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ABSTRACT: Density functional theory (DFT) calculations were performed to assess the work of adhesion of silver layers
deposited on metal oxide surfaces differing by their chemical nature (ZnO, TiO,, SnO,, and ZrO,) and their crystallographic face.
The calculated work of adhesion values range from ~0 to 3 ] m™> and are shown to originate from the interplay between ionic
(associated with charge transfer at the interface) and covalent (as probed by atomic bond orders between silver and the metal
oxide atoms) interactions. The results are discussed in the context of the design of silver/metal oxide interfaces for low-emissivity

glasses.
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1. INTRODUCTION

Nowadays, low-emissivity (or low-e) glasses are ubiquitous in
everyday life, e.g. they are used in buildings and cars."” The
functionalities of these glasses are related to their particular
architecture based on a thin metal layer sandwiched between
oxide thin films. Depositing silver layers on window glasses
indeed lowers the emission of radiant thermal energy. During
the last decades, various and complex stacking structures have
been investigated to achieve low-e properties with the most
typical structures combining silver as a metal and transparent
oxide layers such as ZnO, SnO,, TiO,, etc.’ 10

Interfaces play a key role in such heterostructures and
should, obviously, promote a strong adhesion between the two
layers."" A high affinity between the two surfaces is indeed
expected to reduce the number of weak points (fracture
modes) and to ensure low mechanical stress at the interface,
resistance to degradation, etc."> '® A convenient observable to
quantify the adhesion between two solids is the work of
adhesion, Wy,, namely, the work required to bring the surfaces
from close contact to infinite distance. The development of
low-e glasses has thus motivated theoretical investigations of a
number of metal/metal oxide interfaces.'” > Yet, detailed
mechanistic studies relating the work of adhesion to interfacial
electronic processes and how it can be tuned by proper surface
engineering are lacking.
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Here, we report density functional theory (DFT) calculations
of the work of adhesion of silver with metal oxides varying in
chemical composition (ZnO, SnO,, TiO,, and ZrO,) and by
their contact crystallographic face. We show that W, results
from the interplay between charge transfer (“ionic”) and wave
function overlap (“covalent”) contributions at the hetero-
junction.

2. METHODOLOGY

2.1. Construction of the Interfaces. The interface models
were built as follows. First, we generated separately five-layer
slabs of silver and metal oxide on the basis of experimental X-
ray data for the corresponding materials. The size of the silver
and metal oxide supercells was chosen to maximize size
commensurability at the interface; see the section below. The
geometry of the metal oxide surfaces was allowed to fully relax
prior the deposition of silver. The silver layer was then brought
in contact with the metal oxide surface, and the full interface
geometry was fully optimized. These geometries were
subsequently used to compute the electronic properties
(charges and bond-orders) in the stacked structures. The
models and optimized geometries used for the various
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interfaces are shown in Figure 1 (see also (A) in Figures S1-9
for a top view of the contact planes for each interface).
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Figure 1. Side view of all silver/metal oxide models investigated in this
study around the interface region. Each interface involves a five-layer
Ag(111) surface in contact with ZnO(1010) (1), ZnO(000T) with low
density of silver (2), ZnO(000T) with high density of silver (3),
anatase TiO,(101) (4), nitrogen-doped anatase TiO,(101) (S),
Sn0,(110) (6), Sn0,(100) (7), ZrO,(111) (8), and ZrO, (100) (9).

2.1.1. Silver Slab. Silver bulk displays a face centered cubic
lattice (Fm3m) with cell parameters a = 4.08 A. From the bulk,
we generated a S-layer slab with a terminated (111) surface.
This face is selected as it is the silver surface with the lowest
surface energy and hence generally observed experimentally.””
Moreover, our calculations show that an atom-by-atom
deposition of silver onto the metal oxide surface spontaneously
leads to the formation of the (111) facet. The (111) surface
consists of silver atoms arranged in a hexagonal pattern with an
Ag—Ag bond length of ca. 2.90 A and adjacent silver layers
arranged following an A—B—C packing. This surface was put in
contact on top of the different metal oxide layers. The lattice
vectors of the unit cell used for the interface model have been
arbitrary chosen from the lattice vectors of the metal oxide unit,
hence inducing a small compressive or tensile stress in the silver
layers to match the size of the metal oxide surface (see Section
2.2).

2.1.2. Metal Oxide Slabs. Similarly to the silver surface, the
metal oxide slabs were generated from the corresponding
experimental bulk structure. We focused in this work on
surfaces generated from four different oxides typically used in
the glass industry: zinc oxide (ZnO), titanium dioxide (TiO,),
tin-dioxide (Sn0O,), and zirconium dioxide (ZrO,).

Zn0O. For ZnO, we considered the bulk wurzite with
parameters a = 3.25 A and ¢ = 5.21 A, from which we generated
the (1010) and (0001) faces. The (1010) surface consists of a
stoichiometric amount of oxygen and zinc atoms at the top of
the surface. For this reason, this face is generally referred as the
nonpolar surface and is the most commonly used at the
theoretical level for fundamental and benchmarking studies.”®
However, the (0001) direction is observed to be the
preferential one for the ZnO growth.” In this case, the slab
is terminated by an oxygen-rich surface on one side and a zinc-
rich surface on the opposite side and is hence referred to as the
polar surface. Here, we considered only the terminated oxygen
face in contact with the silver layers as it yields a much stronger
adhesion.”**’

TiO,. The anatase form of titanium dioxide was adopted.
This allotropic form has a tetragonal symmetry with cell
parameters a = 3.78 A and ¢ = 9.51 A. From this unit cell, we

generated the (110) face, which is the most stable according to
both experimental investigations and DFT predictions.”"** To
investigate the impact of doping, we also considered the (110)
surface in which some oxygen atoms were arbitrary substituted
by nitrogen atoms to generate a p-doped surface at a doping
ratio close to 5%.

Sn0O,. SnO, condenses in the rutile structure with the bulk
parameters a = 4.74 A and ¢ = 3.19 A. From the bulk, we
prepared the (100) and (110) surfaces, i.e., the natural growing
faces of Sn0,.*> The (110) surface is thermodynamically the
most stable among the two.**7*° Different surface reconstruc-
tion processes have been suggested for this face.”””" Here, we
considered for (110) only a bulk terminated face with bridging
oxygen atoms at the top. The (100) face is nonpolar with tin
and oxygen atoms present on the surface in a stoichiometric
ratio.

ZrO,. Zirconia has also been studied in the context of metal
adhesion, namely transition metals such as Ni, Pt, or Pd
adsorbed on various ZrO, surfaces have been previously
modeled."””° Zirconia in its cubic form has parameter a = 5.17
A. In a similar way as for ZnO, we selected polar and nonpolar
surfaces. The nonpolar is the (111) plane, also energetically the
most stable,'”**~*' while the polar is the (100) plane,
exhibiting a terminated oxygen-rich surface.”™”

2.2. Commensurability. The main issue when building
models for interfaces between two solids is commensurability.
The structural disparity between two surfaces in contact can be

described by a misfit quantity M defined as*’~*°
2Q
M=1—- ——
A+ 4, (1)

where A; and A, are the area of the two surfaces in contact and
€ is the overlap area. One can also calculate alon§ the two
directions of the surface the lattice mismatch strain:*

L -1

I (2)

where [ is the lattice vector of the substrate (the metal oxide in
this case) and I, is the lattice vector of the epitaxial layer (i..,
the silver layers) deposited on the substrate. In contrast to the
misfit value that is always positive, the mismatch strain can
either be positive or negative corresponding to tensile (f > 0)
or compressive (f < 0) behavior of the epitaxial layer.

Two approaches can be used to ensure commensurability
between two surfaces. The first one is the (1 X 1)
approximation model, where the interface is generated by
contact of the primitive cell of the two solids. This method is
largely used for interface studies at the first-principles level but
is limited to solids whose lattice constants differ by a few
percents only.””*’~>° However, it has been shown in the
context of adhesion study that accurate work of separation can
still be obtained with an optimized (1 X 1) model, even for a
large mismatch (>30%) between the primitive cells.>' The
other approach consists in generating a semicoherent interface
(ie, an interface where there is a partial lattice matching
between the two phases) by construction of an (a X b)
supercell whose a and b lattice vectors are multiples of the
primitive lattice parameters of the two solids (see Figure
2).7%75% We selected this second approach because large
mismatches can be observed for some structures. For example,
in the case of the ZrO,(111)/Ag(111) interface, the lattice
vectors of the primitive cells are (5.07 X 5.07 A) for ZrO, and

f=
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Figure 2. Scheme of the methodology applied to build the interface
model and to calculate the commensurability between the silver and
metal oxide surface. (A) A supercell is generated to model the metal
oxide surface by repetition along the a- and b-axes of the experimental
unit cell (filled square). (B) A similar procedure is applied for the
silver surface. In this example, a,, < ag, and by, > b, (C) The silver
and metal oxide slabs are brought in contact to generate the interface.
The size of the supercell in panels A and B was chosen to maximize the
overlap area between the two supercells, Q.

(2.91 x 5.04 A) for silver. This represents a ratio between the
lattice parameters of 0.57 (approximately 3/5) along the a-axis
and 0.99 along the b-axis. Thus, an interface model of (3 X
1)ZrO,/(S X 1)Ag was generated with supercell parameters of
(15.21 X 5.07 A). This leads to a mismatch of 4.5% along the a-
direction to be compared with 74.2% in the (1 X 1) model.

The misfit parameter and lattice mismatch calculated for all
generated interface models are compiled in Table 1. The misfit
parameter is found to be below 10% in all cases except for the
polar ZnO surface (entry 2 in Table 1). For this particular case,
the most stable adsorption sites for silver atoms correspond to
bridge-hollow positions where silver atoms occupy the center of
the triangle patterns defined by the oxygen atoms at the surface
(see Supporting Information, Figure S2A). This creates upon
relaxation an adsorbed layer of silver with a density that is lower
by 25% compared to the (111) surface obtained from bulk
silver. To prepare an Ag/ZnO(0001) interface with a silver
density approaching the bulk value, we used a silver slab with
16 silver atoms on the surface (instead of 12 in entry 2) to build
the interface listed as entry 3 in Table 1. There, the silver layer
undergoes a compressive stress to match the lattice parameters
of the oxide.

2.3. Computational Details. Our calculations were
performed at the DFT level with periodic boundary conditions
as implemented in the SIESTA code.’® The exchange-
correlation functional was described in the Generalized
Gradient Approximation using the PBE functional.’’ A
numerical atomic basis set was adopted for the valence
electrons using a real-space grid with a mesh-cutoff of 400
Ry, while core electrons are described by Troullier—Martin

pseudopotentials.”® A Monkhorst—Pack grid was used for the
generation of the k-space.”” The dimension of the grid was
adapted for each silver/metal oxide interface depending on the
size of the supercell to generate similarly resolved k-space (see
Table 1). First, the atomic positions in the metal oxide slabs,
generated from the corresponding bulk geometry, were allowed
to fully relax. The geometric relaxation was performed using the
conjugated-gradient formalism with a convergence criteria on
the atomic forces of 0.04 eV A™%. The lattice vectors of the slab
unit cell were kept fixed to their bulk values during this first
relaxation protocol. The silver slab was prepared using the same
approach and then deposited on the oxide surface, using as the
initial silver/oxide interface distance a value of 2.0 A. The
structure of the complete interface (oxide plus silver) was then
allowed to fully relax. The net atomic charges and atomic bond
orders were computed for the fully relaxed structures from the
electronic density generated by SIESTA using the DDEC6
charge density partition scheme developed by Manz et al. oot

3. RESULTS AND DISCUSSION

The work of adhesion, W;,, measures the affinity of the silver
for the oxide surfaces. Wy, can be defined using the difference
in the total energy between the interface and the two isolated
surfaces, normalized per surface area:*”*>%>%

[EAg + EOX] - EAg/OX
A ©)

where Eu, Eo, and E,g o, are the total energies computed
within the interfacial geometry for the silver layers, oxide layers,
and full interfaces, respectively, and A is the area of the
interface.

The interfaces considered in this study yield work separation
values spanning a large range from ~0 J m~> (no affinity of the
silver for the oxide) up to ca. 3 J m™> (strong interaction
between the two surfaces) (Table 2). Zinc oxide surfaces
demonstrate a high affinity with the silver layers with W}, of
0.959, 2.086, and 1.956 ] m™2 for the interfaces involving
ZnO(1010), ZnO(0001) (12), and ZnO(0001) (16), respec-
tively; thus, the polar surfaces yield a stronger adhesion. The
higher affinity for the polar versus the nonpolar surfaces can be
explained by the Zn/O stoichiometry at the surface and its
impact on the interfacial charge transfer, as described below.

These values are consistent with the interfacial toughness at
the ZnO//Ag and Ag//ZnO interfaces, measured between 1.0
and 2.8 ] m~” depending on the nature of the sublayers or the
growth mechanism.” Unfortunately, such data are lacking for
many oxides considered here. We hope that our work will
motivate further experimental investigations to verify our

12—

Table 1. Misfit Value (M) and Lattice Mismatch Strain (f) for the Interface Models Investigated”

interface M (%) £, (%)
(1) ZnO(1010)||Ag(111) 7.0 32
(2) ZnO(000T)(|Ag(111) (12) 11.0 11.7
(3) ZnO(000T)||Ag(111) (16) 33 -33
(4) TiO,(101)]|Ag(111) 2.0 -27
(5) TiO:N(101)||Ag(111) 2.0 -2.7
(6) SnO,(110)||Ag(111) 4.7 9.6
(7) Sn0,(100)||Ag(111) 6.9 8.5
(8) ZrO,(111)||Ag(111) 6.5 6.7
(9) Zr0,(100)||Ag(111) 2.5 4.5

fo (%) (a x b) (A% k, X ky X k.
11.6 10.40 X 9.75 (551)
11.7 9.75 X 12.26 (541)
-33 9.75 X 12.26 (541)

1.2 11.33 X 10.21 4s51)
1.2 11.33 X 10.21 “4s51)
-0.3 3.19 x 20.10 (1521)
—6.0 9.47 X 4.74 (5101)
6.7 10.76 X 12.42 (541)
0.6 1521 x 5.07 (3101)

“a and b are the lattice vectors of the supercells, and k is the number of k-points used in each direction for the sampling of the Brillouin zone.
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Table 2. Interfacial Properties of the Investigated
Structures”

dag_ox Wy
interface Nag (A) dag (lel) SEBO  (Jm™)
ZnO(1010)[|Ag(111) (1) 12 220 0022 055 0959
ZnO(000T)||Ag(111) 2 191 0239 063 2086
(12) (2)
ZnO(000T)||Ag(111) 16 218 0.145 046 1956
(16) (3)
TiO,(101)[|Ag(111) (4) 16 226 0053 028  0.I59
Ti(Os:N(IOI)HAg(lll) 16 198 0126 041 1364
S
$n0,(110)[|Ag(111) (6) 8  2.00 0117 035 0862
$n0,(100)[[Ag(111) (7) 6 218 0077 055 1201
7:0,(111)[|Ag(111) (8) 16 230  —0.044 035 0060
7:0,(100)[|Ag(111) (9) 10 186 0299 083 2876

“Nj, is the number of silver atoms per layer; dy, o, the distance
between the metal oxide and the silver layers (average difference
between the position of the silver atoms in the first layer and the top
atoms of the metal oxide), and qag is the averaged charge per silver
atom in the first silver layer. SEBO and W), are the sum of the effective
bond orders for silver and the work separation, respectively.

theoretical predictions. Theoretical investigations on the
Ag(111)/Zn0O(0001) have reported values going to 0.7 up to
more than 4.0 ] m™* depending on the interface model and the
lattice mismatch or the relative position of the two
surfaces.” %%

With respect to ZnO, TiO, shows very poor adhesion with
Wi, = 0.159 J m™2 Similar weak adhesions for the TiO,/
Ag(111) interface were obtained theoretically using rutile and
anatase surfaces with value of ca. 0.2 ] m™ (on anatase) and 0.4
J m™2 (on rutile).>® Very interestingly, p-type doping was found
to grandly improve the adhesion with a 1 order of magnitude
increase in Wy, for 5% doped N:TiO, (WSep = 1.364 ] m™).
This is consistent with modeling work pointing to the
improvement in adhesion using an under-stoichiometric
TiO,_, surface.”

The two SnO, planes have an affinity for silver comparable to
that of the nonpolar ZnO with W), values of 0.9 and 1.2 J m™
computed for the (110) and (100) surface planes, respectively.
These values are consistent with other reported data using first-
principles calculations.*® Finally, the adhesion between silver
and ZrO, surfaces cranks up from 0.06 to 2.88 ] m™> when
going from the (111) to the (100) surface, underlining the role
of the crystal face on adhesion. In order to rationalize these
data, we investigated the electronic properties at the interface
between the two layers. The magnitude of the work of adhesion
is driven by the overlap between wave functions of the two
components yielding hybridized interfacial states and a partial
or full charge transfer taking place to equilibrate the chemical
potential of the two contacted slabs and drive the system to
equilibrium. We refer below to these two contributions as
covalent (or mixed) and ionic, respectively. We first sought for
a correlation between the work of separation and the direction
and amount of charge transfer between the silver layer and the
oxide surface. The charge reorganization at the interface was
analyzed through the profile of the charge density difference,
Ap, using a macroscopic average technique.65

8p =P = (B + Pycol) 4)
where iy, Pag and py_oy are the charge density of the full
interface, the silver layers, and the metal oxide layers,
respectively.

The atomic charges were computed here using the DDEC6
partition scheme. Because the charge density profile shows
modifications localized within the silver plane in direct contact
with the metal oxide, we considered only the silver atoms
belonging to the interfacial layer in our analysis (while
normalizing the net charge of the layer by the number of
silver atoms to ease comparison between the different interface
models). The resulting average charges per silver atom at the
contact layer, gy, are collected in Table 2. A positive value was
obtained for all models (expect for interface 8), thus pointing to
a ground-state electron transfer from the silver layer to the
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Figure 3. (A) Profile of the charge density difference for each silver/metal oxide interface. The zero reference for the distance is the average position
of the silver atoms belonging to the first layer. The vertical bars at negative distances refer to the position of the metal oxide surface. (B) Correlation
between the calculated charge transfer and the work function difference between the two surfaces in contact.
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metal oxide substrate. This can also be seen in Figure 3,
displaying the profiles for the charge density redistribution at
the various interfaces (see also B in Figure S1—9 for the
corresponding 2D mapping of the charge density difference at
the interface). There, a positive peak (gain in electron density)
is observed in the region corresponding to the top of the oxide
surface and an associated negative peak (loss in electron
density) appears close to the first silver layer.

In the case of the two polar (000T) ZnO surfaces 2 and 3, the
same pattern intensity was observed for the electron density
maps yet with a shift in the relative position of the Ap peaks.
The calculated average charge per silver yields a much larger
charge transfer for entry 2 (0.239 lel) compared to that for 3
(0.145 lel), a difference that can be explained by the
configuration of the silver atoms on the oxide surface. Indeed,
for interface 2, each silver is adsorbed in a hollow position and
bonded to three oxygen atoms, while owing to the increased
packing density, only 25% of the silver atoms in contact with
the oxide are sitting on hollow sites for interface 3 (see the
Supporting Information, Figure S3A for a top view of the
interface structure). Interface 1 involving the nonpolar (1010)
surface displays a smaller variation in the charge density
pattern. The net charge transfer is difficult to visualize as the
Ap curve mainly presents an oscillating behavior. The
corresponding q,, for this interface is only 0.022 lel, which
confirms a moderate charge donation from silver to the oxide.
The difference in the charge density reorganization in the silver
layers in contact with the polar versus nonpolar ZnO surfaces
can be directly related to the geometry of the surface. In the
case of the polar surface, the silver atoms are in close contact
only with the oxygen atoms of the oxide layer. For the nonpolar
surface, the surface stoichiometry is different, and the silver
atoms now interact with an equivalent number of oxygen and
zinc atoms. Considering the electronegativity of these three
elements (O = 344 ; Ag = 193 ; Zn = 1.65), an interface
involving only Ag—O interaction would promote the formation
of ionic bonds and an interface charge transfer, as is the case for
the polar surface. In contrast, the presence of mixed Ag—O
(donation of electrons) and Ag—Zn (gain of electrons) pairs at
the interface is expected to result in a much smaller effective
electron transfer due to compensation effects, as indeed
observed for the nonpolar surface.

The interface involving the undoped TiO, surface features a
small amplitude in the charge density transfer with a
corresponding ag of 0.053 lel. This value is, however, more
than twice as large as that calculated for nonpolar ZnO. Very
surprisingly though, the work of adhesion of silver on TiO, is
significantly smaller than on the nonpolar ZnO (0.159 vs 0.959
J m™2). This highlights the fact that the amount of charge
transferred at a particular interface alone cannot be used to
quantify the adhesive properties. Because the pristine (101)
anatase surface of TiO, presents a poor adhesive character, we
investigated for this surface the impact of p-type doping,
induced here by substitution of oxygen by nitrogen atoms. In
this case, a larger amount of charge is transferred from the silver
to the doped oxide substrate (the calculated g, reaches 0.126 |
el (see also charge density profile in Figure 4), which is
accompanied by a 1 order of magnitude enhancement of W,.

The two systems based on tin oxide present similar electron
density maps in the region close to the top silver layer. They
mostly differ in the vicinity of the oxide, a difference that is
reflected in the calculated g,, with a lower value obtained for
the (110) plane (0.077 lel) compared to that of the (100) plane
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Figure 4. Four-data graph showing the amplitude of the work of
separation (area of the circle) as a function of the average SEBO (-
axis), charge transfer (x-axis), and interface distance (color of the circle
associated with the color code bar).

(0.117 lel). However, these results are anticorrelated with the
values of the silver work of adhesion, which is larger for the
(100) plane (1.201 J m™>) than for the (110) plane (0.862 ]
m—2

For the zirconium oxide interface, the two terminal planes
yield different behaviors with a large charge transfer observed
for silver adsorbed on the (100) surface and a calculated qag Oof
0.299 lel, while the charge density profile is quasi-flat for the
(110) plane and even shows a charge transfer going in the
opposite direction (qu = —0.044 lel).

It is well-known that the differences in work functions
between solids drive a charge transfer at their interfaces when
they are brought in contact.”® The amount of charge transfer is
governed by the work function difference between the two
surfaces in contact with electron going from the lower work
function material into the higher work function material to
equilibrate their chemical potentials. The experimental work
function of silver (111) is measured to be ca. 4.5 eV, while
metal oxides have work function in a range between 3.0 and 7.0
eV.%® This is consistent with the direction of the charge transfer
predicted here from ab initio calculations (with electrons
flowing in most cases from the silver into the oxide). The
difference in charge transfer observed between the
Zn0O(1010)/Ag and ZnO(0001)/Ag interfaces is fully con-
sistent with the trend predicted based on their work functions
(4.95 eV for ZnO(0001) vs 4.64 for ZnO(1010)).” The small
charge transfer calculated for TiO, is rationalized by the work
function of 4.7 eV for anatase (101), ie., close to the work
function of silver.”” The significant charge transfer calculated
for the SnO,(110)/Ag interface is in line with the higher work
function reported for this oxide surface (5.4 eV).”" An opposite
charge transfer (from oxide to silver) is calculated for silver on
the (111) face of ZrO,, which is also the most stable. This is
consistent with the small work function of 3.0 eV reported for
this oxide.®®”> The work function of all oxides and silver was
also calculated through the computation of the electrostatic
potential profile (see details in the Supporting Information). A
reasonable correlation was found between the difference in
work function and the amount of charge transfer among the
oxides investigated (Figure 3B).

Altogether, the results reported so far show that the
magnitude of the charge transfer from silver to the oxide
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does not uniquely steer the work of separation. To fully
characterize the chemical interaction between silver and the
metal, another descriptor has to be introduced, and we propose
here the use of the effective bond order (EBO).”® The effective
bond order is the number of chemical bonds between a pair of
atoms and hence provides a qualitative insight into the stability
of a bond.”* In this work, we calculated the effective bond order
for each pair of atoms at the modeled interfaces. We focused
our analysis on silver atoms in the first plane in contact with the
oxide and calculated for these the sum of effective bond order
(SEBO). SEBO is thus defined as the sum of the bond orders
between a given silver atom and all atoms of the metal oxide
slab (metallic or oxygen atoms, see C in Figure S1—9 in the
Supporting Information for a representation of SEBO values for
each interface). Finally, we used the average value of SEBO,
(SEBO), to characterize the chemical interaction:

(SEBO) = L ) EBO(Ag — O) + EBO(Ag — M)
n
Ag (5)
where the sum runs over the n atoms of the silver plane in
contact with the metal oxide.

The calculated (SEBO) shows a large disparity with values
ranging from 0.28 (low bonding) to 0.83 (high bonding, close
to a covalent bond equal to 1). A (SEBO) of 0.55 is found for
silver adsorbed on nonpolar ZnO (interface 1). As discussed
before, this surface of ZnO is constituted by an equivalent
amount of Ag—O and Ag—Zn bonds, thus leading to two
populations of silver at the interface. For silver bonded to
oxygen, the calculated SEBO reaches 0.59. This value is mainly
dominated by the EBO of the Ag—O bond (0.40) with also a
small contribution of the closest Zn atom (0.10) due to the fact
that this population of silver is localized on a “top-bridge”
position with bond length for Ag—O and Ag—Zn of 2.33 and
3.10 A, respectively. The other half of the silver atoms are
bonded to the oxide through a bridge position between two Zn
atoms with bond length of 2.78 and 2.82 A. The calculated
SEBO is reduced to 0.52 with the main contribution coming
from the two Ag—Zn bonds (EBO of 0.21 and 0.19). When
moving to the polar ZnO surface (structure 2), all silver atoms
are now localized on a hollow position with Ag—O lengths of
2.56, 2.63, and 2.89 A. The SEBO increases compared to the
nonpolar surface with a value of 0.63 for each silver atom. A
deeper analysis of the EBO shows that this value is for a large
part coming from the three Ag—O bonds, which have
respective EBO of 0.22, 0.18, and 0.10. The other Ag/
ZnO(0001) interface 3 has by comparison a lower (SEBO) of
only 0.46. At this interface, 25% of the silver atoms are localized
on the hollow site and interact with 3 oxygen atoms with bond
lengths of 2.78, 2.85, and 2.86 A, while other silver atoms are
sitting on a bridge position with bond lengths of 2.37 A (Ag—
0) and 3.08 A (Ag—Zn). The individual SEBO analysis shows
that silver atoms localized on the hollow site have SEBO of 0.40
with EBO of 0.10—0.11 for each Ag—O bond, while Ag atoms
on the bridge site have a higher SEBO of 0.49, mainly
originating from the Ag—O bond (0.33) with a little
contribution from Ag—Zn (0.07).

The Ag/TiO, interface (interface 4) has the lowest calculated
(SEBO) among all investigated systems with a value of 0.28.
Due to the nature of the anatase (101) face, the calculated
SEBO can fluctuate depending on the respective position of the
silver with respect to the surface (see the Supporting
Information, Figure S4C). The calculated SEBO for each silver
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atom is in a range between 0.22 and 0.27 (when facing
titanium) and between 0.31 and 0.41 (when facing oxygen).
The p-doped system (interface S) shows an increase in the
(SEBO) up to 0.41. The doping improves the SEBO in a
similar way for the two populations with values between 0.30
and 0.44 when facing titanium and 0.41—0.51 when facing
oxygen. This effect can be understood as follows: the
substitution of oxygen by nitrogen in TiO, induces a depletion
of electrons (p-type doping) inside the oxide. This, in turn,
increases the amount of charge transfer from the silver (which
acts like an electron reservoir) into the oxide, as can be seen
from Table 2. As a result, the silver-oxide interface distance is
reduced by more than 10%, and the associated shorter Ag—O
bonds translate into a higher averaged bond order. Indeed, the
average interfacial distance (calculated as the length between
the silver atom in the first layer and the adjacent top oxygen
atom of the titane surface) is actually reduced upon doping
going from 2.26 A for the undoped surface to 1.98 A for the p-
doped surface.

For the SnO,/Ag interfaces, a significant difference appears
between the (110) and (100) surfaces with calculated (SEBO)
of 0.35 and 0.55, respectively. This can be correlated to the
difference in the relative position of the silver atoms with
respect to the oxygen atoms of the SnO, surface among the two
planes. For the (110) surface, which has the lowest (SEBO), we
recall that we built a model where the top of the surface is
terminated by bridging oxygens (see 6 in Figure 1). Our
interface model contains three bridging oxygen atoms that are
bonded to the silver surface. Two of them linked one silver
atom with bond lengths of 2.27 and 2.36 A with an associated
EBO (and total SEBO for the silver atom) of 0.47 (0.52) and
0.39 (0.46), respectively. The last bridging oxygen is bonded to
two silver atoms with bond lengths of 2.44/2.49 A with an
associated EBO (and total SEBO for the silver atom) of 0.34
(0.40) and 0.28 (0.42). The values are comparable to the EBO
(SEBO) observed for Ag—O bonds in the ZnO surfaces.
However, the other silver atoms of the contact layer cannot
make strong bonds with the SnO, surface because the next
oxygen layer is localized 0.76 A deeper compared to the
bridging oxygen atoms. This leads to SEBO value for these
silver atoms in a range between 0.17 and 0.34 depending on
their respective position with respect to the top layer of the
oxide. The (100) surface of SnO, has Sn and O atoms in a
stoichiometric ratio. In our model, three populations of silver
atoms can be considered: silvers (i) bonded to two oxygens
(bridge); (ii) bonded to one oxygen (top-shifted); and (iii)
bonded to tin. The silver atom bonded with two oxygen atom
has a large SEBO of 0.71, mainly arising from the two O—Ag
bonds (EBO of 0.38 and 0.25). The difference in EBO between
the two bonds is correlated with the difference in bond lengths
(2.30 versus 2.48 A, respectively). For silver atoms only
connected to one oxygen, a decrease in SEBO is observed with
values in the range 0.53—0.59. The EBO of the O—Ag bond
contributes for ca. 50% with values between 0.26 and 0.35,
while the other significant contributions involve neighboring O
and Sn atoms. Finally, the silver bonded to tin has a SEBO of
0.45 mainly originating from the O—Sn bond (EBO of 0.30).

The two Ag/ZrO, interfaces present a large difference in
(SEBO) with a small value of 0.35 for the (111) ZrO, plane
compared to 0.83 obtained with the (100) plane. The two
interfaces can be seen as two limiting cases. For the (111)
surface, the geometry of the top ZrO,layer makes 50% of the
oxygen atoms available to interact with the silver layer. The
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calculated SEBO values show that silver atoms interacting with
those available oxygen atoms have SEBO between 0.41 and
0.46, while the other silver atoms have a smaller SEBO, in range
0.26—0.33. The picture is completely different when moving to
the (100) face that exhibits a terminated oxygen layer. The high
commensurability between this face and the (111) face of silver
leads to an interfacial geometry where all silver atoms are
localized in a bridge or bridge-hollow positions. This
configuration favors strong O—Ag interactions with calculated
SEBO for silver atoms between 0.68 and 0.96. A deeper analysis
shows that the nature of the adsorption site of the silver (bridge
versus bridge-hollow) has only a minor impact on the SEBO
value, while the relative position of the first zirconium layer
with respect to the silver atom has a stronger impact. Indeed,
the SEBO of a silver atom on a bridge position facing no Zr
atom of the first layer is calculated to be 0.91. This value
decreases down to 0.78—0.81 for a similar bridge position but
with the silver atom facing a zirconium atom. This behavior is
more pronounced for the bridge-hollow site with SEBO
decreasing from 0.96 (no Zr facing) to 0.68 (silver directly
facing a zirconium).

At this stage, it is useful to merge the information provided
by the charge transfer and (SEBO) analysis to derive structure—
property relationships. From Figure 4 featuring a plot with the
average charge on the silver atoms of the first layer along the x-
axis and the average SEBO value along the y-axis, we group the
interfaces into three populations based on the ionic (charge
transfer) and covalent ((SEBO)) characters. When the charge
transfer between the silver and the oxide layer is small (less
than 0.10 lel per silver) and the SEBO is inferior to 0.4, the
work separation is found to be negligible. This is the case for
interfaces 4 and 8. In the completely opposite regime, i.e., for
simultaneously large charge transfer and high (SEBO), the
work of adhesion dramatically increases. This is the case for
interfaces 2 and 9 that reach W;, > 2.02 ] m™2 Between these
two extreme limits, we observe an intermediate region where
the calculated work of adhesion varies in the range between 0.8
and 1.4 ] m™ due to the fact that either the covalent or ionic
contribution is small. Indeed, we have a small (SEBO) and a
large charge transfer for interfaces S and 6 and large (SEBO)
and small charge transfer for interfaces 1 and 7. The case of
interface 3 exhibiting a much higher work of adhesion (1.96 ]
m™2) can be explained by the higher density of silver atoms at
the interface compared to the other interface models.

4. CONCLUSIONS

We characterized at the DFT level the adhesion of the silver
(111) layer onto several metal oxide surfaces. For each
interface, we calculated the charge transfer between the two
surfaces and observed that the amplitude of the electron
donating character between the metal and the metal oxide
surface alone cannot be correlated to W;,. We then introduced
an effective bond order parameter to describe the amount of
covalent bonding interactions at the interfaces. With these two
atomistic parameters (charge transfer and SEBO), we were able
to rationalize all computed W, values, which result from an
interplay between charge transfer and chemical bonding effects.
Such an approach can prove very useful to guide selection of
interacting layers promoting good adhesive properties. From
the results accumulated here, we identified several possible
strategies: (1) Doping: A poor adhesive interface (such as
anatase TiO,/Ag, for example) can be tuned to provide good
adhesion by doping of the metal oxide because we showed that

this increases both the charge transfer and the covalent
character. This improvement of the adhesive character through
a design of the electronic properties of the surface opens the
way to consider number of surfaces as potentially interesting for
applications. (2) Surface termination: Another important aspect
that needs to be addressed to promote good adhesion is the
nature of the crystallographic face of the metal oxide. From the
considered structures, interfaces that involve a polar metal
oxide surface (i.e., ZnO(0001) and ZrO,(100)) have proven to
be ideal candidates for good adhesive interfaces with silver.
Because these surfaces are terminated by a full layer of oxygens,
the bonding at the Ag/metal oxide interface involves Ag—O
interactions that promote the adhesion. In contrary, nonpolar
metal oxide surfaces imply mixed Ag—O and Ag—M
interactions and lower adhesion. (3) Lattice commensurability:
The interfacial geometry and silver density at the interface also
play an important role. From the two Ag/ZnO(0001)
interfaces, we highlighted how a change in the relative position
of the two contact planes affects the interfacial charge transfer
and bond order. The calculations performed for SnO, also
suggest that improved adhesive properties can be achieved
using a “flat” surface such as Sn0,(100) that reduces
dislocation in the silver plane compared to a surface with
restructuring, e.g. SnO,(110).

Altogether, we hope these results will be useful for the design
of oxides with enhanced interfacial properties with silver in the
context of low-e glass applications. As a final note, we stress
that better adhesion of silver on the oxide surface is expected to
yield improved electrical and optical properties of the glass at
lower nominal Ag thickness, which would translate into a
significant cost reduction.
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