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Abstract

Density functional calculation reveals that Mo and W atoms exhibit a tendency toward layered
configurations in bulk Mo—W within the entire composition range at 0 K. Calculation also
shows that the electronic structure of bulk Mo is very similar to that of bulk W in terms of the
overall density of states, and the Mo—W interaction has a negligible effect on the electronic
structure of bulk Mo—W. Moreover, it is discovered that strain has an important effect on the
work function, while the changes in work function due to strain are slightly different for Mo and
W (110) surfaces. In addition, it is found that Mo surface segregation is energetically favorable
for the Mo—W surface within the entire composition range, while it has a negligible effect on

the electronic structures of the Mo—W surface.

1. Introduction

During the past few years, metal gate materials for comple-
mentary metal-oxide semiconductor (CMOS) technology have
been the subject of great research interest to meet the demand-
ing targets set by the International Technology Roadmap for
Semiconductors (ITRS) [1]. Replacing polycrystalline silicon
gates with metal gates will essentially eliminate effects such as
polycrystalline silicon depletion, polycrystalline silicon dopant
penetration, and subsequent gate leakage as device miniatur-
ization improves. In addition, metal gates has the advantage of
being stable on advanced gate dielectrics, while polycrystalline
silicon gates are believed to be thermodynamically unstable on
many high-k materials [2, 3].

A major benefit of the traditional polycrystalline silicon
gate electrode is the ability to make a Fermi-level adjustment
by either donor or acceptor implantation. Tuning of the metal
work function, however, is not easily achievable. For bulk
devices, the required metal work functions for replacing the
conventional n*- and p*-polycrystalline silicon gates are about
4 and 5 eV, respectively. Very recently, bilayer metal gate
technology has been proven to be a promising way to modulate
the work function of metals [3-5].

3" Author to whom any correspondence should be addressed.

0953-8984/08/255208+06$30.00

The Mo-W system is being regarded as a good bilayer
metal gate candidate for the following reasons. First, the work
functions of Mo and W (110) surfaces are close to 5 eV [6],
making them suitable for p-MOS applications. Second, the
modulation of the Mo—W work function is relatively simple
as there is no structural effect on work function in the Mo—
W system, and there is only a negligible strain effect on
the work function of the Mo—W interfaces. Such a feature
of the structural effect is due to the simple Mo—W phase
diagram which has no intermetallic phases or crystal structure
change below the solidus curve [7, 8], and the negligible
strain effect is caused by the very close experimental lattice
constants of Mo and W (amo = 3.13 and ayw = 3.16 A)
and the small difference in the expansion coefficients (cyo =
5.8-6.2 x 107°°C7! and cyy = 4.98 x 107°°C~1) [9].
Third, the Mo—W system has attracted much research interest
due to its promising application as a metal gate and other
aspects [10-14]. Very recently, a first-principles study by the
present authors was performed to reveal the Mo—W interface
dipole and the effect of the Mo surface segregation on the Mo—
W work function [15]. Accordingly, the present study is an
extension of this previous work by means of density functional
calculations to find out the detailed electronic structure of bulk
Mo—W, the strain effect on the work function, and the effect of
Mo surface segregation on the electronic structure of Mo—W
surfaces.

© 2008 IOP Publishing Ltd  Printed in the UK
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2. Computational methods

The first-principles calculations are based on the well-
established Vienna ab initio simulation package (VASP) within
the density functional theory (DFT) [16]. Calculations
are performed in a plane-wave basis, using the projector-
augmented wave (PAW) method [17]. The exchange and
correlation potentials are described within the local density
approximation (LDA) of Perdew and Zunger [18], and the
cutoff energies are 300 and 450 eV for the plane-wave basis
and augmentation charge, respectively. It should be noted that,
in comparison with the generalized-gradient approximation
(GGA), the LDA provides a better description of the work
function for transition metals [19]. In each calculation,
periodic boundary conditions are added in three directions
of the unit cell. During the relaxation calculation, the
energy criteria are 0.01 and 0.1 meV for electronic and
ionic relaxations, respectively, while for the calculation of
the density of states (DOS), the energy self-consistency is
achieved within 0.001 meV. After each DOS calculation, the
work function is derived as the difference between the vacuum
and Fermi levels, and the vacuum level is determined as
the electrostatic potential at a sufficient distance from the
surface [20].

At the early stage of this study, we did a series of test
calculations, such as the k-point convergence test, the number
of surface layers test, and the number of vacuum layers test.
As a result, the Gamma centered k-grid is adopted for all
the calculations, i.e. 11 x 11 x 11 and 13 x 13 x 13 for
the bulk relaxation and bulk DOS, respectively, and 9 x 9 x
1 and 11 x 11 x 1 for the surface relaxation and surface
DOS, respectively. For k-space integration, the temperature-
smearing method of Methfessel-Paxton [21] is used for the
relaxation calculation and the modified tetrahedron method of
Blochl-Jepsen—Andersen [22] is used for the DOS calculation.
After the layer test, a 1 x 1 surface unit cell with nine surface
layers and seven vacuum layers is used for the strain effect
calculation, and a 2 x 2 surface unit cell with nine surface layers
and eleven vacuum layers is considered for the alloy surface
calculation.

Before the surface calculation, the bulk calculation with
a2 x 2 x 2 unit cell of the bec structure was done for the
Mo-W system within the entire composition range. At each
composition, various atomic configurations are calculated, to
find out the optimized crystal structure corresponding to the
lowest total energy. In addition, for each configuration at a
given composition, the atoms are fully relaxed to find out the
optimized lattice constant corresponding to the lowest total
energy. As a result, the optimized atomic configuration with
the optimized lattice constant from the bulk calculation is used
for the corresponding alloy surface calculation.

In the present study, the surface calculation is focused on
the bee (110) surface orientation due to its high stability, and
basically there are two kinds of surface calculations to probe
strain and alloy effects. For the strain effect calculations, the
area of the surface unit cell is increased (decreased) within
a certain range, corresponding to a certain amount of tensile
strain (compressive strain). The alloy surface calculations are

Figure 1. Schematic atomic positions in the bee bulk with a unit cell
of 2 x 2 x 2. Filled and unfilled circles represent the atoms in the
first and second (001) layers, respectively.

performed within the entire composition range of the Mo-W
system, and at each composition two cases are considered,
i.e. with and without the surface segregation of the Mo atoms.

3. Results and discussion

3.1. Electronic structures of bulk Mo—W

To find out the Mo—W interaction at the electronic scale, a
2 x 2 x 2 unit cell with the bcc structure is selected for the
bulk calculations and 17 compositions (including pure Mo
and W) are chosen with an equal interval within the entire
composition range. At each composition, all possible atomic
configurations of Mo and W atoms are fully relaxed, and the
atomic configuration with the lowest total energy among all
these configurations is therefore regarded as the optimized
crystal structure for the bulk Mo—W at this composition [23].
For the crystal structure, figure 1 shows a schematic picture
of the atomic positions in the first and second (001) layers
of the bce bulk, and each atom is numbered to provide a
clear description of various atomic configurations. It should
be pointed out that the 2 x 2 x 2 unit cell with the periodic
boundary condition was used to reveal the mixing behavior of
the bcc Nb—W system from first-principles calculations [24].

After the calculation, table 1 displays the structural
properties of some bulk Mo—W with several selected atomic
configurations, which are expressed by the combination of
the numbers of solute atoms (Mo or W) shown in figure 1.
For instance, the atomic configuration of 1-2-4-3 for bulk
Mo75W>,5 means that the four W atoms are at the 1, 2,
4, and 3 positions in the first, second, third, and fourth
(001) layers, respectively. From this table, one can see
that the lattice constants of bulk Mo—W from the present
first-principles calculation are in good agreement with the
available experimental data [15]. It can also be observed
that the atomic configurations of 0-0-1234-0, 0-1234-0-1234,
and 0-0-1234-0 are the optimized structures corresponding to
the lowest total energies for bulk Mo7sW,5, MosoWsg, and
MoysWrs, respectively. That is to say, the Mo and W atoms
exhibit a tendency to become layered atomic configurations
in bulk Mo—W within the entire composition range at 0 K,
which is different from the Mo-W solid solutions over
the entire composition range found experimentally at high
temperature [25].
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Figure 2. Bulk modulus (Mbar) of bulk Mo-W alloy versus
composition.

Table 1. Structural properties of several bulk Mo—W compositions
with a unit cell of 2 x 2 x 2. a is the lattice constant and AE is the
structural energy difference.

a(A) AE
Atomic (eV/unit
Bulk This work  Exp.*  configuration®  cell)
Mo;sWos  3.11 0-0-1234-0 0
3-0-124-0 0.00460
24-0-13-0 0.00656
1-2-4-3 0.04190
Mos,Wso  3.115 315 0-1234-0-1234 0
1-234-1-234 0.10420
12-34-12-34 0.13146
24-24-13-13 0.15255
Mo,sW7s  3.12 0-0-1234-0 0
3-0-124-0 0.00616
1-1-1-1 0.03389
24-0-13-0 0.04656
Mo 3.10 3.14
\\% 3.13 3.16

* Reference [10].
" See figure 1 and the text for details.

The bulk modulus of bulk Mo-W is also calculated
within the entire composition range and the results are shown
in figure 2. It can be seen that the bulk moduli of pure
Mo and W are 3.02 and 3.45 Mbar, respectively, which is
compatible with the corresponding experimental values of 2.72
and 3.23 Mbar [26], respectively. This implies that the LDA
in the present study gives a slightly bigger bulk modulus
than the experimental value. It can also be observed that
composition has an almost linear effect on the Mo—W bulk
modulus, implying that the electronegativities of Mo and W
atoms are almost identical [15].

To find out the intrinsic mechanism of the Mo-W
interaction, the electronic structure of bulk Mo—W is derived
at each composition within the entire composition range. As
a typical example, figure 3 shows the comparison of the total

bee Mo bulk
-------- becc W bulk

e

Total DOS ( states / eV / atom )

i " 1 " 1
-10 -8 -6 -4 -2
E-E, (eV)

o----"x

Figure 3. Total density of states (DOS) of bce-based bulk Mo and W,
respectively.

DOS for pure bulk Mo and W, respectively. It can be observed
from this figure that both DOSs are similar in terms of the
shape and height of the DOS peaks, while the bandwidth
for bulk Mo is smaller than for bulk W. In particular, both
Fermi levels are located in the pseudogap region with a clear
separation of the bonding and antibonding states, and the DOS
at the Fermi level of bulk Mo is very close to that of bulk
W, suggesting that the chemical activities of bulk Mo and
W are almost identical. It should be pointed out that the
almost equal DOSs at the Fermi energy are consistent with
the results of Mo—W interface dipole calculations [15] and
could also give a reasonable explanation for the almost equal
loss of electrons of Mo and W interface atoms revealed in a
previous study [15]. Moreover, it is of interest to see that
the electronic structures of bulk Mo and W from the present
PAW calculation are quite similar to those from the tight-
binding linear muffin-tin orbital (TB-LMTO) calculation [11],
while the small difference between the DOSs would probably
be due to the different theoretical methods used in these two
studies.

In addition, figure 4 shows a comparison of the DOS of
bulk MosoWs, as well as the mechanical mixture of 50 at.%
Mo and 50 at.% W (without any Mo—W interaction). It can
be seen that there is only a very small difference between
these two curves in figure 4, which means that the Mo-W
interaction has a negligible effect on the electronic structure of
bulk MosoWsp. It should be noted that such a negligible effect
of the Mo—W interaction on the DOS could give a reasonable
explanation for the almost linear Mo—W work function with
alloy composition reported before [15] as well as for the almost
linear change of bulk modulus with alloy composition in the
present study. Interestingly, it should be pointed out that the
electronic structure of bulk MosoWs, from the present PAW
calculation is also similar to that from the TB-LMTO method
in the literature [11].



J. Phys.: Condens. Matter 20 (2008) 255208

H R Gong and K Cho

T T T T T T T
25

20 |

1.5

0.5 -

Total DOS of Mo, W, ( states / eV / atom )

0.0

o |~----

E-E, (eV)

Figure 4. Comparison of total densities of states (DOS). The solid
line is for bulk Moso W5, and the dotted line is for the mechanical
mixture of 50 at.% Mo and 50 at.% W.

3.2. Strain effect on work function

It is commonly believed that some kind of strain will appear
during the actual gate integration, and such strain will undergo
certain changes thereafter. It is therefore important to find
out, in a qualitative and quantitative way, the effect of strain
on electronic structure and work function of the metal gate
electrode. In this respect, first-principles method calculations
based on DFT have been proven suitable for studying the
electrical properties of metals and alloys, and we hope that
the present first-principles study of the strain effect could thus
provide some guide to the control of the work function in actual
metal gate electrodes.

For the strain effect calculation, the area of the
surface unit cell is increased (decreased) within a certain
range, corresponding to a certain amount of tensile strain
(compressive strain). Accordingly, figure 5 shows the change
in work function of Mo and W (110) surfaces with respect to
strain. One can see that the work function increases (decreases)
when the surface is compressed (expanded). It can also be
noted that the change in work function due to strain is slightly
different for Mo and W (110) surfaces, i.e. in the strain range
of —0.05-0.05, the work function change is 0.4 to —0.22 eV
for Mo, while itis 0.31 to —0.21 eV for W. It should be pointed
out that the general trends of the strain effect on work function
from first-principles calculations are in good agreement with
those from experimental studies as well as semi-empirical
models found in the literature [27-30].

We now try to identify the mechanism of the above change
in work function due to strain in the Mo—W system. According
to the definition, the work function (WF) is the difference
between the vacuum (¢) and the Fermi levels (Ey). If Vi is
defined as the average electrostatic potential at each ion over
the core and this term is added to the formula, the WF can
then be described as the difference between the following two
terms:

WF =¢ — Et = (¢ — Vier) = (Ef — Vier). D

T T T
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Figure 5. Work function change with respect to strain for the Mo and
W (110) surfaces, respectively.
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Figure 6. Variation of the two contributions to the work function
(see text) for a Mo (110) surface with strain.

The two quantities in parentheses are known as surface dipole
and bulk electronic structure terms. Accordingly, figure 6
shows these two terms as functions of strain for the Mo (110)
surface. One can see clearly from this figure that the surface
dipole term increases (decreases) with increased compression
(expansion), while the bulk electronic structure term decreases
(increases) with increased compression (expansion). That is
to say, the effects of these two terms under strain are in the
same direction, i.e. both surface dipole and bulk electronic
structure increase (decrease) the work function with increased
compression (expansion), and the overall effects on work
function can be seen in figure 5. Additionally, the change in
surface energy under strain is also calculated and summarized
in figure 7.
increases under strain, and this increase for the Mo (110)
surface is quite similar to that of the W (110) surface.

It is of interest to see that the surface energy



J. Phys.: Condens. Matter 20 (2008) 255208

H R Gong and K Cho

5.5 T T T T T T
5.0 | _
o —e— Mo (110) AT
€ —A—W (110)
S 451 / .
5 = ]
g /
w40+ ® -
(o]
[}
2 / /
©
c?) \ ]
a5 | . / i
3.0 | -
" 1 " 1 " 1 " 1 " 1 "
-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06
Strain

Figure 7. Change in surface energy with respect to strain for the Mo
and W (110) surfaces, respectively.

3.3. Effect of Mo surface segregation on the electronic
structure of Mo—W

As reported both experimentally and theoretically in the
literature, the Mo atoms in the Mo—W system have a tendency
to segregate at the surface [31, 32]. It was revealed in our recent
paper [15] that the Mo surface segregation has an important
effect on reducing the work function of Mo—W alloy within
the entire composition range, and that the work function of the
Mo-W surface under surface segregation becomes relatively
stable in the composition range of 0-70 at.% W. In the present
study, it is therefore of interest to find out the effect of Mo
surface segregation on the electronic structure and related
properties of the Mo—W surface.

For the Mo—-W surface calculation at each composition,
the optimized bulk Mo—W structure revealed in section 3.1 is
used as the starting structure for surface relaxation, and the
relaxed configuration is then regarded as the corresponding
Mo-W (110) surface without Mo surface segregation. To
calculate the Mo surface segregation, the Mo atoms in
the optimized bulk Mo-W structure are artificially put to
the surface before the surface relaxation, and the atomic
configuration with the densest Mo atoms in the surface region
is regarded as the Mo-W (110) surface with Mo surface
segregation. Accordingly, the surface segregation energy of
the Mo atoms is calculated as the energy difference between
the relaxed Mo—W (110) surfaces with and without Mo surface
segregation.

The present first-principles calculation reveals that Mo
surface segregation has a negligible effect on the electronic
structure of the Mo—W surface within the entire composition
range. As a typical example, figure 8 shows a comparison
of the DOS of a MosoWs5o (110) surface with and without
Mo surface segregation. It can be noticed from the figure
that these DOS curves for MosoWsg are very similar to each
other, implying that the effect of Mo surface segregation
on the electronic structure of Mo—W surfaces can be nearly
disregarded. As discussed before, Mo surface segregation has

DOS of Surface Mo, W, (states/eV/atom)

ofl-caaaaoo

E-E, (eV)

Figure 8. Effect of surface segregation on the DOS. The solid line
and the dotted line are for the Mosy W5, surface with and without Mo
surface segregation, respectively.

0.18 -
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Figure 9. Surface segregation energy of Mo versus composition.

the important effect of reducing the work function of Mo—
W surfaces, and the work function could be expressed as
the difference between the two terms shown in equation (1),
i.e. the surface dipole term and the bulk electronic structure
term. Considering the above statements together, the negligible
effect of Mo surface segregation on surface electronic structure
suggests that Mo surface segregation should probably have a
strong effect on the surface dipole of Mo—W surfaces.

Finally, we consider the thermodynamics of Mo surface
segregation. At first, the segregation energy of Mo atoms to
the surface is calculated within the entire composition range
and the results are displayed in figure 9. One sees from this
figure that the segregation energy of Mo is in the range of
0.13-0.18 eV atom™' with a maximum at a composition of
about 30 at.% W. Thermodynamically, the above observation
means that the segregation of Mo atoms to the surface is
energetically favored within the entire composition range and
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Figure 10. Surface energy of the Mo—W surface with and without
Mo surface segregation, respectively.

it seems more favorable for the Mo atoms to segregate to the
surface within the W composition range of 2040 at.%. In
addition, the surface energy of the Mo-W (110) surface is
also calculated and shown in figure 10. It can be seen that
the surface segregation has a strong effect on reducing the
surface energy of the Mo—W (110) surface within the entire
composition range, and it is of interest to see that relatively
stable surface energies could be obtained when the Mo—-W
surface with Mo surface segregation is in the composition
range of 0-60 at.% W.

4. Concluding remarks

In the present study, calculations based on DFT have been
performed to investigate the effect of Mo—W interaction, strain,
and surface segregation on the electronic structure and related
properties of the Mo—W metal gate system. It is revealed
that the Mo and W atoms have a tendency toward layered
configurations in bulk Mo—W within the entire composition
range, and that the effect of the Mo—W interaction on the
electronic structure of bulk Mo—W could be nearly disregarded.
It is also shown that strain has an important effect on work
function, while Mo surface segregation has only a negligible
effect on the electronic structure of the Mo—W surface.
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