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YOUNG MODULUS OF THIN FILMS Au AND AuSi WITH FCC STRUCTURE

Nguyen Quang Hoc, Hua Xuan Dat and Nguyen Thi Thao
Faculty of Physics, Hanoi National of Education University

Abstract. We build the model and the theory of Young modulus for FCC metal’s
and binary interstitial alloy’s thin films on the basis of the statistical moment method
and perform numerical calculations for Au and AuSi. Some SMM calculations for
bulk Au are compared with experiments and other calculations. Other SMM
calculations are new and predictive, experimentally oriented.
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1. Introduction

The statistical moment method (SMM) has been applied to study the elastic
deformation and elastic wave velocity of metals and interstitial alloys in bulk material
form recently [1-6]. SMM has been applied to study the thermodynamic properties of metal
thin films [7-9].

Many thermodynamic and mechanical properties of metal and alloy’s thin films have
attracted the attention of researchers in recent times. The average values of Young’s
moduli, determined from hundreds of measurements, are 63 GPa for Ag, 102 GPa for Cu,
57 GPa for Al, and 875 GPa for Ag/Cu multilayers [10]. The thermal
expansion coefficient and biaxial elastic modulus of the a phase were consistent with
values reported for bulk a tantalum [11]. The Young modulus of nanostructured metallic
thin films is determined by experiments [12]. The mechanical properties tensile tests were
used for the freestanding foils and wires [13]. Cu, Ni, and Pd layers were deposited by
DC-magnetron sputtering on Si wafer substrates. The mechanical stresses and the
coefficients of linear thermal expansion were investigated by non-ambient (in-situ) X-
ray diffraction measurements [14]. A novel theory is developed in order to predict the
growth mode of a thin metallic film on an insulating substrate [15]. In order to further
investigate nanoindentation data of film—substrate systems and to learn more about
the mechanical properties of nanometer film—substrate systems, two kinds of films on
different substrate systems have been tested with a systematic variation in film thickness
and substrate characteristics [16]. Varied temperature photoemission study is performed
to investigate the quantum size effects on the thermal property of atomically flat Pb films
grown on Si (111) [17]. The effect of the underlying substrate on the phase formation of Ta
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and the influence of a changing N2/Ar flow ratio on hardness, phase, and composition of
reactively formed tantalum nitride have been investigated [18]. Pseudo-elastic Ni
50.8 at.%-Ti alloy sheets of 1000 um thickness were coated with 10 um thick refractory
metal thin films (Mo, Ta, and Nb thin films, respectively), by nonreactive d.c. magnetron
sputtering [19]. Au and AuSi have many applications in superconducting wire technology [20].
Gold silicides are commercially available and used in bearing assembly, ballast, casting,
step welding, and radiation shielding.

In this study, for the first time, we build the model and the theory of Young modulus
for FCC binary interstitial alloy’s thin films on the basis of SMM [1-9, 21-23]. The
theoretical results are numerically calculated for Au and AuSi films.

2. Content

2.1. Model and calculation method

Consider a free thin film of interstitial alloy AB with FCC structure. Assume this
film has n" layers with the thickness d. The thin film consists of two outer layers, two
neighbor outer layers and n" —4 inner layers. Let N° /N™and N" respectively be the

number of atoms in the outer layer, the next outer layer and the inner layer of this thin
film [7-9].

For the layer ( (this layer is the inner layer or the next outer layer), the displacement
of the atom X (X = A, A1, A2, B, A'is the atom in pure metal A, Az is the main metal atom
A at face center of the cubic unit cell, A2 is the main metal atom A at vertice of the cubic
unit cell and B is the interstitial atom at body center of the cubic unit cell) at pressure P
and temperature T from the equilibrium position has the form [2, 7, 21]
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where 6=k, T, kg, is the Boltzmann constant, T is the absolute temperature,

Yy =Yy (P,T), kg isthe harmonic crystal parameter of the atom X in the layer C, x

is the anharmonic crystal parameter of the atom X in the layer (, k, and y, are
determined at pressure P and temperature T = 0 K from the nearest neighbor distance

., (P,0) between two atoms in the layer { and this distance is calculated from the
equation of state
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For the outer layer, the displacement of the atom X is equal to [2, 7, 21]
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where k< ’ 7/2' ) X?(' are determined in the same way as above.

Yo, YY =x§ cothxy, 3)

yy =

The nearest neighbor distances between two atoms 1;, (P,T) inthe layer m (this layer
is the inner layer, the next outer layer or the outer layer) are determined by [2, 7, 21]

rlfg(P,T) = 1E(P,0)+ yAm&(P,T),I’l?(P,T) = rer(P'O)+ yf(P,T),

K (P.T)=rg(P.T), 5, (P.T) =1} (P,0)+yg (P, T). (4)

The mean nearest neighbor distance r,(P,T) between two atoms A in the layer m
of the FCC interstitial alloy AB is determined by [2]

(P =A(P.0)+y"(P.T),KA(P.0) = (1-c5 )rA(P.0) + I (P,0),

T (P,0) =22 (P,0),y" (P, T) = cryr (P,T), ©)

m

Ny . . .
where ¢ =1-15¢g' ¢, =6¢g,c, =8¢y, Cy = ern is the concentration of atoms X in

layer m, Ny is the number of atoms in layer mand N™ is the number of atoms in layer m.
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The Helmholtz free energy for the layer L of alloy film approximately has the
form [2, 21]
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The Helmholtz free energy for the outer layer of alloy film approximately has the form
[2, 21]
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In Egs. (6) and (7), U,y =N7u(',”x, wy is the Helmholtz free energy of an atom X in

layer mand S is the configurational entropy of the alloy in layer m.

At low temperatures, the vibrations of the atoms around the lattice point nodes are
harmonic. Then, the Helmholtz free energies for the layer m of the alloy film have the

form [2, 7, 21]
le = Nm (Zc)n:l//;? —ngn),
X

P =N ~UT +3N"O[xT +In(l—e?%)]. (8)
Assume the thin film consists of N atoms with n” layers and the number of atoms per
layer is equal and equal to N*“. Then, N =n"N"and [7]
« N
N ®

The number of atoms in the inner layer, the next outer layer and the outer layer of the thin
film, respectively, is determined by [7]

n

N™ = 2N' = N — (0" —2)N", (11)
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N =2N"=N—-(n"—2)N". (12)
The Helmholtz free energy of the thin film is given by [7]
Y=Y+ P TS =N"yp" + Ny ™ + NYy™ -TS_ =

=(N—4N")y" + 2Ny + 2N y™ TS, (13)

where N=N"+N"+N° is the total atomic number of the film, S_is the

configurational entropy of the film, ", y™ w* respectively are the Helmholtz free

energies of an atom in the inner layer, the next outer layer and the outer layer of the film.
From Eq. (13), we find the Helmholtz free energy for an atom of the film [7]

T
N (1_ i*j‘//” w2yt Zym I (14)
n n n

N N

The symbol @ is the mean nearest neighbor distance between two atoms, b is the
average thickness of the two respective layers and & is the average lattice constant of the

thin film. For FCC thin film [7],

6:%,@:26:\/55 (15)

The thickness is related to the number of layers by [7]
d =2b" +20™ +(n" —5)b” =(n" —1)6 =

_\/_aol+\/_anol+

© i = (n"-1)— (16)
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From that [7],

n =1+ i =1+ d\/i 17)
b a
Substituting Eq. (17) into Eq. (14), we get the Helmholtz free energy for an atom of the

FCC interstitial alloy AB’s thin film
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The Young modulus of the FCC interstitial alloy AB’s thin film has the form
_dJ— 3a il 2a gol 2a £ o

E - ]
YAB d\/—+a v d\/§+§ Y d\/§+§ Y
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The cohesive energy u, and crystal parameter k, j,,7,,7 of the atom B in the

approximation of two coordination spheres, of the atoms Az and A in the approximation

of three coordination spheres for the inner layer of FCC interstitial alloy AB’s thin film
have the form [2, 7, 21]
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3 d’ph(ra) 27 dy (z"A)+ 27 dop (1))
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where @, @g <0AlB : (oAZB is the interaction potential between atoms A-A, A-B, A1-B, Az-

B in the inner layer, r =r} +yY is the nearest neighbor distance between two atoms

in the inner layer at temperature T and also is the radii of the first coordination sphere,
I is the nearest neighbor distance between two atoms in the inner layer at temperature
T =0 K and is determined from the minimum condition of u],, y} is the displacement
of the atom X in the inner layer from the equilibrium position at temperature T, ., is the

radii of the second coordination sphere, n, is the number of atoms on the ith coordination

sphere with the radii ri, u;, is the displacement of the ith atom in the inner layer in
direction B, a, B=X,Y,zZ,a # 3, (...)eq i the value taken at the equilibrium position, uy,,
Ky, 7%, 2., 7 are the cohesive energy and crystal parameters of FCC pure metal in the
approximation of two coordination spheres [21].

The cohesive energy u, and crystal parameter k, ,,7,,7 of the atom B in the
approximation of two coordination spheres, of the atoms Az and A; in the approximation
of three coordination spheres for the next outer layer (there is a vacancy on the z-axis in
the second coordination sphere taking u,, K, 7,,7,,7 of the atom B and in the third
coordination sphere taking taking u, 7,,7,,» of the atoms Ajand Az) of FCC interstitial
alloy AB’s thin film have the form [2, 7, 21]
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The cohesive energy u, and crystal parameter k, y,,5,,y of the atom B in the

approximation of two coordination spheres, of the atoms Az and A; in the approximation
of three coordination spheres for the outer layer (remove an atom on the second
coordination sphere taking u,, k, 7,,7,,» of the atom B and on the third coordination

sphere taking u, 7,,7,,y of the atoms Aiand Az) of FCC interstitial alloy AB’s thin film
have the form [2, 7, 21]
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Note that in all layers, y, =4(71x +7ax )

When the interstitial atom concentration is zero, from the Young modulus of FCC
interstititial alloy AB’s thin film we obtain the Young modulus of the FCC main metal
A’s thin film.

We perform numerical calculations according to above mentioned theory for Au and
AuUSI in subsection 2.2.

2.2. Numerical results and discussions for Au and AuSi
For interactions Au-Au, Si-Si in Au and AuSi, we use the Mie-Lennard-Jones

potential [24]
o(r)=—2 {m [r_oJ “n (r—ij } (68)
n—m r r

where D is the depth of potential well corresponding to the equilibrium distance r,, m
and n are determined empirically. The potential parameters D, r,,m,n are given in Table 1.
Considering the interaction between Au and Si, we use the following approximation

1
Ppusi 5 ((/’Au-Au *+ Psisi )

2

Table 1. The parameters D, r,,m,n of the Mie-Lennard-Jones potential [24]

Interaction m n D(10%%rg) ro(10-2°m)
Si-Si [24] 6 12 45128.24 2.295
Au-Au [24] 55 10,5 4683 2.8751

The results of calculating Young's modulus of thin films Au and AuSi are
summarized in tables from Table 2 to Table 6 and illustrated in the figures from Figure 1
to Figure 4.

The temperature and layer number dependence of Young modulus for film Au at
P = 0 calculated by SMM is summarized in Table 2, where the last column is the results
for the bulk material for comparison.
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for Au at P =0 calculated by SMM

T(K) n 10 20 70 200 Bulk
100 9.08 9.31 9.49 9.53 9.55
300 8.54 8.75 8.90 8.94 8.96
500 Ev(10'°Pa) 7.93 8.10 8.22 8.25 8.27
700 7.23 7.36 7.45 7.47 7.48
1000 6.46 6.54 6.59 6.61 6.61

The temperature and layer number dependence of Young modulus for film AusSi at
csi = 5%, P = 0 calculated by SMM is summarized in Table 3, where the last column is
the results for the bulk material for comparison.

Table 3. Temperature and layer number dependence of Young modulus

For AuSi at csj = 5%, P = 0 calculated by SMM

T(K) n 10 20 70 200 Bulk
100 35.94 36.28 36.52 | 36.59 | 36.62
300 34.79 35.07 35.27 | 35.33 | 35.35
500 ) 33.56 33.80 33.97 | 34.01 | 34.04

Ev(10%°Pa)
700 32.26 32.47 32.62 | 32.66 | 32.68
900 30.90 31.08 31.22 | 3125 | 31.27
1000 30.20 30.38 30.50 | 30.53 | 30.55

The pressure and layer number dependence of Young modulus for film Auat T =300 K
calculated by SMM is summarized in Table 4, where the last column is the results for the
bulk material for comparison.

Table 4. Pressure and layer number dependence of Young modulus

for Auat T =300 K calculated by SMM

P(GPa) n 10 20 70 200 Bulk
2 9.30 9.50 9.64 9.68 9.70
4 10.05 10.23 10.37 10.40 10.42
6 Ev(10'°Pa) 10.77 10.95 11.08 11.11 11.13
8 11.48 11.65 11.77 11.81 11.82
10 12.18 12.34 12.46 12.49 12.50

The pressure and layer number dependence of Young modulus for film AuSi at csi = 5%,
T = 300 K calculated by SMM is summarized in Table 5, where the last column is the
results for the bulk material for comparison.
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Table 5. Pressure and layer number dependence of Young modulus for film AuSi
at csi = 5%, T = 300 K calculated by SMM

P(GPa) n 10 20 70 200 Bulk

36.04 36.28 36.45 36.50 36.52
37.26 37.46 37.61 37.64 37.66
Ev(10% Pa) 38.46 38.62 38.74 38.77 38.79
39.63 39.77 39.86 39.88 39.89
10 40.80 40.89 40.96 40.98 40.98

The silicon concentration and layer number dependence of nearest neighbor
distance and mean nearest neighbor distance a, Young modulus E for films Au and AuSi
at P =0, T =300 K calculated by SMM is summarized in Table 6, where there are the
results for the bulk material for comparison. SMM calculations for a of film Au at P =0,
T =300 K, n"= 10, 70, 200 in [7] respectively are 2.8485x 107°m; 2.8498x 10" °m;
2.8499x10°m. Our SMM calculations in Table 6 are in good agreement with SMM
calculations in [7].

Table 6. Silicon concentration and layer number dependence of nearest neighbor
distance and mean nearest neighbor distance a, Young modulus Ey for films Au
and AuSi at P =0, T = 300 K calculated by SMM

oA~

n csi (%) 0 1 3 5
10 a(10m) 2.84 2.85 2.86 2.87
Ev(10'°Pa) 8.54 13.79 24.29 34.79
20 a(10m) 2.84 2.85 2.86 2.87
Ev (10'°Pa) 8.75 14.01 24.54 35.07
70 a(10"%°m) 2.85 2.85 2.86 2.87
Ev (10'°Pa) 8.90 14.17 24.72 35.27
200 a(10°m) 2.85 2.85 2.86 2.87
Ev (10'°Pa) 8.94 14.21 24.77 35.33
Bulk a(10"°m) 2.85 2.85 2.86 2.87
Ev (10'°Pa) 8.96 14.24 24.80 35.35

The temperature and layer number dependence of Young modulus for Au at P =0
calculated by SMM is shown in Figure 1. The temperature and layer number dependence
of Young modulus for AuSi at csj = 5%, P = 0 calculated by SMM is shown in Figure 2.
The pressure and layer number dependence of Young modulus for Au at T = 300 K
calculated by SMM is shown in Figure 3. The pressure and layer number dependence of
Young modulus for AuSi at csi = 5%, T = 300 K calculated by SMM is shown in Figure 4.
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For bulk Au at near melting temperature, the atomic volume V = 17.29 x 103 m
calculated by SMM and V = 17.88 x 10°° m?® according to other calculations [25]. These
calculations are consistent. For bulk Au at T = 300 K, the nearest neighbor distance a =
2.8454 x 101% m is calculated by SMM and this result is in good agreement with the
experimental data a = 2.8838 x 101 m [26]. For bulk Au at T = 300 K, the Young
modulus Ev = 8.96x10'°Pa calculated by SMM and this result also agrees with the
experimental data Ey = 8.91 x 10'°Pa [27]

(10'%Pa)

—=— n* =10 layers

—e— n* = 20 layers

—A—n* = 70 layers

—v— n* = 200 layers|
Bulk

1 1 1
200 400 600

T(K)

Figure 1. Ev(T, n") for AuatP =0

calculated by

1
800 1000

SMM

(101%Pa)

—=—n* = 10 layers
—e— n* =30 layers |
—4—n* =70 layers
—v— n* = 200 layers|
Bulk
T

Figure 3. Ev(P, n") for Auat T =

300 K calculated

The nearest neighbor distance of a thin film strongly depends on thickness,
temperature, and pressure. The nearest neighbor distance of a thin film increases with
thickness, increases sharply with temperature and decreases with increasing pressure. The
temperature, and pressure dependence of the thin film's nearest neighbor distance can be
explained by the fact that as the temperature increases, the atoms vibrate strongly, and the
nearest neighbor distance increases. When the pressure increases, the outer surface is
compressed, the atoms are closer together, the influence of the surface effect is much,

8 10

by SMM

@
r
T

E,(10'°Pa)
]
.

—a—"n*=10 layers
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n* =70 layers
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Figure 2. Ev(T, n") for AuSi

csi = 5%, P =0 calculated by SMM
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Figure 4. Ex(P, 0" ) for AuSi at csi=5%,

T =300 K calculated by SMM

leading to the nearest neighbor distance decreasing with pressure.
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As the temperature increases, so does the kinetic energy of the atoms, the
anharmonicity of lattice vibrations increases the mean nearest neighbor distance between
two atoms in the alloy and the Young modulus decreases.

As the pressure increases, the compressive force acting on the material from all
sides increases and that leads the atoms to come closer together and reduces the mean
nearest neighbor distance between the two atoms and the Young modulus increases.

As the interstitial atom concentration increases, the lattice expands, the mean
nearest neighborhood between two atoms in the alloy increases and the Young modulus
decreases.

As the number of layers increases until about 200 layers (about 35 nm thickness),
the Young modulus of the thin film approaches the values of bulk material.

3. Conclusions

On the basis of the model and the theory of Young modulus for FCC metal’s and
FCC binary interstitial alloy’s thin films built by the statistical moment method, we
perform numerical calculations for films Au and AuSi in the temperature range from zero
to 1000 K, in the pressure range from zero to 10 GPa, in the range of interstitial atom
concentration from zero to 5% and in the range of layer numbers from 10 to 200. When
the interstitial atom concentrations are zero, the Young modulus of interstitial alloy’s thin
film becomes that of main metal’s thin film. The Young modulus of interstitial alloy’s
thin film decreases with increasing temperature, increases with increasing pressure,
decreases with increasing interstitial atom concentration. As the number of layers
increases until about 200 layers (about 35 nm thickness), the Young modulus of the thin
film approaches the values of bulk material. SMM calculations of nearest neighbor
distance and Young modulus for Au in the form of bulk material are in good agreement
with experiments and other calculations. Numerical results without comparative data are
new results and are a reference source for prediction and experimental orientation in
the future.
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