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ARTICLE INFO ABSTRACT

Keywords: First principles density functional theory calculations were used to explore the enhancement of the structural
Metal/ceramic interfaces integrity of Cu/TiN metal/ceramic interfaces by substitutional doping of the interface with Ni, Zn and Sn. To
DFT

evaluate the interfacial strength, energy barriers to shear displacement and maximum tensile stress before
fracture were calculated. Enthalpy of mixing dictated that Sn was not energetically suitable for doping at the
interface, whereas both Ni and Zn were. Ni segregated at the interface forming sub-nanometer interlayers be-
tween Cu and TiN, whereas Zn formed a solid solution with Cu. While Zn-doping increased the resistance to
shear, it led to a weakening of tensile strength. Ni interlayers increased both the shear and tensile strength to a
significant degree coinciding with an increase in electron density between the layers. Using analysis form their
partial density of states, Ni interlayers were found to accept more electrons from interfacial Ti into their more
compact 3d-orbitals than Cu, which accepted more into available 4s-orbitals. Zn doping increased resistance to
shear due to its lower electronegativity than Cu, causing interfacial Zn to have a more positive charge, which also

Solid solution strengthening
Adhesion layer
Diffusion barrier

raised the barrier to shear when in close contact with positively charged interfacial Ti atoms.

1. Introduction

In many components and systems, thin layers of metals and ceramics
are selectively combined to achieve customized structural, chemical,
electrical and magnetic properties, conforming to the requirements of
their respective technological applications [1-4]. Such applications
include functional components like sensors used in electronic devices
[5]; mechanical and structural parts such as gears, valve seats and
guides used in aero-engines, gas turbines, automobiles and aerospace
structures [6-9]; electrodes for fuel cells [10]; machining and cutting
tools, etc. [11-14]. Since the mechanical response of an entire composite
system is highly influenced by the characteristics of the interfacial re-
gion, strong adhesion and structural integrity at the interface is key to
the long-lasting utility of components with such composites [3,15-17].
Hence, efforts aimed at efficient design of highly durable metal/ceramic
composites largely comprise of promoting adhesion and resistance to
shear at the interfacial region.

Many metal/ceramic interfaces have been investigated by means of
experimental and computational methods [18-32]. In particular, tran-
sition metal nitrides such as TiN, have been established as a popular thin
film coating material due to their high hardness, thermal stability, and
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corrosion resistance [33,34]. Such properties also qualify TiN as a
diffusion barrier for Cu metallization in the Si-based microelectronic
circuits, where TiN is sandwiched between Cu and a Si substrate
[22,35]. In many cases, thin metal interlayers, such as Ti, have also been
deposited between TiN and the substrate to impede crack propagation at
the coating/substrate interface [36-38]. In both forms (metal/ceramic/
substrate and ceramic/metal/substrate), the overall integrity of the
multilayered structure is influenced by the adhesive strength of the
metal/ceramic interface. However, promoting adhesion in metal/TiN
interfaces, such as Cu/TiN, remains a challenge that requires novel
concepts to be adopted.

One such concept involves ‘doping’ the system with common alloy-
ing elements of the host metal to enhance mechanical properties. Such
concepts have guided the development of high entropy alloys in which
multiple metal components are present at comparable concentrations
[39,40]. For metal/ceramic interfacial systems, the ‘doping’ concept has
been studied only for a few cases, such as for Ti/TiN [41-43], Al/Ti(N,C)
[44-46], Ni/NisAl [47-49], Nb/Al,O3 [50], and Ni/YSZ(111) [51].
Previously, we investigated the strengthening effects of dopant elements
Al, Cr, and V on coherent Ti/TiN interfaces [41]. A general correlation
was found between higher shear strength and the concentration of Al
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dopant atoms at the Ti/TiN interface, while the enthalpy of mixing of Cr
and V in Ti proved to be positive. Cu/TiN semi-coherent interfaces are
characterized by a weak interfacial strength as compared to many other
metal/TiN interfaces, with a shear strength below 5 MPa [52]. Investi-
gating how interfacial properties can be improved with doping would be
beneficial to the utility of Cu/TiN interfaces in their applications and
yield information for a more general approach towards engineering the
mechanical integrity of metal/ceramic interfaces.

A systematic design of strong metal/ceramic interfaces requires an
atomic-level understanding of the local interactions and geometries in
relation to the mechanical strength. Experimental techniques for
gauging mechanical properties of interfaces involves various forms of
mechanical loading, leading to deformation or fracture of the interfacial
region [53,54]. The availability of reliable DFT functionals coupled with
modern high-performance computing resources and robust algorithms
make it possible and efficient to apply predictive computational studies
based on first principles methods to complex materials systems such as
metal/ceramic interfaces. We have previously carried out such compu-
tational investigation of the energetics and the shear strength of clean
Cu/TiN systems and found, in agreement to the experimental results,
that these interfaces exhibit low interfacial strength [27,55]. Compu-
tationally developed doping strategies to strengthen such a weak
interface, if found, may well be expanded to other weak interfaces with
different materials. Moreover, common trends for a wider choice of
materials may be inferred by considering Cu/TiN as a prototype for fcc
metal/TiN interfaces.

In this work, we perform substitutional doping in the most stable Cu
(111)/TiN(111) semi-coherent interfacial systems with Ni, Zn and Sn,
three common alloying elements of Cu. The shear and tensile strengths
of the interface were quantified with generalized stacking fault energies
(GSFE), work of adhesion, and tensile stress-strain relationships, while
the effect of doping was analyzed using the charge density and the
density of states at the interfaces.

2. Methodology

DFT calculations were performed using the Vienna Ab-Initio Simu-
lation Package (VASP) package [56]. Generalized gradient approxima-
tion proposed by Perdew, Burke and Ernzerhof (PBE) was used to
estimate the exchange-correlation functional [57]. The Projector
Augmented Wave (PAW) pseudopotentials were used for core electrons
whereas the valence electrons were portrayed by a plane wave basis set
with a cutoff energy of 400 eV [58]. AT -centered 2 x 4 x 1 k-point mesh
was used for the metal/ceramic systems with periodic boundary con-
ditions [59]. Finer meshes and higher energy cutoffs were tested
resulting in no significant changes in the cell dimensions or the energy.
The inclusion of spin polarization in the elements studied had insignif-
icant impact on relative energies in calculations such as energy of mixing
and structural relaxation, so it was not considered further in this work.

2.1. Cu/TiN interfacial systems

Stable Cu/TiN bi-crystal systems with a semi-coherent interface was
established in our previous work with the work of adhesion as a measure
of stability [28]. The most stable orientation relation found for Cu/TiN is
as follows,

X| [1 12] N [1 10] R [1 10] I {1 12] _and Z[[1g [y

Cu

@

This orientation relation has been experimentally observed in other
reports as well [60-63]. For this work, we created Cu/TiN bi-crystal
systems with the same orientation relation. The unit cell length in
each planar direction of separately relaxed Cu and TiN structures are
listed in Table 1. In order to create an interfacial system with minimal
mismatch within a reasonable size for DFT calculations, the unit Cu
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Table 1
Unit length along the planar dimensions of Cu(111) and TiN(111).

Surfaces Planar Dimensions Unit Length (A) Cu/TiN Periodic Units
X Y X Y X X V)ew/X % Y)1in
Cu(111) [112] [110] 4.43 2.56 (2 x 2)cu/(3 x Drin

TiN(111) [1T0] [112] 3.01 5.19

(111) cell was replicated two times in both X and Y, while the unit TiN
(111) was replicated three times in Y only. This resulted in a total of 96
atoms in twelve (111) layers for Cu and 72 atoms (36 of each species) in
six (111) layers for TiN. These two systems are illustrated in Fig. 1(a)
and (b), respectively, with the vertical black lines enclosing the periodic
simulation cells. The small mismatch left was accommodated at the Cu-
phase by stretching it in X and Y to match the dimensions of TiN-phase.
As shown in Fig. 1(c), the interface was created by bringing the (111)
planes of the two phases, Cu and TiN, together along the Z direction. TiN
(111) has alternating layers of Ti and N in the Z-direction. As shown in
our previous study, the Cu interfacing with the Ti-terminated surface of
the ceramic is more stable than the N-terminated one [28]. Periodic
boundary conditions were applied in all directions and a vacuum space
of 15 A was left along the Z direction to minimize the interaction of the
system with its own periodic images in that direction. This creates two
surfaces with vacuum, one for the metal and the other for the ceramic
phase. The bi-crystal structure was then fully relaxed to obtain the
minimum energy of the system.

Necessitated by their frequent occurrence in our discussion, conve-
nient notations have been adopted for the (111) atomic layers and the
planes between them in the rest of this paper. The (111) atomic layers
stacked in the Z direction are denoted by M and the planes between
these layers are marked by P. As shown in Fig. 1(c), the metal atomic
layer nearest to the interface is denoted by M = 1, and the subsequent
layers are identified with increasing numbers away from the interface.
On the other hand, P = 0 is assigned for the interfacial plane where Ti
atoms from the TiN phase comes in contact with the M = 1 metal atoms
from the metal phase. The next plane, between M = 1 and 2 atomic
layers, is indicated by P = 1, and so on.

2.2. GSFE calculations and barrier height

The GSFE of a crystal plane gives the variation in energy as the total
system undergoes a rigid shear displacement at that plane from one
lattice point to another equivalent lattice point. GSFE plots provide
energetic guides for dislocation movement, which govern a range of
mechanical properties such as shear strength [64-66]. To estimate the
resistance to shear at the interfacial region, GSFE calculations were
carried out for the interfacial planes. A GSFE for a given plane, P, is
achieved by moving in concert all the atoms above that plane along the
direction of slip, keeping all the atoms below fixed, as shown in Fig. 2(b).
This displacement is performed in thirty equidistant steps along the full
cell length in the slip direction, which, from our previous study, [28] is

X]| [1 1§]c as defined in Fig. 2. After each displacement step, the posi-
u

tions of the atoms were allowed to relax along the other two directions,
Y and Z, and the total energy was calculated. These energies are plotted
against the corresponding displacements to give the GSFE curve. The
magnitude or peak of this plot gives the energy barrier for the shear
displacement. GSFE plots obtained from the minimum energy path on
the y-surfaces of interfacial planes previously revealed that the chemical
interface (P = 0 in Fig. 1(c)) has the lowest GSFE barrier, hence, is the
weakest plane under shear loading [28]. So, increasing the barrier
height at the interfacial plane (P = 0) by doping is considered important
for improving interfacial shear strength.
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Fig. 1. (a) Cu and (b) TiN structures with crystal directions corresponding X, Y and Z axis. The vertical lines mark the boundaries of the periodic simulation cell. (c)
Cu(111)/TiN(111) bilayer structure; the blue shaded boxes enclosing Cu(111) atomic layers are denoted by M and the planes between these layers indicated with
broken red lines are denoted by P. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. (a) A schematic of the Cu/TiN system. (b) Shear displacement along X for GSFE calculations. (c) Tensile stretching along Z for tensile strength calculations

with fixed top and bottom layers (shown in grey shades).

2.3. Uniaxial tensile stretching and work of adhesion

To simulate tensile stretching, the bi-crystal system was stretched in
the Z direction, as shown in Fig. 2(c), in incremental steps of 0.15 A until
fracture occurred. The top two Cu layers in the Cu(111) phase and the
bottom two layers of the TiN(1 1 1) phase had their Z positions kept rigid
while the atoms between these layers were incrementally displaced

along the Z dimension. The total displacement was kept so that the total
system length increased by 0.15 Ain each step. After each displacement
step, all atoms except those in the top and bottom two layers were
allowed to fully relax, keeping the cell dimensions fixed. The atoms in
the top and bottom two layers were allowed to relax in the X and Y
dimensions, keeping their Z coordinates fixed. The Z dimension of the
simulation box was readjusted to make sure at least 10 A of vacuum was
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always present. Stress was calculated by taking the difference of the
energy with respect to displacement and then dividing it by area of the
XY plane. If any drastic changes in the structure between two steps
occurred, smaller increments were used between these two steps to
observe the change in greater detail.

The work of adhesion (WoA), which is the energy required to sepa-
rate a system into two isolated and relaxed systems, was calculated as a
qualitative measure of the stability and binding. A higher WoA corre-
sponds to stronger and energetically favorable binding [28,67]. WoA at
an interface (or a plane parallel to the interface) was calculated using the
following formula,

WoA = (E| +E;, — E) /A 2

where Eqqq is the total energy of the whole relaxed system, A is the area
of the interface, E; and E; are the relaxed energies of the two isolated
systems in contact with vacuum.

2.4. Stable doping configurations

Ni, Zn and Sn were chosen for substitutional doping in the Cu-phase,
since many Cu alloys have these elements in varied compositions [68].
For initial tests, one interfacial Cu atom was replaced by one dopant
atom in the Cu/TiN systems and the enthalpy of mixing (AHpx) was
calculated. Then, AHpx for exchanging two interfacial Cu atoms with
equal number of dopant atoms, denoted D, were calculated. Such mixing
can be expressed in the following form:

Cugs TinaNoy +PDbUIk—>CU%—prTi24N24 + PCUbUIk- 3)

where p is the number of dopant atoms exchanged with Cu, and the
superscript ‘bulk’ denotes the energy (per atom) of the most stable
crystalline systems for Cu or dopant D. A negative AHpx is indicative of
energetically favorable mixing. For larger concentrations of dopants
(more than two dopant atoms in our system), the number of potential
configurations become prohibitively large to identify the minimum en-
ergy configurations manually. To remedy this, we adopted a Monte
Carlo (MC) randomization technique which we used for doping the Ti/
TiN systems in our previous work [41]. To maintain sufficient ergodicity
in the process, we ran several sets of such MC searches starting from
different initial configurations and checked for convergence to similar
energies and configurations.

3. Results and discussion
3.1. Configurations and energies of doped structures

To evaluate the energetic stability of each dopant species at the
interface, a single Cu atom was replaced by a dopant atom at the
interfacial layers (M = 1 and 2 in Fig. 1(c)) and the AH,;x was calculated
according to Eq. (3). Doping with a Sn atom in the interfacial layers
yielded positive enthalpies and the resulting structures were not suitable
for interfacial strengthening due to this instability. Hence, Sn was not
further considered for interfacial doping. Negative enthalpies ensued
from doping with a single atom of Ni or Zn at the M = 1 and 2 layers,
implying that substitution with these two species at the interface created
stable structures. Next, taking these structures with one dopant atom,
another Cu atom from the first two layers was substituted with a dopant
of the same species (Ni, for the Ni-doped structure and Zn, for the Zn-
doped structure). This resulted in more negative enthalpies as shown
in Table 2, where the calculated AHp,ix for each configuration are listed.

To find the low energy structures at higher dopant concentrations, an
MC procedure outlined in our previous work was employed [41].
Derived from actual Cu-Zn alloy compositions, we chose two specific
concentrations of Zn for doping in to the Cu-phase, which are 5 and 20
mol% [68]. For the system with 96 Cu atoms, exchanging Cu atoms with
5 dopant atoms (Ni or Zn) roughly translate to the dopant concentration
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Table 2
AH,,ix for different dopant species. For two dopant atoms, the numbers inside
the parentheses indicate the layers, M, at which individual dopant atoms are
located.

Dopant Species Location of Dopants (in layers, M) AHp,ix (eV/atom)

Ni 1) —0.33
) —0.04
1D —0.66
(1,2) —0.36

Zn @ —-0.30
(2) —0.26
1D —0.62
1,2) —-0.55

Sn 1) 0.29

of 5 mol%. Similarly, a 20 mol% dopant composition is achieved by
replacing 20 Cu atoms with the dopant atoms. Since Cu-Ni is an
isomorphous alloy with complete solid solubility between Cu and Ni
atoms [69,70], the same concentrations as Zn was chosen for more
direct comparisons. Two separate MC runs were initiated for each
dopant concentration to test if they converge to similar configurations
and energies.

At both compositions studied, the Zn atoms were dispersed
throughout the Cu-phase approaching an ideal random solid-solution as
shown in Fig. 3(a) and (b). Ni, on the other hand, segregated at the
interface for both compositions (5 and 20 mol %). Guided by this MC
result, we formed a system with a single layer of Ni at the interface,
which amounts to a Ni concentration of 8 mol%. This was done by
replacing all the Cu atoms at the interface (eight atoms) with eight Ni
atoms, as shown in Fig. 3(c). The AHpx for both Zn and Ni at the
different compositions are shown in Fig. 3(e). The system with a
monolayer of Ni between Cu and TiN gave the lowest energy configu-
ration at the corresponding dopant concentration of 8 mol%. When two
Cu layers were replaced with Ni (16 mol%, see Fig. 3(d)), AHpix became
slightly more negative. Again, this system with two Ni interlayers
resulted in the lowest energy configuration at the corresponding dopant
compositions (16 mol%), confirming that the Ni segregation at the Cu/
TiN interface is favorable. Replacing three or more Cu layers with Ni
resulted in AHp;x becoming slightly less negative, showing that replac-
ing two Cu layers with Ni is the most energetically favorable configu-
ration within the range of dopant concentrations considered. On the
other hand, AHp;x becomes more negative when adding Zn atoms
through 20 mol%.

3.2. Ni-Doped configurations

Ni or Zn
(description)

rations from this point forward. The superscript denotes the dopant
species (Ni or Zn) used in the configuration and the subscript gives a
unique description of the configuration in terms of dopant location (M,
in Fig. 1(c)) or dopant concentration. In case of Ni interlayers inserted at

the Cu/TiN interface (as discussed in the previous section), the subscript
Ni
(blilaycr

plies that the configuration has two layers of Ni inserted at the interface
(Fig. 3(d)), S(ZI“J) refers to the configuration doped with two Zn atoms

We use the notation S to indicate different doped configu-

only mentions the number of layers inserted. For instance, S ) im-

both at M = 1 layer and S(Zg‘% ) suggests the configuration with 5 mol % Zn
as shown in Fig. 3(a).

3.2.1. Shear resistance

As mentioned earlier, the weakest plane in the undoped systems is at
the Cu/TiN interface with TiN (P = 0 in Fig. 1(c)). To evaluate whether
Ni doping strengthens the shear resistance of this plane, GSFE calcula-
tions described in Sec. 2.2. were carried out at the interface with TiN.

Fig. 4(a) shows the GSFE plots along X|| [HQL for some of the Ni-
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Fig. 3. Snapshots of Cu/TiN doped with Zn at (a) 5 mol% and (b) 20 mol%. (c) Cu/Nimonolayer)/ TIN and (d) Cu/Nigitayer)/TiN systems. (e) Enthalpy of mixing for
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different dopant concentrations of both species.
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Fig. 4. (a) GSFE along X|| [l 1§]C along for P = 0 of Cu/TiN systems doped with Ni at different compositions. (b) Maximum barrier height as a function of mol%

of Ni.

doped systems compared to the undoped system, S(uqoped)- The GSFE
plots are characterized by three local minima along X, and the global
minimum only repeats after sampling the whole length of the simulation
box in X. The highest peak from these GSFE plots represent the energy
barrier for shear displacement. Such barrier heights were extracted from
GSFE plots of all the Ni-doped systems discussed in Sec. 3.1. and are
plotted as functions of dopant concentration in Fig. 4(b). In comparison
to the undoped system, the barrier heights increase slightly in configu-
rations that have one and two Ni atoms at the interfacial layer M = 1,
represented as Sf}) and S} ,, respectively. With a monolayer of Ni be-

tween Cu and TiN, the P = 0 plane, which is now the interface between

Ni and TiN, has a significantly higher barrier height, such that it sur-
passes the barrier height between two Cu layers in bulk Cu. The bulk Cu
barrier is shown with dotted lines in Fig. 4(b). A Ni bilayer inserted
between Cu and TiN exhibits the highest barrier height at P = 0, while
more interlayers reduce the barrier from this maximum.

In the comparison of barrier heights shown in Fig. 4(b), only the
barrier heights at the interfaces with TiN (P = 0) were considered.
However, the introduction of Ni interlayers between Cu and TiN creates
another hetero interface which is between Cu and Ni. For the S(gjjayer)
configuration, this Cu/Ni interface occurs at P = 2 plane as shown in
Fig. 5(a). We tested the barrier heights of P = 0—4 planes for the S?gﬂaym
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Fig. 5. (a) Interfacial planes marked with P for S(yndepea) and S (Bilayer) configurations, and (b) barrier heights at these interfacial planes in comparison with the
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configuration and compared the results with undoped system in Fig. 5
(b). Evidently, the interfacial planes P = 0-2 have much higher barrier in
Sliiayer) compared to the undoped system. Within the Sij,, ., system, the
planes in contact with Ni have much higher GSFE barriers than bulk Cu.
Only after being one or more layers away from the Ni layers (P = 3 and
4) does the GSFE barrier approach bulk Cu. Furthermore, it can be
observed that the lowest GSFE barrier, by far, is at the Cu/TiN interface
(P = 0) for the undoped system, and sandwiching Ni in between these
interfaces results in an order of magnitude increase in the lowest inter-
facial GSFE barrier.
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3.2.2. Tensile strength

As outlined in Sec. 2.3, the stress-strain relations under uniaxial
tensile loading were evaluated for the systems doped with Ni. In Fig. 6
(a), stress vs. strain plots for three Ni-doped configurations are
compared with the undoped systems until fracture occurs. There is an
increase in both the stress as a function of strain, and the extent of strain
before fracture when Ni doping is present. For the S 4 nj) case, thereis a
very large increase in stress as a function strain, which is likely due to
the fact that Ni has a much higher elastic modulus than Cu [71]. As
shown in Fig. 6(b)-(e), Ni-doped systems mostly break-off between the
first and second Cu layers under tensile loading. For instance, in the
undoped system shown in Fig. 6(b), this break-off plane is at P = 1

30+ 1
S(XNI)
28+ ]
26+ ]
24" |
2+ 1
N W
g \v4 (Bilayer) (Trilayer)
20+ NV (Monolayer) 1
(5%)
18F 1
S(Uyop«i)
16 . ‘ ; s : : ;
0 5 8 16 20 24 100
Ni (mol %)

@

Fig. 6. (a) Stress vs. strain plot and (b-e) snapshots immediately after fracture for four configurations (one undoped and three Ni-doped). (f) Maximum strength at

different Ni compositions.
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whereas for the SI(‘{j“ayer) system in Fig. 6(d), it is P = 3. The maximum
stress before fracture as a function of Ni content is given in Fig. 6(f).

Consistent with the stress vs. strain plots, the S{‘g“ayer) has the highest

tensile strength among the Ni-doped systems, while the S nj) system
has the highest tensile strength of all the systems studied. From the re-

Ni
(Bilayer)

strengthening of the interface among the Cu/TiN systems doped with Ni,
with the highest GSFE barrier along with the highest tensile strength.

As stated, both S(yygopea) and S{‘gilayer) fractured at the plane between

sults above, the S system offers the best option for overall

the first two Cu layers under tensile loading, which is at P = 1 for
S(Undopea) @and P = 3 for S{‘g“ayer) (see Fig. 6). To better understand the

energetics of this, the WoA is compared between the Sndoped) and

ng“ﬂy“) systems in Fig. 7. Consistent with where tensile failure occurs,
the WoA is weakest at P = 1 for Synopea)- For S{‘g“ayer), since the WoA in

the P = 3 layer is slightly larger than for P > 3, it shows that WoA isn’t an
exact descriptor for where tensile fracture occurs. For this system, the
best indicator of where tensile fracture occurs is where the WoA has a
large reduction that approaches the minimum WoA.

3.2.3. Electronic analysis

To understand the strengthening mechanism of the Ni interlayers, we
examined the electron density of the systems provided by DFT calcula-
tions. For metal-metal bonds, the minimum electron density in between
them can provide a qualitative estimate of the bonding strength with
higher magnitude implying stronger binding and resistance to shear
[28]. The average electron density for the Cu/TiN systems, p(z), was
calculated as a function of position in the Z||[111],||[111]y direction.
This plane-averaged electron density, p(z), was then scaled by (pi% ), the
minima of the plane-averaged electron density calculated similarly
along Z||[111]¢, for bulk Cu. Fig. 8(a) gives a comparison of this
normalized electron density p(z)/plit, as a function of Z position for the

Ni
S( Undoped) and S(Bilayer

) systems, along with snapshots of the systems
showing electron density isosurfaces. The location of the P =1, 2 and 3
planes in the plot are marked by red dotted lines, which are vertically
extended and aligned to the corresponding planes in the snapshots
below. The normalized densities in Fig. 8(a) have a few subtle features
that are important in our analysis: (a) the TiN electron density appears to
be unaffected by the presence or absence of the interfacial Ni bilayer, (b)
the extra electron in Cu [3d1°4sl] compared to Ni [3d8452] is reflected in
the larger electron density peaks for the undoped system, (c) the minima
in p(2)/pmin are deeper at P = 0 and 1 in the undoped system compared
to the doped one, and (d) the Ti-Ni distance at the interface is smaller in
the bilayer system than the Ti-Cu distance in the undoped system. The

Ni
-O- S(Undopcd) ALY - - =Bulk Cu

(Bilayer)

WoA (J/m?)

0 1 2 3 4
P

Fig. 7. Work of adhesion at interfacial planes for Synaopea) and Sl(\g

ilayer) *
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shallower density minima at P = 0 and P = 1 for the Ni bilayer system
suggests that the presence of the Ni increases the electron density at the
interface, leading to the increased shear resistance in between metal
layers due to their “glue-like” behavior [28].

The increase in interfacial electron density is more readily apparent
in Fig. 8(b), which compares the electron density minima as a function
of layer for the S(yngopea) and Sl(\’];“ayer) systems. For the undoped system,
the electron density is the lowest at the interface P = 0, where the GSFE
barrier height is the smallest, and steadily increases with P until it ap-
proaches that of bulk Cu. In contrast, the S{‘gilaycr) electron densities at P
= 0-2, where Ni atoms are present, are significantly higher than in bulk
Cu. For P = 34, the electron densities are very similar to that for bulk
Cu. Overall, there is a correlation between the barrier heights of the
interfacial planes (P = 0-4) plotted in Fig. 5(b) and the electron density
for the same planes in Fig. 8(b). This suggests that Ni interlayers increase
the resistance to shear at Cu/TiN interfacial region by increasing the
electron density between the (111) atomic layers in this region.

The increased interfacial electron density with Ni bilayers may be
due to differences in electron transfer between the interfacial layers of
the S(yndoped) and S{“Bi“aycr) systems. To better understand this, the partial
density of states (PDOS) of the unoccupied s and d-orbitals (i.e., states
above the Fermi level Ep) for all interfacial Ni and Cu atoms were
calculated along with their values when the same number of Ni or Cu
atoms are in their respective intrinsic bulk systems. The PDOS was
calculated by sampling the energy band in ~3 meV intervals and using
the tetrahedron method with Blochl corrections [72] for smearing with
6 x 12 x 2 k-points. The PDOS are given in Fig. S1 in the supplementary
information. To compare interfacial Cu and Ni PDOS for s and d-orbitals
with their intrinsic bulk values, the difference between the total number

of unoccupied orbitals of a particular type (4s or 3d) of interfacial Cu and
Unocc.
Bulk 2

are given in Table 3. These totals are proportional to the area under the
PDOS curves shown in Fig. S1. Negative values denote a decrease in the
number of unoccupied states—as a result of electron occupation—for a
specific orbital. In other words, the more negative a value, the fewer are
the unoccupied states that remain when the atoms are brought in contact
with TiN.

These results show that contact with TiN decreases the number of
unoccupied states in both Cu and Ni, but the effect is more significant in
the case of Ni. Considerations of atomic electronic configurations are
useful in understanding this result. Interfacial Cu atoms have both their
4s and 3d orbitals filled to a similar degree in comparison with bulk. Ni,
though, has a factor of ten increase in the number of filled 3d orbitals in
comparison to 4s. Moreover, the total number of states filled is signifi-
cantly higher for Ni than Cu, in comparison with their respective bulk
values. The ground state electron configuration for the valence electrons
of Cu is 4s'3d'° [73], which primarily provides an unoccupied 4s orbital
to accept an electron from interfacial Ti. On the other hand, Ni has a
configuration of 4s23d®, which provides two 3d states to be filled. The
increase in occupancy of the 3d orbitals for Ni should have two conse-
quences that increase binding with Ti. The first is having more available
electrons for bonding, which is consistent with the electron density re-
sults in Fig. 8. Second, the bonding will have more 3d orbital character
for Ni, which is more compact than the 4s orbital that is more prevalent
for Cu. This is consistent with the observation made above in the context
of Fig. 8(a)—that the Ti-Ni distance at the interface is smaller in the
bilayer system than the Ti-Cu distance in the undoped system—and is
reflected in the average distance between interfacial Ni and Ti atoms of
2.08 A, compared to the average distance between interfacial Cu and Ti
atoms of 2.24 A.

Ni atoms with their respective bulk values, Aypoce. T = TR — T,

3.3. Zn-doped configurations

For Zn-doped configurations, the GSFE at the weakest layer (P = 0)
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Table 3
Difference in the total number of unoccupied orbitals of a given type (see text) of
interfacial atoms from their respective bulk atoms.

Interfacial Atoms Cu Ni

Systems S(Undoped) s{‘gmyer)

Orbital 3d 4s 3d 4s
Aunoce. T —822.7 —515.1 —1961.4 —224.1

were calculated and plotted against X|| {1 lf] o, a8 was done for the Ni-

doped systems. The detailed GSFE plots are shown in the supplemen-
tary Fig. S2. Barrier heights obtained from the GSFE curves are plotted as
a function of Zn dopant concentration in Fig. 9(a). As can be observed,
there is a direct correlation between barrier height and Zn concentra-
tion. At 5 mol % concentration and higher, the barrier height exceeds
that of bulk Cu. Within the range of Zn-doped systems studied, the
highest barrier is 0.218 J/m? at 20 mol % Zn, which is close to the
barrier height for the Ni-doped configuration at a similar dopant
composition (0.227 J/m?). The stress vs. strain plots for the Zn-doped
configurations are shown in Fig. S3 in the supplementary information.
Fig. 9(b) gives the tensile strength as a function of Zn-doping. In contrast
to what is observed for GSFE barriers, the tensile strength inversely
correlates with Zn concentration. Both Zn-doped systems broke off at P
= 1 as occurred for the undoped system. In summary, Zn-doping in-
creases the GSFE barriers, but decreases tensile strength.

To understand the role of Zn in increasing the GSFE barriers, the
following analysis can be used. Highly electronegative nitrogen atoms
(3.04 on the Pauling scale) induce net positive charges on the interfacial
Ti atoms in TiN. Interfacial Cu atoms next to the Ti atoms carry small
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negative charges due to the difference between the electronegativities of
Ti and Cu (1.54 vs. 1.90, respectively) [74]. This is confirmed by anal-
ysis of layer-averaged Bader charges [75,76] in Fig. 9(c), which shows
that the interfacial Ti layer (denoted by M = -1) has a net positive charge
of 1.32e/atom, whereas the Cu layer (M = 1) next to Ti carries a net
negative charge of —0.28e/atom. Zn has a lower electronegativity (1.65)
than Cu (1.90) [74], which results in Zn having a more positive charge.

Due to electrostatics, the more positively charged Zn atoms will have
weaker interactions with interfacial Ti atoms than Cu. This weakens the
overall interactions with interfacial Ti with Zn-doped Cu than undoped
Cu, which should decrease their tensile strength. On the other hand, the
GSFE barriers increase with Zn doping. Evaluating the GSFE plot (Fig. 2
(b)), the minimum energy configuration will have Zn in the “hole” po-
sition, where its location is relatively far away from neighboring Cu
atoms (see Fig. 9(d)). At the GSFE barrier (see Fig. 9(e)), the Zn atom
approaches an interfacial Ti atom, where its positive charge will have a
greater effect on the interaction than in the hole position. As a conse-
quence, while the minimum energy configuration of Zn-doped Cu has
weaker interactions with TiN than undoped Cu, the GSFE barrier
configuration will have an even greater impact from Zn doping due to
the proximity of Zn to interfacial Ti. This leads to a greater difference in
energy between the two configurations, leading to a larger GSFE barrier.

4. Conclusion

First principles DFT was used to study the impact of doping Cu/TiN
metal/ceramic interfaces with Ni, Zn and Sn. Guided by enthalpies of
mixing and aided by a MC procedure, it was found that substitutional
doping of interfacial Cu atoms with Ni and Zn created stable structures,
while this was not the case for Sn. Ni segregated at the interface forming
interlayers between Cu and TiN, while Zn dispersed throughout the
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system yielding a solid solution. Energy barriers to shear displacement
and maximum tensile strength were calculated in each case as measures
of the interfacial strength. Incorporating Ni interlayers at the interface
significantly increases both, while Zn-doping improved the resistance to
shear but decreased the tensile strength.

Among the Ni-doped configurations, an interlayer consisting of two
atomic layers of Ni inserted between the Cu and TiN was the most stable.
This configuration also had the highest barrier to shear at the interface
and the largest tensile strength. Acting as ‘electron glue’ at the interface,
these Ni atomic layers increased the interfacial electron density and
reduced the interplanar distance, raising the barrier to shear much
higher than the undoped system. The enhancement in electron density is
linked to the availability of two 3d states in Ni compared to one 4s state
in Cu, which allows more electrons to bond with Ni. Moreover, this Ni
bonding of predominantly 3d-orbital character is radially more compact
than the 4s-orbital bonding in Cu, reducing the interfacial distance with
Ti. Although shear strength increases with Zn-doping, the tensile
strength decreases significantly. This was linked to weaker interactions
between Zn and Ti atoms. The weaker Zn/Ti interaction caused weaker
binding overall at Zn-doped Cu/TiN interfaces. However, at the GSFE
barrier, Zn atoms came in closer contact with Ti than in the minimum
energy configuration, creating a larger difference in energy between
GSFE barrier and minimum energies, causing the overall GSFE barrier to
increase. Our results indicate that sub-nm Ni interlayers deposited be-
tween Cu and TiN may enhance the overall mechanical integrity of the
Cu/TiN interface, a conclusion remaining to be tested through
experimentation.
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