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are also discussed.

First-principles calculations are performed to study the adsorption of Ag at Cd-terminated CdS(000 1)
and S-terminated CdS (000 1) surfaces as a function of Ag coverage. Our results reveal that Ag
adsorption at Cd-terminated (0 0 0 1) has a large binging energy than at S-terminated (0 0 0 1) surface.
For Ag adsorption at Cd-terminated (0 0 0 1) surface, T4 structure is more favorable and the Ag-Cd bond
posses an ionic-like character. While for Ag adsorption at S-terminated (000 1) surface, the H3
structure is most stable and the bonding between Ag-S is covalent. It is found that the magnitude and
the sign of surface dipole moment are partly determined by the difference between the electro-
negativities of Ag and the host atom bonding with Ag. The adsorption energy changes as a function of
Ag coverage. In addition, related properties of Ag cluster adsorption at Cd-terminated (0 0 0 1) surface

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Hybrid metal@semiconductor nanoparticles have recently
attracted considerable interest due to their prospective techno-
logical importance in the field of optical, catalysis and electro-
nics [1-6]. This interest stems from the possibility of exploiting
the combination of properties from the semiconductor (electrical
or optical) and from the metal (optical, electrical, chemical,
and connectivity) [7]. Ag is usually a promising candidate to
modify semiconductor materials due to its high exchange-current
density, low activation energy and inexpensiveness. In fact,
silver@semiconductor composite systems, such as Ag@BiVO, [8],
Ag@TiO, [9,10], Ag@AgCl [11-14], Ag@AgBr [15,16], have been
investigated, and it has been identified that these systems
performed outstanding properties compared with corresponding
bare semiconductors. In these systems, Ag can improve charge
separation and promote charge-transfer process at the silver@
semiconductor interface. Recently, intense research activity
devoted to hybrid nanoparticles is especially focused on Ag@CdS
composite [17-21]. Gong et al. [17] investigated the optical
properties of synthesized chitosan Ag@CdS core shell composite,
which exhibited a large third-order nonlinear response. The effective
nonlinear absorption coefficient of Ag@CdS composite was found to
be 400 times larger than that of bare CdS. Kumar and Chaudhary [18]
studied photophysical properties of Ag@CdS composite synthesized
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by simple mixing of two colloidal solutions prepared separately or
by adding Ag nanoparticles to a Cd*>* solution prior to the precipita-
tion of CdS. In this study, it revealed that a charge-transfer complex
was formed between CdS and Ag, in which the degree of electron
transfer was controlled by the amount of Ag. Moreover, they
have studied the emission properties of Ag-adenine-templated CdS
nanohybrids [19]. Priya et al. [20] observed an enhancement in
luminescence of CdS particles at low silver content in Ag@CdS
composite synthesized by a colloidal method, which was attributed
to an increased local field by silver surface plasmons. While, at high
silver concentration during the aging process, the formation of silver
clusters was increased, and luminescence quenching was observed
due to the resonance electron transfer to metallic surfaces. Simerjeet
and Louisa [21] synthesized monolithic mesoporous aerogels com-
prising CdS partially coated with metallic Ag, and it was shown that
the concentration of Ag had a significant impact on the resultant
Ag@CdS aerogel morphology and the change in optical response.
They showed that the increase in photoluminescenece intensity of
CdS was attributed to the formation of a relatively long-lived
charge-transfer complex between excited CdS and Ag.

Waurtzite CdS is an n-type semiconductor. The conduction
band of wurtzite CdS is around —1.0V vs NHE [18], and the
Fermi level of Ag is at +0.15 V [22]. This large potential difference
between the conduction band of CdS and the Fermi level of Ag
leads to the formation of a Schottky barrier. The electron migra-
tion from CdS to Ag occurs until the two levels are aligned since
Ag has a work function higher than that of CdS. As a result, the
surface of Ag exhibits an excess negative charge, while CdS
acquires an excess positive charge. The Schottky barrier forms
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at the interface of Ag@CdS composite. The barrier height is
defined as the difference between the CdS conduction band and
the Fermi level of Ag. Therefore, a Schottky barrier formed at Ag
and CdS interface can serve as an efficient electron trap to
avoid the electron-hole recombination, which is responsible
for the excellent performance of Ag@CdS system observed in
experiments.

Despite progress in these experimental studies, an under-
standing of the fundamental mechanisms of Ag@CdS composite
is still in its infancy. In particularly, the contact property of Ag at
CdS surface is not well comprehended. An understanding of this is
important for obtaining a deeper insight into the relevant
mechanisms on atomic scale and improving growth in controlled
fashion [23,24]. Ab initio calculations are useful complement to
experimental studies for Ag@CdS interface. Consequently, it is of
fundamental interest in obtaining insight into the absorption
properties of Ag at CdS surface. To the best of our knowledge,
there have been no theoretical studies reported on the absorption
properties of Ag at CdS surface. In this paper, we examine the
geometric and electronic properties of Ag at Cd-terminated
wurtzite CdS (000 1) and S-terminated (0 0 0 1) surfaces, which
are the two most common surfaces of CdS, by means of first-
principles calculations, and speculate work function, ionization
potential, and electron affinity of clean and Ag adsorbed
Cd-terminated (000 1) and S-terminated (000 1) surfaces to
understand its physical properties. Moreover, the adsorption of
small Ag cluster (Ag,, Ags and Ag;) at Cd-terminated (0001)
surface is also investigated in order to elucidate Ag atoms’
aggregation and nucleation properties.

2. Computational methods

The total-energy density functional theory (DFT) calculations
have been performed within the generalized gradient approxima-
tion (GGA) for the exchange-correlation effects via Perdew-
Burke-Ernzerhof (PBE) functional [25], using plane-wave basis
sets and projector augmented waves (PAW) method [26,27] as
implemented in the Vienna ab initio Simulation Package
(VASP) [28]. The energy cutoff for the basis function is 400 eV.
A 4 x4 x 1 Monkhorst-Pack mesh [29] is used for the Brillouin
zone integration. Both Cd-terminated CdS (000 1) and S-termi-
nated CdS (00 0 1) surfaces are simulated using a slab model of
2 x 2 surface unit cell periodicity consisting of eight CdS bilayers,
of which the lowest four bilayers are fixed in the optimized bulk
configuration (as shown in Fig. 1). The upper four bilayers and any
adatoms or clusters are allowed to fully relax until all atomic
forces are smaller than 0.02 eV/A. Relaxation in the forth bilayer is
negligible indicating that a sufficiently large slab is employed. The
vacuum thickness between two neighbor slabs is 20 A. Because it
indicates qualitatively credible results with respect to silver
adsorption on the Cd-terminated (0001) and S-terminated
(000 1) surfaces based on the adopted 2 x 2 surface unit cell,
we would not discuss the effects of the surface reconstruction on
the adsorption properties in the present work.

To approximate these slab calculations to a single calculation,
and as such to correctly relax only one single facet to its lowest
energy configuration, we have prevented the bottom dangling
bonds by passivating of the bottom layers with pseudohydrogen
atoms to remove undesirable surface states and the interaction
between surfaces and thus to reduce the computational cost by
decreasing the number layers. For each Cd-S bond in the wurtzite
CdS, the Cd and S atoms contribute 0.5 and 1.5 e, respectively.
Therefore, for Cd-terminated (0 0 0 1) surface (termed as CS), the
1.5 e~ fraction charges associated with dangling bonds in the S
bottom layer are saturated with pseudohydrogen atoms, each

. Cd
CdS(1)
Cds (2)

CdS (3)
CdS (4)

Fig. 1. Side views of the relaxed atom configurations of (a) CS, and (c) SS; (b) top
view of the relaxed CS and SS. H3 is the hollow site, T1 is the site directly above the
S atom of the CdS(1) bilayer, and T4 is the site directly above the Cd atom of the
CdS(1) bilayer. The gray, red, and blue spheres represent H, Cd, and S atoms,
respectively. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

with a fractional charge of 0.5 e~. While for the S-terminated
(0001) surface (termed as SS), the 0.5e~ fraction charges
associated with dangling bonds in the Cd bottom layer are
saturated with pseudohydrogen atoms, each with a fractional
charge of 1.5e~. This dangling bond saturation is a standard
computational artifact to ensure unphysical charge transfer
between the two ends of the slab and avoid the appearance of
spurious surface states in the gap of the semiconductor [7,30-32].
This computational artifact is based on the fact that even when
bottom surface is passivated with pseudohydrogens, the band
structure (except surface states) is similar to the bulk band
structure [33]. Namely, for CS (SS), and the Cd (S) surface states
at the Fermi level (Er) remain exactly the same when the bottom S
(Cd) surface states are moved away from Er due to the passiva-
tion. The calculated lattice constants of wurtzite bulk CdS are
a=4.18 A, c=6.81 A and the Cd-S bond length is 2.56 A. All
these constants are in good agreement with the former experi-
mental and theoretical studies [32,34-36]. Total energy calcula-
tions for an Ag atom and Ag clusters are performed within a cubic
box of side length 15 A. The silver adsorption induced dipole
moment is taken into account using a dipole correction in our
calculations [37].

In this work, the energy required for the adsorption of Ag
atoms or Ag clusters (Ag,, Ags and Ag;) on the CS and SS is
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calculated by

1
Ead = N (Emtul_Eref _NEadsorbate)v

where E;oq and Esare the total energy of the covered surface and
the corresponding clean surface, respectively, Eggsorpate 1S the
energy of Ag adsorbate in the gas-phase and N is the number of
adsorbates (Ag atoms or cluster).

3. Results and discussion

3.1. Work functions, ionization potential, and electron affinity of
clean CS and SS

To examine the Ag adsorption properties, we first elucidate the
related properties for clean CS and SS, i.e., work function (WF),
ionization potential (IP), and electron affinity (EA) (as shown in
Fig. 2). The IP is defined as the energy difference between vacuum
level (E,qc) just outside the surface and valence band maximum
(Evgnm) deep inside the solid, which depends on the surface dipole
and thus surface orientation. The vacuum level is determined
from the self-consistent, plane-averaged potential (V,,), in the
middle of the slabs along the direction perpendicular to the
surfaces. It can be obtained from the Poisson’s equation [38],
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Fig. 2. Planar average of the electrostatic potential (red) for the relaxed: (a) CS and
(b) SS. Evsm, Ecams Evae, and Er represent the top of the valence band, the bottom of
the conduction band, vacuum level, and the Fermi level, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

and is given by the relation

Va(2) = —47 /Z b Pa(2)2dZ +47mz /Z h Pa(2)dz,
in which

Pa(?) = % //Aqoz(X.y.Z)dxdy

WF is the difference between the vacuum level and the Fermi
energy (Ep). EA is calculated as the energy difference between
the vacuum level and the bottom of conduction band (Ecgy):
A =Eva—Ecgm. However, we confront with the well-known under-
estimation of band gap in DFT calculations related to the inability of
DFT to describe properly the unoccupied states. In order to over-
come this shortcoming, we add the experimental band gap to
the calculated valence band maximum to get the conduction
band minimum, as introduced in former theoretical studies
[39-42]. Fig. 2 displays the plane-averaged potentials for CS and
SS. For CS, the WF, IP and EA are 3.06, 4.92 and 2.32 eV, respectively,
while these values are 6.82, 6.60 and 4.00 eV for SS. All these results
are shown in Table 1.

3.2. Geometric and electronic structure

To examine the adsorption properties, we consider a single Ag
atom adsorbed at both CS and SS, which corresponds to the
coverage of 0.25 monolayer (ML). As shown in Fig. 1b, we
consider three possible adsorbed structures T1, T4 and H3 for
both CS and SS. All the initial arrangements of the three structures
are fully relaxed. For Ag at CS, the T4 structure is most stable, in
which the bond length dcq4-ag is about 2.63 A and the adsorption
energy is about —2.47 eV. While for Ag at SS, the H3 structure is
more favorable, in which the averaged Ag-S bond length ds_ ag is
2.55 A and the adsorption energy is —3.68 eV. Such large negative
adsorption energies suggest that the reaction between Ag and CdS
is strongly exothermic, especially on SS.

Fig. 3 plots the total density of states (TDOS) of adsorbed Ag
and each CdS bilayer for relaxed CS and SS. The labels in Fig. 3 for
bilayers are the same as in Fig. 1. It can be seen that the electronic
states of CdS bilayers near the surface are different from those
deep inside the solid. The Ag-induced changes in electronic
structures mainly concentrate on surface region and decay
quickly with the increase of site depth from surface. For CS
(Fig. 3a), the TDOS of the forth plane below surface already
resembles closely that of the bulk. While for the TDOS of SS
(Fig. 3b), only small perturbations caused by Ag at the third plane
below surface are visible. These results indicate that significant
relaxation is limited to the top three bilayers for the adsorption of

Table 1

Calculated structure parameters for Ag adsorption at CS and SS with different
coverage O. Eqq is the energy for the adsorption of Ag atoms. d is the optimized
bond length between Ag and the nearest host atom. @ is the work function, A® is
the change of work function with respect to clean surface. u is the surface dipole
moment.

2] Euq (eV) d (A) @ (eV) A® (eV) 1 (Debye)
(&

0.25 —247 2.631 3.07 0.01 0.02
0.5 -2.21 2.631 4.24 1.18 1.10
0.75 -2.07 2.728 4.18 1.12 0.69
1.00 -1.69 2.750 4.20 1.14 0.53
SS

0.25 —-3.72 2.546 5.92 —0.89 -1.65
0.50 —-3.37 2.583 5.03 -1.79 —1.66
0.75 -2.70 2.589 3.20 -3.61 —2.24
1.00 -2.31 2.588 3.19 —3.62 —1.68
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Fig. 3. TDOS for adsorbed Ag and each CdS bilayers from relaxed: (a) CS and (b) SS. The labels for bilayers are the same as in Fig. 1. The TDOS of the relaxed bilayers
(CdS(1)-CdS(4)) (red lines) contain the TDOS the of the fixed CdS(5) bilayer (gray lines) for comparison. The dotted lines represent the Fermi level. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Ag at CdS surface, which also indicates that our models with eight
bilayers are sufficient for examining the adsorption properties. At
the interface, clear evidence of strong hybridization can be seen
between the TDOS of Ag and CdS(1) bilayer for both CS and SS. To
get a more detailed description about the interaction between Ag
adatom and CdS surfaces, the projected density of states (PDOS) are
calculated. For Ag adsorption at CS, the PDOS of Ag 4d/5s, and 4d/5s
of Cd bonding to Ag are shown in Fig. 4a. It can be seen that the 4d
states of both Ag and Cd are dominantly localized deeply inside the
valence band. The overlapping between the localized Ag 5s and
localized Cd 5s states indicates some ionic-like component of the
Ag-Cd bond. The Fermi level lies in the bottom of the conduction
band and the localized Ag 5s states just lie above the Fermi level.
Therefore, excited electrons from CdS surface would occupy the Ag
5s states when this Ag@CdS system is activated. As a result, an
acceptor is accreted, thus Ag adatom is assumed to play a mediating
role in storing and shutting the photo-generated electrons from CdS
to acceptor in a photocatalytic process for this Ag@CdS system. This
would be responsible for the high photocatalytic activity of Ag@CdS
system observed in experiments. For an Ag atom adsorption at SS,
the PDOS of Ag 4d/5s and 3p states of S atom bonding to Ag atom
plotted in Fig. 4b shows that the delocalized S 3p states are divided
into two main regions, which indicates the formation of bonding
and antibonding states. Different from that of Ag adsorption at CS,
Ag 4d states are more delocalized and hybridized with S 3p states,
which reveals that the Ag-S bonding is covalent. It should be
mentioned that the photocatalytic activity is a complex property
which is related with many factors. Our DOS can only give the
interaction information between Ag and CdS surfaces. From Fig. 4,
we cannot give the conclusion that which configuration has higher
photocatalytic activity or whether the two configurations have the
same photocatalytic activity.

3.3. Work function change and surface dipole moment

The magnitude and the sign of work function change (A®) can
be used to determine the direction and extent of electron
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Fig. 4. Projective density of states (PDOS) for single Ag atom adsorption on the
(a) CS and (b) SS. The dotted lines represent the Fermi level.
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Fig. 5. Calculated ground state geometries of: (a) Ag,, (b) Ags, and (c) Ag;. The bond lengths are in A. For comparison, bond lengths obtained in Ref. [45] are shown in
parentheses. Energetically favored adsorption configurations for Ag,, Ag4, and Ag; on CS surface are shown in (d), (e), and (f), respectively. Only the two top bilayers of CdS
surfaces are shown. The orange, red, and blue spheres represent Ag, Cd, and S atoms respectively. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

redistribution. Table 1 shows the A® induced by Ag adsorption
for both surfaces. It can be seen that work function changes for
both surfaces due to the surface dipole moments arising due to a
significant electron transfer between the substrate and the
adatom. Namely, A®=0.01eV for Ag adsorption at CS and
A®=-0.89eV for Ag adsorption at SS. The work function
changes can be expected partly due to the large difference of
electronegativity between host atom and Ag atom. The Pauling
electronegativities are 2.58, 1.69, and 1.93 for S, Cd, and Ag atoms,
respectively, thus a positive A® is expected on the CS, while a
negative A® is expected on SS. In addition, the difference of
electronegativities between S and Ag atom is significantly larger
than that between Cd and Ag atom. Therefore, compared with Ag
adsorption at CS, a larger absolute value of A® induced by Ag
adsorption can be expected for Ag adsorption at SS.

Using the Helmholtz equation, the surface dipole moment (in
Debye) can be evaluated by [43]

n=(1/12mAAP/0O,

where A is the area in A? per (1 x 1) surface unit cell, A® is the
work function change in eV, and @ is the coverage. Then the
surface dipole moments are u=0.02 and —1.65 Debye for Ag
adsorption at CS and SS, respectively. The dipole moment can be
viewed as being proportional to the product of the effective
charge on Ag atom and the vertical distance between Ag and
host atom bonding to Ag. With the understanding that the
optimized vertical Ag-Cd distance is larger than that of Ag-S,
we can obtain that a larger value of the effective charge on the Ag
adatom can be expected on SS than that on CS. Namely, the
charge redistribution between the Ag and SS is more significant
than that between Ag and CS, which is in agreement with the
above discussion. Despite the overall charge transfer, the detailed
charge redistributions are site dependent, which determines the
magnitude and the sign of A® as well as the surface dipole
moment [44]. Moreover, the small absolute value of the dipole
moment of Ag adsorption at CS is affected by specific atomic
geometry.

3.4. Coverage-dependent surface properties

In order to understand better the interface properties, calcula-
tions are performed for ®=0.50, 0.75, and 1.00 ML of silver
coverage, which correspond to two, three, and four Ag atoms
adsorption on the 2x2 surface unit cell. The calculated
adsorption energies Eyq, bond lengths between Ag and nearest
host atom d, work function changes A®, and surface dipole
moments y are summarized in Table 1. It can be seen that, for
CS, the adsorption energies per Ag atom become larger with
silver coverage increase (i.e., from —2.47eV for 0.25ML to
—1.69eV for 1.00 ML), indicating strong repulsive interaction
between the Ag adatoms. Therefore, with appropriate Ag chemical
potential, the adsorption of Ag at CS could favor lower coverage
situation. This is also confirmed by the increased bond lengths
dag-ca With coverage increase. This coverage dependent behavior
is also found for Ag adsorption at SS, but the absolute value of
the adsorption energy is much larger indicating that Ag atoms
adsorption on SS is easier than on CS. In addition, for Ag
adsorption at SS, the variation of adsorption energies with the
increase of coverage is larger than that for CS indicating a
relatively stronger repulsion between Ag adatoms. From Table 1,
it can be seen that the work function decreases with the increase
of coverage for Ag adsorption at SS, and a saturation value is
reached when the coverage ® > 0.75 ML. For Ag adsorption at CS,
work function increases rapidly when the coverage ® < 0.5 ML,
while the work function changes little when the coverage
® > 0.5 ML, indicating a saturation value is also reached. This is
due to that, at low coverage stages of Ag adsorption, with the
coverage increase, the modification of overall charge redistribu-
tion between CdS and Ag would becomes strong, resulting in
the absolute value of work function change increasing with
Ag coverage. However, when the coverage is high enough, the
surface dipoles on the surface interact with each other signifi-
cantly, which leads to that the variation of work function change
is neglectable with the increase of coverage. Thus, the work
function change reaches a saturation value.
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3.5. Ag clusters adsorption on CS

In order to investigate the Ag atoms’ aggregation and nucleation,
we further take CS as an example to consider the adsorption proper-
ties of Ag clusters on CS. Ag particles on the surface with different size
should present different chemical and physical properties. Therefore,
we consider three kinds of Ag clusters, i.e., an one-dimensional (1D)
Ag cluster, a two-dimensional (2D) Ag, cluster, and a three-dimen-
sional (3D) Ag; cluster. The ground state structures of Ag, (n=2, 4,
and 7) employed in this study are those obtained in Refs. [45,46], as
shown in Fig. 5a—c, respectively. The energetically favorable adsorp-
tion configurations are shown in Fig. 5d-f, respectively. For Ag,, Agy,
and Ag; on the CS, the calculated adsorption energies are —2.80,
—4.05 and —4.59 eV, respectively. It can be noticed that adsorption
energies of Ag cluster are obviously lower than that of a single Ag
atom adsorption. In addition, the adsorption energies decrease with
the increase of cluster size indicating that the adsorption of Ag atoms
on CdS surface would attract more Ag atoms to cluster together and
thereby form atomic islands.

It should be noted that, ideally, as CdS is an n-type semiconduc-
tor, this suggests that some S vacancies or/and Cd interstices may
exist. Indeed, these intrinsic defaults deed to be at the origin of the
n-type of the material. And such defaults are supposed to influence a
lot the electronic structure and, in particular, the position of the
Fermi surface. However, a fully investigation on these cases, clearly,
is a very complex work. And our present work is limited within the
scope of the CdS without intrinsic defaults. Further investigation is
expected to be carried out to obtain a deeper insight.

4. Conclusions

The first-principles calculations are performed to investigate the
geometric and electronic properties of Ag adsorption at CS and SS.
Our results show that the adsorption of Ag on SS is more favorable
than that at CS. The H3 structure is most stable for Ag adsorption at
SS, while T4 structure is more favorable for Ag adsorption at CS. For
single Ag adsorption at CS, the overlapping between the localized Ag
5s and localized Cd 5s states indicates some ionic-like component of
Ag-Cd bond. While for single Ag adsorption on SS, Ag 4d states are
more delocalized and hybridized with S 3p states revealing that Ag-S
bonding is covalent. The results indicate the electronegativity differ-
ence between Ag and host atom bonding to Ag plays an important
role for the magnitude and the sign of surface dipole moment as well
as the change of work function. Our results indicate there is repulsive
interaction between Ag adatoms on both CS and SS with the silver
coverage increase. For Ag adsorbed at SS, the work function decreases
with the increase of Ag coverage, and reaches saturation when the
coverage @ >0.75 ML due to the dipole-dipole interaction. For Ag
adsorbed at CS, work function exhibits rapidly raising when the
coverage @ < 0.5 ML, while the work function changes little when the
coverage © > 0.5 ML indicating a saturation value is also reached. For
small Ag clusters (Ag,, Ags, and Ag;) adsorbed CS surface, adsorption
energies are obviously lower than that of a single Ag adsorption, and
the cluster adsorption energy decreases with the cluster size increas-
ing, which indicates that the adsorption of Ag atoms on the CdS
surface would attract more Ag atoms to cluster together and thereby
form atomic islands.
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