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Combined ab initio and XPS Investigations of the
Electronic Interactions of L-Cysteine Adsorbed on GaAs(1 0

0)

Maria F. Juarez,”” Ana M. Toader,”™ Catalin Negrila,' Elizabeth Santos,*® ¢ and

Valentina Lazarescu*"

The adsorption of L-cysteine from ethanol solutions on GaAs(1
0 0) surfaces has been studied by XPS and density-functional
theory (DFT). XPS data reveal that the formation of the adsor-
bate involves preferentially the As-sites for p-GaAs(1 0 0) and
the Ga-sites for n-GaAs(1 0 0). The adsorbed species show dif-
ferent orientations of the functional groups to the surface for
the different substrates. DFT calculations performed for both
Ga-dimers and As-dimers terminated surfaces show that the

Introduction

The characterization of interfaces formed by the adsorption of
amino acids on a variety of substrates™ is relevant in nano-
science for the fabrication of hybrid biosolid state devices. In
particular L-cysteine is interesting since it can interact with sur-
faces and biological environments through three different func-
tional groups.

The formation of self-assembled monolayers from L-cys-
teine has been widely studied on metallic substrates, such as
Au¥ In previous works, we have systematically investigated
both experimentally and theoretically the electronic inter-
actions of L-cysteine with metallic Ag substrates.”® Experi-
ments of other groups also confirmed our predictions concern-
ing the electronic structure of these interfaces.” Besides, L-
cysteine has also a dipole moment, which varies between 1.8
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adsorption is energetically favourable on both substrates. How-
ever, the adsorption energy is more negative on top of Ga-
atoms. Here an important contribution for the stabilization of
the adsorbate is the interaction of the functional groups with
the surface. The parallel orientation found for the Ga-bound
species by DFT calculations is in good agreement with the shift
in the binding energy of the NH,/NH;* species observed by
XPS analysis.

and 4.7 D for the different conformations."” The electronic re-

distribution between adsorbate and substrate is expected to be
different for p- and n-semiconductors. Therefore, it is an attrac-
tive candidate to investigate self-assembled layers on semi-
conducting substrates.

Consequently, we have extended our studies to semi-
conducting substrates, where the self-assembling phenomenon
also takes place. L-cysteine monolayers spontaneously formed
on p- and n-GaAs(1 0 0) electrodes in aqueous solutions have
been investigated combining experimental and theoretical ap-
proaches." The XPS data evidenced the preferential of the L-
cysteine with As-sites at the p-doped and with Ga-sites at the
n-doped substrates, and pointed out different configurations of
the adsorbed species at the two types of semiconducting sub-
strate. L-cysteine binds basically to GaAs(100) surface via the
thiol group meaning that carboxyl and amino functional
groups may act as bio-linker for conjugating other bio-mole-
cules.

A recent publication” has provided direct evidence of an
electronically coupled junction fabricated by covalently binding
genetically engineered cysteine mutant of protein-chlorophyll
complex photosystem | (PS I) to a chemisorbed small connect-
ing molecules on p- and n-GaAs surfaces. This hybrid bio-solid-
state electro-optical device can be used as a photo-sensor. Ac-
cording to our previous results,"” the PS | could be directly at-
tached to the GaAs surfaces through the thiol group of the cys-
teine instead of using N-e-maleimidocaproic acid or N-f3-
maleimidopropionic acid as linkers. The configuration of the
adsorbed species is thus important, and any information in this
respect very useful.

Both the solvent and the substrate may play key roles in
the adsorption process. In order to investigate the effect of the
solvent we have extended the XPS investigations to the L-cys-

[12
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teine monolayers formed from ethanol solutions instead from
aqueous solutions.

In our previous study, we have performed DFT calculations
with the Gaussian 03 package'' using clusters to model the
semiconducting substrates. This approach was combined with
the Polarizable Continuum Model (PCM)" and the Self-Con-
sistent Reactions Field (SCRF) method.""”

Furthermore, in the present work we have implemented
DFT calculations using periodic boundary conditions in the slab
configuration instead of clusters to describe better these sys-
tems.

It is the aims of this paper to understand the mechanisms
that determine the stability of adsorbates with different config-
urations, and to better characterize their electronic properties.
According to previous work™ cysteine adsorbs on diverse sub-
strates completely covering the surface. Molecular con-
formations and overlayer geometries strongly depend on the
coverage. The interplay of interaction forces between neigh-
bouring adsorbates and the different functional groups with
the surface determine the self-organisation or surface-induced
organisation. In order to unravel these contributions, we shall
focus on the substrate - adsorbate bonds between the different
functional groups of the cysteine and both Ga and As atoms of
GaAs(1 0 0) surfaces. Therefore, we investigate the adsorption
process at low coverage to avoid intermolecular interactions,
which drive self-organization and facilitate the formation of
zwitterions species by proton transfer between adjacent adsor-
bates.

Results and Discussion
1. Theoretical Model

GaAs(1 0 0) surfaces were used as substrate for the L-cysteine
adsorption. The tetrahedral coordination of the zinc-blend type
of the bulk crystal structure results in a polar surface that could
be terminated either with Ga or As atoms. Due to the two dan-
gling orbitals of each surface atom, the pristine GaAs(1 0 0) sur-
face is energetically unstable and exhibits various surface re-
constructions depending on the preparation conditions. The
mechanism responsible for reconstruction of GaAs(1 0 0) surfa-
ces in an inert atmosphere consists in the formation of surface
dimers, which produces a decrease of the number of dangling
bonds by a factor of two by only a small change of bond an-
gles of surface atoms."®

The most stable surfaces for the (1 0 0) orientation are the
B2-(2x4)*** and the {-(4x2)***¥ in the case of As- and Ga-dim-
ers sites, respectively. However, the situation is totally different
in an electrochemical environment. These reconstructed sur-
face structures could not be observed at the GaAs(1 0 0) / sol-
ution interface. In-situ AFM™®?¥ and STM®” investigations clear-
ly revealed that GaAs(1 0 0) in HCI and H,SO, solutions exhibits
only the (1x1) structure. Koinuma and Uosaki®” considered that
the presence of the stable (1x1) structure is unique in the elec-
trochemical system due to the fact that the dangling bonds of
the surface atoms, responsible for the surface reconstruction
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under UHV conditions, are terminated with ions in the electro-
lyte solution.

Therefore, taking into account that the GaAs substrate was
previously etched in acid solutions, it is highly probable that
the self-assembled organic layers are formed on this (1x1)
structure.

Since we are interested in the behaviour at low coverage,
we have investigated the adsorption of one cysteine radical on
a (2x2) unit cell. We have considered that the initial surface ar-
rangement of the GaAs(1 0 0) slabs consists of Ga—Ga or As—As
dimers, for the preferentially adsorption on Ga or As atoms, re-
spectively. This reconstruction induces a small change in the
(1x1) surface but it highly stabilizes the surface without chang-
ing the number of Ga or As atoms per layer. We have also per-
formed some calculations with the reconstructed 82, and ¢ sur-
faces in order to introduce defects on the surface and for sake
of comparison, which are shown in the Supporting Information.

2. XPS data

XPS investigations carried out on L-cysteine-thiolate mono-
layers formed at p- and n-GaAs(1 0 0) surfaces in ethanol sol-
utions brought evidence that the binding of this organic mole-
cule is different at the two substrates.

The intensity of the main GaAs substrate core-level lines,
As-3ds,, (BE=41.08 + 0.03 eV)™ and Ga-3ds, (BE=19.20 +
0.05 eV)® is a reliable measure of the number of As atoms
bound to Ga, and Ga atoms bound to As, respectively. At the
bare p- and n-GaAs(1 0 0) surfaces, the lac 345/, / lgasas» ratio has
quite similar values, 1.4140.01 and 1.46+0.01, respectively, as
shown in Figure S1 in the Supporting Information. The involve-
ment of the As or Ga atoms in other type of bonding, such as
As—S / Ga—S, brings a decrease in weight of the As-to-Ga and
Ga-to-As bound species, respectively. Since the usual chemical
shift, ABE is 1.4 + 0.3 eV® at As—S species and around
0.6 eVE? at Ga—S species, the first one can be easily discerned
in the XPS spectra whereas the latter one manifests itself as a
slight broadening of the Ga (3d) peak.?” As seen in Figure 1,
the value of the Iy 3455 / lgasas» ratio is lower at the p-doped
substrate (1.30+0.01) than at the n-doped one (1.45+0.01),
suggesting that the adsorption of the cysteine in ethanol sol-
ution involves rather As-sites at p-doped and Ga-sites at n-dop-
ed GaAs(1 0 0), respectively, as previously found for the films
formed in aqueous solutions."” This conclusion is further sup-
ported by the higher weight of the As—S species observed at
the p-doped sample (7.3%) than that found at the n-doped
one (4.7%) as well as the higher value of the full width at half
maximum (FWHM) parameter of the Ga-3ds,, and Ga-3d,,, com-
ponents at the n-doped sample (1.16 eV) than at the p-doped
one (1.05 eV). The summary of the self-consistent fitting proce-
dure applied to the As-3d and Ga-3d spectral region is shown
in Tab. S2 and Tab. S3 in the Supporting Information.

One may also notice that As—O and Ga—O species cannot
be discerned in As-3d and Ga-3d core-level regions at the L-
cysteine-thiolate covered n-GaAs(1 0 0) sample, suggesting a
better protection against the further oxidation in air than at the
p-doped substrate.

3624 © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. As-3d and Ga-3d core level regions at L-Cysteine adsorbed on p-
doped (bottom) and n-doped GaAs(1 0 0) (top) substrates.

Similarly as in the monolayers formed in aqueous solution,
in ethanol solution the cysteine seems to exhibit different con-
figurations at the n- and p-doped GaAs(1 0 0) surfaces. Both
the binding energy of the species found in the N-1 s core level
region (NH, and NH;™) and particularly their relative weight
point to different orientations of the amino group with respect
to the semiconductor surface. As seen in Figure 2a, the amount

(a)N-1s NH,

(b) S-2p Ga-3s
S2p

. L-Cys / n-GaAs
; As plasmon
: LCys/p-Gans

168 166 164 162 160 158 156 154 152 150

404 402 400 398 396
BE/eV BE/eV

(©) As-2p,,, (d) Ga-2p,,,

Ga-As

L-Cys/n-Gahs

1330 1328 1326 1324 1322 1320 1318 1122 1120 1118 1116 114
BE/eV BE/eV

Figure 2. N-1 s (a), S-2p (b), As-2p;,, (c) and Ga-2p;,, (d) core level lines at
L-Cysteine adsorbed on p- and n-doped GaAs(1 0 0) substrates.

of NH; " is almost insignificant at the n-doped sample, whereas
at the p-doped one it is higher than that of NH,. An important
advantage to use ethanol as solvent instead water, is that for
the cysteine monolayers formed in ethanol solutions the N-1 s
core-level region is slightly shifted to higher binding energies
than that observed in similar films formed in aqueous sol-
ution."! Therefore, it is easier to discern one of the three con-
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tributions of the Ga-Auger (L,M,sM,s) process,®? which has the
same binding energy (BE=398.0 &+ 0.1 eV) at the both sub-
strates. It is easy to observe that both the amino and the proto-
nated amino groups have, however, different binding energies
at p- and n-doped samples (Figure 2a).

The BE values of 399.6 + 0.1 and 401.6 + 0.1 eV found in
our experiments at the p-doped samples are similar to those
usually reported for the L-cysteine adsorbed on gold,?**% Pd®
or Cu.’¥ At the n-doped samples, the binding energies of the
NH, and NH;* species are shifted to 400.2 4 0.1 and 402.2 +
0.1 eV, respectively. A similar shift to higher binding energies
was observed at the L-cysteine films formed in aqueous sol-
utions at n-doped in comparison to p-doped substrates."” This
effect, along with the significant difference in weight of the
NH,/NH; " at the two types of substrate, clearly implies a differ-
ent configuration of the amino head within the adsorbed layer.

The adsorption of the L-cysteine in ethanol solution on
GaAs substrates involves the thiol group, as in the case of the
aqueous solution. The doublet S-2p core-level region (Fig-
ure 2b), with binding energies of 162.20/163.38 + 0.2 eV, is
characteristic for thiolate species.***”3® No evidence was found
for the presence of cysteine and / or a second layer having its
amino and carboxyl groups electrostatically bound with the
first layer and hence a free thiol group at the top.

The As—S signal (BE=1324.9 + 0.2 eV) in the As-2p,,, core-
level region (Figure 2c) shows that As is certainly also involved
in the adsorption of the L-cysteine. The other two contributions
to the As-2p,, spectra were assigned to As—O species (BE=
1326.2 4 0.2 eV) and substrate As atoms (BE=1323.2 &= 0.2 eV),
according to the literature data.***?

The Ga-2p;, spectrum (Figure 2d) has only contributions
from the substrate Ga atoms (BE=1117.6 & 0.2 eV) and Ga—-O
species (BE=1118.9 £ 0.2 eV).""™*! Unfortunately, the Ga atoms
bound to the thiolate species cannot be discerned with our in-
strumentation as mentioned before.”?' However the low con-
tent of oxidized Ga species is an indirect proof that Ga atoms
compete as well with As atoms for the adsorption of cysteine.
This behaviour has been observed in the case of other thiolates
formed on GaAs substrates.™

The low percentage of As—O and Ga—O signals from the to-
tal As-2p,, (Figure 2c) and Ga-2ps,, (Figure 2d) core-level re-
gions shows that only minor amounts of surface oxides are
formed on the n- and p-doped samples covered by the cys-
teine. We may infer from the close contributions of the S-2p
and As—S core-level line in their corresponding spectral regions
that the surface coverage is similar at both types of substrate.
However, the lower weight of As—O and Ga—O species at the n-
doped sample attests that the protection against the further
oxidation in air of the semiconductor substrate is more efficient
than at the p-doped sample. This should be the outcome of a
different configuration of the adsorbed cysteine depending on
the semiconductor dopant nature. This result may be related to
the preferential bonding of the cysteine with the As-sites at p-
doped and with Ga-sites at n-doped surfaces suggested by the
comparison of the l34/lg.3q ratio values found at both sub-
strates.

3625 © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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3. Geometrical configurations and energetics

We have studied the geometrical configurations and the en-
ergetics of the L-cysteine adsorbed on different GaAs(1 0 0) sur-
faces. The L-cysteine molecule shows a large variety of con-
formations. More than 300 structures have been identified in
the gas phase, and about 40 of them are stable or meta-
stable.""* The scatter on the energy between the conformers
is lower than 0.2 eV. Therefore, there are several possible ori-
entations of the different functional groups when the cysteine
approaches the surface. The adsorbate can also take different
conformations depending on which groups are interacting with
the substrate. We have obtained diverse stable or metastable
systems corresponding to local minima of energy by DFT calcu-
lations. We have not investigated the transition processes be-
tween these states.

The adsorption energy of L-cysteine on the GaAs surface
was calculated by subtracting the energy of the pre-relaxed
substrate slab (Eg,,) and the energy of the pre-relaxed isolated
cysteine radical (Ec,s) from the total energy of the system
(Esystem) With the final configuration:

Cys-S' (pre-relaxed) + Slab (pre-relaxed)
— Cys-S-Slab (final conf.)

Eads = ESystem - (ESIab pre-relax. + ECys—S' pre-relax)

The energy of the isolated cysteine was calculated by relax-
ing its radical form in the vacuum. According to this definition,
a negative value of the adsorption energy indicates an attrac-
tive interaction between the cysteine radical and the surface.

The adsorption energy defined in equation (1) is a good
measure of the strength of the bond between the surface and
the adsorbate. However, it is not enough to determine if the
adsorption reaction will be a spontaneous thermodynamical
process. A more realistic definition of the reaction energy re-
quires including the energy corresponding to the stable forms
of the reactants and a proper mass balance. It is not usual to
find the cysteine in an aqueous solution as a radical. Therefore,
a better definition of the reaction energy AE must consider the
energy of the cysteine molecule (Ec.sy), the energy for the
cleavage of the S—H bond (AE,=3.885 €V), and the energy for
the formation of molecular hydrogen from the resulting H
atoms (AE,,=-4.52 eV)):©

Cys-SH (pre-relaxed) + Slab (pre-relaxed)
— Cys-S-Slab (final conf.) + '/, H, (2)
AE =B, +AEsy + 1/2 AEy,

It is also interesting to compare the different contributions
to the adsorption energy defined by equation (1). After adsorp-
tion, the final configurations of both the adsorbed radical and
the slab appear distorted in comparison with the pre-relaxed
isolated structures. We can estimate these contributions calcu-
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lating the required energy for these particular processes taking
place:

Slab (pre-relaxed) — Slab (final conf.) %" 3)

Cys-S* (pre-relaxed) — Cys-S" (final conf.) E&" ¢ (4)

Another noteworthy concept is the binding energy (BE) be-
tween the adsorbate and the surface defined by:

Slab (final conf.) + Cys-S (final conf.) — Cys-S-Slab (final conf.)

()

Therefore, the adsorption energy in the equation (1) can be
expressed as:

Eves = BE + Efgy + Egy's

In this part, we shall first consider the adsorption of L-cys-
teine on the dimerized Ga and then on the dimerized As surfa-
ces. The reconstructed 2-(2x4) and T-(4x2) faces are briefly dis-
cussed in the Supporting Information.

Similarly to the adsorption on metals, the number of
blocked places of the surface per adsorbed species can be dif-
ferent depending on the orientation of the functional groups.
However, the definition of the coverage on these substrates is
more difficult than for metallic flat surfaces. The adsorption
process can take place on both Ga and As atoms. In addition,
the presence of dimers produces a corrugation of the surface.
In all the cases, we consider the adsorption of one cysteine rad-
ical per unit cell. In the case of the (2x2) structures the area of
the unit cell is 74 A%, while the areas corresponding to the 2
(2x4) and T(4x2) structures are twice larger (148 A?). Instead of
giving numbers for the coverage, we prefer to show the result-
ing structures and the distances between neighbouring adsor-
bates, which are included in the Supporting Information.

We started with the adsorption of one cysteine radical on
several possible sites on the Ga-dimer of a (2x2) surface unit
cell. The adsorption energy was calculated by equation (1) tak-
ing the energy of the dimerized surface as reference for Eg,,.
The value obtained was —2.13 eV, indicating that there is a
strong bond between the radical and the surface. This value is
close to the adsorption energy obtained for cysteine at a sim-
ilar coverage on the bridge site of Ag(1 1 1)*® and more neg-
ative than that obtained for the adsorption on Au(1 1 1).%*

Figure 3a shows the clean surface ended with Ga—Ga dim-
ers (bond length: 3.18 A). The cysteine molecule is first posi-
tioned with the thiol group oriented direct to the surface while
the other both amino and carboxyl groups are oriented up-
ward, away from the substrate. The optimized structure after
adsorption results in a cysteine attached by the S head on top
(slightly displaced) of a Ga atom despite the initial approach
position of the adsorbate (Figure 3b). The bond length be-
tween the S and the Ga atom is 2.47 A. This value is very close
to those observed by the cysteine adsorption on Au and on
Ag,”® indicating that the strength of the bond is similar to
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Figure 3. Top and side views of the optimized geometries of the clean sur-
face of GaAs(1 0 0) ended in Ga-dimers (a) and GaAs(1 0 0) covered by cys-
teine (b) when it vertically approaches the surface by the thiol group while
the carboxyl and amino group are oriented upward.

those with metals. The C—S-Ga angle is 98.2°. The latter is less
than the tetrahedral angle of a sp® hybridization of the S atom.
However, it is similar to that of thiol molecules and to that of
monoclinic crystallized cysteine. This decrease on the angle can
be explained by a predominant p-character of the bond and
the greater repulsion of non-bonding electrons, which pushes
the two bonding orbitals (S—C and S—Ga) closer together. The
analysis of electronic charge difference discussed in the next
section shall also support this suggestion.

Because of the interactions between the functional groups
and the surface, we have considered different possible initial
alignments of the molecule when it approaches the surface.
Similar to the case of cysteine adsorption on Au and Ag,”™ the
strongest bond is through the thiol group, but the other func-
tional groups can also contribute to the bond with the sub-
strate depending on their orientations. The formation of addi-
tional bonds between the surface and the functional groups
(carboxyl and amino) is shown in Figure 4. In all the cases the
systems are more favourable than that resulting from the verti-
cal approach. The carboxyl group can interact with the surface
through the two oxygen atoms. The decrease in the energy is
of 0.14 eV if the molecule approaches by the OH (Figure 4a)
and 0.19 eV for the other case (Figure 4b). The decrease is
about 0.15 eV if both oxygen atoms are almost parallel to the
surface (Figure 4c). The strongest effect on the energy is when
the amino group is near the substrate (case (d) in Figure 4). In
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Figure 4. The optimized geometries of L-cysteine radical adsorption on GaAs
(1 0 0)-(2x2) surface terminated in Ga-dimers. The orientations promote the
approach of the COOH with the HO- (a), C=0 (b) or with C=0 and HO- paral-
lel to the surface (c) and the approach of the NH, group (d).

this case the adsorption energy decreases by about 0.4 eV. A
similar result has been observed when cysteine adsorbs on Au
(111).2% In the latter case, the adsorption energy drops about
0.5 eV if besides the thiol head the amino group also partic-
ipates in the bond with the gold substrate. The S head and the
terminal functional group are bond to Ga atoms of two differ-
ent dimers, which are placed forming a line. In the case (a) the
S atom also interact with the Ga atom of the neighbour dimer
and its position is slightly displaced from top toward bridge.

In all the cases, the distance between the S head and the
surface is the same within DFT error (Ga—S: 2.5 A). Therefore it
can be assumed that the bond Ga—S strength is similar in the
four systems. The additional bond (O—Ga or N—Ga) becomes an
important factor that increases the stability of the new config-
urations. Effectively, the most stable system is the one with the
shortest bond distance to the surface of the functional group
(Ga—N: 2.43 A).

In our case (2x2 unit cell), there is a row of dimers that is
not covered by cysteine. However, the change in the ori-
entation of the cysteine (tilted) increases the covered surface
while the number of Ga—S bonds remains the same (see details
in the Figures shown in Supporting Information).

A final inspection of adsorption energies and structures
makes us to conclude that the bond between the surface and
the functional groups (carboxyl / amino) plays a fundamental
role in the final configuration of the cysteine on the surface.
However, the S—Ga bond mainly determines the overall energy.

Figure 5a shows the structure of the clean (2x2) surface ter-
minated in As-dimers, and Figure 5b the most stable optimized
structures of the adsorbed cysteine. In contrast to the adsorp-
tion on Ga-dimers, we have found several stable structures on
different sites of the surface. Similarly to the process on Ga-
dimers, the cysteine adsorbed on top of an As atom is the most
stable configuration (E,4,=-2.12 eV). Similarly, the binding en-
ergy for this configuration is very close to that obtained for the
adsorption of alkanethiolate.*”*®! The positions of the atoms of
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Figure 5. Top and side views of the optimized geometries of the clean sur-
face of GaAs(100) terminated in As-dimers (a) and of the cysteine adsorbed
on As-top (b)..

the substrate are less perturbed than for the surface containing
Ga-dimers. The vertical positions of the As atoms remain al-
most the same as the clean surface. However, the dimer where
the adsorption takes place is disrupted: the distance As—As in-
creases from 2.53 A to 4.30 A.

The adsorption state corresponding to a bridge position
between two As atoms is still thermodynamically favourable
(E,4s=-1.70 eV). Adsorption on the Ga atoms that are more co-
ordinated in this surface results in higher energy (E,q=-
1.27 eV).

We have also investigated different conformers using as
starting configuration the most stable optimized system (the
adsorbate on top site in Figure 5). The organic chain has been
rotated such that the functional groups (carboxyl / amino)
point to the surface. In all the cases, in contrast to the surfaces
containing Ga-dimers, the functional groups remain away from
the surface after optimizations. This is an important disparity
between these both systems.

The additional reconstructed surfaces considered for the
adsorption of cysteine are the $2(2x4) (As-dimer), and T(4x2)
(Ga-dimer) structures, which are shown in the Supporting In-
formation. Table S1, which contains more details about the ge-
ometry, is given in the Supporting Information, where the defi-
nition of the angles is also explained.

Table 1 summarizes the results discussed in this section. In
order to analyse the thermodynamical stability of the different
systems, the more realistic energy values obtained by equation
(2) with cysteine molecule as reference instead of the radical
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Table 1. Energetics of the most stable structures of the adsorbed cysteine
radical on GaAs(1 0 0) surfaces.

| 1] 1] \%
topGa/ topAs/ topGa/ topAs/
GaAs(100)-  GaAs(100)-  GaAs(100)-  GaAs(100)-
(2x2)-Ga (2x2)-As p2(2x4)-As C(4x2)-Ga-
dimer dimer dimer dimer

‘

S

PR
.- + L,
Systems is@'“s“ :' i i
wlis - S aoad 8
St 1 4 "o oo0e
Adsorption En- -2.51 -2.12 -2.09 -1.57
ergy (eV)
E.q from eq. (1)
Reaction En- -0.89 -0.49 -0.46 0.06
ergy (eV)
AE,., from eq.
(2
Binding Energy -2.92 -2.39 -2.18 -1.96
(eV)
BE from eq. (5)
Distortion 0.34 0.29 0.06 0.37
Energy (eV)
£
from eq. (3)
Distortion 0.07 -0.02 0.03 0.02

Energy (eV)

from eq. (4)

0.0+
-0.54
-1.0 4

-1.54

energy / eV

-2.04

-2.54

-3.0-

are also shown for the most stable systems. This is still negative
with the exception for the adsorption on the {(4x2) (Ga-dimer)
surface, where it is almost zero. It is interesting to analyse the
contributions of the different processes involved in the adsorp-
tion. The energy lost in the distortion of the surface is im-
portant (about 0.3 - 0.4 eV) with the exception for the adsorp-
tion on the P2(2x4) (As-dimer), where there is almost no
distortion neither of the surface nor of the adsorbate. In all cas-
es, the energy involved in the relaxation of the adsorbate prac-
tically does not play any role.

According to these results, the adsorption is more favour-
able at the (2x2) surfaces terminated with dimers and it is
stronger on the Ga atoms than on As atoms. The same trend
had been found for the adsorption of methylthiolate on GaAs
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(1 0 0).” The adsorption energy decreases about 1 eV for the
Ga-dimer (2x2) surface site compared to the adsorption on the
Ga-dimer site of C(2x4) reconstructed surface. Both As-dimer
sites of surfaces ((2x2) and 2(2x4)) show similar adsorption en-
ergies. However, on the (2x2) dimerized surface the amount of
active sites is larger and the gained energy per area is then
larger too (see Supporting Information).

The functional groups (COOH and NH,) seem to interact
more strongly with the gallium than with arsenic atoms. There-
fore, when different orientations of the approaching cysteine
molecule are considered, the adsorption becomes stronger
only on the (2x2) surface terminated in Ga-dimers, with a re-
duction in the energy between 0.15 and 0.4 eV.

The situation analysed here is valid for low coverage, where
the intermolecular interactions are negligible. Indeed, in the
(2x2) unit cells the distance between the S atom heads is 8.6 A
in both x and y directions. In the case of (2x4) and (4x2) unit
cells, this distance is 8.6 A in the x (y) direction and 17.2 A in
the y (x) direction, respectively. We have focused on the driving
forces involved in the formation of the adsorbate - surface
bonds. At higher coverage, further reorientations of the ad-
sorbed species are expected due to the self-organization of the
adlayer. In metallic substrates it is well known that at low cov-
erage the adsorbed thiols show a larger tilt that facilitate the
interaction of other functional groups™*! with the surface,
while at larger coverage the adsorbate stand up.

4. Correlation with experimental data

These results are in an excellent agreement with the XPS data.
Comparing the optimized geometries of the most energetically
favourable cysteine radical adsorption on the top of an As
atom and on the Ga atom with the cysteine parallel to the sur-
face, it is obvious that the amino group experiences a different
environment at As- and Ga-sites. They should exhibit distinct
binding energies in the N-1s core-level region as ex-
perimentally found.

Another solid proof is the considerably higher weight of the
signal corresponding to the protonated species observed for
the p-doped sample (Figure 2a). In aqueous solutions (pH 4.25)
the zwitterions may not only be formed by lateral interactions
but also adsorbed in such form. However, in the L-cysteine lay-
ers formed in ethanol solution, the zwitterions result solely by
neighbour interactions. The DFT calculations show that on the
Ga-sites the relative orientation of the two functional groups is
clearly prohibitive to the formation of zwitterions, whereas on
the As-sites, the relatively close positions of the -COOH and
—-NH, groups is visibly favourable to the internal proton trans-
fer. As it was previously pointed out, we have used a suffi-
ciently large unit cell in order to avoid the interaction between
neighbouring cysteine radicals. A detailed investigation of the
formation of hydrogen bonds and proton transfer between the
COOH and NH, groups will be the objective of a further study.

As mentioned before, the lower value obtained for the I,/
Iga ratio at the p-doped (1.30 £ 0.01) substrate than that found
at the n-doped samples (1.44 + 0.01), points to a preferential
bonding of the cysteine with As-sites in the first case and with
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Ga-sites in the latter one. The lower weight of the As—O and
Ga—O0 species found at the n-doped substrate brings a further
proof in this respect. By comparing the energetically most fa-
vourable configurations of the cysteine formed at the Ga-sites
and As-sites described above, it is pretty clear that the parallel
orientation to the surface found for the Ga-bound species is ex-
pected to cover better the substrate surface than the perpen-
dicular position on the As on-top sites. Therefore, the surface is
less exposed for oxidation, as experimentally found.

5. Electronic properties

In order to characterize the electronic properties of the sys-
tems, we have calculated the electronic density difference re-
sulting for the adsorption process, the charge transferred be-
tween adsorbate and substrate, and the changes on the dipole
moment of the interfaces according to the usual procedures
found in the literature.**” The electronic density difference was
obtained from the electronic densities of the cysteine adsorbed
on the surface (Osysiem, reiax): the free GaAs surface (0spap, 1), and
the free cysteine radical layer (ocyss. fi):

Ap(X,y,Z) = pSystem, relax ~ Oslab, fix ~ prs-S', fix (6)

It is important to notice that in the previous equation, the
electronic density of the surface (o, f,) and of the cysteine
radical (0cyss, r) Were calculated using the same geometry that
they have in the adsorbed system (0s;siem, rela)- According to the
equation (6), a depletion (accumulation) of electrons will corre-
spond to negative (positive) values of density differences
Ap(xy,2), and positive (negative) charges.

The integration over the xy-plane of the spatially density
difference given by eq. (6) leads to the planar averaged elec-
tron density change induced by the adsorption at a given dis-
tance z to the surface:

Ap,(2) = Ap(x,y,z) Ox dy (7)

unit cell

The charge transferred up to a given z is obtained by a sec-
ond integration:

z

Q(z) = /Apxy 0z (8)

20

Finally, we have also analysed the surface dipole moment of
the cysteine adsorbed on the surface, ucyys, This has three
contributions:

MCys/surf = ﬂCys—/ayer +Iusurf + A/’t (9)

Here ticys.jayen tsur @and Au are surface normal components of
the dipole moment of the isolated cysteine layer, of the slab,
and of the changes induced by the electronic interaction be-
tween adsorbate and substrate, respectively. The latter can be
calculated from the planar averaged electron density change:
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In equations (8) and (10) the lower integration limit z0 must
be chosen deep in the bulk such that no changes in the elec-
tronic density are observed (Ap,,=0). An important convention
is to move the centre of the slab to z=0. The changes in the
dipole moment are due to two factors: the creation of a surface
dipole, and the changes in the molecular dipole. The last one
could be the result of changes in the position or internal rota-
tions of the functional groups in the molecule. The position of
the molecule as a whole is also important in the final dipole
moment change. Only the components of the dipole vector
that are perpendicular to the surface will count on the calcu-
lation of Au. A negative value of the change in the dipole
means that the surface dipole is pointing to the surface, and a
positive value of Au means that electronic charge has been
transferred from the adsorbate to the substrate.

In order to discuss and analyse the bonding at the surfaces
we shall use two tools that come from solid-state physics: pro-
jected density of states (pDOS), and crystal orbital overlap pop-
ulation (COOP). As it is well known, DOS provides information
of how many crystalline orbitals or bands exist at a certain en-
ergy level.®” In this work, we shall use the projected DOS to
disentangle the contribution of each orbital in each atom to
the newly formed bonds. However, to determine the bonding/
anti-bonding character of the bonds the COOP analysis will be
used as described by Hoffmann.®" COOP provides the total
overlap population, which is not identical to the bond order,
but scales like it. Positive regions refer to bonding, while neg-
ative regions indicate anti-bonding. The amplitude of the
curves depends on the number of states in that specific inter-
val, the magnitude of the coupling overlap, and the size of the
coefficients in the molecular orbital under consideration.

We have investigated the electronic properties only for the
most stable systems: (2x2) As- and Ga-dimer terminated surfa-
ces. Firstly, we shall show the surface normal component of the
dipole moment induced by L-cysteine adsorption and analyze
in details their contributions according to equation (9). The di-
pole values and orientations are given in Table 2 for both sys-
tems.

The dipole moment at the interfaces when the cysteine is
adsorbed (tcyqs,) is mainly dominated by the dipole of the free
surface (ug). In both cases, i.e. the adsorption on As and Ga,
the resulting dipole is negative implying that it is oriented to
the surface. The sign of the dipole corresponding to the iso-
lated layer is opposite to the dipole of the surface, but its mag-
nitude considerably smaller.

Estimations of the total dipole of the free adsorbates are
2.47 and 2.77 D for the configurations corresponding to the ad-
sorption on As and Ga, respectively. Their surface normal com-
ponents are substantially smaller (0.50 and 0.70 D, respectively),
probably due to the tilting of the adsorbate. Calculations using
larger super cells do not show appreciable variations, indicating
that possible depolarization effects caused by neighbouring
adsorbates are absent. Therefore, the dipole of the substrate
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Table 2. Dipole moments of the (2x2) As- and Ga-dimers terminated inter-
faces in the presence of adsorbed cysteine (ucyysur), Of the isolated cysteine
layer ( cysiayer), Of the substrate (i) in the supercell, and the difference
(Au) calculated from equation (9). The arrows indicate the orientation and
their length are proportional to the dipole magnitude.

System: Hcysisurt (D) Ucysayer (D) | Hsurt (D) Au (D)
topAs/GaAs(100)- -1.806 +0.500 -2.58 +0.278
(2x2)-As Dimer

¢, ,f A
topGa/GaAs(100)- -3.46 +0.695 -3.59 -0.564

(2x2)-Ga Dimer

determines the resulting orientation. In the system containing
As-dimers, there is an additionally induced interface dipole (Au)
oriented to the vacuum side, in contrast to the system contain-
ing Ga-dimers, where it is oriented to the surface. The dipole
corresponding to the isolated layer is slightly larger for the L-
cysteine configuration adsorbed on the interface terminated in
Ga dimers. One reason for the preferential bonding of L-cys-
teine to As atoms at the p-GaAs(1 0 0) and to Ga atoms at the
n-GaAs(1 0 0) observed in the XPS data may be originated in
the interaction of the molecular dipole with the electrostatic
field driven by the diffuse distribution of the semiconductor
space charge region.

There is a difference of about —0.8 eV in the Fermi level en-
ergy of the p- and n-GaAs."? The flat band potential values of
the n and the p GaAs(1 0 0) are —1.28 V and 0.33 V (SCE) [see
Figure S2 in Supporting Information]. The open circuit potential
observed in the same solution was about 0V (SCE). It can be
assumed that the free carrier concentrations®” are zero, so that
the surface space charge is equal to that of the majority-car-
rier.>?

The local charge balance and the position of the Fermi level
at the surface are also tributary"” to the high densities of sur-
face states usually present at GaAs surfaces. Beside the dop-
ants, which introduce themselves electronic levels within the
semiconductor band-gap,”>*¥ there are the antisite lattice de-
fects, Asg, and Ga,, ®¥ which are also involved in the band
bending, i.e. the formation of the space charge layer. Therefore
the experimental systems investigated are expected to be un-
der depletion conditions.”® The semiconductor bands near the
surface are hence bent up-wards at the n-GaAs junctions (di-
pole pointed out from the surface) and down-wards at the p-
GaAs junctions (dipole pointed into the surface).

However, according to the calculations discussed above,
the adsorption of cysteine favoured on Ga-sites at n-GaAs(1 0
0) and on As- at p-GaAs(1 0 0) cannot be attributed to the
alignment of the dipoles. The upward band bending at the n-
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GaAs(1 0 0) interface should favour the electron transfer from
the adlayer to the substrate, while the magnitude of the barrier
for electronic charge injection in the opposite direction should
be larger. A similar analysis for the adsorption on As sites at p-
GaAs(1 0 0) shows that the downwards band bending at this
interface should facilitate the electron transfer from the sub-
strate to the adlayer. According to the calculated induced inter-
face dipole (Au), the electron transfer, although small, should
be facilitated to occur in opposite directions.

In order to obtain a better understanding of the systems
and elucidate the contradiction mentioned above, we shall
next analyse the electronic charge density changes occurring
upon cysteine adsorption on both surfaces. Figures 6a and 7a
show the spatial electronic density differences resulting when
the cysteine is adsorbed on the As- and Ga-dimer terminated
surfaces, respectively.

The electronic density difference Ap(xy,z) was calculated
according to equation (6) and later integrated over the xy-
plane using equation (7) to obtain the averaged 4p,, along the
coordinate z normal to the surface (Figures 6b and 7b). An ad-
ditional integration of A4p,, (equation (8)) gives the charge
transferred between the substrate and the adsorbate up to a
given distance z to the surface (Figures 6¢ and 7c). Finally, the
induced dipole change Au along the z coordinate is calculated
using equation (10). The profile of the contribution to the di-
pole change obtained by truncating the integration at different
distances z from the surface is shown in Figures 6d and 7d.

Both Figures 6 and 7 show that the redistribution of elec-
tronic charge is not simple and it contains different regions of
accumulation and depletion of electrons. There are displace-
ments of electronic charge not only between the substrate and
the adsorbate, but also within the molecule. It is interesting to
compare both the change in the electronic density distribution
around the atoms (a) and the net electronic density at different
positions perpendicular to the surface obtained by the in-
tegration over the xy-plane (b). In the case of As-dimer as well
as of Ga- dimer terminated surfaces, electrons are pushed
down below the surface. However, the Ga—S bond seems to be
different to that of As—S bond.

The As—S bond distance obtained for the adsorption of cys-
teine on GaAs(1 0 0) - (2x2) As-dimer terminated surface
(2.28 A) is very close to the sum of the covalent radii of As
(1.208 A) and S atoms (1.09 A), suggesting a covalent bond.

On the As-dimer terminated surface (Figure 6), the As atom
accumulates electrons under the surface level while it lost elec-
trons above it. Similar isosurfaces have been obtained for the
adsorption of alkanethiolates.® Apparently, the sulphur atom
lost electrons from the p, orbital and gained electrons into the
p, orbital. This is confirmed by comparison of the DOS of the
isolated radical and the adsorbed species, which shows an in-
crease on the occupation of the p, orbital by adsorption. After
the integration in the xy-plane, the S atom seems to gain elec-
trons. The analysis of the total electronic charge Q(z) shows
that below the upper As layer there is a net accumulation of
electrons, but it is compensated just at the surface. Between
the surface and the S atom takes place a depletion of the elec-
tronic charge, but it is again cancelled at the S atom. At larger
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Figure 6. (a) Spatial view of the electronic density difference (eq. (6)) induced
by the adsorption of cysteine on GaAs(1 0 0) — (2x2) As-dimer terminated
surface. Isocontour value: 0.0017 eA~, (b) Averaged electronic density
changes over the xy-plane (eq. (7)) at given distance z from the surface. (c)
Total electronic charge transfer (eq. (8)) from the substrate to the adsorbate
below z. (d) induced dipole change along the surface normal obtained by
truncating the integration of eq. (10) at the corresponding position z. The
colours lines indicate the position of the atoms labelled on (a). Blue (red) cor-
respond to depletion (accumulation) of electronic charge.

distances appears once again an excess of electrons, which fi-
nally vanish below the N atom. The C—S bond of the organic
chain is only slightly affected. No change in the electronic den-
sity is observed around the carboxyl group oriented away from
the surface. Thus these electronic charge oscillations indicate
that the adsorption takes place through a primarily covalent
bond but with a weak ionic character involving a small elec-
tronic charge displacement to the substrate. This behaviour is
reflected in the dipole moment change: its magnitude is small
(Au= +0.278 D), and it points away from the surface. How-
ever, it is interesting also to analyse the profile of the dipole
change (Figures 6d and 7d). Actually, it is negative in the region
above the S atom, showing a sharp peak of about —3.5 D. The
depletion of electrons just below the N atom produces a sud-
denly decrease turning it slightly positive at large distances
from the surface. We have to notice that the dipole is weighted
by the distance z (see equation (7)). Therefore, the depletion of
electrons in the outer “tail” region due to the rearrangement of
electronic charge density inside the cysteine, when weighted
by z, it is sufficient to turn the sign of Au from negative to pos-
itive.

On the Ga-dimer terminated surface the situation is still
more complex since both S and N atoms contribute to the
bond with the substrate. Figure 7a shows an important accu-
mulation of electronic charge density between the Ga and S
atoms, which is typical for a strong covalent bond. This feature
is different from the electronic redistribution in the formation
of the As—S bond discussed above. Comparing the occupation
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Figure 7. (a) Spatial view of the electronic density difference (eq. (6)) induced
by the adsorption of cysteine on GaAs(1 0 0) - (2x2) Ga dimer terminated
surface. Isocontour value: 0.0017 eA~. (b) Averaged electronic density
changes over the xy-plane (eq. (7)) at given distance z from the surface. (c)
Total electronic charge transfer (eq. (8)) from the substrate to the adsorbate
below z. (d) induced dipole change along the surface normal obtained by
truncating the integration of eq. (10) at the corresponding position z. The
colours lines indicate the position of the atoms labelled on (a). Blue (red) cor-
respond to depletion (accumulation) of electronic charge.

obtained from the difference between the DOS of the free radi-
cal and the adsorbed species, it shows an increase on the occu-
pation of the p, orbital by adsorption in agreement with the
picture of electronic charge differences. The Ga—N bond also
changes the electronic charge density difference in the plane,
however its accumulation between both atoms is less than be-
tween Ga and S atoms, indicating a weaker bonding. It is no-
ticeable that the electronic distribution around S and N atoms
seems to be opposite (see Figure 7a). Near the N atom there is
an accumulation while near the S atom there is a depletion of
electrons, which is consistent with the larger electronegativity
of nitrogen. The C—S bond shows a small increase of the elec-
tronic charge density toward the surface. As a result of this
complex redistribution, the dipole moment change is com-
pletely different than in the As-dimer surface sites. The dipole
now points in the opposite direction (to the surface), and its
value is: —0.564 D, indicating a slight electronic charge transfer
from the substrate to the adsorbate. Similar to the situation for
the adsorption on As-dimer surfaces sites, the changes in the
induced dipole (Figure 7d) at different distances from the sur-
face show an interesting pattern. Here, the value of Au just
over the S atom is about + 2.2 D. However, the redistribution of
electronic charge inside the cysteine at large distances (accu-
mulation electron “tail” in Figures 7b) produces the sudden de-
crease of Au and turn its sign from positive to negative.
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According to the discussion given above, the analysis of the
sign of the total induced dipole change is not enough to pre-
dict an effect of the doping on the preferential site for adsorp-
tion. The complexity observed on the redistribution of the elec-
tronic charge makes it difficult. It is not clear, how far away
should extend the interaction between the dipole resulting
from the space charge at the interface of the semiconductor
surface and the dipole induced by the adsorption. If the range
of influence is restricted only to the bond between the S-head
and the surface, there is no contradiction with the ex-
perimental finding that cysteine preferentially adsorbs on Ga-
sites for n-doped and on As-sites for p-doped GaAs(1 0 0).

However, we have to stress that it is not simple to model
the doping of a semiconductor. In our case, in order to corre-
late the favoured adsorption on Ga and As site, it would re-
quire a detailed study of the adsorption process in the pres-
ence of an electrical field that mimics the space charge region.
Such investigations are outside of the scope of the present
work and shall be addressed in the future.

6. COOP and pDOS Analysis

Finally, we have calculated the projected density of states
(pDOS) and carried out the COOP analysis for the most stable
L-cysteine configuration on the (2x2) As- and Ga-dimer termi-
nated surfaces (Figure 8). At the bottom, we show the total
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Figure 8. Upper part: Integrated COOPs obtained from the interactions be-
tween components of different electronic states of the S atom and the sur-
face atoms (left: As, right: Ga). Bottom: Projected density of states on the S-
head (red lines) of L-cysteine adsorbed on As-sites (left) and Ga-sites (right).
Also are shown: the electronic states participating in the bond projected
onto the surface atoms (As and Ga) (blue lines) and the electronic states of
the first C (green lines) participating in the bond with the S atom. The pat-
terns of black lines correspond to the COOP of the systems. The vertical line
indicates the position of the Fermi level.

density of states projected onto the atoms most involved in
the bonds between the adsorbate and the surface: S and As
(Ga) atoms. Also, we show the electronic states corresponding
to the C bonded to the S, and the COOP analysis for the S—As
(Ga) bonds. The integrated COOPs are shown at the upper part
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of the Figure 8. The overlap between S and C states located be-
low —4 eV relative to the Fermi level mainly corresponds to the
bond between these two atoms. Above —4 eV, the overlap be-
tween electronic states of the surface atoms and those of the S
becomes evident. A more detailed analysis of the components
S, P« Py and p, shows the contributions to the bond of these
orbitals and their character (bonding / anti-bonding). For the
adsorption on both sites (As and Ga) the main contribution to
the bond is that of the orbital p, of the S atom.

Besides, in the case of the As—S bond, the states of the p,
orbital of the S atom also participate in the bond with bonding
character. In contrast, the s and p, states show anti-bonding in-
teractions below the Fermi level, which weakens the bond. This
is not the case for the adsorption on Ga sites, where especially
the s-states of the S contribute to the bond with the surface.
These results are in agreement with the energetics of the sys-
tems discussed previously, which have shown that the adsorp-
tion energy on Ga sites is more favourable. Nevertheless, the
majority of anti-bonding states are mainly located above the
Fermi level.

Conclusions

The XPS data pointed to distinct configurations of the func-
tional groups of the adsorbed species depending on the dop-
ant nature and indicated the prevalence of the As-bond species
at the p-doped and of the Ga-bond species at the n-doped
substrates. The density-functional theory calculations per-
formed for cysteine adsorption on both Ga- dimer terminated
and As- dimer terminated surfaces showed that the most stable
configurations involved cysteine adsorbed on top of both As
atoms or Ga atoms of the dimer. However, the optimized con-
figurations found by the rotation of the L-cysteine molecule
showed that an important contribution for the stabilization of
the adsorbate comes from the interaction of the other two
functional groups with the surface. The adsorption energy is
stronger on Ga-dimers surface-sites, where the cysteine has
both S—Ga and N—Ga bonds. This is in agreement with the XPS
results, which indicate a strong interaction of the amine group
with the surface when the adsorption preferentially takes place
on Ga-sites. However, the weaker interaction of cysteine with
As-sites involving only the thiol head should favour the mutual
interaction between the other functional groups. Therefore, it is
expected that at higher coverage the interaction between
neighbouring should be the driving force for the adsorption
process and self-organization. In this case, the formation of
zwitterion species by interaction between neighbouring is
more probable.

The energetics and the Ga(As)-S bond distances obtained
by DFT are very close to previous results for the adsorption of
alkanethiols and hydrogen sulphide,**** indicating the local
character of this bond.

The different optimized configurations of the most stable
cysteine species formed at Ga-sites and As-sites found in the
DFT calculations are in a very good agreement with the XPS re-
sults. Although at the first view the sign of the total induced
dipoles cannot explain the preferential adsorption on Ga-sites
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in the case of n-GaAs(1 0 0) surfaces and on As-sites in the case
of p-GaAs(1 0 0) surfaces, a more detailed analysis of the com-
plex redistribution of the electronic charge between the adsor-
bate and the substrate throw some light on this contradiction.
Strong oscillations of electronic charge and the concomitant
sharp changes in the dipole direction in the region of the bond
between the S and As (Ga) make it difficult to understand the
distinct interaction of the induced dipole by the adsorbed spe-
cies with the electrostatic field driven by the diffuse dis-
tribution of the semiconductor space charge region. If we con-
sider only the region localized up to just above the S atom, Au
() is large and negative (positive) for the adsorption on As (Ga)
sites, respectively, which could explain the prevalence of the
As-bond cysteine species at the p-doped samples and that of
the Ga-bond cysteine species at the n-doped samples observed
experimentally.

Supporting Information

Experimental details. Computational technicalities of the DFT
calculations. Optimized systems with geometrical parameters
of the adsorbed cysteine radical on GaAs(1 0 0) surfaces. Sum-
mary of the self-consistent fitting procedure applied to the As-
3d and Ga-3d XPS spectral region at L-cysteine-thiolate covered
p- and n-GaAs(1 0 0). As-3d and Ga-3d, XPS-spectra in core-lev-
el regions for bare p- and n-GaAs(1 0 0) surfaces exposed in air.
Mott-Schottky plots for p- and n-GaAs(1 0 0) electrodes.
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