diffh

diffh
gcs CC

CC
C

+
=  

 

(3.9) 

 

As Ch ≥ 140 µFcm-2 and Cdiff ≥ 0.9 Fcm-2 in our experimental system (Bard & 

Faulkner '80), these contributions could be omitted. Hence, the capacitance of the 

space charge region is the major contribution to the complex interface capacitance C 

(Adlkofer & Tanaka '01; Adlkofer et al. '00). 

Impedance spectra of freshly etched and the three X-MBP coated GaAs and were 

taken between 50 kHz and 1 mHz under sinusoidal potentials with an amplitude of U0 

= 10 mV. To estimate the electrochemical parameters quantitatively from the 

measured impedance data, the whole system was represented by simple ideal 

elements of a simplified equivalent circuit model composed of serial resistance Rs, 

interface capacitance C, and interface resistance Rp (Fig. 3.11). The fitting was done 

by a self-written program and the errors through the data analysis were kept below 

10 %. The spectra were presented by the Bode plot of the absolute value |Z(ω)| and 

the phase ϕ(ω) of the impedance as a function of the frequency ω. 
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4 Optimization of Grafting Conditions 
The quality of the self-assembled monolayer (SAM) of the 4’-substituted-4-

mercaptobiphenyl (X-MBP) on GaAs strongly depends on the grafting conditions 

(solvent, concentration, reaction time and temperature). Impacts of solvents were 

firstly examined by carrying out the grafting reaction of 4-mercaptobiphenyl (H-MBP) 

in three different solvents (dimethylformamid, toluene, ethanol) at 20 °C for 20 h. The 

quality of the resulted SAMs was obtained by measuring the ellipsometric thickness d 

and the interface resistance Rp immediately after the grafting (t = 0 h) and after 2 h (t 

= 2 h) by impedance spectroscopy. At the next step, the monolayers prepared at 

different reaction temperatures, i.e. 20 °C, 35 ºC, and 50 ºC were compared. These 

results gave the optimal grafting conditions 0.1 mM X-MBP in ethanol at 50 °C for 20 

h used, in this study. 

 

4.1 Impact of Solvents 
The surface characteristics of the surfaces prepared by three different solvents 

(dimethylformamid (DMF), toluene and ethanol) at 20 °C are summarized in Table 

4.1. 

 

solvent ellipsometric 
thickness d [Å]

Interface resistance 

Rp at t = 0 h [MΩcm2] 

Interface resistance 

Rp at t = 2 h [MΩcm2] 

DMF 2 0.61 1.3 

toluene 6 1.3 1.9 

ethanol 6 1.6 2.1 

Table 4.1 

4-mercaptobiphenyl (H-MBP) layers were grafted in dimethylformamid (DMF), 
toluene, and ethanol at 20 °C. for 20 h. Ellipsometric thickness d, interface 
resistance Rp shortly after grafting (t = 0 h), and after 2 h (t = 2 h) measured by 
impedance spectroscopy. Note that all the layers showed electrochemical 
instability monitored by impedance spectroscopy. 

 

As presented in the Table, the reaction in DMF resulted in a very poor coating, where 

the ellipsometric thickness was merely 2 Å. The interface resistance was increased 
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by a factor of 10 from that of freshly etched (FE) GaAs (Chap 6.3: Rp(FE, t = 0 h) = 

64 kΩ cm2), however, the impedance spectra were not stable. Using toluene and 

ethanol as solvents, the surface coverage was remarkably improved. Ellipsometric 

thickness amounted to 6 Å, and the interface resistance increased up to more than 1 

MΩcm2. The instability in impedance spectra could still be observed, but the drift was 

much smaller in comparison to the one prepared in DMF. Based on the highest 

interface resistance obtained, we chose ethanol as the solvent. Nevertheless, the 

impedance spectra of the sample prepared in ethanol showed a clear instability. The 

concentration of H-MBP (e.g. 1 mM) as well as the reaction time (e.g. 40 h) was 

increased, but these often resulted in heterogeneous and obviously too thick layers 

(d > 16 Å), suggesting the formation of multilayers. 

 



4 Optimization of Grafting Conditions  27 

 

4.2 Impact of Temperature 
At the next step, the 4-mercaptobiphenyl (H-MBP) monolayers prepared in ethanol at 

different reaction temperatures, i.e. 20 °C, 35 ºC, and 50 ºC were compared (Table 

4.2). The samples coated at 20 °C and at 35 ºC did not exhibit any clear differences 

in ellipsometric thickness (5, 6 Å), and showed similar shifts in interface resistance Rp 

from approx. 1.7 to 2.1 MΩcm2 in 2 h. On the other hand, the sample prepared at    

50 °C showed clear increase in thickness (10 Å) and in the interface resistance,     

3.2 MΩcm2. In fact, this resistance remained stable for more than 20 h, as presented 

in Chapter 6.3. Noticeable, further increasing the preparation temperature to 60 °C 

did not increase the quality of the layer. 

 

temperature 
T [°C] 

ellipsometric 
thickness d [Å] 

interface resistance 

Rp at t = 0 h [MΩcm2] 

interface resistance 

Rp at t = 2 h [MΩcm2] 

20 6 1.6 2.1 

35 5 1.8 2.0 

50 10 3.2 3.2 

Table 4.2 

Effects of reaction temperature on ellipsometric thickness d, and interface 
resistance Rp at t = 0 h and t = 2 h. Here, the reactions were carried out in dry 
ethanol for 20 h. Although there were almost no differences between the samples 
prepared at r.t. and at 35 °C, the grafting at 50 °C resulted in an improved surface 
coating. 

 

These results gave the optimal grafting conditions 0.1 mM X-MBP in ethanol at 50 °C 

for 20 h, which were used for the following studies. 
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5 Structural Analysis in Dry States 
Various surface sensitive techniques in dry states have been applied to analyze the 

gallium arsenide (GaAs) surface after the etching and grafting of the self-assembed 

monolayers (SAMs) of 4’-substituted-4-mercaptobiphenyl (X-MBP). 

The surface topography was measured by atomic force microscopy (AFM). The 

thickness of the SAM was evaluated by ellipsometry. From near edge x-ray 

adsorption fine structure (NEXAFS) spectroscopic studies the tilt of the 4-

mercaptobiphenyl (H-MBP) molecules was obtained. The covalent attachment of the 

sulfide to the surface arsenide was confirmed by high resolution x-ray spectroscopy 

(HRXPS). 

 

5.1 Surface Topography 
 

    

2.4

1.2

0
200 nm

a) untreated (UT)

200 nm

 b) freshly etched (FE)

 
Figure 5.1 

Tapping mode AFM images of (a) untreated (UT, rms roughness 2.8 Å) and (b) 
freshly etched (FE, 3.3 Å) GaAs. 

 

Surface topography of a GaAs [100] substrate was characterized by atomic force 

microscopy (AFM) at several different locations within an area of 1 µm2. The 

untreated (UT) GaAs surface with native oxide showed a rms roughness of 2.8 Å 

(Fig. 5.1 a). The corresponding value after the HCl stripping was slightly increased to 

3.3 Å (Fig. 5.1 b), suggesting the surface roughening due to wet chemical etching. 
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Figure 5.2 

Tapping mode AFM images of GaAs coated with 
a) 4-mercptobiphenyl (H-MBP, rms roughness 3.5 Å), 
b) 4’-methyl-4-mercaptobiphenyl (CH3-MBP, 3.1 Å) and 
c) 4’-hydroxy-4-mercaptobiphenyl (HO-MBP, 2.7 Å). 

 

Figure 5.2 shows the tapping mode AFM images of GaAs coated with (a) 4-

mercaptobiphenyl (H-MBP), (b) 4’-methyl-4-mercaptobiphenyl (CH3-MBP) and (c) 4’-

hydroxy-4-mercaptobiphenyl (HO-MBP) monolayers. The rms roughness values 

within the scanned area were 3.5 Å for the GaAs with H-MBP (Fig. 5.2 a), 3.1 Å for 

the GaAs with CH3-MBP (Fig. 5.2 b) and 2.7 Å for the GaAs with HO-MBP (Fig. 5.2 

c). The grafting reactions resulted in a rms roughness comparable to that of a freshly 

etched surface, i.e. that grafting reactions did not increase the surface roughness. 
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5.2 Film Thickness 
The thicknesses of the 4’-substituted-4-mercaptobiphenyl (X-MBP) layers were 

determined by ellipsometry. A reproducible value of 10 ± 2 Å was determined. This 

suggests the grafting of a monolayer. Experimental errors in the obtained thickness 

are mostly due to the chemical instability of the freshly etched GaAs, which makes 

the background measurements difficult. Nevertheless, it should be pointed out that 

the obtained ellipsometric parameters (Ψ and ∆) were reproducible after more than 

one week, confirming the chemical stability of the coated surface. There are several 

reports on the thickness of 4-mercaptobiphenyl (H-MBP) monolayer on gold 

measured by ellipsometry. For example, Tao et al. estimated the thickness of 9.4 Å 

(Tao et al. '97), while Kang et al. reported 14 Å (Kang et al. '01). It should be noted 

that both of these studies assumed the smaller refractive index of 1.462 for the 

monolayer, which is a typical value for alkyl chains (Lide '97). The refractive index of 

bulk biphenyl n = 1.588 (Weast '70) was chosen for the analysis, which might result 

in a slightly different monolayer thickness. Previously, Geyer et al. determined an 

average tilt angle between the phenyl ring and the Au surface normal by near edge x-

ray absorption fine structure (NEXAFS) spectroscopy of 15 ± 5° (Geyer et al. '99). 

Thus, the deviation between the obtained thickness and the corresponding values on 

Au can be related either to (a) different refractive indices chosen for the data 

analysis, or to (b) different orientation of the biphenyl backbones on GaAs and on Au. 

The obtained thickness showed reasonable agreement with those reported on metal 

surfaces, suggesting the deposition of monolayers with a small tilt angle to the 

surface normal (Chapter 5.3.1). 
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5.3  Molecular Orientation and Chemical Composition 
From near edge x-ray adsorption fine structure (NEXAFS) spectroscopy studies the 

molecular orientation of the 4-mercaptobiphenyl (H-MBP) was evaluated.  

Changes in chemical composition of GaAs before and after grafting of 4’-substituted-

4-mercaptobiphenyl (X-MBP) were studied by high resolution x-ray photoelectron 

spectroscopy (HRXPS). 

 

5.3.1 Molecular Orientation 

The orientation of the 4-mercaptbiphenyl (H-MBP) molecules on the GaAs surface 

was measured with an aid of near edge x-ray adsorption fine structure (NEXAFS) 

spectroscopy. 

The C 1s NEXAFS spectra of (broken line) freshly etched (FE) and (solid line)         

H-MBP coated GaAs taken at so-called magic angle of x-ray incidence (θ = 55°) and 

divided by the spectrum of clean Au are presented in Figure 5.3 (Shaporenko et al. 

'03). 
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Figure 5.3 

C 1s NEXAFS spectra of (broken line) freshly etched (FE) and (solid line) 
4-mercaptobiphenyl (H-MBP) coated GaAs divided by the spectrum of clean Au. 
The spectra are acquired at an angle of x-ray incidence θ = 55°. 
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The spectra acquired at the magic angle exclusively reflect the electronic structure of 

the unoccupied molecular orbitals of the investigated films and are not affected by 

the angular dependence of the absorption cross-sections (Stöhr '92). The FE GaAs 

(Fig. 5.3 broken line) reveals an absorption structure, which can be related to carbon 

contamination in the near-surface region. The spectra of H-MBP coated GaAs (Fig. 

5.3 solid line) exhibit additional absorption maxima, which are characteristic for intact 

aromatic rings. In particular, a distinct π1* resonance at a photon energy of 285.2 eV 

is dominant and the entire NEXAFS spectra exhibit a shape characteristic for self-

assembled monolyers (SAMs) of aromatic compounds (Frey et al. '01; Fuxen et al. 

'01; Geyer et al. '99; Himmel et al. '98; Zharnikov & Grunze '01). 

The normalized (Chapter 3.3.3.1) spectra of H-MBP coated GaAs for different 

incident angles of x-rays θ are shown in Figure 5.4 (Shaporenko et al. '03). Along 

with the π1* resonance, they reveal other characteristic absorption maxima of the 

carbon atoms in the H-MBP molecules (Frey et al. '01; Fuxen et al. '01; Geyer et al. 

'99; Himmel et al. '98; Zharnikov & Grunze '01), such as R*/C-S* resonances at 

photon energies of 287.25 eV and 287.75 eV (Horsley et al. '85; Stöhr & Outka '87; 

Weiss et al. '98), a π2* resonance at a photon energy of 288.9 eV (there is also an 

alternative σ∗(CH) assignment for this resonance) (Agren et al. '95; Yokoyama et al. 

'90), and σ* resonances at photon energies of ≈ 293.0 eV and ≈ 300.0 eV. The 

absorption edge is presumably located at a photon energy of ≈ 287 eV (Frey et al. 

'01; Geyer et al. '99; Himmel et al. '98). 

As seen in Figure 5.4, the intensities of the π1
∗ resonances vary strongly when the 

angle of incidence of the x-rays θ is changed (Shaporenko et al. '03). The 

pronounced linear dichroism suggests a high orientational order for the H-MBP 

monolayers on GaAs. In addition, the increase in the π1
∗ resonance intensity with 

increasing incident angle implies an upright orientation of the biphenyl moieties 

because the transition dipole moment of the π1
∗ resonances is perpendicular to the 

ring plane. 
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Figure 5.4 

Normalized C 1s NEXAFS spectra of a 4-mercaptobiphenyl coated GaAs sample 
acquired at angles of x-ray incidence θ  of 70°, 55°, 30°, and 20°. 

 

Additional for the qualitative conclusions on the orientational order in the H-MBP 

monolayer on GaAs, a value of the average tilt angle of the aromatic chains in these 

systems can be obtained by a quantitative analysis of the angular dependence of the 

NEXAFS resonance intensities (Stöhr '92). For this analysis, the π1
∗ resonance was 

selected as the most intense and distinct resonance in the absorption spectra of H-

MBP coated GaAs.  

For the H-MBP, the intensity I of the π1
∗ resonance is related to the average tilt angle 

α of the π1
∗ orbital with respect to the surface normal and the x-ray incidence angle θ 

by (Stöhr '92) 
 

)1cos3()1cos3(1)( 22
2
1 −⋅⋅−⋅⋅+∝ αθαI  

 

(5.1) 
 

which is a standard expression for a vector-type orbital. The term cos2α in Equation 

5.1 can be expressed through the twist angle ϑ of the aromatic rings with respect to 

the plane spanned by the surface normal and the molecular axis and through the 

average tilt angle ϕ of the molecular axis with respect to the surface normal by (Rong 

et al. '01) 
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ϕϑα sincoscos ⋅= . 

 

(5.2) 
 

Here, a planar conformation of the biphenyl moieties (the dihedral angle is equal to 

zero) within the densely packed SAMs is assumed in accordance with literature data 

for crystalline biphenyl (Lii & Allinger '89) and thioaromatic self-assembled 

monolayers on Au (Himmel et al. '98). 

Consequently, the average tilt angle ϕ of the molecular axis for a known twist angle 

ϑ is defined by 
 

)1sincos3()1cos3(1),( 222
2
1 −⋅⋅⋅−⋅⋅+∝ ϕϑθϕϑI . 

 

(5.3) 
 

Assuming a herringbone arrangement of H-MBP molecules like in the aromatic SAMs 

on Au (Chang et al. '94; Dharani et al. '96; Himmel et al. '98), two different spatial 

orientations of the biphenyl moieties with reverse twist angles ϑ1 = -ϑ2 and the same 

tilt angles ϕ1 = ϕ2 were achieved. In this particular case, the contributions of each 

spatial orientation to the resonance intensity (Eq. 5.3) are the same and Equation 5.3 

can be used for the data evaluation without any modification. 

To avoid normalization problems, the absolute intensities were not analyzed, but the 

intensity ratios I(θ)/I(20°), where I(θ) is the intensity of the π1
∗ resonance at an x-ray 

incidence angle θ  (Stöhr '92; Stöhr & Outka '87). In addition, same twist angle ϑ = 

32° for the biphenyl moieties in 4-mercaptobiphenyl monolayers on GaAs as found 

for thioaromatic bulk materials was assumed (Cruickshank '56; Kitaigorodskii '61; 

Trotter '61). This assumption is based on theoretical estimations for the molecular 

arrangements in biphenyl and naphthalene mercaptan films on Au (Chang et al. '94) 

and on the experimental data for a series of oligo(phenylethynyl)benzenethiols 

(Dharani et al. '96). 

The results of the NEXAFS data analysis are presented in Figure 5.5, where the 

angular dependence of the π1
∗ resonance intensity ratio I(θ)/I(20°) for H-MBP coated 

GaAs is depicted (Shaporenko et al. '03), along with theoretical dependencies (solid 

and broken lines) for several selected average tilt angles ϕ of the biphenyl moieties in 

the H-MBP film. 
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Figure 5.5 

The angular dependencies of the π1
∗ resonance intensity ratio I(θ)/I(20°) for a H-

MBP coated GaAs sample. For comparison, the theoretical dependencies for two 
selected average tilt angles (ϕ = 35° and ϕ = 29°)  of the π1

∗ orbital are added as 
broken lines. The best fit (ϕ = 31.4°) is marked by the solid line. 

 

As can be seen in Figure 5.5, the experimental points could be best-fitted with the 

theoretical curve corresponding to the tilt angle of ϕ  = 31 ±  5° (the large error are 

mostly related to the uncertainty in the value of the twist angles ϑ) (Shaporenko et al. 

'03). This angle is slightly larger than the respective values for H-MBP SAMs on 

noble metal substrates (23° for Au and 18° for Ag) (Frey et al. '01), but quite close to 

the corresponding angle for SAMs formed from 4-hydroxy-1,1'-biphenyl on 

hydrogenated Si (111) substrates (28.7°) (Zharnikov et al.). Note that the same 

assumptions concerning the 2D-arrangements of the biphenyl moieties have been 

made for H-MBP on Au and on Ar (Frey et al. '01), and 4-hydroxy-1,1'-biphenyl on 

hydrogenated Si (Zharnikov et al.), which allows the direct comparison of the derived 

tilt angles. 
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5.3.2 Chemical Composition 

The chemical composition of the grafted 4’-substituted-4-mercaptobiphenyl (X-MBP) 

on the GaAs surface was studied by high resolution x-ray photoelectron spectroscopy 

(HRXPS). 

Figure 5.6 shows the As 3d HRXPS spectra of (a) untreated (UT) and (b) freshly 

etched (FE) GaAs (Shaporenko et al. '03). 
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Figure 5.6 

As 3d HRXPS spectra of (a) untreated (UT) and (b) freshly etched (FE) GaAs. 
The spectra are acquired at a photon energy of hν = 130 eV. A decomposition of 
distinct spectral features by doublets related to individual chemical species is 
shown: light gray, GaAs; gray, elemental As (As0); The shoulders at the high 
binding energy side of the shadowed doublets correspond to As oxides (AsOx). 
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Figure 5.7 

S 2p HRXPS spectra of GaAs coated with 
a) 4-mercaptobiphenyl (H-MBP), 
b) 4’-methyl-4-mercaptobiphenyl (CH3-MBP) and 
c) 4’-hydroxy-4-mercaptobiphenyl (HO-MBP). 
Different photon energies hν were used. A dominant doublet at 162.6 eV (S 2p) 
suggests the presence of thiolate on the surface. 

 

The photon energy of hν = 130 eV corresponds to a penetration depth of only 2 nm 

(Lindau & Spicer '74; Powell '74) allowing to evaluate the chemical composition of the 
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topmost layers. The spectra can be decomposed into the individual contributions 

related to stoichiometric GaAs (light gray, 41.1 eV), elemental arsenide (As0, gray, 

41.8 eV) and a broad peak at a high binding energy (~ 44 eV), which can be 

assigned to arsenide oxide (AsOx). In the UT GaAs the arsenide oxide is quite 

dominant, but by the etching process it is drastically reduced to approximately 16 % 

(Shaporenko et al. '03).  

The S 2p core level spectra of GaAs coated with 4’-substituted-4-mercaptobiphenyl 

(X-MBP) measured at different photon energies hν are presented in Figure 5.7 

(Shaporenko et al. '03). A dominant S 2p doublet at a binding energy of 162.6 eV (S 

2p) is characteristic for thiolate species and verifies the covalent attachment of X-

MBP onto GaAs (Heister et al. '01b; Himmelhaus et al. '98; Laibinis et al. '91; 

Zharnikov & Grunze '01). A minor contribution at 161.7 eV was also observed for 

GaAs with X-MBP monolayers and can be attributed either to atomic sulfur (S 2p) 

(Heister et al. '01b; Ishida et al. '99; Takiguchi et al. '00; Yang & Fan '02) or Ga 3s 

emission (Moulder et al. '92). 

Figure 5.8 represents the As 3d core level spectra of GaAs coated with (a) 4-

mercaptobiphenyl (H-MBP) (Shaporenko et al. '03), (b) 4’-methyl-4-mercaptobiphenyl 

(CH3-MBP) and (c) 4’-hydroxy-4-mercaptobiphenyl (HO-MBP), respectively. Again, 

due to the small photon energy (hν = 130 eV) these spectra are mainly 

representative for GaAs surface. The spectra can be decomposed into individual 

contributions related to stoichiometric GaAs (light gray, 41.1 eV), elemental arsenide 

(gray, 41.8 eV, As0), and arsenide bound to sulfur (black, 42.4 eV, AsS). The 

presence of the latter component also provides a clear evidence for the covalent 

attachment of X-MBPs to surface arsenides (Shaporenko et al. '03). 

In addition to the above mentioned spectral components, there is a broad shoulder at 

a high binding energy (~ 44 eV) in Figure 5.8, which can be assigned to arsenide 

oxide (AsOx). The respective extent of oxidation was comparable to that of a FE 

GaAs (Fig. 5.6 b, approx. 15-18 %), although the samples were kept for several days 

in ambient atmosphere after the grafting reaction. Thus, it can be concluded that all 

three X-MBPs protect the GaAs surface from further oxidation (Shaporenko et al. 

'03). 
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Figure 5.8 

As 3d HRXPS spectra of GaAs coated with (a) H-MBP, (b) CH3-MBP, and (c) HO-
MBP. The Spectra are acquired at a photon energy of hν = 130 eV. A 
decomposition of distinct spectral features by doublets related to individual 
chemical species is shown: light gray, GaAs; gray, elemental As, As0; black, As 
bound to sulfur, AsS. The shoulders at the high binding energy side of the 
shadowed doublets correspond to As oxides (AsOx). The appearance of the 
sulfur bonded As (black) confirmed the covalent attachment of X-MBP 
monolayers. 
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6 Stability and Properties in Electrolyte 
Systematic studies of the passivation of GaAs surfaces by self-assembled 

monolayers (SAMs) of 4’-substituted-4-mercaptobiphenyl (X-MBP) under 

physiological electrolyte are presented in the following. 

Total surface free energies of etched and X-MBP covered GaAs surfaces and their 

dispersive and polar components were quantitatively estimated by contact angle 

measurements. Oxidation and reduction across the GaAs/4-mercaptobiphenyl (H-

MBP) interface were measured by cyclic voltammetry. Electrochemical stability and 

properties of the GaAs/electrolyte and the three GaAs/4’-substituted-4-

mercaptobiphenyl (X-MBP) monolayer/electrolyte interfaces were characterized by 

impedance spectroscopy. 

 

6.1 Wetting and Surface Free Energy 
From contact angle measurements the total surface free energy of the freshly etched 

(FE) and 4’-substituted-4-mercaptobiphenyl (X-MBP) coated GaAs surface and their 

dispersive and polar components were quantitatively estimated. 

 

Sample static 
water 
θH2O [°] 

advancing
water 
θadv [°] 

receding
water 
θrec [°] 

static 
diiodomethane 

θdii [°] 

static 
glycerol
θgly [°] 

freshly etched 41 46 17 18 41 

4-mercaptobiphenyl 77 85 62 34 70 

4’-methyl- 

4-mercaptobiphenyl 

77 89 63 46 71 

4’-hydroxy- 

4-mercaptobiphenyl 

60 64 42 26 43 

Table 6.1 

Static, advancing and receding contact angle of water and static contact angle of 
diiodomethane and glycerol contact angles of the measured samples. 
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In Table 6.1 the static water contact angle of freshly etched (FE) GaAs is given, 

θH2O(FE) = 41°. The advancing and receding contact angles were θadv(FE) = 46° and 

θrec(FE)  = 17°, respectively. Such a high hysteresis θhys(FE) = θadv(FE) – θrec(FE) = 

29° could be attributed to the surface heterogeneity (roughness) caused by etching 

as well as to the rapid oxidization of native (i.e. freshly etched) GaAs surface.  

Deposition of 4-mercaptobiphenyl (H-MBP), 4’-methyl-4-mercaptobiphenyl (CH3-

MBP) and 4’-hydroxy-4-mercaptobiphenyl (HO-MBP) resulted in the static water 

contact angles of θH2O(H-MBP) = 77°, θH2O(CH3-MBP) = 77° and θH2O(HO-MBP) = 

60°, respectively. The value obtained here is comparable to the corresponding values 

previously reported on Au [111] and Ag [111] grains, 70 ~ 85º (Kang et al. '98; Kang 

et al. '01; Tao et al. '97). Hysteresis for all measured substrates were comparable; 

θhys(FE) = 29°, θhys(H-MBP) = 23°, θhys(CH3-MBP) = 26° and θhys(HO-MBP) = 22°. As 

observed by AFM, roughness rms values of the freshly etched and coated GaAs 

surfaces were comparable (Chapter 5.1). Thus, it is plausible that the observed 

hysteresis arises from the roughness of the substrates. In fact, similar hysteresis (~ 

20º) was also found for the same monolayers on Au surfaces prepared by 

evaporation at room temperature (Kang et al. '01). 

 

sample total surface 
free energy 

γ [mNm-1] 

dispersive 
component 

γs [mNm-1] 

polar component 

γp [mNm-1] 

freshly etched 54 27 27 

4-mercaptobiphenyl 41 38 3 

4’-methyl- 

4-mercaptobiphenyl 

35 30 5 

4’-hydroxy- 

4-mercaptobiphenyl 

48 33 15 

Table 6.2 

Total surface free energies.γ, dispersive components γs, and polar components γp of 
measured substrates. 
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Table 6.2 gives the calculated surface free energies (Cap. 3.3.4) for the measured 

GaAs surfaces. Total surface free energies of GaAs coated with H-MBP and CH3-

MBP were calculated to γ(H-MBP) = 41 mNm-1 and γ(CH3-MBP) = 35 mNm-1, 

respectively, indicating that the surfaces were rendered hydrophobic. The dispersive 

and polar components of the free energy could be obtained as γs(H-MBP) =             

38 mNm-1, γs(CH3-MBP) = 30 mNm-1, γp(H-MBP) = 3 mNm-1 and γp(CH3-MBP) =        

5 mNm-1, respectively. Coating of GaAs with HO-MBP resulted in a more hydrophilic 

surface, whose total surface free energy was γ(HO-MBP) = 48 mNm-1. The dispersive 

and polar components of the engineered surface could also be calculated as γs(HO-

MBP) = 33 mNm-1 and γp(HO-MBP) = 15 mNm-1, respectively. 

In comparison to the surface free energies of the same X-MBPs on Au surfaces, γ(H-

MBP) = 50.5 mNm-1, γ(CH3-MBP) = 40 mNm-1 and γ(HO-MBP) = 68 mNm-1 (Kang et 

al. '98; Kang et al. '01), the total surface free energies obtained here are smaller. This 

can partially be explained by the different tilt angles that biphenyl backbones take 

with respect to the surface normal: e.g. θ ~ 31° on GaAs (Chapter 5.3.1) 

(Shaporenko et al. '03) and θ < 20° on Au for H-MBPs (Frey et al. '01; Kang et al. '01; 

Leung et al. '00). In fact, the lattice spacing of As on GaAs [100] surface (5.6 Å) is 

larger than that for Au on Au [111] (~ 5.0 Å), suggesting the different grafting 

densities on these two surfaces. Even though the absolute values of free energies 

are different, the calculated dispersive and polar components on GaAs showed a 

good agreement with the previous results on Au (Kang et al. '98; Kang et al. '01), that 

is, the functional groups influence the polar components but not the dispersive 

components. 
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6.2 Electrochemical Processes across the Interface 
Electrochemical processes across the GaAs/4-mercaptobipheny (H-MBP) interface 

were studied by cyclic voltammetry. 

The first scan of cyclic voltammograms of freshly etched (FE, 1 min in HCl) GaAs is 

presented as a broken line in Figure 6.1, exhibiting a large oxidation at anodic 

potentials. In comparison to our previous results from the “photoetched” surface 

coated with amorphous arsenide layer (Adlkofer et al. '00), the maximum oxidation 

current of the bare GaAs was about 2 - 3 times larger. On the other hand, the 

reduction at the GaAs/electrolyte interface was smaller. 

 

    

H-MBP coated

FE

 
Figure 6.1 

The first scan of cyclic voltammograms of (broken line) freshly etched (FE) GaAs 
and (solid line) 4-mercaptobiphenyl (H-MBP) coated GaAs. Each voltammogram 
was measured in 10 mM phosphate buffer with 10 mM NaCl (pH = 7.5) within the 
potential range between -1000 mV and +500 mV at a constant rate of 25 mV s-1. 
Current across the interface was suppressed by deposition of 4-mercaptobiphenyl 
monolayers. 

 

As the current across the interface was almost zero between -550 mV and -250 mV, 

a bias potential Ubias = -350 mV for the following impedance spectroscopy 

experiments was chosen, which is not only close to the middle of this potential range 

but also almost at the same condition as in the previous studies (-360 mV) (Adlkofer 
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& Tanaka '01; Adlkofer et al. '00). Global shapes of the current-voltage scans were 

also different after each bias sweep, corresponding to the electrochemical instability 

of bare GaAs surfaces. 

In contrast, current across the interface was dramatically suppressed by deposition of 

H-MBP monolayers (Fig. 6.1, solid line). Here, the H-MBP monolayer blocks the 

access of aqueous electrolytes to the GaAs electrode. Furthermore, it should be 

noted that the current signals after H-MBP coating was significantly smaller than 

those measured after octadecylthiol coatings (Adlkofer et al. '00), suggesting better 

insulating properties of H-MBP. 
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6.3 Stability and Interface Properties 
Electrochemical stability and properties of the GaAs/electrolyte and the three 

GaAs/4’-substituted-4-mercaptobiphenyl (X-MBP) monolayer/electrolyte interfaces 

were characterized by impedance spectroscopy. 

Figure 6.2 shows the impedance spectra, i.e. plots of absolute impedance and phase 

shift versus applied frequency, of bare GaAs ( , ) shortly after etching and       

( , ) after 21 h. As the freshly etched (FE) GaAs were highly unstable, the first 

several spectra were measured in a smaller frequency range from 50 mHz to 50 kHz. 

Impedance spectra revealed a continuous and irreversible drift in 21 h. 
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Figure 6.2 

Absolute impedance ( ) and phase shift ( ) of bare GaAs shortly after etching 
and after 21 h ( , ), plotted as a function of applied frequency. Due to rapid 
surface decomposition, the first several spectra were measured from 50 mHz to 
50 kHz. In 10 mM phosphate buffer with 10 mM NaCl (pH = 7.5) the spectra 
revealed a continuous drift in 21 h. 

 

On the other hand, impedance spectra of 4-mercaptobiphenyl (H-MBP), 4’-methyl-4-

mercaptobiphenyl (CH3-MBP), and 4’-hydroxy-4-mercaptobiphenyl (HO-MBP) coated 

GaAs were stable within the frequency range between 1 mHz and 50 kHz for more 

than 20 h (Fig. 6.3). 
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Figure 6.3 

Impedance spectra of GaAs coated with (a) H-MBP, (b) CH3-MBP, and (c) HO-
MBP. Absolute impedance ( ) and phase shift ( ) of the first measurement and 
after measured for 21 h ( , ) in 10 mM phosphate buffer with 10 mM NaCl (pH 
= 7.5), plotted as a function of applied frequency. Spectra were reproducible 
within a wide frequency range between 1 mHz and 50 kHz for more than 20 h. 
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Interface resistance Rp, and interface capacitance C, can be calculated from the 

measured spectra using the simplified equivalent circuit model (Fig. 3.11). Changes 

in the interface resistance and capacitance versus time were plotted for GaAs coated 

with ( ) H-MBP, ( ) CH3-MBP and ( ) HO-MBP in Figure 6.4 a and 6.4 b, 

respectively. For comparison, the corresponding results ( ) for FE GaAs are also 

given in the Figure. 
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Figure 6.4 

Changes in (a) interface resistance Rp and (b) interface capacitance C versus 
time for GaAs functionalized with ( ) H-MBP, ( ) CH3-MBP and ( ) HO-MBP. In 
contrast to FE GaAs ( ), deposition of monolayers resulted in stabilization of 
GaAs/electrolyte interface for more than 20 h. The lines are given to guide the 
eye. 

 

As can be seen, freshly etched GaAs exhibited a continuous increase in interface 

resistance from Rp(FE, t = 0 h) = 64 kΩ cm2 (first measurement) to Rp(FE, t = 21 h) = 
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0.46 MΩ cm2 at t = 21 h. Interface capacitance also decreased continuously from 

C(FE, t = 0 h) = 1.9 µF cm-2 to C(FE, t = 21 h) = 0.69 µF cm-2, reflecting the formation 

of an insoluble surface layer (Menezes & Miller '83). In contrast, GaAs functionalized 

with three types of 4’-substituted-4-mercaptobiphenyls (X-MBPs) showed stable 

interface resistances (within the fit error of 10 %) for more than 20 h, Rp(H-MBP) = 

3.2 MΩ cm2, Rp(CH3-MBP) = 4.2 MΩ cm2 and Rp(HO-MBP) = 2.3 MΩ cm2. The 

comparison of these values to that of FE GaAs, Rp(FE, t = 0 h) = 64 kΩ cm2 implies 

that the deposition of a X-MBP monolayer caused a significant increase in interface 

resistance by a factor of 50 ± 15. Noteworthy, the interface resistance is highest for 

the most hydrophobic coating (Chapter 6.1) and lowest for the most hydrophilic one. 

As can be seen in Figure 6.4 b, the monolayer-coated GaAs also showed very stable 

interface capacitance (within the fit error of 10 %), C(H-MBP) = 0.45 µF cm-2, C(CH3-

MBP) = 0.83 µF cm-2 and C(HO-MBP) = 0.75 µF cm-2. This coincides with the results 

from cyclic voltammetry experiments (Chapter 6.2), showing that the X-MBP 

monolayer blocks electrochemistry at the interface effectively.  

The results obtained here also confirmed that all three of the functional X-MBP 

monolayers can realize effective passivation against electrochemical degradation in 

electrolytes. Furthermore, the aromatic backbones can be cross-linked with low 

energy electrons (Geyer et al. '99), which is promising to realize even more stable 

surface coating in aqueous electrolytes. 
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7 Functionalized GaAs-Based 2DEG Device 
After the systematic studies of the X-MBP monolayers on bulk GaAs in air and under 

physiological electrolytes this system was transferred to a GaAs surface of a device 

with a two-dimensional electron gas (2DEG) near the surface (d = 60 nm). The 

different dipole moments of the grafted 4-mercaptobiphenyl (H-MBP), 4’-hydroxy-4-

mercaptobiphenyl (HO-MBP), and 4’-methyl-4-mercaptobiphenyl (CH3-MBP) 

molecules were detected by means of a change in the lateral resistance. The system 

showed sensitivity for the different dipole moments of the solvent molecules and 

appeared stable against organic solvents. Furthermore, the 2DEG resistance of the 

H-MBP coated sample was stable under physiological electrolyte for more than three 

hours. The processing and measurements were done at the Walter Schottky Institute, 

TU München in close cooperation with S. Luber (Luber et al. in print; Luber et al. '02). 

Moreover, the same strategy can directly be transferred onto various semiconductor 

heterostructures in the proximity of GaAs surfaces, such as near-surface quantum 

dots (QDs) (Adlkofer et al. '02; Duijs et al. '01), which might realize the design of 

sensors on electro-optical devices. 

 

7.1 System and Device 

7.1.1 The Two-Dimensional Electron Gas System 

The band structure of a GaAs/AlGaAs heterostructure is shown in Figure 7.1. A 

triangular potential well is formed at the inner interface between the AlGaAs and 

GaAs layer which, when filled with electrons, acts as a two-dimensional electron 

system. By doping the AlGaAs layer with an electron donor like silicon (Si), electrons 

diffuse to the considerably lower seated potential well and stay there confined in z-

direction and freely moveable in the x-y plane. The z-confinement causes a energy 

quantization and thus the formation of subbands. At low temperatures, only the 

lowest subband is occupied and the system is called a "two-dimensional electron 

gas" (2DEG). At higher temperatures usually several subbands are partially filled and 

the correct denotation for the system is "quasi two-dimensional electron gas". In the 

rest of the present work this distinction will not be made. At higher temperatures the 

possibility that electrons are thermally excited to the potential well formed by the 
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dopant atoms must also be considered. This can complicate the situation as two 

conductive channels have to be taken into account at the same time, both featuring 

different electron mobilities. 
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Figure 7.1 

Calculated (nextnano3, Walter Schottky Institute, TU München) conduction band 
edge (CB, solid line) and electron density (n, broken line) of the 2DEG system 
near the surface (d = 60 nm) at 295 K. The Si-δ-doping can be identified by the V-
like notch in the conduction band at 30 nm depth. The Fermi energy level (EF) is 
given by the dashed line. 

 

7.1.2 Device 

GaAs/AlGaAs heterostructures containing a 2DEG 60 nm beneath the surface were 

grown by molecular beam epitaxy (MBE) and patterned into Hallbar-like mesa 

structures by standard lithographic techniques, wet chemical etching and annealing 

of NiGeAu Ohmic contacts (Fig. 7.2). As a reference, on some of the samples TiAu 

Schottky gates were deposited (Luber et al. in print; Luber et al. '02). 

Lateral resistance measurements in ambient conditions (at square resistances of the 

order of a few kΩ) were performed in a 4-terminal resistance setup, imposing a 

constant current of 1 µA between source and drain and recording the resulting 



7 Functionalized GaAs-Based 2DEG Device 51 

 

potential drop between two probes. Measurements under wet conditions close to 

transistor channel pinch-off (high lateral resistance) were performed in a two-terminal 

setup by biasing source to drain with a constant DC potential of 100 mV and 

recording the resulting current (Fig. 7.2). 

A specifically designed flow chamber restricted the exposure of liquids to the central 

part of the sample surface, where the metal contacts were located outside the 

chamber. The flow-chamber was connected to a peristaltic pump. Sample and fluid 

temperature were controlled by a thermostat to 23°C. 
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Figure 7.2 

Schematic view of the standard measurement setup for resistance 
measurements on the Hall-bar. Additional instruments like the thermostat are 
omitted for simplification. Lateral resistance measurements in ambient conditions 
were performed in a 4-terminal resistance setup, imposing a constant current of 1 
µA between source and drain and recording the resulting potential drop between 
two probes. Measurements under wet conditions close to transistor channel 
pinch-off were performed in a two-terminal setup by biasing source to drain with a 
constant DC potential of 100 mV and recording the resulting current. 
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7.2 Dipole Moment of Grafted Molecules 
As a first step the 4-terminal square resistances of the two-dimensional electron gas 

(2DEG) device coated with 4-mercaptobiphenyl (H-MBP), 4’-hydroxy-4-

mercaptobiphenyl (HO-MBP), and 4’-methyl-4-mercaptobiphenyl (CH3-MBP) were 

measured in air (Luber et al. in print; Luber et al. '02). 

Conjugation between 4’-substitutents and thiolate can introduce different molecular 

dipole moments, but all 4’-substituted-4-mercaptobiphenyl (X-MBP) were covalently 

attached to the surface arsenide by the thiolate group (Chapter 5.3.2). The dipole 

moments along the molecular axis and electronic densities of the H-MBP, HO-MBP 

and CH3-MBP molecules were estimated from density-functional-theory calculations 

(CAChe® software using the DZVP basic-set at the GGA-B88LYP level) (Table 7.1). 
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Figure 7.3 

Square resistance of the coated 2DEG device as a function of the projected 
dipole moment along the molecular axis of the 4-mercaptobiphenyl (H-MBP), 4’-
hydroxy-mercaptobiphenyl (HO-MBP), and 4’-methyl-4-mercaptobiphenyl (CH3-
MBP) molecules. As a reference the square resistance of the untreated (UT) 
sample is shown (Luber et al. in print; Luber et al. '02). 

 

In Figure 7.3 the measured square resistances are plotted as a function of the 

projection of the individual dipole moments along the molecule’s long axis. As a 

reference the square resistance of the untreated (UT) sample is shown. The grafting 
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of molecules with different dipole moment shows a clear influence on the sheet 

resistance of the surface-near 2DEG (Luber et al. in print; Luber et al. '02). 

The surface functionalized GaAs/AlGaAs heterostructure device is operated as a field 

effect transistor (FET) whose carrier concentration in the 2D sheet is controlled by 

the surface potential via the band bending; hence, any change in measured sheet 

resistance can be directly correlated to a change in surface potential. The adsorption 

of a dipole layer results in a change of the electron work function, i.e. the energy 

needed to lift an electron from the Fermi level EF to the vacuum level (conduction 

band edge ECB). The work function is given by the sum of electron affinity (∆χ) and 

surface band bending (∆Vbb), ∆Φ = ∆χ + ∆Vbb + ECB - EF. Here, the variation of 

electron affinity due to dipole adsorption is given by the potential drop through the 

layer of adsorbed molecules. In the simplest approximation, this oppositely charged 

double layer can be described by an ideal parallel plate capacitor, as far as the dipole 

“length” w (distance between the centers of the distribution of opposite charge q) 

exceeds the lateral dipole spacing a and is much smaller than the overall lateral 

extension of the monolayer. By elementary electrostatics one obtains for the potential 

drop (Helmholtz equation) 
 

0cos εεΘ=∆ npVdip , (7.1) 
 

where n is the area-density of dipoles, p = qw their absolute dipole moment, Θ is the 

dipole vector’s tilting angle with respect to the surface normal and ε the layer’s 

dielectric constant (Fig. 3.2). In general, ε cannot be identified with the bulk 

macroscopic value, but rather it takes into account the mutual polarizability of the 

molecules in the monolayer (Lüth '97). A similar consideration holds for the molecular 

dipole moment: In a closely packed layer it differs considerably from the value of free 

molecule due to electronic charge redistribution (Taylor & Bayes '94; Vager & 

Naaman '02). Nevertheless, a linear dependence of electron affinity ∆χ from absolute 

dipole moment p (free molecule value) as in Equation 7.1 has been observed for 

benzoic acid adsorption on GaAs (Bastide et al. '97). 

However, a change of the band bending due to dipole adsorption is less evident, as 

such an ideal parallel plate capacitor has no external electrical field. In fact, the X-

MBP monolayer might not be treated as an ideal capacitor due to several reasons: 
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First, the assumption w » a is not fulfilled, taking the measured X-MBP layer 

thickness d = 10 ± 2 Å (Chapter 5.2) as an estimate for w and a = 5.6 Å from a mean 

X-MBP density of n = 0.031 Å-2 (Bain '92). Second, formation of the chemical bond 

would modify the surface state density and energy distribution (Adlkofer et al. '02; 

Duijs et al. '01). Such a change of the surface state density shifts the position of the 

Fermi level (hence the band bending) which for GaAs is pinned at mid-gap, 

approximately. However, this contribution should not distinguish between the three X-

MBPs since substituting the endgroup produces only minor changes in the electron 

density of the binding thiol (S-H) group. Additional deviations can be due to local 

defects at the edges of the Hallbar (Fig. 7.2) where the electrical field may leak 

outside. 

 

molecule projected dipole 
moment 

|µproj| [Debye] 

calculated 
potential drop 

∆Vdip [mV] 

gate 
potential 

∆Vgate [mV] 

4-mercaptobiphenyl 0.691 160 90 

4’-hydroxy- 

4-mercaptobiphenyl 

0.871 200 120 

4’-methyl- 

4-mercaptobiphenyl 

1.240 280 140 

Table 7.1 

Calculated projection of the dipole moments along the molecule’s long axis of 4-
mercaptobiphenyl (H-MBP), 4’-hydroxy-4-mercaptobipheny (HO-MBP) and 4’-methyl-
4-mercaptobiphenyl (CH3-MBP) (CAChe® software using the DZVP basic-set at the 
GGA-B88LYP level). Calculated potential drop across the 4’-substituted-4-
mercaptobiphenyl (X-MBP) monolayers and gate potential which was applied to 
reach the same relative resistance changes as the X-MBP coated 2DEG devices 
(Luber et al. in print; Luber et al. '02). 
 

Furthermore, only a fixed and constant electrostatic potential on top of the 

monolayer, e.g. in an electrolyte at a reference potential, will induce the full bend 

bending by the potential drop through the dipole monolayer. Under this conditions the 

potential drop through the dipole layer ∆Vdip would result in a shift of the surface 

potential and alter the band bending (Chai & Cahen '02; Wu et al. '01). Because of 
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the limits of the experimental setup there is air or an insulating dielectric liquid on top 

of the monolayer and the electrostatic boundary condition is not well defined. 

Nevertheless, by estimating the order of magnitude of such potential drops and 

comparing them to reference measurements where the surface potential is directly 

controlled by a metal gate, a correlation between ∆Vdip and ∆Vbb was found. The 

potential drop across the H-MBP, HO-MBP and CH3-MBP monolayers (Fig. 7.3) were 

estimated (Eq. 7.1) to ∆Vdip(H-MBP) = 160 mV, ∆Vdip(HO-MBP) = 200 mV and 

∆Vdip(CH3-MBP) = 280 mV, respectively, by assuming n = 0.031 Å-2 (Bain '92), ε = 

4.5 (Sabatani et al. '93) and a mean Θ = 30° (Chapter 5.3.1), the results are given in 

Table 7.1. The order of magnitude of the resistance changes fits remarkably well to 

independent reference measurements: A standard metal Schottky gate yielded the 

same relative resistance changes as observed for the H-MBP, HO-MBP and CH3-

MBP monolayers at the gate potentials of ∆Vgate = 90 mV, 120 mV and 140 mV, 

respectively, also given in Table 7.1. 

Operating the 2DEG device as a field-effect-transistor (FET) enables to measure 

even the small deviations in the dipole moments of the grafted X-MBPs terminated 

with X = H, hydroxyl (X = OH) and methyl (X = CH3). 
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7.3 Stability and Sensitivity against Polar Solvents 
As the next step, the two-terminal resistance (Fig. 7.2) of a two-dimensional electron 

gas (2DEG) device coated with 4’-substituted-4-mercaptobiphenyl (X-MBP) was 

measured in presence of a variety of organic solvents in in order to measure the 

stability and sensitivity of the device (Luber et al. in print; Luber et al. '02). 

After the injection of the solvent the resistance quickly increased from about 70 kΩ to 

above 10 MΩ, almost fully depleting the conductive layer of the field effect transistor 

(FET). After about 10 min the system reached the saturation value dependent of the 

solvent (Fig. 7.4). After each solvent the sample was purged by N2 and recovered the 

ambient value (70 kΩ) within the same order of magnitude confirming the stability of 

the coated device against organic solvents. Noticeable, a non-polar solvent octane 

did not induce any resistance change. In contrast to the coated 2DEG devices, the 

samples with a bare GaAs surface showed much less reproducible and unstable 

results. 

 

solvent Molecular dipole moment 
p [Debye] 

Bulk dielectric constant 

ε 

octane 0 1.95 

methanol 1.7 32.8 

ethanol 1.68 24.3 

isopropanol 1.66 18.8 

acetonitril 3.92 36.9 

pentanol 1.65 14.3 

acetone 2.88 20.6 

Table 7.2 

Molecular dipole moment p and the bulk dielectric constant ε of the measured 
solvents taken from the Beilstein data base. 

 

These results not only prove the stability of the X-MBP coated 2DEG devices against 

organic solvents, but it can also be used as a chemical sensing device for polar 

solvents, where the resistance change is related to the molecular dielectric properties 

of the solvents. A similar sensitivity to polar organic solvents has been reported on 
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GaN devices (Neuberger et al. '01). 

The semiconductor/X-MBP monolayer/solvent system was empirically analyzed like 

the system without solvent in Chapter 7.2, correlating the resistance changes with the 

dielectric properties of the liquids. Table 7.2 shows the moleculare dipole moment p 

and the bulk dielectric constant ε of the measured solvents taken from the Beilstein 

data base. 

 

    

0

2

4

6

0.00 0.05 0.10 0.15

N2
octane

methanol

ethanol

pentanol
acetone

isopropanol

acetonitril

p/ε [Debye]
 

Figure 7.4 

Saturation resistances of the 4’-substituted-4-mercaptobiphenyl (X-MBP) coated 
2DEG devices as a function of p / ε of the solvents (Table 7.2). The line is given to 
guide the eye (Luber et al. in print; Luber et al. '02). 

 

Figure 7.4 displays the saturation resistances plotted as a function of molecular 

dipole moment p / ε  normalized to the bulk dielectric constant for each solvent. The 

measured saturation resistance increased linearly with p / ε , acetonitrile and 

isopropanol were the only exceptions. Potentials lower than -200 mV had to be 

applied to obtain two-terminal resistances in the same range on the reference sample 

with the standard metal Schottky gate. Noticeable, the resulted surface potentials 

correspond to the sum of the voltage drop Vdip of the X-MBP monolayer and the 

voltage drop across a first layer of adsorbed solvent molecules estimated according 

to Equation 7.1. This suggested the monomolecular adsorption of solvent molecules 
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(“bimolecular” monolayer) (Chai & Cahen '02; Hutchison et al. '01), whose dipole 

moments are aligned parallel to that of the X-MBP molecules. In spite of the unknown 

orientation of solvent molecules on X-MBP monolayer surfaces, this crude 

approximation seems to agree with the obtained resistance. 

The X-MBP coated 2DEG device showed sensitivity for the different dipole moments 

of the solvent molecules and appeared stable against organic solvents. 
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7.4 Stability in Aqueous Electrolyte 
Figure 7.5 shows the resistance of a 4-mercaptobiphenyl (H-MBP) coated 2DEG 

device under physiological conditions (in aqueous electrolyte, pH = 6.5) as a function 

of time. As a reference the resistance of an untreated (UT) sample is given (Luber et 

al. in print; Luber et al. '02). The H-MBPs of this monolayer were cross-linked by low 

energy e-beam-irradiation before measurement (Geyer et al. '99). 

As expected, the bare reference sample rapidly degrades due to successive surface 

decomposition, whereas the H-MBP passivated sample showed good stability over 

several hours. The observed slight resistance increase can be attributed to defects in 

the H-MBP layer. Such defects are likely to occur for the considerably large active 

area of the device (~ 3 mm2), at least at its mesa edges (Fig. 7.1.2), and can be 

effectively reduced by miniaturization and planarization / encapsulation. 
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Resistance of a 4-mercaptobiphenyl (H-MBP) coated 2DEG device under 
physiological as a function of time. As a reference the resistance of an 
untreated (UT) sample is given (Luber et al. in print; Luber et al. '02). 
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8 Conclusions 
This study demonstrated the stable and functional engineering of stoichiometric 

GaAs [100] surfaces by depositing a new class of organic self-assembled 

monolayers (SAMs) composed of 4-mercaptobiphenyl derivatives (X-MBPs). 

 

As presented in Chapter 4, the conditions of the grafting reaction were firstly 

optimized by changing two parameters: solvent polarity and reaction temperature. 

Qualities of the resulting SAMs were evaluated by ellipsometry (film thickness) and 

AC impedance spectroscopy (electric resistance). Among three different solvents 

(dimethylformamid, toluene, ethanol), the grafting reaction in ethanol resulted in the 

best quality for the SAMs of 4-mercaptobiphenyl (H-MBP). When the monolayers 

were prepared at three different temperatures (20, 35, and 50 °C), the optimal 

grafting could be achieved at 50 °C. 

 

Chapter 5 deals with the full characterizations of the optimized SAMs and the bare 

GaAs (prepared by wet chemical etching) in dry states, i.e. either in ambient or in 

vacuum, using various surface sensitive techniques. Surface topographies of the 

SAMs and that of the bare GaAs were measured by atomic force microscopy (AFM), 

implying that the deposition of the monolayer did not cause any surface roughening 

(rms < 3.5 Ǻ). Thicknesses of the SAMs were estimated to be 10 ± 2 Å by 

ellipsometry, which suggests that the X-MBP molecules take almost an upright 

orientation. The angular dependence of the π1
∗ resonance intensity obtained from 

near edge x-ray adsorption fine structure (NEXAFS) spectroscopy implied that MBP 

backbones are highly ordered, whose tilt angle to the surface normal is 31 ± 5°. 

Surface chemical compositions before and after the monolayer deposition were 

studied by high resolution x-ray photoelectron spectroscopy (HRXPS). The covalent 

binding of sulfur and arsenide could be detected from As 3d spectra, while S 2p 

spectra indicate the presence of thiolate on GaAs. Furthermore, the intensities of 

arsenide oxide peaks in As 3d spectra measured for the engineered GaAs remained 

constant after several days in ambient, implying the high chemical stability of the 

monolayer-coated GaAs against the oxidation in air. 



8 Conclusions  61 

 

 

In Chapter 6, the functionalized GaAs surfaces were characterized in contact with 

water. Firstly, the total surface free energy and its polar and dispersive components 

were calculated from the contact angle measurements (water, diiodomethane, and 

glycerol) for each X-MBP monolayer, showing a strong dependence of the dispersive 

component on 4’-substitutions. In fact, such wetting characteristics obtained here 

provide quantitative measures for the surface compatibilities to lipid membranes and 

biopolymers. Cyclic voltammetry exhibited that deposition of 4-mercaptobiphenyl (H-

MBP) monolayer resulted in a clear suppression of electrochemistry at pH = 7.5. 

Indeed, impedance spectra measured at a cathodic potential of -350 mV 

demonstrated that the interface resistance was significantly increased by a factor of 

50 ± 15 by the coating with X-MBPs. Furthermore, both interface resistance and 

capacitance of the coated GaAs electrodes were stable for more than 20 h within the 

wide frequency range of 1 mHz to 50 kHz. 

 

Based on the full characterizations for bulk GaAs mentioned above, a Hall-bar device 

with two-dimensional electron gas (2DEG) near the surface (d = 60 nm) was 

functionalized with three different X-MBPs (X- = H-, HO-, and CH3-) according to the 

same protocol. The sheet resistance of 2DEG layer was clearly dependent on the 

dipole moments from the 4’-substituents (X- groups). The functionalized 2DEG 

device showed stable sheet resistances in the presence of aqueous electrolytes and 

different organic solvents without any pronounced degradation. Furthermore, the 

sheet resistance of the monolayer-coated device also seemed to be sensitive to the 

solvent polarities. The obtained results thus strongly suggest that the 2DEG devices 

coated with X-MBPs can be operated in various liquid environments, and are highly 

sensitive to the surface dipole moments. 

 

Thus, the surface engineering method established in this study can provide stable 

and functional platforms with well defined surface characteristics, which can be 

utilized for the design of novel bio-inspired semiconductor devices by deposition of 

biopolymers and model cell membranes. 
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