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1.  Introduction

Driven by the rapid development of advanced miniaturization 
of micro-electronic devices, copper/diamond composites gain 
much attention as the electronics packaging materials due to 
their extremely desirable electrical and mechanical properties 

[1–4]. However, the poor wettability between diamond and 
Cu resulting in the weak interfacial adhesion, which directly 
affects the thermal conductivity and mechanical properties of 
the composites such as fracture toughness and thermal expan-
sion coefficient, limits its application [5, 6].

To improve interfacial wettability and strengthen the inter-
facial bonding, an effective way is to add the third elements 
between Cu and diamond [7, 8]. Dong et al [6] found at 1400 °C,  
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the contact angle between the liquid copper and diamond was 
as high as about 130° while after coating Ti on diamonds, it 
dropped to 25° between Ti-coated diamonds and copper. Using 
Auger electron spectroscopy, Zhang et al [9] and Lin et al [10] 
found that the coated Ti reacted with diamond to form TiC. 
Other experimental groups [1, 11–14] found the addition of Cr 
to copper/diamond composites could also improve the thermal 
conductivity and mechanical properties of materials by forming 
chromium carbide. Further first-principles calculations show 
that the Cr3C2(0 0 1)/diamond(0 0 1) interfacial bonding charac-
teristic is a mixture of covalent and ionic bonds [15]. Additional 
to the metallic interfacial additive, previous studies have shown 
that the addition of nonmetallic elements into the interface of 
the copper/diamond composite can also change its mechanical 
properties. For example, previous experimental and theoretical 
works both found H or F was a promising passivation element 
in reducing the adhesion and improving tribological properties 
for Cu/diamond system [16–18]. In contrast, very thin boron 
interlayers have been found to improve the mechanical and 
thermal properties of Cu/diamond composites [19, 20].

In the present study, we chose two interfacial additive ele-
ments, metal Ni and nonmetal N to study the effect of inter-
facial additive on the adhesive behaviour of the Cu/diamond 
composites. They are chosen because (i) Metal Ni can poten-
tially form CuNi alloy with Cu [21–23] and nickel carbide 
with C [24, 25]; (ii) N may form CuCNx (X  =  1, 2) compound 
with C and Cu, [26, 27] and it may be suitable to match the 
phononic heat conduction of C because of its nearly the same 
mass with C. The use of Ni or N as a copper/diamond com-
posite interfacial additive has not been found yet. In addition, 
previous studies concentrated on the effects of interfacial 
additive on the properties of a single low-index interface such 
as (0 0 1) [15] or (1 1 1) [17, 28] of composites, while system-
atical researches of the interfacial properties of three low-
index interfaces have yet to be carried out.

Based on this, the interfacial properties (geometric and 
electronic) of copper/diamond composites with and without 
interfacial additive (Ni or N) were studied by first-principles 
calculations. Three interfaces, Cu(0 0 1)/diamond(0 0 1), 
Cu(0 1 1)/diamond(0 1 1), and Cu(1 1 1)/diamond(1 1 1), were 
considered comprehensively to find out the low-index inter-
face with the best interfacial bonding performance. The effect 
of interfacial additive (metal Ni and nonmetal N) on the 
bonding performance of diamond/copper composites and the 
interfacial bond nature have been discussed.

2.  Models and methods

Because of the hardness of diamond and the ductility of copper, 
the interfacial lattice constant is fixed to the lattice constant of 
diamond [5, 15, 16], while Cu is relaxed to match it. Three 
low-index interfaces, Cu(0 0 1)/diamond(0 0 1), Cu(0 1 1)/dia-
mond(0 1 1), and Cu(1 1 1)/diamond(1 1 1), are built.

The diamond (0 0 1), (0 1 1), and (1 1 1) surfaces all have 
a thickness of eight carbon layers where the bottom C atoms 
are saturated by H atoms [29, 30]. The bottom four layers 
together with the saturating H atoms in diamond slabs were 
fixed to simulate bulk diamond. We considered four (one 
top T, two bridge B1 and B2, and one hollow H), five (one 
top T, three bridge B1–B3, and one hollow H), and four (one 
top T, one bridge B, and two hollow H1 and H2) adsorp-
tion sites for diamond (0 0 1), (0 1 1) and (1 1 1) surfaces, 
respectively.

The Cu(0 0 1), Cu (0 1 1), and Cu (1 1 1) slabs include five, 
seven, and four layer thicknesses [31, 32]. In which, we take 
one bottom corner atom of each slab as the aiming point to 
put on the adsorption site defined in figure 1 to construct the 
composite interface.

The density functional theory calculations with plane-
wave ultra-soft pseudopotential approach [33] and the gen-
eralized gradient approximation of Perdew–Burke–Ernzerhof 
functional [34] is performed using the CASTEP code [35]. 
The cutoff energy is 400 eV. The K points of the bulk phase, 
(0 0 1), (0 1 1), and (1 1 1) surfaces are 8  ×  8  ×  8, 6  ×  6  ×  1, 
4  ×  6  ×  1, and 7  ×  7  ×  1 respectively. Spin polarization is 
considered for systems containing unpaired electrons. The 
force convergence criterion is 0.01 eV Å−1. All the parame-
ters including the layer thickness are tested with change of the 
work of adhesion of the Cu/diamond interface smaller than 
4% (table S1 (stacks.iop.org/JPhysCM/32/225001/mmedia) 
in SI).

To describe the interfacial binding strength quantitatively, 
the ideal work of adhesion of the Cu/diamond interface is 
defined by [15, 36]

Wad =
ECu + Ediamond − Etot

A
.� (1)

Etot, ECu, and Ediamond are the total energies of the optimized 
Cu/diamond interface, a single diamond surface, and a 
single copper surface, respectively. A is the interfacial area. 
The larger the work of adhesion, the stronger the interfacial 
binding of the copper/diamond composites.

Figure 1.  Side and top views of (a) diamond(0 0 1), (b) diamond(0 1 1), and (c) diamond(1 1 1) surfaces. The corresponding adsorption sites 
and carbon atoms at different layers are marked on the top view of the structure.
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Note that the addition of Ni or N interlayer between Cu and 
diamond will create two interfaces, the interface between Cu 
and X-diamond (denoted by Interf.I) and the interface between 
Cu–X and diamond (denoted by Interf.II). For Interf.I, the 
interfacial work of adhesion is calculated by

Wad =
ECu + EX-diamond − E′

tot

A
� (2)

where E′
tot and EX-diamond are the total energies of the optim

ized Cu/X/diamond composites and the diamond surface with 
the adsorbed additive X (X  =  Ni or N). For Interf.II, the corre
sponding interfacial work of adhesion is defined by

Wad =
ECu−X + Ediamond − E′

tot

A
.� (3)

Here ECu–X is the total energy of the optimized Cu surface 
with the adsorbed additive X (X  =  Ni or N) at the Cu lattice 
parameter.

3.  Results and discussion

3.1.  Cu/diamond interface

For Cu(0 0 1)/diamond(0 0 1), four initial structures yield two 
stable interfacial structures B1 with the shortest interfacial 
C–Cu bond distance of 1.99 Å and B2 with the shortest inter-
facial C–Cu bond distance of 2.11 Å where initial T and H con-
vert to B2 (table 1). The corresponding work of adhesion for 
B1 and B2 is 3.94 and 6.19 J m−2, respectively, suggesting that 
the energetically preferable Cu(0 0 1)/diamond(0 0 1) interfa-
cial structure is B2. The stronger stability of B2 may result 
from the formation of semi-eutectic interfacial boundary by 
Cu(0 0 1) and diamond(0 0 1). As shown in figure 2, the inter-
facial Cu from Cu side fits into the diamond lattice (see the 

atoms connected by the green line) forming the semi-eutectic 
boundary. While for B1 structure, neither the interfacial Cu 
from Cu side nor the interfacial carbon from diamond side 
can emerge into the lattice of the other side resulting into the 
non-eutectic boundary.

For Cu(0 1 1)/diamond(0 1 1), five initial interfacial struc-
tures result in one stable interfacial configuration yielding Wad 
of 2.46 J m−2 and the shortest C–Cu bond length of 2.10 Å. 
The Cu(0 1 1)/diamond(0 1 1) forms a non-eutectic boundary.

For the Cu(1 1 1)/diamond(1 1 1) interface, only one stable 
interfacial structure is obtained from four initial structures. 
The obtained T structure yields the work of adhesion Wad of 
3.16 J m−2, and the corresponding C–Cu bond length of the 
interface is 2.05 Å. Similar to B2 of Cu(0 0 1)/diamond(0 0 1), 
the Cu(1 1 1)/diamond(1 1 1) interface forms a semi-eutectic 
boundary.

Summarizing, among three low-index interfaces, the 
Cu(0 0 1)/diamond(0 0 1) interface is the most stable with 
the work of adhesion Wad larger than 3.94 J m−2, followed 
by Cu(1 1 1)/diamond(1 1 1) with Wad of 3.16 J m−2. The 
Cu(0 1 1)/diamond(0 1 1) is the least stable with Wad of only 
2.46 J m−2.

Figure 2.  Side (top row) and top (bottom row) views of Cu/diamond interfacial structures. The corresponding Wad (J/m2) is provided at the 
bottom and bond distances between C and its bonded Cu d(C–Cu) (Å) are labelled. To make the figure clear, the bottom saturating H atoms 
are hidden and only the bonds in diamond and at the interface are shown by sticks. The green lines connecting the atoms are the hint lines 
to recognize the interfacial boundary type. C and Cu are presented by the gray and brick spheres, respectively.

Table 1.  The work of adhesion Wad (J/m2) and shortest interfacial 
bond distance between C and Cu d(C–Cu) (Å) of diamond/Cu.

Diamond/Cu site Wad d(C–Cu)

(0 0 1)/(0 0 1) T, H →B2 —
B1 3.94 2.11
B2 6.19 1.99

(0 1 1)/(0 1 1) T, B1–B3 →H —
H 2.46 2.10

(1 1 1)/(1 1 1) T 3.16 2.05
B, H, T →T —

J. Phys.: Condens. Matter 32 (2020) 225001



X-R Shi et al

4

3.2.  Adsorption of additive atoms on diamond

Of the thirteen different adsorption sites at the diamond sur-
faces (see figure 1), only six sites, T and B2 at diamond(0 0 1), 
B1, B3 and H at diamond(0 1 1), and T at diamond(1 1 1), yield 
stable Ni adsorption (figures 3(a) and S1). Ni approaching near 
the B1 and H at diamond(0 0 1), B2 and T at diamond(0 1 1), 
and B, H1, and H2 at diamond(1 1 1) leads to adsorption at 
T and B2 at diamond(0 0 1), H at diamond(0 1 1), T at dia-
mond(1 1 1), respectively.

Among two obtained structures for atomic Ni adsorption 
on diamond(0 0 1), the B2 structure is more stable than the 
T structure with the energy of 0.63 eV lower. For Ni adsorp-
tion on diamond(0 1 1), the H and B1 structures are close in 
stability with the energy difference between each other is only 
0.02 eV and B3 is less stable than them with about 0.63 eV 
higher in energy. For Ni adsorption on diamond(1 1 1), only 
one stable configuration T is obtained (table 2).

For N adsorption on diamond surfaces, thirteen initial 
structures yield seven stable local minima. N approaching to 

B1 and H at (0 0 1), B3 and H at (0 1 1), and H1 and H2 at 
(1 1 1) results in the adsorption at T and B2 on (0 0 1), B1 on 
(0 1 1), and T on (1 1 1), respectively.

For N adsorption on diamond(0 0 1), B2 is more stable 
than T structure with the energy difference of 1.06 eV. On 
diamond (0 1 1), the stability of three structures decreased in 
the sequence of B1  >  T  >  B2 where B2 is 1.56 eV higher in 
energy than B1. On diamond(1 1 1), the T structure is much 
more stable than B by 2.09 eV lower in energy. In addition, it 
was found that the formed C–N bond length of the different 
surfaces is approximately in the range of 1.26 to 1.52 Å, 
which is shorter than the formed C–Ni bond length ranging 
from 1.79 to 2.16 Å.

3.3.  Cu/X/diamond interface

The most stable diamond (0 0 1), (0 1 1), and (1 1 1) structures 
with the adsorbed X (X  =  Ni or N) in figure 3 were used to 
construct the Cu/X/diamond composites. The X-diamond 

Figure 3.  Side (top row) and top (bottom row) views of the most stable configuration for (a) Ni and (b) N adsorption on each low-index 
diamond surface. The formed Ni–C and N–C bond lengths (Å) are labeled. The bottom saturating H atoms are hidden. C, N, and Ni are 
shown by the gray, dark blue, and blue spheres, respectively.

Table 2.  The relative energy ∆E (eV) and corresponding C–Ni (C–N) bond length (Å) for Ni and N adsorption on low-index surface of 
diamond.

Site ∆ENi
a d(C–Ni) ∆EN

a d(C–N)

(0 0 1) T +0.63 1.79 +1.06 1.26
B2 0.00 1.90/1.90 0.00 1.50/1.50

(0 1 1) T — — +1.08 1.43
B1 +0.02 1.99/1.99 0.00 1.37/1.37
B2 — — +1.56 1.43/1.43
B3 +0.63 1.89/2.09/2.09 — —
H 0.00 1.97/2.15/2.16 — —

(1 1 1) T +0.00 1.94 0.00 1.42
B — — +2.09 1.42/1.52

a The energy difference refers to the most stable sates on each surface. More positive, less stable.

J. Phys.: Condens. Matter 32 (2020) 225001
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surfaces create new adsorption sites for copper slab to form 
the interfacial configurations by the additive element X. For 
the X-diamond (0 0 1), (0 1 1), and (1 1 1) surfaces, we consid-
ered four (one top X, two bridge X–X, and one hollow 4X), 
four (one top X, two bridge X–X, and one hollow 4X), and 
three (one top X, one bridge X–X, and one hollow 3X) sites, 
respectively.

For Cu(0 0 1)/Ni/diamond(0 0 1), four initial structures yield 
two stable interfacial structures H (denoted by Ni–B2–Cu–H in 
figure 4(a)) and B2 (denoted by Ni–B2–Cu–B2 in figure 4(a)) 
where initial T and B1 convert to H. The H interfacial struc-
ture is more stable than the B2 one with the work of adhesion 
of 3.82 and 7.96 J m−2 for Interf.I between Cu and X-diamond 
and Interf.II between Cu–X and diamond, which is 0.82 larger 
than that of B2, respectively. Here for the calculation of Wad of 
Interf.II, the reference state for B2, namely, the top adsorption 
of Ni on Cu, results in the hollow site, which is the same to the 
reference state for T. Interestingly, the interfacial Ni in H can 
be embedded into the Cu and diamond lattice at the same time 
(see the green hint lines in figure 4(a)) yielding the eutectic 
boundary while in B2, Ni can only take the lattice point spot 
of diamond creating a semi-eutectic boundary. Hence, the H 
interface with the eutectic boundary is more stable than the B2 
structure with the semi-eutectic boundary.

Of four initial configurations for Cu(0 1 1)/Ni/dia-
mond(0 1 1), both B1 and B2 structures lead to the H structure 
(denoted by Ni–H–Cu–H in figure 4(b)). In H structure, Cu 
slab adsorption on the hollow site formed by four interfacial 

Ni atoms gives the work of adhesion of 3.20 and 3.80 J m−2 
for Interf.I and II, respectively, with the Cu–Ni bond length 
of 2.51, 2.51, 2.61, and 2.61 Å. The T structure with Cu slab 
adsorption on the top site of Ni (denoted by Ni–H–Cu–T in 
figure 4(b)) is less stable than H by 0.67 J m−2 smaller in Wad. 
It is found that H forms a semi-eutectic boundary where inter-
facial Ni joins the Cu lattice while the T structure exhibits a 
non-eutectic boundary.

Among three initial structures of Cu(1 1 1)/Ni/dia-
mond(1 1 1), only one stable interfacial structure H is obtained. 
In H, Cu slab adsorption on the hollow site formed by three 
interfacial Ni atoms gives the work of adhesion of 2.88 and 
5.02 J m−2 for Interf.I and II, respectively. For Cu(1 1 1), its 
atoms exhibit a ABC packing along [1 1 1] direction (c axis in 
figure 4) where the interfacial Ni just occupied the position of 
copper B (assuming the toppest Cu at A site) meanwhile Ni 
also fits into the diamond lattice suggesting the formation of 
an eutectic boundary.

For the Cu/N/diamond composites, two, two, and two 
local energetically minima were obtained for Cu(0 0 1)/N/dia-
mond(0 0 1), Cu(0 1 1)/N/diamond(0 1 1), and Cu(1 1 1)/N/dia-
mond(1 1 1), respectively. The B2 structure with the Cu(0 0 1) 
adsorption on the neighbouring N (denoted by N–B2–Cu–B2 
in figure 5(a)) gives Wad of 3.27 and 14.14 J m−2 for Interf.I 
and Interf.II, respectively. The adsorption of Cu on the top of 
interfacial additive N is less stable by Wad of 0.27 (3.49) J m−2 
smaller for Interf.I (Interf.II). Both T and B2 structures for 
Cu(0 0 1)/N/diamond(0 0 1) exhibit semi-eutectic boundaries 

Figure 4.  Side (top row) and top (bottom row) views of the interfacial structures of (a) Cu(0 0 1)/Ni/diamond(0 0 1), (b) Cu(0 1 1)/Ni/
diamond(0 1 1), and (c) Cu(1 1 1)/Ni/diamond(1 1 1). Wad (J/m2) for Interf.I and Interf.II are provided on the blue dashed line in black. The 
C–Ni and Ni–Cu bond distances (Å) are labelled in red and cyan, respectively. The green lines connecting the stacking atom in the lattice 
are the hint lines for the recognization of the interfacial boundary type.

J. Phys.: Condens. Matter 32 (2020) 225001



X-R Shi et al

6

where interfacial N is embedded in the diamond lattice with 
C-N bond length of 1.50 Å. Similar to Cu(0 0 1)/N/dia-
mond(0 0 1), one top T and one bridged B2 interfacial struc-
ture at Cu(0 1 1)/N/diamond(0 1 1) were obtained. However, 
they both yield non-eutectic boundaries with Wad of 1.73 
(7.36) and 1.53 (5.27) J m−2 for Interf.I (Interf.II), respec-
tively. For Cu(1 1 1)/N/diamond(1 1 1), an eutectic interfacial 
boundary is found in the H configuration. It gives Wad of 3.26 
and 9.26 J m−2 for Interf.I and II, respectively. The T structure 
with a semi-eutectic interfacial boundary exhibits smaller Wad 
by 1.12 J m−2 for Interf.I but larger Wad by 0.41 J m−2 for 
Interf.II. The reversal stability for Interf.II between H and T 
results from the less stable of reference state of Cu–N for T 
where N top adsorption on Cu is 0.77 eV higher in energy 
than its fcc hollow (reference state of Cu–N for H) adsorp-
tion. While the Cu(1 1 1)/N/diamond(1 1 1) with N–T–Cu–H 
is more stable than the N–T–Cu–H structure by 0.35 eV lower 
in energy. Namely, the total energy difference for Cu(1 1 1)/N/
diamond(1 1 1) between H and T cannot compensate the total 
energy difference between two reference states between Cu–
N(top) and Cu–N(fcc). Compared with the bulk CuCN struc-
ture (figure 5(d)), it is observed that among all the N modified 
interfaces, only the N–T–Cu–H configuration at Cu(1 1 1)/N/
diamond(1 1 1)interface forms a quasi-bulk-CuCN structure 
where N is on the top of C and Cu is on the hollow site of N.

Summarizing, on the same surface, the structure with an 
eutectic interfacial boundary is more stable than that with 
a semi-eutectic interfacial boundary (see Cu(0 0 1)/Ni/dia-
mond(0 0 1) and Cu(1 1 1)/N/diamond(1 1 1)) and the one 
with a semi-eutectic interfacial boundary is more stable than 
that with a non-eutectic interfacial boundary (Cu(0 1 1)/Ni/
diamond(0 1 1)). Metallic interfacial additive Ni is found to 
enhance the Cu(0 1 1)/diamond(0 1 1) interfacial stability 
and the nonmetallic element N will promote the stability of 

Cu(1 1 1)/diamond(1 1 1) (table 3). The adhesion of Interf.II  
is found to be always stronger than copper/diamond, and 
combined with the number of formed interfacial bonds, we 
can conclude that the bond strength decreases in the order of 
C–N  >  C–Ni  >  C–Cu.

3.4.  Electronic properties

3.4.1.  Density of states.  The interfacial stability are con-
trolled by many factors [37–39], and to gain the relationship 
between the electronic structure and interfacial stability, the 
total and layer projected partial density of states (TDOS and 
LPDOS) of separated Cu and diamond slab, Cu/diamond, 
Cu/Ni/diamond, and Cu/N/diamond systems are provided in 
figures 6, 7 and S2 in SI. The calculated TDOSs show that 
the electronic states at Ef appear at all cases, indicating that 
the interfaces show a metallic character. Similar results have 
been found for the pure diamond surfaces and Cr3C2/diamond 
system [15, 40, 41]. Interestingly, we observed that TDOSs 
near the Fermi level for the more stable interfacial structures, 

Figure 5.  Side (top row) and top (bottom row) views of the interfacial structures of (a) Cu(0 0 1)/N/diamond(0 0 1), (b) Cu(0 1 1)/N/
diamond(0 1 1), (c) Cu(1 1 1)/N/diamond(1 1 1), and (d) optimized bulk CuCN. Wad (J/m2) for Interf.I and Interf.II and interfacial C–N and 
N–Cu bond distances (Å) are labelled in black, red and cyan, respectively. The green lines connecting the atom in the lattice are the hint 
lines for the recognization of the interfacial boundary type.

Table 3.  The work of adhesion Wad (J/m2) for the most stable 
interfacial structure.

Cu/diamond
Cu/Ni/
diamond

Cu/N/
diamond

(0 0 1)/(0 0 1) 6.19 (2)c 3.82a (3)c 3.27a (2)c

7.96b (2)c 14.14b (2)c

(0 1 1)/(0 1 1) 2.46 (3)c 3.20a (4)c 1.73a (1)c

3.80b (3)c 7.36b (2)c

(1 1 1)/(1 1 1) 3.16 (1)c 2.88a (3)c 3.26a (3)c

5.02b (1)c 9.26b (1)c

a For Interf.I between Cu and X-diamond. 
b For Interf.II between Cu-X and diamond. 
c Number of interfacial bonds.

J. Phys.: Condens. Matter 32 (2020) 225001
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such as N–T–Cu–H at Cu(1 1 1)/N/diamond(1 1 1), decreased 
compared with the less stable one, N–T–Cu–T at Cu(1 1 1)/N/
diamond(1 1 1) (figure 6), leading to more electrons occupy-
ing the lower states and a smoother TDOS curve near Ef.

According to LPDOSs (figure 7), the major contribution to 
the density of the interface states near Ef is from C/N 2p and 
its bonded Cu/Ni 3d orbitals. For Cu(1 1 1)/diamond(1 1 1), 1st 
C 2p make the most contribution to the electron states at Ef. 
For Cu/Ni/diamond, the density of the interface states near Ef 
is mainly from the interfacial additive Ni 3d and the 1st layer 
of C 2p orbitals at the Cu/Ni/diamond interface. For Cu/N/dia-
mond, most of the density of the interface states near Ef comes 

from the interfacial additive N 2p. Namely, before modifica-
tion, the 1st layer of C atoms at the interface plays a major role 
to contribute to the density of the interface states at Ef, while 
after modification, the interfacial additive, Ni or N, becomes 
the major part inducing the decreased electronic density of 
its bonded 1st layer of C atoms at Ef. It is also noticed that 
compared with metallic additive Ni, nonmetallic additive N 
yields a stronger effect on the charge redistribution among the 
(1 1 1) composites series. It not only affects the relocation of 
the electronic states of its bonded 1st layer C and Cu, but also 
influences the nonbonded 2nd layer C and Cu atoms while 
Ni barely affects the electronic states distribution of the 2nd 

Figure 6.  The total (up) and integrated (down) density of states for two configurations of Cu(1 1 1)/N/diamond(1 1 1).

Figure 7.  The LPDOS for (1 1 1) systems. The interface is between the first Cu and first C layers.
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layer C and Cu orbitals. Compared with the isolated Cu(1 1 1) 
surface, the 1st Cu 4s peaks in composites redistribute in the 
range of  −9 eV to  −4 eV indicating that 1st Cu 4s participates 
in the interfacial bonding. An obvious overlap between the C 
2p orbital at the 1st layer of diamond (1 1 1) and Cu 3d orbitals 
at the 1st layer or interfacial additive Ni 3d in the range 
of  −5 eV to 0 eV was found suggesting the strong hybridi-
zation between the interfacial C 2p states and Cu 3d or Ni 
3d orbitals. Furthermore, a significant d–d orbitals hybridiza-
tion between interfacial Cu 3d and Ni 3d states ranging from   
−5 eV to 0 eV for Cu(1 1 1)/Ni/diamond(1 1 1) was revealed. 
For Cu(1 1 1)/N/diamond(1 1 1), there is a strong p–p (s–s) 
orbitals hybridization between the interfacial C and additive N 
in the range of  −19(−25) eV to 0 (−10) eV with the resonant 
peak at about  −8(−18) eV. It reveals the formation of strong 
C–N covalent bonds, which is further confirmed by the fol-
lowing charge density and charge density difference analyses.

3.4.2.  Charge density and charge density difference 
maps.  As observed from the charge density map in figures 8 
and 9, for Cu/diamond, the charge distributions of Cu atoms 
are nearly spherically symmetric while those of C atoms show 
a polarization toward Cu suggesting the formation of C–Cu 
ionic bonds. The similar character of C–Ni ionic bonds was 
observed for Cu/Ni/diamond while the bonded Cu and Ni form 
metallic bonds due to the nearly spherically symmetric charge 

distributions around them. For Cu/N/diamond, the charge dis-
tributions of the interfacial Cu atoms also exhibit the nearly 
spherically symmetric feature suggesting the formation of 
N–Cu ionic bonding at the interfaces again while the charge 
distributions of bonded N and C atoms at the interface show 
a distortion directing toward each other suggesting the forma-
tion of strong C–N covalent bonds. Meanwhile, the electron 
charges around C have been found more approaching to the 
N atoms other than to the Cu atoms and a stronger charge 
accumulation between the interfacial C atoms and N atoms 
than that between the bonded C and Cu has been observed 
revealing that C–N covalent bonds are stronger than C–Cu 
ionic bonds. This is consistent with the corresponding work 
of adhesion of interface, for all cases, the Wad between Cu–N 
and diamond is larger than that between Cu and N-diamond 
indicating Interf.II is more stable than Interf.I.

3.4.3.  Mulliken atomic populations.  As shown in table 4, for 
Cu/diamond composites, the electrons transfer from the 4p 
and 3d orbitals of Cu to 2s and 2p orbitals of its bonded C 
atoms. The electron number decreases from 0.78 and 9.72 of 
bulk Cu to 0.49–0.60 and 9.62–9.66 in composites for the 4p 
and 3d orbitals of 1st Cu, respectively. Meanwhile, the elec-
tron number around 2s and 2p of the bonded 1st C increases 
from 1.10 and 2.90 to 1.20–1.30 and 2.95–3.01. For Cu/Ni/
diamond, the interfacial Ni atom denotes the electron to the 

Figure 8.  Charge density (e/Å3) (top row) and cutting plane (bottom row) for (a) (0 0 1) and (b) (0 1 1) composites. The cutting plane is the 
best-fit plane of three chosen atoms (marked by dashed circles).

Figure 9.  Charge density (left) and charge density difference (right) maps for (1 1 1) composites. The location of the interface is indicated 
by dotted lines. The charge density difference refers to the changes in the electron distribution before and after the formation of interfacial 
bonds. The color difference represents the total and change of the electron density (e/Å3) for charge density and charge density difference 
maps, respectively. The cutting plane is along T-H1 in figure 1.
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bonded Cu and C atoms, specifically, devotes to the 4s orbital 
of Cu and 2s and 2p orbitals of the bonded C atoms. The 
charge of 4s orbital increases from 0.5 e of bulk to around 
0.55 e in the doping case, and the charges of 4p and 3d orbit-
als of 1st Cu are nearly identical in the bulk Cu and com-
posites. Similar to the Cu/diamond case, the charge of 2s and 
2p orbitals of the bonded C atoms increases from the 1.10 e 
and 2.90 e in the bulk to 1.20–1.30 and 2.93–3.01 e. In con-
trast, interfacial N atoms mainly accept the electrons from 
2p orbitals of its bonded Cu and C where the charge of 2p 
orbital of Cu decreases from 0.78 e of bulk to 0.45–0.67 e of 
composites while the trend of 4s orbital of 1st Cu depends on 
the interfaces. Compared with the bulk case, the 4s of 1st Cu 
charge keeps the same, increases and decreases for the (0 0 1), 
(0 1 1) and (1 1 1) composites, respectively. For the 1st C at the 
interface in Cu/N/diamond, the charge of 4s orbitals barely 
change while the 2p ortibals devotes the electrons yielding an 
decreased electron number of 2.72–2.84 e in composites from 
2.90 e in bulk.

Summarizing, for Cu/diamond composites, the electrons 
transfer from the 4p and 3d orbitals of Cu to 2s and 2p orbitals 
of its bonded C atoms; for Cu/Ni/diamond, the interfacial Ni 
plays as the electron donor where the electrons are devoted to 
4s orbital of its bonded Cu and 2s and 2p orbitals of its bonded 

C atoms at the same time; for Cu/N/diamond, interfacial N 
atom is an electron acceptor where it mainly accepts the elec-
trons from 2p orbitals of its bonded Cu and C.

To understand the bond elongation and contraction at the 
interface better, the bond population studies were performed. 
As shown in table 4 the bond population within the interfa-
cial Cu–C bonds at Cu(0 0 1)/diamond(0 0 1) is the largest 
with 0.66, followed by that at the Cu(1 1 1)/diamond(1 1 1) 
with 0.10, and the Cu(0 1 1)/diamond(0 1 1) is smallest with 
about 0.05, which is consistent with the interfacial stability 
sequence. The shorter the interfacial bond length, the larger 
the bond population within the interfacial bond, and the more 
stable the interface structure is.

For Cu/Ni/diamond, among three composites, only 
Cu(0 1 1)/Ni/diamond(0 1 1) interface (both Interf.I and II) 
yields a larger bond population within the interfacial Cu–Ni 
and Ni–C than that within the unmodified interfacial Cu–C 
which is consistent with the interfacial stability. The work of 
adhesion Wad calculations show that only the interfacial sta-
bility (both Interf.I and II) of Cu(0 1 1)/Ni/diamond(0 1 1) are 
enhanced by Ni among three composites.

For Cu/N/diamond, compared with the case of the unmodi-
fied interfacial Cu–C, the bond populations within the interfa-
cial Cu–N becomes smaller, larger, and larger for the (0 0 1), 

Table 4.  Mulliken atomic charges (|e|) and bond populations.

System Atoma s p d Total Charge Bond population

All slab Bulk Cu 0.50 0.78 9.72 11.00 0 —
Bulk C 1.10 2.90 0 4.00 0 —

(0 0 1)/(0 0 1) 1st Cu 0.53 0.60 9.62 10.75 0.25 0.66
1st C 1.30 2.96 0 4.26 −0.26 (Cu–C)

(0 1 1)/(0 1 1) 1st Cu 0.55 0.49 9.64 10.69 0.31 0.03
1st C 1.20 2.98 0 4.18 −0.18 0.05

1.20 3.01 0 4.20 −0.20 (Cu–C)
(1 1 1)/(1 1 1) 1st Cu 0.62 0.58 9.66 10.87 0.13 0.10

1st C 1.20 2.95 0 4.15 −0.15 (Cu–C)
(0 0 1)/Ni/(0 0 1) 1st Cu 0.57 0.78 9.71 11.06 −0.06 −0.12 (Cu–Ni)

Ni 0.42 0.55 8.67 9.64 0.36 0.63
1st C 1.30 2.97 0 4.26 −0.26 (Ni–C)

(0 1 1)/Ni/(0 1 1) 1st Cu 0.60 0.78 9.71 11.10 −0.10 0.28 (Cu–Ni)
Ni 0.42 0.41 8.70 9.52 0.48 0.10
1st C 1.21 2.97 0 4.18 −0.18 0.19

1.21 3.01 0 4.21 −0.21 (Ni–C)
(1 1 1)/Ni/(1 1 1) 1st Cu 0.55 0.77 9.71 11.03 −0.03 −0.44 (Cu–Ni)

Ni 0.51 0.60 8.69 9.80 0.20 0.05
1st C 1.20 2.93 0 4.14 −0.14 (Ni–C)

(0 0 1)/N(0 0 1) 1st Cu 0.50 0.59 9.67 10.76 0.24 0.46 (Cu–N)
N 1.57 3.88 0 5.45 −0.45 1.50
1st C 1.12 2.72 0 3.84 0.16 (N–C)

(0 1 1)/N/(0 1 1) 1st Cu 0.62 0.45 9.71 10.78 0.22 0.34 (Cu–N)
N 1.53 3.86 0 5.39 −0.39 0.81
1st C 1.09 2.84 0 3.93 0.07 0.82

1.09 2.84 0 3.93 0.07 (N–C)
(1 1 1)/N(1 1 1) 1st Cu 0.42 0.67 9.58 10.67 0.33 0.81 (Cu–N)

N 1.64 3.82 0 5.46 −0.46 0.73
1st C 1.11 2.83 0 3.94 0.06 (N–C)

a The interface is between the first Cu and first C layers.
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(0 1 1) and (1 1 1) composites, respectively, which is consistent 
with change of the interfacial bond lengths. The (0 0 1), (0 1 1) 
and (1 1 1) interfacial Cu–N bond lengths are 0.06 shorter, 
0.15 longer, and 0.07–0.09 Å longer than the corresponding 
Cu–C bond distances. Note that the bond populations within 
the interfacial Cu–N is larger than those within the original 
Cu–C at Cu(0 1 1)/N/diamond(0 1 1) and composites, how-
ever, the work of adhesion Wad shows the interfacial stability 
of Cu(0 1 1)/N/diamond(0 1 1) is weaker than Cu(0 1 1)/N/dia-
mond(0 1 1). That is partially due to the reduced interfacial 
bond number where it decreases from three interfacial Cu–C 
bonds to one Cu–N bond.

4.  Conclusions

The thermal conductivity and mechanical properties of copper/
diamond are closely related to its interfacial stability. In this 
work, we employ first-principles calculations to investigate 
the interfacial structures and stabilities of Cu/diamond and 
Cu/X/diamond (X  =  Ni or N) combined at three low-index 
(0 0 1), (0 1 1), and (1 1 1) interfaces systematically.

The calculations show that the Cu/diamond inter-
face stability decreases in the order of Cu(0 0 1)/dia-
mond(0 0 1)  >  Cu(1 1 1)/diamond(1 1 1)  >  Cu(0 1 1)/
diamond(0 1 1). For Cu/Ni/diamond, the sequence changes to 
Cu(0 0 1)/Ni/diamond(0 0 1)  >  Cu(0 1 1)/Ni/diamond(0 1 1)  > 
Cu(1 1 1)/Ni/diamond(1 1 1) for the interface between Cu 
and Ni-diamond while the interface stability between Cu–Ni 
and diamond keeps the same order with Cu/diamond. For 
Cu/N/diamond, Interf.I (between Cu and N-diamond) and 
Interf.II (between Cu–N and diamond) stabilities follow the 
same sequence with the unmodified Cu/diamond, where 
Cu(0 0 1)/N/diamond(0 0 1) is the most stable, followed by 
Cu(1 1 1)/N/diamond(1 1 1).

The metallic interfacial additive Ni is found to enhance 
the Cu(0 1 1)/diamond(0 1 1) interfacial stability. Note that 
bulk Cu and diamond are both face-centered cubic structured 
exposing the most stable surface (1 1 1), and interestingly, the 
nonmetallic element N, exhibiting a quasi-bulk-CuCN struc-
ture with its bonded Cu and N at the interface forming the 
eutectic interfacial boundary, is found to promote the stability 
of Cu(1 1 1)/diamond(1 1 1) where the work of adhesion Wad 
of Interf.I and Interf.II are both larger than the unmodified 
one.

In addition to the type of formed interfacial boundary, 
subsequent calculations of electronic properties show that 
the stability of the interface is also related to the interfacial 
bond populations and bond numbers. The LPDOS, charge 
density and charge density difference maps, and bond popula-
tions analyses all reveal that in addition to the 4s, the 4p and 
3d orbitals of interfacial Cu are also involved in the orbitals 
hybridization. The atomic charges analyses reveal that the 
interfacial Ni additive acts as an electron donor contributing 
the electrons to its bonded Cu and C atoms while interfacial 
N atom is an electron acceptor accepting the electrons from 
its bonded Cu and C. The charge density map together with 
the work of adhesion suggests that the formed interfacial 

bond strength decreases in the order of covalent C–N  >  ionic 
C–Ni  >  ionic C–Cu.
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