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ABSTRACT: Understanding the molecular interactions of
bio-organic molecules with metal nanoassemblies on a
semiconductor surface is important to developing potential
applications involving hybrid bio-organic metal interfaces.
Here, we provide the ﬁrst study of room-temperature growth
evolution of L-cysteine on three notable Au nanoassemblies
supported on the Si(111)7×7 surface. Our results indicate
unidentate and/or bidentate arrangement of adsorbed
cysteine on the Si substrate through Si−N and/or Si−S
linkages, while in coexistence with the supported Au monomers and dimers. Similar to thiol-containing molecules adsorbed on
other noble metals, cysteine chemisorbs via the S atom in neutral form on the supported Au nanocrystallite ﬁlm. On the
supported gold honeycomb nanonetwork, cysteine undergoes unidentate chemisorption through the thiol group with Au atoms
and through the amino group with Si adatoms, which enables the remaining free functional groups to selectively bond with
diﬀerent incoming molecules. Instead of the “universal” three-stage growth found for cysteine adsorption on a pristine
Si(111)7×7 surface, we observe the two-stage growth of cysteine on the supported gold honeycomb nanonetwork (i.e., without
a transitional layer), similar to that found on a gold single-crystal surface. The formation of the ultrathin gold-silicide layer
(honeycomb) has eﬀectively transformed the semiconductor surface to a metal-like surface.

■

ﬁlm growth of organic molecules on single-crystal metal
surfaces.
In addition to bio/organic molecules, the 7×7 surface with
directional dangling bonds also provides an important
substrate for a wide range of inorganic materials, from gold
and other metals to inorganic adsorbates, to fabricate
supported metal clusters and nanostructures. These supported
metal clusters and nanostructures provide stable nanoassemblies to study their interactions with biomolecules,
promising new insight into processes occurring on catalysts
and biosensors. To date, studies of biomolecular interaction
with supported metallic nanostructures have remained
particularly challenging and limited, due in part to the
diﬃculties in preparing well-deﬁned metallic nanostructures
supported on a semiconductor surface. Only one notable study
on “coadsorption” of Au and L-cysteine on rutile TiO2(110)
has been reported.22 When L-cysteine was exposed to this
wide-bandgap semiconductor surface ﬁrst before the Au
deposition, cysteine served as a linker molecule, and the
formation of Au clusters was found to be smaller by a factor of
2−3 than those obtained by Au deposition followed by
cysteine. In this latter case, cysteine was found to interact with
both the gold deposits and the substrate surface through the
thiol group with formation of S−Au and S−Ti bonds,
respectively.

INTRODUCTION
Understanding the molecular interactions of multifunctional
bio-organic molecules such as L-cysteine on a single-crystal
metallic or semiconductor solid surface is important to
developing practical applications not only in biosensors and
biomolecular electronic devices, but also in drug delivery and
diagnostic systems. As one of two principal sulfur-containing
amino acids that are incorporated into proteins, cysteine is
especially interesting because it contains three functional
groups: amino (−NH2), carboxylic acid (−COOH), and thiol
(−SH) groups, which provide a wide variety of bonding
possibilities and conﬁgurations with the surface and/or with
other adsorbates. The interest in cysteine adsorption on singlecrystal metal surfaces (e.g., Au,1−10 Ag,11,12 and Cu1,13) stems
from their importance in bioanalytical, surface patterning, and
molecular electronics.14−16 Cysteine was found to normally
bind to the metal (Au, Ag) in the form of a thiolate through
the thiol group.1,2,11,17 Depending on the nature of the surface,
the two remaining functional groups, i.e., amino and carboxylic
acid groups, could play an important role in attaching this
trifunctional molecule to the surface,18 and/or to other
molecules. In contrast, investigation of cysteine adsorption
on a semiconductor surface has been limited.18−20 In our
recent work on L-cysteine on one of the most popular
benchmark semiconductor surfaces,18 Si(111)7×7 surface,21
we observe a “universal” three-stage growth process for
cysteine, from interfacial to transitional to zwitterionic layers.
Interestingly, the transitional layer is not usually found for the
© 2018 American Chemical Society
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Figure 1. Filled-state STM images of (a) 0.004, (b) 0.76, and (c) 3.97 ML of Au on Si(111)7×7 surface at room temperature, all collected with a
sample bias of −2.0 V and a tunneling current of 0.2 nA. The ﬁelds of view for (a), (b), and (c) are 25×25 nm2, 100×100 nm2, and 150×150 nm2,
respectively.

140 °C24 and the deposition chamber pressure at 2×10−9
mbar. The cysteine powders in the eﬀusion cell were outgassed
thoroughly overnight prior to the deposition. The molecular
identity and integrity of cysteine during exposure were
conﬁrmed by their cracking patterns, collected in situ with a
quadrupole mass spectrometer (Stanford Research System
RGA-300), and found to be in good accord with the
literature.25 The amount of exposure time was used here to
indicate the relative amount of cysteine deposition.18 After the
cysteine exposure on the Si surface, XPS spectra of the Si 2p,
Au 4f, N 1s, C 1s, O 1s, and S 2s regions were recorded with an
energy resolution of 0.7 eV full width at half-maximum (for the
Ag 3d5/2 photoline at 368.3 eV). It should be noted that we
have chosen to use the S 2s spectrum for quantiﬁcation
because the S 2p feature partially overlaps with one of the Si
plasmon peaks located at ∼168.0 eV.26 The spectra were ﬁtted
with Gaussian−Lorentzian lineshapes (70% Gaussian and 30%
Lorentzian) along with the Shirley background using the CasaXPS software, and the binding energies were referenced to the
Si 2p3/2 peak of bulk Si at 99.3 eV.
Using large-scale ab initio quantum-mechanical calculations,
based on the density functional theory (DFT) with van der
Waals corrections (D2),27 we provide precise structural models
and adsorption energies for cysteine adspecies on the gold
honeycomb nanonetwork supported on Si(111)7×7 surface. A
Si200H49 slab employing the dimer-adatom-stacking fault
(DAS) model is used to represent the pristine Si(111)7×7
surface,21,28 while a Au25Si6 cluster is used to model one of six
equivalent 7×7 half unit cells (around a corner hole) making
up a hexagon cell in the gold honeycomb structure, where the
six Si atoms correspond to the top layer atoms of the half unit
cell (Figure S1).23 The ﬁrst-principle total energy calculations
were performed within the generalized gradient approximation,29,30 as deﬁned by Perdew, Burke, and Ernzerhof (GGAPBE),31 and were based on the exchange-correlation functional
and projector augmented-wave (PAW) potentials32,33 to
describe the eﬀect of core electrons on the valence shells
together with a plane-wave basis set used to span the valence
electronic states. The Vienna Ab-initio Simulation Package34−37 (VASP, version 5.4) with the MedeA platform
(Materials Design, version 2.18) was used. The plane-wave
expansion cutoﬀ energy was set to 400 eV, and the surface
Brillouin zone was sampled at the Γ point with k-point spacing
of 0.5 Å−1. Conjugate-gradient algorithm was employed to
optimize the geometry of the atomic structure, and all Si atoms
were completely relaxed until the forces on all the atoms were
less than 0.02 eV/Å. The energy convergence of the self-

Here, we present the ﬁrst investigation of the interactions of
with a unique gold honeycomb nanonetwork on
Si(111)7×7 surface and compare with those at low Au
coverage (Au monomers and dimers) and high Au coverage
(Au nanocrystallite ﬁlm), all at room temperature. This
supported gold honeycomb is particularly interesting because
it represents a well-deﬁned ultrathin two-dimensional (2D)
semimetallic nanomaterial.

L-cysteine

■

EXPERIMENTAL AND COMPUTATIONAL DETAILS
The experiments were performed in a custom-built ﬁvechamber ultrahigh vacuum system (Omicron Nanotechnology,
Inc.) with a base pressure lower than 5×10−11 mbar. The
analysis chamber was equipped with a variable-temperature
scanning probe microscope for atomic-resolution scanning
tunneling microscopy (STM) imaging, and a high-performance
spectrometer consisting of a monochromatized Al Kα source
(1486.7 eV photon energy), a SPHERA hemispherical electron
analyzer (operated with a pass energy of 20 eV), and a 7channeltron detector assembly for X-ray photoelectron spectroscopy (XPS) analysis. The 7×7 reconstruction of a n-type
Si(111) sample (2×11 mm2, 0.3 mm thick, and with 0.005 Ω
cm resistivity) was obtained by passing a direct current to
ﬂash-anneal the sample to ∼1200 °C for 10 s, followed by slow
cooling to room temperature. This procedure produced large
terraces of 7×7 reconstruction, as observed by STM. All STM
images were obtained at room temperature using a sharp,
electrochemically etched W tip and a constant tunneling
current of 0.2 nA with appropriate sample bias voltages
(negative bias for ﬁlled-state imaging and positive bias for
empty-state imaging). To obtain the various Au nanoassemblies on the Si(111)7×7 surface, the clean 7×7 substrate
was transferred to a molecular beam epitaxy growth chamber,
in which Au (99.9999% purity, Alfa Aesar) was deposited by
thermal evaporation at 1040 °C with the 7×7 substrate held at
room temperature. Appropriate doses of Au were exposed to a
freshly prepared 7×7 surface as described above to produce (a)
Au monomers and dimers (nanoclusters), (b) Au honeycomb
nanonetwork, and (c) Au nanocrystallite ﬁlm.23 After each
exposure, both STM and XPS measurements were performed
on the same supported Au nanoassembly in the analysis
chamber. Each of the supported Au nanoassemblies was then
introduced to the organic molecular beam epitaxy chamber to
be exposed to L-cysteine using a low-temperature organic
eﬀusion cell (Dr. Ebert MBE-Komponenten GmbH). Cysteine
(99.5% purity, Fluka), with a normal melting point at 240 °C,
was deposited on the substrate with the eﬀusion cell held at
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consistent ﬁeld was set to 1.0×10−5 eV, with MethfesselPaxton smearing of 0.2 eV.

ﬁrst present the cysteine adsorption data for the other
nanoassemblies, representing the low-coverage and highcoverage limits of Au on Si(111)7×7.
Interaction of Cysteine with Supported Gold Monomers and Dimers (0.004 ML) and with Gold Nanocrystallite Film (3.97 ML). Figure 3 shows the O 1s, N 1s, C
1s, and S 2s spectra of cysteine deposited at room temperature
on 0.004 ML of Au supported on Si(111)7×7 surface as a
function of cysteine exposure time, with their corresponding
peak positions and assignments of the ﬁtted features given in
Table S1. The corresponding ﬁlled-state STM image for this
supported Au monomers and dimers (Figure 1a) shows a very
low surface density of Au adatoms with the majority of the 7×7
reconstruction remaining clearly visible. We therefore expect
that the cysteine growth evolution should closely follow that
on a pristine Si(111)7×7 surface, but with some added
contribution due to the presence of Au monomers and dimers.
Not surprisingly, we observe three-stage growth process for
cysteine, from the chemisorbed interfacial layer (ﬁrst stage,
0.5−1.5 min) to the transitional layer (second stage, 4.5−60
min) and to zwitterionic multilayer ﬁlm (third stage, 150 min).
The coexistence of the N 1s feature at 398.8 eV (Figure 3b)
and the S 2s feature at 227.1 eV (Figure 3d) at the lowest
exposure (0.5 min), attributed to N−Si and S−Si bonds,
respectively, indicates unidentate and/or bidentate bonding
arrangements of cysteine at the interfacial layer through the
respective N−H and S−H dissociative chemisorption on the
7×7 surface. The second N 1s feature that emerged at a higher
binding energy upon higher exposures (1.5 min and above) is
in good accord with the presence of the O−H···N hydrogen
bond at 401.1 eV (Figure 3b) (where we use the triple-dot line
“···” to denote a H-bond). This feature therefore conﬁrms the
formation of interlayer H-bond between a free carboxylic acid
group of cysteine in the interfacial layer (ﬁrst adlayer) and a
free amino group of cysteine in the transitional layer (second
adlayer).38 Furthermore, the best ﬁt for the C 1s spectrum
(Figure 3c) is obtained by attributing four ﬁtted peaks, located
from low to high binding energy, to the −CH2−S−Si, −CH2−
SH, −CH−NH−Si, and −COOH moieties. The relative area
ratios of 1:1:1:1 for these C 1s features found for 0.5−1.5 min
exposure are consistent with the stoichiometric ratios expected
for the ﬁrst adlayer bonding. As the exposure increases into the
transitional layer and zwitterionic multilayer regimes, the
relative intensity of the −CH2−S−Si feature becomes reduced.
Finally, the broad O 1s spectrum (Figure 3a) for exposure up
to 60 min is consistent with the carbonyl component (−C
O) and hydroxyl oxygen (−OH).
The XPS spectra for the cysteine multilayer obtained at the
150 min exposure on the 7×7 surface pre-exposed with 0.004
ML of Au (Figure 3) are also found to be similar to those for
cysteine multilayer on a pristine Si(111)7×7 surface.18 The
chemical shift of the O 1s feature for −CO/−OH at 532.6
eV to a lower binding energy can be attributed to a carboxylate
group (−COO−), while the appearance of a new N 1s feature
at a higher binding energy (401.7 eV) corresponds to a
protonated amino group (−NH3+). These new features aﬃrm
the formation of zwitterionic structure in the multilayer
(NH3+CHCH2SHCOO−). The weaker intensity of the −NH−
Si N 1s feature at 398.8 eV for the 150 min exposure than
those for 1.5−60 min exposures (Figure 3b) suggests that the
thickness of the zwitterionic layer has exceeded the photoelectron escape depth. Furthermore, the S 2s peak at 228.4 eV
corresponds to an intact thiol group (Figure 3d), similar to

■

RESULTS AND DISCUSSION
The STM images of three Au nanoassemblies obtained with
appropriate exposures on Si(111)7×7: clusters (0.004 ML)
[where 1 monolayer (ML) corresponds to 7.83×1014 atoms/
cm2 assuming the Si atomic density of an unreconstructed
Si(111) surface], honeycomb nanonetwork (0.76 ML), and
nanocrystallite ﬁlm (3.97 ML) are shown in Figure 1.23 Brieﬂy,
at the lowest Au coverage, there are only “sextet” and “triad”
features located, respectively, on the faulted and unfaulted half
unit cells, and these features correspond to individual Au
adatoms translocating among, respectively, all six adatoms and
three center adatom sites. There are also “scribble” features
that correspond to a fast-moving Au dimer within a half unit
cell. Further increase in the Au coverage to 0.76 ML leads to
the formation of a complete gold silicide layer with the
honeycomb nanonetwork covering the entire 7×7 unit cell
except for the corner holes. This new gold nanonetwork, in
eﬀect, represents a 2D template of nanopores (with pore size
of ∼1 nm dia) that could be used for molecular trapping and
nanotemplating applications. It also oﬀers a new ultrathin
conducting phase of fundamental interest to silicon device
fabrication and to other applications in biofunctionalization.
The presence of gold silicide has been observed for coverage
up to ∼2 ML (Figure 2a).23 At a higher coverage of 3.97 ML, a

Figure 2. XPS spectra of the Au 4f region for three Au
nanoassemblies obtained with coverages of 0.004, 0.76, and 3.97
ML on Si(111)7×7 at room temperature, (a) without and (b) with 20
min postexposure of cysteine.

thin ﬁlm of Au nanocrystallites exhibiting regular triangular
and polygonal faces, likely the (111) planes, is observed
(Figure 1c).23 The corresponding chemical-state compositions
for speciﬁc Au coverages have been determined in our recent
XPS study and are summarized in Figure 2a. Evidently, the
spectra are dominated by a prominent Au 4f7/2 (4f5/2) peak
near 84.5 eV (88.1 eV) and 84.7 eV (88.3 eV) for clusters
(0.004 ML) and honeycomb nanonetwork (0.76 ML),
respectively, attributed to gold silicide. A second Au 4f7/2
(4f5/2) feature emerged at 83.8 eV (87.4 eV) at higher Au
coverage corresponds to metallic Au.23 These three Au
nanoassemblies are then used as the “supporting” substrates
for investigating their interactions with cysteine. Before
discussing the result for the supported gold honeycomb, we
16115
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Figure 3. XPS spectra of (a) O 1s, (b) N 1s, (c) C 1s, and (d) S 2s regions of L-cysteine deposited on Au(0.004 ML)/Si(111)7×7 as a function of
cysteine exposure time.

Figure 4. XPS spectra of (a) O 1s, (b) N 1s, (c) C 1s, and (d) S 2s regions of L-cysteine deposited on Au(3.97 ML)/Si(111)7×7 as a function of
cysteine exposure time.

of cysteine exposure time, with their corresponding peak
positions and assignments of the ﬁtted features given in Table
S2. The ﬁlled-state STM image (Figure 1c) shows the Au
nanocrystallites with their regular triangular and polygonal
faces [likely the (111) plane] exposed, reﬂecting their singlecrystalline nature. With 3.97 ML of Au coverage, there is no
sign of any 7×7 registry from the reconstructed Si(111)
substrate. As the thiol group is known to interact strongly with
noble metals (Au, Ag, Cu) and binds to them in the form of
thiolate,1,2,11,17 there is no evidence of any three-stage growth
process (Figure 4). At the lowest exposure (0.5 min), the S 2s
peak at 226.6 eV and the N 1s peak at 400.1 eV indicate
attachment of cysteine to Au via a thiolate group and leaving
the amino group free. The corresponding O 1s feature consists
mainly of a broad peak at 533.0 eV, which can be attributed to
unattached −CO and −OH. This further conﬁrms that L-

those observed for cysteine powder and a multilayer cysteine
ﬁlm on a pristine Si(111)7×7 surface.18 The corresponding C
1s spectrum (Figure 3c) consists of a broad band centered at
286.4 eV, attributable to the three alkyl carbons in −CH2−S−
Si, (at 284.6 eV), −CH2−SH (at 286.0 eV), and −CH−NH3+
(at 286.7 eV), and a weaker feature at 288.8 eV corresponding
to the carboxylate group. We also obtain the Au 4f spectra for a
20 min cysteine exposure deposited on Si(111)7×7
predeposited with 0.004 ML of Au (Figure 2b). The presence
of cysteine appears to cause only a 0.1 eV shift in the Au 4f7/2
peak to a higher binding energy (84.6 eV), when compared to
the corresponding pristine supported Au nanoassembly shown
in Figure 2a.
Figure 4 shows the O 1s, N 1s, C 1s, and S 2s spectra of
cysteine deposited at room temperature on a Au nanocrystallite ﬁlm supported on Si(111)7×7 surface as a function
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Figure 5. XPS spectra of (a) O 1s, (b) N 1s, (c) C 1s, and (d) S 2s regions of L-cysteine deposited on Au(0.76 ML)/Si(111)7×7 as a function of
cysteine exposure time.

for functionalization with bio/organic molecules. Figure 5
shows the XPS spectra of cysteine deposited at on a supported
gold honeycomb nanonetwork as a function of cysteine
exposure time, with their corresponding peak positions and
assignments of the ﬁtted features given in Table S3.
At the very low exposures of 0.5−1.5 min, the S 2s spectra
(Figure 5d) show only one weak peak, assigned to the −S−Au
bond, while the N 1s spectra (Figure 5b) reveal two weak
peaks at 398.5 and 400.4 eV, attributed to −NH−Si and
−NH2, respectively.38 These features indicate the coexistence
of two unidentate adspecies (in the interfacial layer) that
involve bonding with Au atoms through the thiol group (−SH)
and with Si atoms through the amino group (−NH2). With
increasing exposure above 5.0 min, we observe the emergence
and growth of a new N 1s feature at 401.8 eV (Figure 5b),
attributable to protonated amino group (−NH3+). The
corresponding O 1s band centered at 533.0 eV (Figure 5a)
consists of a stronger O 1s peak for the carbonyl group (−C
O) and hydroxyl group (−OH), and a weaker O 1s peak for
the carboxylate group (−COO−) at a lower binding energy.
Furthermore, the S 2s feature at 228.3 eV for exposures above
5 min indicates the presence of an intact thiol group (Figure
5d), which conﬁrms the existence of zwitterionic structures in
the physisorbed layer. At the same time, there appears to be
equal population of the −S−Au moiety even for the higher
cysteine exposure, which suggests that the thickness of the
zwitterionic layer has not exceeded the photoelectron escape
depth. The C 1s spectra shown in Figure 5c can be ﬁtted with
seven C 1s components, which can be attributed, respectively
from low to high binding energy, to −CH2−S−Au, −CH2−
SH, −CH−NH−Si, −CH−NH2, −CH−NH3+, −COO−, and
COOH. The absence of any XPS feature attributable to
interlayer O−H···N H-bond at ∼401.0 eV supports that there
is no transitional layer in the cysteine growth process on both
Au (0.76 ML) and Au (3.97 ML) nanoassemblies. The
complementary Au 4f spectrum for a 20 min exposure of
cysteine to the gold honeycomb nanonetwork shown in Figure
2b indicates that the formation of S−Au bond has evidently
shifted the gold-silicide Au 4f7/2 peak to a higher binding
energy (84.9 eV) from 84.7 eV for a pristine gold honeycomb

cysteine chemisorbs at room temperature via the sulfur atom
on the supported Au nanocrystallites. With increasing exposure
to 1.5−60 min, we observe the emergence of additional
features for O 1s at 532.1 eV (Figure 4a), N 1s at 402.0 eV
(Figure 4b), and S 2s at 228.2 eV (Figure 4d), which
correspond to carboxylate group (−COO−), protonated amino
group (−NH3+), and intact thiol group (−SH), respectively.
The corresponding C 1s spectra have been ﬁtted with six
components, from low to high binding energy, consistent with
assignment to the −CH2−S−Au, −CH2−SH, −CH−NH2,
−CH−NH3+, −COO−, and COOH moieties, respectively.
When the coverage of cysteine is increased above a monolayer,
cysteine molecules are expected to physisorb on top of the
chemisorbed interfacial layer in the zwitterionic form with a
protonated amino group and a carboxylate group.
Analogous to adsorption of L-cysteine on Ag(111) surface,11
we ﬁnd that for the multilayer (150 min) cysteine exposure,
only a single strong broad S 2s peak at 228.3 eV is observed
(Figure 4d), which indicates an intact thiol group. The single
O 1s feature at 532.0 eV (Figure 4a) and N 1s feature at 402.1
eV (Figure 4b) are also consistent with the carboxylate and
protonated amino groups, respectively, in the zwitterionic
multilayer. The broad C 1s band at 287.0 eV is due to a
combination of −CH2−SH and −CH−NH3+ moieties, while
the well-resolved feature at 289.3 eV corresponds to the
−COO− group (Figure 4c). We also observe discernible
chemical shifts (∼0.2 eV) to a higher binding energy for both
the gold silicide 4f7/2 peak at 84.9 eV and Au metallic 4f7/2
peak at 84.1 eV after 20 min cysteine deposition on the Au
nanocrystallite ﬁlm (Figure 2b), when compared to the
respective Au 4f features for the pristine Au nanoassemblies.
These small chemical shifts are due to their sulfur to Au
interaction and conﬁrm the reducing nature of the thiolate
moiety.
Interaction of Cysteine with Supported Gold Honeycomb Nanonetworks (0.76 ML). In contrast to the
supported gold nanoassemblies at the low Au coverage limit
(i.e., monomers and dimers) and high Au coverage limit (i.e.,
nanocrystallite ﬁlm), the supported gold honeycomb nanonetworks oﬀer discernibly well-ordered biocompatible templates
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Figure 6. Perspective views of the equilibrium structures obtained from DFT-D2 calculations for (a) Si200H49 slab as a model pristine Si(111)7×7
surface; (b) Au50Si200H49 cluster for one Si unit cell representing two of the six half-unit-cell segments of the gold honeycomb (GHC) unit in the
gold silicide nanonetwork; 4-fold hollow and bridge adsorption conﬁgurations of cysteine adspecies between (c) four Au atoms and (d) two Au
atoms, respectively; on-top conﬁgurations of cysteine adspecies on the supported gold honeycomb through (e) −S−Au bond and (f) −NH−Si
bond.

Figure 7. Filled-state STM images (75×75 nm2), obtained with a sample bias of −2.0 V, for (a) 5 s, (b) 20 s, and (c) 65 s exposure of cysteine on
gold honeycomb nanonetwork supported on Si(111)7×7 surface. Inset in (b) shows a magniﬁed (8×) view of a cysteine adspecies at the nanopore
(i.e., corner hole) Si site.

segments that make up an honeycomb unit on one 7×7 unit
cell. Each segment involves direct bonding of Au atoms to 3
corner Si adatoms and to 3 pedestal atoms of the Si corner
adatoms and center adatoms (Figure S1c). The Au atoms in
these segments essentially make up the majority of the ﬁrst
gold silicide layer, with some of displaced Si center adatom
sites exposed. The unoccupied dangling bonds on these
displaced center adatom sites and on the corner holes could
therefore oﬀer plausible anchoring points for inorganic/
biomolecules adspecies above the honeycomb nanonetwork.23
In eﬀect, the honeycomb serves as a “mask” to create a new Si
dangling bond template, with diﬀerent pitch spacing between
the anchoring points, for surface functionalization.
Our DFT-D2 calculations of adsorbed cysteine on gold
honeycomb supported on Si(111)7×7 surface show that the
most favorable adsorption conﬁguration corresponds to the
cysteine adspecies bonding through the −S−Au bonds to four
Au atoms at the 4-fold hollow site (Figure 6c). This is followed

nanonetwork. This shift to a higher binding energy is
consistent with cysteine interaction through the S−Au bonding
that causes a more electron-withdrawing chemical environment
that leads to a more positive Au ion core.
The ﬁlled-state STM image (Figure 1b) shows that the
honeycomb nanonetwork is made up of six triangular Au
clusters, interconnected to one another at the dimer rows of
the Si(111)7×7 surface, around each empty corner hole
leaving its directional dangling bond unoccupied. Our recent
XPS study has demonstrated that the honeycomb nanonetwork exhibits the gold silicide chemical state.23 Furthermore,
our complementary DFT calculations show that the Au9Si3
structure (Figure S1b) is a possible nucleation center for one
of the six segments of the honeycomb unit, with each segment
consisting of 3 Au atoms located at the Si center adatom sites,
3 Au atoms located atop of the Si restatoms, and 3 Au atoms
placed at the pedestal atom sites of the Si restatoms. In Figure
6b, we use a Au50Si200H49 cluster to represent two of the six
16118
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Figure 8. Schematic growth models involving available surface functional groups and plausible intralayer and interlayer hydrogen bonding
interactions for L-cysteine adsorption on (left) Si(111)7×7 surface (following the universal three-stage growth on a semiconductor surface) and
(right) gold-silicide honeycomb nanonetworks (following the two-stage growth commonly observed on a metal surface).

bond with the gold silicide honeycomb and Si−N bond with
exposed Si sites. Much like the adsorption of cysteine on gold
single crystal4,6 and other metal single-crystal surfaces,1,11,39 no
transitional layer is observed and the zwitterionic multilayers
immediately follow the interfacial layer growth (Figure 8,
right). This is an important result because the formation of the
ultrathin gold silicide layer (in the form of a honeycomb
nanonetwork) has eﬀectively converted the semiconductor
surface to a metal-like surface. Given the biocompatibility of
gold itself, appropriate functionalization of the supported gold
honeycomb nanonetwork is of critical value to allow speciﬁc
conjugation with targeted bio/organic moieties. The present
work also illustrates that cysteine can be used as a versatile
linker, with the availability of two free functional groups upon
adsorption, to bridge between the Au template and incoming
target molecules. Functionalization of the gold honeycomb
nanonetwork by trifunctional molecules therefore oﬀers an
important strategy for developing chemical sensing, drug
delivery and diagnostic systems.

by cysteine bonding between two Au atoms at the bridge site
(Figure 6d), and by cysteine bonding with a Au atom at the
on-top site (center Au atom on the 7×7 half unit cell, Figure
6e), both through the formation of a S−Au bond, and ﬁnally
by cysteine bonding through a −NH−Si bond at the Si adatom
(with an unoccupied dangling bond, Figure 6f). The
corresponding adsorption energies of these conﬁgurations are
2.84 eV (Figure 6f), 1.85 eV (Figure 6e), and 1.51 eV (Figure
6d) less negative than that for the 4-fold hollow site (Figure
6c). The gold honeycomb nanonetwork therefore represents a
stable mask for cysteine (and other bio-organic) adsorbate,
with simultaneous Au and Si bonding sites at well-deﬁned
interatomic pitch spacings and diﬀerent reactivities. This
template therefore provides a viable platform for constructing a
hybrid nanoarchitecture consisting of smaller molecules
surrounded by larger molecules.
Figure 7 shows typical ﬁlled-state STM images (75×75 nm2)
for three cysteine exposures on the supported gold honeycomb
nanonetwork. In these STM images, brightened features on
top of the honeycomb nanonetwork indicate cysteine
adspecies, and their number density appears to increase with
increasing cysteine exposure. Closer examination of these STM
images reveals that the cysteine adspecies are anchored on
both Au hexagonal grids (∼4 nm wide) and nanopores (∼1
nm dia.). Along with our XPS data (Figure 5), these STM
results therefore conﬁrm our bonding picture. This novel gold
silicide honeycomb nanonetwork, with its 2D (ultrathin)
template of nanopores, could oﬀer a number of interesting
applications for molecular trapping. The trapped molecules
with appropriate functional groups can be used as linkers to
create patterns of other organic adspecies.
In Figure 8, we compare schematically the bonding models
involving diﬀerent available surface functional groups for the
growth evolution of cysteine on a Si(111)7×7 surface, without
and with the supported gold honeycomb nanonetwork. For
cysteine adsorption on the pristine Si(111)7×7 surface without
and with the Au monomers and dimers, we observe the
“universal” three-stage growth, with both Si−S and Si−N
bonds providing the primary bonding for the interfacial layer.
This is followed by the formation of a transitional layer
through interlayer O−H···N hydrogen bonding, and ﬁnally by
formation of the zwitterionic multilayers (Figure 8, left). For
the gold honeycomb nanonetwork supported on the 7×7
surface, the interfacial layer of cysteine involves both the Au−S

■

CONCLUSION
The room-temperature growth evolution of cysteine on three
gold nanoassemblies of increasing coverage from Au
monomers and dimers to honeycomb nanonetwork to
nanocrystallite ﬁlm, supported on Si(111)7×7 surface has
been studied by using a three-pronged approach that combines
XPS and STM data with large-scale ab initio DFT-D2
calculations. The adsorption features in the adlayers are
found to be strongly dependent on the nature of the interface
region. For low Au coverage (0.004 ML) that decorates the
Si(111)7×7 surface with minor populations of Au monomers
and dimers, we observe a three-stage growth process of
cysteine, similar to that found for a pristine 7×7 surface. For
higher Au coverages, the absence of any N 1s feature at 401.0
eV that corresponds to interlayer O−H···N hydrogen bond
aﬃrms the lack of a transitional layer for cysteine adsorbed on
the supported gold silicide honeycomb nanonetwork and Au
nanocrystallite ﬁlm. These results from both STM and XPS
studies therefore support our hypothesis that this unique mask
of gold silicide honeycomb nanonetwork, with its 2D template
of nanopores, could oﬀer a number of novel applications for
selective multisize molecular trapping, with the bonding of
unidentate adspecies on Si corner hole through the thiol group
and a second unidentate adspecies of a diﬀerent size on the Au
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grids through the amino group. The capability of providing
diﬀerent functional groups free to interact with incoming
chemical moieties oﬀer additional ﬂexibility in multispecies
detection and monitoring based on formation of appropriate
chemical bonds.
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