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Abstract: Cu/W composites are widely used in various industrial fields as they show thermomechan-
ical properties suitable for a wide range of applications. Additionally, in semiconductor products,
WTi in contact with Cu acts as a barrier material between Cu and Si/SiO,. Therefore, the bonding
behavior of both Cu/W and Cu/WTi is of great economical interest, also with respect to the effects
that impurities could have on the behaviour of the Cu/W(Ti) interface. The segregation behavior of
relevant impurities has not been studied in detail before. In this work, we create atomistic models
of the Cu/W and Cu/WTi interfaces, compare their energetics to previously known interfaces and
study the effect of segregation on the interface cohesion. We find that all investigated segregants,
i.e. Ti, Cl, S, Al, H, O, and vacancies weaken the cohesion of the interface.

Keywords: segregation; density functional theory; interfaces

1. Introduction

Cu/W composites are interesting materials used in numerous applications such as
contact materials, heat sinks, electrodes and vacuum interrupters [1,2]. Their physical
properties including thermal conductivity, thermal resistance and mechanical properties
are in between those of Cu and W and can be fine-tuned by varying alloy composition
and grain size [3]. The reason why CuW forms a composite or a pseudoalloy is that
copper and tungsten are mutually immiscible in their solid state [4,5] and form a 2-phase
system [1,2,6]. In addition to a pseudoalloy, Cu/W can also be created as a layered metal
system where Cu and W phases are sputtered in thin layers on top of each other creating
interfaces in between. These Cu/W layered systems show promising characteristics for
electrical, mechanical and thermal application with common applications being reactor
facing materials, heat sinks and electrical contacts [7]. As thickness is in the nm range,
interfaces and grain boundaries take up a significant portion of the overall volume and have
a large influence on the properties of the layered metal system. For Cu/W pseudoalloys
and layered systems, there exist publications on mechanical, chemical, elastic, thermal,
interfacial and segregation properties [4,7-11].

Cu/W and in particular Cu/WTi layered systems are commonly found in semiconduc-
tor devices. Here, WTi is typically used as a diffusion barrier to prevent migration of Cu to
Siand SiO, components which could lead to the formation of copper silicides. These in turn
are known to reduce the performance and can lead to failure of the device [12,13]. W or Ti
alone were observed to be chemically stable only up to 400 °C for 1 h after which a reaction
with Cu or Si occurred. In contrast, WTi prevents Cu diffusion to Si up to temperatures
above 600 °C for 4 h with barrier failure observed at 700-800 °C. Additionally slight Ti
diffusion from WTi to the silicon at 400 °C and above was observed, which leads to an
improvement in adhesion to the silicon layer and prevention of harmful WSiz at 600 °C
and below [14]. Therefore, the mechanical and chemical properties of Cu/WTi interfaces
are of great relevance.

As the crystal structure of Cu is fcc and that of W is bec, they form a heterophase
boundary. Regarding the preferential orientation relation of fcc and bec for Cu/W, a [111]
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and a [110] texture were found for Cu and W in XRD experiments, respectively [10,15-17].
In previous theoretical works carried out on a similar fcc-bec system, i.e., Cu/Nb, such
textures have been found to lead to Kurdjumov Sachs (KS) and Nishiyama Wassermann
(NW) interfaces and variations thereof [18-23].

At the nanoscale of Cu/W and Cu/WTi layered metal systems, interface properties
such as interface energy () and work of separation (Wsp) become crucial [6]. The bonding
strength of interface and grain boundaries can be influenced by alloying elements or
impurities that exhibit a strengthening or weakening effect on the cohesion. Hence, the
behavior of additives, especially in terms of segregation, is crucial to the understanding
of bonding behaviour [24]. However, an exact quantification of segregation elements
and their effects on bonding strength in solids can be difficult when using experimental
methods, as individual methods have resolution limits and requirements that make them
only suited for certain situations. Auger electron microscopy for example requires a brittle
interface and therefore elements that strengthen or have no effect on the cohesion cannot
be measured by this method [25]. Additionally, sample preparation such as crack opening
can introduce new defects that are then falsely attributed to segregation [25]. Therefore,
atomistic simulation such as DFT can be useful to understand the segregation tendencies
and mechanism of strengthening or weakening of cohesion based on chemical composition.
In the literature, segregation in Cu or W has mostly focused on grain boundaries and
surfaces and has been studied extensively by various authors [26-31].

The results of Scheiber et al. [29] show segregation profiles for a wide range of elements
all of which segregate from the W bulk to either the surface or the grain boundary. The
strongest segregants to the surface are F, Cl, Na, S and O; all highly reactive elements that,
either directly or in combination with O, form W compounds. B, C, Ni and Co are the
strongest GB segregants in W; however, all of them also form intermetallic compounds and
alloys with W. Zhang et al. [30] reported a GB segregation energy of —0.57 eV for Re to the
W £5(310)[001] GB. Combined with the low repulsion of Re-Re, this led to the formation of
planar Re structures at increased Re concentration. Overall, a strengthening of the grain
boundary was observed. Other smaller elements that segregate to the W GB such as H,
He, Be and Li were found to decrease the GB cohesion and instead cause an embrittling
effect [31-33]. Experimental confirmation is, however, difficult as microstructural effects
have a much larger influence on bonding strength than impurities and therefore can mask
them [34].

Razumovskiy et al. calculated segregation energies of Ag, Au, Se, Ge, Ni, Co, and
Bi in Cu GBs and compared them with experimental measurements. Aside from Ni and
Co, the other elements showed a strong segregation behaviour to the free surface and
would therefore lead to a decohesion of Cu. Ni and Co exhibited anti-segregation [35].
Hono et al. measured segregation in Cu with atom probe microscopy and discovered
oxidation of copper at the surface and enrichment of O at the GB [36]. Nieh et al. also
observed an O enrichment at the Cu GB via Auger electron spectroscopy resulting in an
embrittlement of the material [37].

In addition to these calculations of grain boundary and surface segregation, the
segregation of H, He and Zr in Cu/W interfaces has also been studied with coherent
cells [7,38,39]. As these cells are very small and coherent, the misfit strain is very high.
Therefore, their interface energetics can differ significantly from incoherent cells. This can
also have an effect on the segregation energy. Hydrogen was shown to weaken the cohesion
of the Cu/W interface in an interstitial position while slightly increasing cohesion when
being 1-2 layers above the interface. Zr was predicted to have a strengthening effect on
the Cu/W interface; however, these predictions appear highly questionable. Although no
segregation data for the Cu/WTi system could be found, Ti segregation in WTi has been
studied by Schuh et al. predicting a decomposition of WTi at higher temperature and Ti
concentration as observed by experiments [40]. The exact mechanism of this decomposition,
however, is disputed as it contradicts recent findings [29,41,42].
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For Cu/WTi and WTij, nearly no segregation data are available and, in addition, for
Cu and Cu/W, several segregants such as Cl, S and O have not been calculated yet, despite
Cl and S being major corroding agents for both W and Cu. In addition, O is known to bind
strongly to W and Cu interfaces.

In this work, we provide a detailed study on the interface energetics and segregation
of a variety of solutes at the Cu/W and Cu/WTi interface. We first extend the results of our
previous work [43] with respect to the pure (unsegregated) interfaces. Then, we elucidate
the preferential occupation of interfacial sites by the different solutes and discuss their
effect on the work of separation which provides rational guidelines for the design of Cu/W
and Cu/WTi-based heterostructures.

2. Methodology
2.1. Interfaces

For the orientation relationships, we chose four different interfaces, which can be
seen in Figure 1. The structure of the KS and NW interface have been discussed in our
previous work [43]. For these two interface types, which occur most frequently in nature,
the closed packed planes of the respective crystal structures, i.e., the [111] plane for Cu and
the [110] plane for W, are coplanar and meet at the interface. The KS2 and NW2 interface
models are based on the KS and NW orientation relation with the same three pairs of planes
being parallel. However, the Cu[112]//W][112] planes form the interface for KS2 and the
Cu[110]//WI[001] planes for NW2. KS2 and NW?2 are often seen in roll bonded multi layers
as these interfaces have been shown to be stable under plastic deformation [22,23].

NW

Figure 1. The four interfaces examined: KS, NW, KS2 and NW2. KS2 and NW?2 are variations of NW
and KS.

2.2. Atomistic Models

The number of Cu, W and Ti atoms and cell dimensions used for the Cu/W and
Cu/WTi interfaces can be seen in Table 1 and the cells in Figure 2. The setup of the cell
including layer thickness, vacuum and optimized lattice parameters is identical to that
of our previous work [43]. To simulate a WTi solid solution, a supercell with minimized
Warren—Cowley short range order parameter was generated [44-46]. The concentration
of WTi that was used for the cell in this work is 18.75 percent Ti. This concentration was
shown to have the lowest formation energy and volume in our previous publication [42].
The interface model chosen for Cu/WTi corresponds to the NW orientation relationship
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according to the results of Section 3.1. In order to simulate segregants in bulk Cu, we
used a 108 atom Cu cell with the equilibrium lattice parameter of Cu and no vacuum. For
bulk W, we used a 128 atom cell again without vacuum and with the equilibrium lattice
constant. The Cu grain boundary (GB) calculations were conducted using the same cell as
in Razumovskiy et al. [35].

Table 1. Number of atoms in each interface cell and cell dimensions (A).

Interface Model Cu Atoms W Atoms Ti Atoms 1(X) 1(Y) 1(2)
NW 60 48 0 12.77 4.49 38.61

NW WTi 120 78 18 12.76 8.97 38.59

KS 84 72 0 2.70 31.15 38.61

NW2 90 84 0 31.52 4.49 29.77

KS2 90 84 0 31.52 2.70 41.46

ow
Ti
@ Cu

(@) KSCu/W (b)KS2Cu/W (c) NW Cu/W (d) NW Cu/WTi  (e) NW2 Cu/W

Figure 2. Cells used for interface calculations. Cu/W energetics were calculated for the KS, KS2, NW
and NW2 cells, while Cu/WTi energetics were calculated for the NW cell only. For an explanation of
the used abbreviations please see the text.

2.3. Calculation Parameters

Our calculations were carried out using the Vienna Ab-Initio Simulation Package
(VASP) under periodic boundary conditions using the PBE functional [47] and the projector
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augmented wave method. To determine the number of k-points, the product of length of
the cell and number of k-points in the x- or y-direction was chosen to be as close as possible
to 35 k-points x A to ensure a converged k-point sampling for all unit cells of different
dimensions. Just 1 k-point is used in the perpendicular z direction. The cut-off energy
was chosen to be 300 eV, ionic relaxations were conducted using the conjugate gradient
algorithm. Cu was calculated using 11 valence electrons (3d1%4s1), while W and Ti were
calculated using 12 (5p®5d*6s?) and 10 valence electrons (3p®3d%4s?), respectively. As with
the NW and KS interfaces taken from our previous work, the K52 and NW2 interfaces were
optimized using the stress balancing method [48].

2.4. Interface Energetics

The work of separation (Wsep), which is the energy needed to completely separate the
W and Cu slab, is calculated via the following equation:

(Ecu + Ew(ri)) — Ecuyw(ri)

Wsep = A

: @

where Ecy, Ew (i) and Ec, /w(i) are the energies of the Cu, W(Ti) and Cu/W(Ti) slab,
respectively, with W(Ti) denoting both W and WTi. In this calculation, the cell dimensions
of the Cu, W(Ti) and Cu/W(Ti) cells in x-, y- and z-directions are set to the same value,
see Table 1.
The interface energy is the energy required to form an interface in the perfect bulk
material and is defined as:
~ Ecuyw(miy) — M
N A

2

In this case, E(,, and E{/v( are the energies of the isolated Cu and W(Ti) slab, re-

Ti
spectively, where the amount o)f layers has been doubled compared to the ones in the
interface cell.

The segregation energy is the energy needed for an atom to move from a reference
structure (e.g., the Cu or W bulk) to a defect position such as the grain boundary or the
interface. To allow us to compare results between different simulation cells such as the Cu
GB, W GB and segregation to different positions within Cu/W and Cu/WTi, we need to
establish a universal reference, which in this work is bulk Cu, as the much thicker Cu layer,
in contrast to the sputtered W(Ti), is usually deposited via CVD from a solution containing
various additives and hence is the source of impurities in Cu/W(Ti). For calculations at the
Cu GB, we use the following formula:

Eseg = (E&,cp — Ecucy) — (ECuy — Ecup  pim); (M = Cu). (3a)
E
v = 2. (3b)
nMB

Here, X denotes the segregant (i.e., the segregating element), E()?{ucs is the energy of the Cu
GB slab including the segregant, Ec,., the energy of the Cu GB slab without segregant,
Eé(uB the energy of the bulk Cu slab including the segregant and Ec,,, the energy of the bulk
Cu slab without segregant, respectively. y is the correction term to account for segregation
where the atom switches from substitutional to interstitial position or vice versa, thereby
adding or subtracting an atom. If there is no such transition, y is 0. Here, n Mg corresponds
to the number of atoms in the bulk cells used to calculate Ej;, .
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For segregation of X to the W GB, literature data are available where an analogous
equation to (3a) has been used. Since here the reference for all segregation energies is the

Cu bulk, the literature segregation energies E’ sXeg are shifted by a constant B:
X
Eseg — E seg + B (43)
B = (EI}/(VB — EWB + }lwz) - (Eé(”B - ECMB + VCuZ) (4b)
_ Emy, —
v = —2; (M = Cu, W). (4c)
nMB

B accounts for segregation from bulk Cu to bulk W. Here, z is the number of atoms
that get displaced by the segregant and is 0 in case of interstitial segregation and 1 in case
of substitutional segregation.

For Cu/W and Cu/WTj, the segregation energy is calculated as:

Eseg = (E&, yw(ri) — Ecuyw(ri) = (E&uy — Ecuy +C £ pm); (M= Cu, W, Ti).  (5a)

ECMB

C=py— (5b)
Here, Eé(u ywri and Ecy/wr; are the energies of the Cu/WTi supercells with and without
segregant. While the reference is bulk Cu, segregation in Cu/WTi can occur on both the
Cu and WTi side of Cu/WTi. C accounts for the change of the number of Cuand W or Ti
atoms during segregation on the WTi side. If segregation takes place at the Cu part of the
Cu/WTi system, C becomes 0.

For Cu/W and Cu/WTj, the strength of embrittlement (Sg,,;) is of particular interest
as it shows us the change in interfacial strength as the chemistry changes. A positive Sg,,
denotes improved cohesion while a negative Sg,,,;, denotes an embrittlement of the interface.
In essence, it can be calculated as the difference in segregation energy between the interface
and surface. As many terms cancel in this difference, the quantity is given simply by:

o X(surf) X(int)
SEmp = Ecu/uwn' - ECul/nW(Ti) ©

with Eé(ls/%fT)i and Eé(li/"xﬂ denoting the energy of the Cu/WTi supercell with segregant X
at the surface and the interface position, respectively.

3. Results and Discussion
3.1. Interface Energy and Work of Separation

In our previous work, we had focused on the interface energetics and structural
relaxation of KS and NW interfaces in Cu/W and Cu/Nb [43]. As a first step in the current
work, the interface energetics of the KS2 and NW2 interface models, which are closely
related to the KS and NW interface models, were calculated to compare and contrast. The
comparison of the calculated interface energy and work of separation for the four interface
models is presented in Figure 3. NW and KS exhibit a lower interface energy as KS2
and NW2 indicating increased structural stability; however, in terms of Ws,,, the NW2
interface is shown to be the most stable. A similar effect has been observed for Cu/Nb
by Demkowicz et al. [49]. In addition to the increased W;,p, both Cu/Nb KS2 and NW2
were shown to have additional advantages over KS and NW interfaces such as higher
shear resistance, higher retention of hardness after annealing and the ability to absorb point
defects [23,50,51]. Whether these properties are also present in NW2 Cu/W is currently
unclear, however, as the shear resistance and thermal stability of Cu/Nb KS2 are attributed
to its jagged interface [23,50,51], the same can be assumed for KS2 Cu/W. The interface
energy < is lowest for the NW interface, which was therefore chosen for the Cu/WTi
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interface and for segregation calculations. It matches well with XRD measurements of
Cu/W that show a clear Cu(110) and W(111) texture as it is the case with KS and NW
interfaces [15,16]. The interface energies and W;,, of Liang et al. [52] and Wang et al. [53]
partially match our calculations, with the coherent cells using the Cu lattice constant being
in close agreement with our results. The results that do not match ours well use a coherent
cell and the W lattice constant. These contrasting results for coherent cells have also been
observed and discussed in our previous work. For studying the influence of Ti in WTi on
the energetics of the Cu/WTi interface, we replaced the W slab with a so-called Special
Quasirandom Structure (SQS) of W-18.75%Ti; see Figure 2 in the NW orientation. As seen
in Figure 3, this results in a decrease in both 7y and W;p,. Overall, however, the results of
Cu/W and Cu/WTi are relatively close to each other.

(a)

W This Work M Liang MLiang ™ Wang
2
1.53 1.54
1.01-1.09
| I
KS NW NW(coherent) NW/(Cu-WTi) KS2 NW2
(b)
B This Work M Liang M Lliang = Wang
45
4.11 4.00
3.77
I 3.23-331 3.36
KS NW NW(coherent) NW(Cu-WTi) Ks2 NW2

Figure 3. The interface energy -y (a) and the work of separation W, (b) of the four interfaces. The
results are also compared with the ones by Liang et al. [52] and Wang et al. [53].

3.2. Segregation of Elements
3.2.1. GB Segregation

The sites considered for GB segregation in Cu can be seen in Figure 4. These sites and
the overall methodology are analogous to the approach in Razumovskiy et al. [35] and
Scheiber et al. (using Equation (3b)) [29].

As seen in Figure 5, all elements except Al segregate to the Cu GB. Substitutional
positions are preferred for Cl and S while O and H prefer the interstitial position. Other
segregation states such as Cl (interstitial site to interstitial site) or H (substitutional site
to substitutional site) are not considered, as these correspond to a higher energetic bulk
starting position. The segregation energy of Al is 0.01 eV, which corresponds to anti-
segregation; however, the energy is so low that it is negligible in view of other minor
factors that can influence the energy, such as artifacts of the Cu surface or the GB. To further
analyse the implications of a segregation to the GB, an analysis of these energies with
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segregation energies to the Cu and W surfaces, the W GB and the Cu/WTi interface is
performed in the following sections.

o

o

\ 4

oO
oO
o

© 0

0 2@
o%e

o
OOOO
o

)

@ o °
A 4 \ 4
Figure 4. A schematic representation of the £5(210)[100] tilt CSL GB in fcc Cu. Numbers denote

investigated lattice sites for solute segregation. Interstitial sites are marked in green.

0.2
0 —
/ o
S04 | % %
=06 | % %
o8 | o o
uf-o _
-1+
-1.2 -
1.4
S N ) 5 2 S N N N 2
(750\’ (’\30’1' S ® 1"6& 960"7 7\&\, ‘9‘3&, 7'\"{0, (’\;61' "1\6&
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Figure 5. Segregation energies of Al, S, Cl, H, O and vacancies at Cu GB. The substitutional position
is shortened to sub and the interstitial to int, with the number indicating the position on Figure 4.
Segregation to the interstitial site is marked with diagonal stripes while segregation to substitutional
site is filled.

3.2.2. Segregation at the Cu/W Interface

In Figure 6, we show the segregation profile of a number of elements to various
positions at the NW Cu/W interface (see Figure 2c) with reference state in the Cu bulk
(using Equation (4c)). By definition, W atoms show no change in segregation energy when
moving inside the W slab. At the Cu side of the Cu/W interface, the segregation energy
of W increases, reaching a maximum at the Cu surface, while the energy at the interface
is halfway between the one inside the W and Cu slab. Cu segregation shows nearly the
opposite behaviour, with segregation in W being unfavorable and segregation energy equal
to zero (by definition) in Cu. Ti segregation is most favorable at the W surface and then
gets slightly less favorable till the W side of the Cu/W interface. The overall change in
energy in W is low, however, which could be due to the high stability of WTi at low Ti
concentrations [41,42]. In Cu, the segregation energy for Ti increases, with the maximum at
the Cu surface. This reflects the fact that no mixing of the phases takes place, e.g., Ti and W
do not enrich in Cu or vice versa which reflects the stability of WTi as a diffusion barrier.

While segregation energy of aluminium is higher in most positions of W than in Cu,
the W surface is the position that shows the strongest segregation tendency. For S and Cl,
segregation in W is also unfavourable with the W surface, nevertheless being the lowest in
energy followed by the Cu surface and the interface. Vacancies show a slight preference for
the Cu surface and the Cu/W interface compared to the Cu bulk while segregation to W
bulk is unfavourable.
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(a) A EsegWBuk W --Cu Ti
--d o d(int) S o §{int)
—--Al -e-Vac e H(int) e Ofint)
25
1.5
0.5

-1.5
-2.5
-3.5—O
as L @ Ow X ©@cuOint
000000000000
°°°°°°OOOOOO
O 00000
©00000.536 00
/O°°°°°°°O°O°O
0000002920000
000000
000000500000
00000000 00O00O0
(b) W(Surf) W(GB)* W(Bulk) Cu/W Cu(Bulk) Cu(GB)* Cu(Surf)
25 |
15

L

Ti mCl @ECl(int) S [OS(int) WAl EVac MBEH(int) EO(int)

*
Not shown on structure

Figure 6. Segregation profile of Ti, Cl, S, Al, H, O and vacancies in Cu/W. (a) shows the segregation
along the cell with Cup, as reference. The triangles show the segregation energy with respect to
Wgik; (b) shows the segregation energy for selected positions, with the data for Wgp taken from
Ref. [29]. The lowest energy site is shown for Cu/W, the Cu GB and the W GB.
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Comparing the bulk positions in the Cu and W (triangle) reference with the same
positions in the Cu/W cell, we can only see minor shifts in energy. Therefore, it can be
concluded that the segregants do neither react significantly to the strain of the cell nor to
the change in packing density between the bulk cell and the interface cell. Looking at the
interstitial elements, namely Cl, S, H and O, we can see that surfaces are preferred over the
interface position. The Cu matrix only leads to weak segregation tendencies for H and O
while the W surface yields a higher segregation tendency for both elements. In Figure 7,
we can see the positions the elements occupy after segregation with the adatom position
being preferred over an interstitial site. Figure 6b) includes the grain boundary segregation
energies for the Cu GB and that of the W GB, the latter of which were converted from [29]
by shifting the reference to bulk Cu. The overall trend between W surface and GB matches
that are calculated by Scheiber et al. with a minor shift in absolute values due to differences
in chosen surface and exchange—correlation potential [29]. By looking at this chart and
summarizing the previous points, we can conclude that, while the interface seems more
favourable than the Cu bulk, it was not the most preferred site for any of the investigated
elements. Instead, the surfaces were the preferred site for segregation followed by the
grain boundaries.

o
A4

© W Surface
00000000

00000000
00000000
00000000
00000000
ew 00000000
v 0000000000
X 0000000000
0000000000 2%
0000000000 ﬁ%
0000000000

0000000000
o Cu Surface

dﬂgoo PP P

Figure 7. Positions considered for surface segregation of Cl, S, H and O (green atom).

3.2.3. Interface Positions

Figure 8 shows the segregation energies for different substitutional positions in the
interface plane. This is analysed for both Cu and W side of the interface for Ti, while Cl
and S were only tested at the Cu side. The overall difference for the positions is minor.
The largest variations are seen for S that has a slight fluctuation, but on level that is low
in magnitude compared to the overall segregation energy, i.e., the average value for S
segregation is —0.62 eV, while maximal and minimal values are —0.66 eV and —0.57 eV,
respectively. This confirms our conclusions from our previous publication [43] where the
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oo

E..[eV]

-0.4
-0.6
-0.7
-0.9
-1.0

-surface and relaxation of NW Cu/W interface revealed that the positions within the
Cu/W interface were very close in energy and therefore nearly equivalent.

Ti oCl ©S
L Cu @W  X(Ti,5,Cl)
5[0 0 o0 0 © © 0 0 0|3

W[I11] Cu[110]

Figure 8. Energy of Ti, Cl and S as a function of position along the Cu[111]//W[110] interface. The
image shows a top view of the interface layers from both the W(left) and the Cu(right) side. Cl and S
were only tested at the Cu interface.

3.3. Cohesion

Figure 9 shows the strength of embrittlement (using Equation (6)) of the investigated
elements in Cu/W. All of the segregants result in a weakening of the Cu/W interface due
to their stronger segregation tendencies to the Cu and W surfaces than to the interface. The
only strengthening solute is Ti at the Cu side of the interface, a position that is unfavourable
for Ti compared to the W side and hence unlikely to be occupied except as an intermediary
of a possible CuTi intermetallic phase. The effect of H on cohesion of Cu/W is similar
to but slightly stronger than that observed by Ma et al. [7]. However, simulation cell,
computational parameters, interface model and exchange—correlation potential differ. O, S
and Cl are the strongest surface segregants and therefore show the largest effect. In fact,
in Ref. [54], we calculated the cohesion of a Cu/W slab containing an entire mono-layer
containing 8 O atoms, which showed a decrease in Cu/W interface cohesion by a factor of
four times compared to that of a single O atom. Cl and S are also well known corrosive
agents for Cu and are therefore avoided in general. Additionally, we compared our results
on the influence of Zr segregation on the cohesion of the Cu/W interface with the results of
Wang et al. [38]. This comparison is discussed in more detail in the Appendix A.

=W Segregation

m Cu Segregation

Ti Cl  Clint S Sint Al Vac H (e}

Figure 9. Strength of embrittlement with the segregating element at the Cu (orange) and W (blue)
interface site for the NW Cu/W interface.
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3.4. Cu/WTi Segregation and Cohesion

As Cl shows the largest effect on interface cohesion and is therefore of prime interest,
it is taken as an exemplary element for studying the Cu/W(Ti) interface. The results on
segregation (using Equation (3b)) are presented in Figure 10. To take effects of the local
chemical environment into account, we chose two different paths through the W(Ti) slab
with a different average number of surrounding Ti atoms. For Cl, it seems to be energetically
favorable to have a large number of surrounding Ti atoms. However, this observation
was made at all positions with the overall trend of the segregation profile not changing.
This means that an increased concentration of titanium near or at the interface causes the
same stabilisation of Cl as Ti at or near the surface, which results in a negligible change in
strength of embrittlement compared to the overall energy, namely —4.24 eV for Cu/W and
—3.72 eV and —4.06 eV for path 1 and 2 in Cu/WTi, respectively. The larger difference in
path 1 from the strength of embrittlement of Cu/W compared to path 2 is mostly due to the
higher concentration of Ti close to the interface compared to the surface in path 1, thereby
strengthening the interface and increasing the cohesion. A WTi solid solution on the other
hand is assumed to have the same Ti concentration across the entire material on average,
especially since the segregation tendencies of Ti in W are very low as previously shown in
Figure 6. Hence, the difference in strength of embrittlement of Cu/W and Cu/WTi can be
assumed to be even lower than what path 1 and 2 predict.

oW mPathl ¢ Path2

2 :9:

Figure 10. Segregation profile of Cl in NW Cu/WTi at different positions to simulate different local
Ti concentrations as well as comparison to pure Cu/W interface.

4. Conclusions

In this work, we calculated the segregation of various elements to the Cu/W interface
and the effect of segregation on the cohesion properties. To identify a relevant interface
for the segregation calculations, we calculated the interface energy of four different Cu/W
interfaces, two of which, KS and NW, have already been discussed in our previous work [43].
In comparison to the well-known KS and NW interfaces, we find that the KS2 and NW2
interfaces show higher interface energies and higher cohesion. In particular, the NW2
interface of Cu/W shows a relatively high Wsep in accordance with literature observations.

Overall, segregation towards the surfaces is stronger compared to segregation to the
interfaces. Therefore, when present at the interface, the elements show a detrimental effect
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on interface cohesion. The segregation energies calculated differ from previous calculations
in W (Ti,CLS,ALH,O) and Cu/W (H) in terms of absolute values, but the general trends
are seen to be the same. Cl, a commonly known corroding element in both Cu and W, was
used to determine the difference in segregation behavior of a W(Ti) bulk compared to a
W bulk material. The main effect is that Cl is energetically stabilized by a Ti environment.
However, the overall segregation trend remained the same as stabilization was comparable
at the interface and the surface. A similar effect of other impurity atoms on W(Ti) is to
be expected.

To counteract the effect of harmful impurities such as Cl, S, H, or O, either high purity
materials are needed, or other elements with possible beneficial effects on cohesion need
to be considered as well, e.g., B, C or Hf. Such co-segregation scenarios remain the object
of future studies, for which the present work may serve as a methodological framework
and showcase.
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Appendix A. Remarks on Zr Segregation

The influence of Zr segregation on W;,, of the Cu/W interface reported by Wang et al. [38]
is extremely high with an increase in cohesion by more than 300%. This is accompanied by
a strongly negative < that in turn would favor the spontaneous formation of a Cu-Zr/W
pseudo alloy. As such, phenomena have not been reported in literature, and we take a
closer look on this specific case for clarification.

Figure Al compares the influence of Zr segregation on the ngp of the Cu/W interface
in a coherent cell with W lattice parameters calculated by Wang et al. [38] as well as in our
semi-coherent cell. Our results show a much smaller effect, a strengthening of 0.1 J/m? of
the Wi,y on a Cu site and a weakening of —0.2 ]/ m?2 on a W site. A similar effect has been
observed during our initial testing of segregation for different cell sizes and geometries.
Cells with large strain or insufficient layer sizes would display a rearrangement of the Cu
slab to accommodate the segregation element. This then affects y as well as Wsp and the Cu
slab of Cu-Zr/W would exhibit a different structure as the one in the Cu/W cell resulting
in huge differences in energy. Our larger and strain optimized cell, however, shows no
noticeable difference in relaxation in comparison to the cell without the segregation element.

Overall, this effect can be attributed to the strain on the system which was shown
in our previous publication [43] to be 20 percent in one direction for a coherent Cu/W
NW cell and 43 percent for a coherent KS cell. Such strains put the system under a huge
pressure allowing the influence of a foreign agent such as the Zr atom to rearrange the Cu
slab to another lower energy structure. However, it has to be noted that such a structure
is not representative and a mere artefact of the assumed coherent interface structure. The
pressure is noticeably lower in our semi-coherent Cu/W cell as the strain values after
stress balancing are below 1 percent in both directions in our larger NW cell; therefore, a
rearrangement of the Cu is not observed with the addition of Zr.
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Figure A1. Comparison of Wang et al. [38] (left) and our results (right) on the influence of Zr on the
Wiep of Cu/W.
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