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Disorder and surface effects on work function of Ni-Pt metal gates
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Work functions of NiPt alloys with different compositions are investigated using first-principles methods
based on density-functional theory. Results of our calculations reveal that surface alloy composition has a
significant effect on the work function of the NiPt alloy. However, for a given surface composition, the work
function is insensitive to the distributions of Ni/Pt atoms in the alloy and it is only slightly affected by alloy
disorder. Our work suggests surface atomic modification as a promising way of tuning the work function of

alloy metal gate.
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I. INTRODUCTION

The continual downscaling of semiconductor devices is
now near its limit as the gate dielectric becomes too thin to
prevent a tolerable leakage current. To overcome this limit,
replacement of silicon dioxide (SiO,) gate dielectric by high
dielectric constant (high-k) materials is required'~® and, at
the same time, metal gates should be used instead of the
polycrystalline Si (poly-Si) gate electrodes.*® Metal gates
are indispensable as to avoid poly-Si depletion, poly-Si dop-
ant penetration, and incompatibility of poly-Si with high-k
dielectrics.” The criteria for proper metal gates is that their
work functions should be close to the conduction- and
valence-band edges of silicon for n- and p-channel metal-
oxide-semiconductor field-effect transistors (MOSFETS),
respectively.®” There are metals with work functions meeting
either but rarely both. So, many strategies have been pro-
posed to achieve this goal. Metal nitrides and metal silicides
as alternative metal gates have been intensively
investigated.”!%"12 Their work functions, nevertheless, are
close to the midgap of silicon rendering the threshold voltage
too high to be useful in bulk MOSFETs. The tuning tech-
nique of the work function realized by metal stacks®!3 has
been suggested. However, material selection and interface
manipulation remain a challenge because of material com-
patibility with the conventional complementary metal-oxide
semiconductor flow and lattice mismatch. Work-function
modulation using binary alloys has been studied in
experiments.'*!3 Recently, Park et al.® has found that sub-
monolayer of an overlying metal can affect the work func-
tion of the NiAl and PtAl systems significantly. Up to now,
however, the influence of the disorder at the surface and in
the bulk on the work functions of metal alloys has not been
studied.

Bulk Ni and Pt have very different work functions even
though they share the same crystal structure. Moreover, NiPt
is a typical example of a random alloy. Substitutional solid
solution with fcc structure can be formed over the entire
composition range and a wide range of temperature. There-
fore, NiPt alloy may be a good candidate for tuning the metal
gate work function. In this paper, we focus on the effects of
disorder and surface composition on the work function of
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NiPt metal alloy gates. In Sec. II, the computational details
are introduced. In Sec. III A, the effect of disorder on the
work function of NiPt alloys is studied. It is found that for a
given surface composition disorder has a small effect on the
work function. In Sec. III B, the effect of surface on the work
function of NiPt alloys is investigated. It is observed that Pt
doping in the surface layer not only has a significant effect
on the work function but it is also energetically favored.
Finally, a conclusion is given in Sec. IV.

II. METHOD

The work functions of the (001) surface of the NiPt alloy
were studied using first-principles method based on the
density-functional theory (DFT).!¢ All calculations were car-
ried out using the Vienna ab initio simulation package!” with
the generalized gradient approximation (GGA) (Ref. 18) and
projector augmented wave potential.'® The metal surface was
modeled using a slab model and periodic boundary condi-
tions were applied with 12 A of vacuum between the slabs.
I'-centered 3X3X1, 6 X6X1, and 11X 11X 1 k meshes
were adopted to sample the Brillouin zone for 3 X3, 2 X2,
and 1 X 1 supercells, respectively. A cut-off energy of 300 eV
was used for the plane-wave expansion of electron wave
function. These parameters ensure a convergence better than
1 meV for the total energy. The atomic coordinates in the
supercell were fully relaxed using the conjugate-gradient
algorithm? until the maximum force on a single atom was
less than 0.05 eV/A. After relaxation, the work functions
were calculated as the differences between the electrostatic
potential in the middle of the vacuum region and the metal
Fermi energy.

Convergence test with respect to the number of layers was
carried out with a 1 X 1 surface unit cell. It was found that a
slab consisting of a minimum of four metal layers is required
to converge the work function. Subsequent calculations of
the work functions of low index (001) surface were per-
formed using slabs of eight layers and a 3 X3 surface unit
cell. The calculated work function of the clean Ni (001) (5.09
eV) agrees with the experimental value® and that of Pt (001)
(5.85 eV) is also in good agreement with results of similar
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calculation based on GGA,?! which, however, is ~0.3 eV
smaller than the local-density approximation (LDA) value.®
This can be attributed to the difference between GGA and
LDA methods.

III. RESULTS AND DISCUSSION
A. Effects of disorder on work function

The surface models used in our calculations are shown in
Fig. 1. Using a slab of eight (001) atomic layers and 12
vacuum layers with a 3 X3 surface unit cell, the supercell
contains 72 atoms; nine in each layer. To investigate the
composition dependence of metal work function, Ni;_Pt,
alloys with four different compositions, x=0.065, 0.125,
0.25, 0.375, respectively, are considered in the present study.
For a given composition, there exist a large number of ar-
rangements of Ni and Pt atoms in the fcc lattice. The details
of such atomic arrangements may affect the work function of
the alloy. However, instead of simulating a truly random al-
loy, we took a simple approach and chose arbitrarily five
typical disordered structures for each composition to qualita-
tively evaluate how much alloy disorder affects its work

function. The corresponding supercells are shown in Fig. 1.
It turned out that the work function of the alloys is sensitive
to the composition in the surface layer but is less sensitive to
the disorder of the alloy as discussed in the following. In our
study of disorder dependence of the metal work function, the
numbers of Pt atoms on the top and on the bottom layers of
the slab are fixed at two and one, respectively.

If the Ni,_,Pt, alloy is ordered, every Ni(Pt) atom should
have the same coordination structure. That is, every Ni(Pt)
should have a definite number of nearest-neighbor Ni or Pt
atoms. For example, for pure Pt alloy, every Pt atom has 12
nearest-neighbor Pt atoms. For the ordered Nig 5Pt 55 alloys,
every Pt atom should have eight nearest-neighbor Ni atoms
and four nearest-neighbor Pt atoms. On the contrary, for a
disordered Ni,_,Pt, alloy, Pt(Ni) atoms may have various co-
ordination structures. For example, Pt atoms in the alloys in
principles can have 0,1,2,... or 12 nearest-neighbor Ni at-
oms. As a measure of randomness of the Ni;_Pt, alloy, the
number of Pt atoms (n) that have the same number (m) of
nearest-neighbor Ni atoms within the 72-atom supercell is
counted and the results are presented in Fig. 2 for various
models and alloy compositions being studied. Such an ap-
proach was used to represent the disorder/order of Si and Al
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FIG. 2. The number of Pt atoms n that have m nearest-neighbor Ni atoms in various atomic models (supercells) given in Fig. 1.

in aluminosilicate faujasites.?> For example, m=6 and n=5
means that among the 72x Pt atoms (in the case of x
=0.065, the number of Pt atoms is taken to be five) in the
supercell, five of them have six nearest-neighbor Ni atoms.
In the case of x=0.125, as shown in Fig. 2 (2a), the total
number of Pt atoms is nine. The highest Ni coordination of
Pt atom is 11 and only one Pt atom has that. Three of the
nine Pt atoms have ten Ni nearest neighbors each. Another
three Pt atoms have six Ni atoms as their nearest neighbors.
The remaining two Pt atoms have five and seven Ni nearest
neighbors, respectively. From the figures, it is clear that the
Pt distributions in the supercell are quite complex and the
five structural models for each alloy composition are fairly
good representations of random alloys.

In epitaxial growth, the lattice constant is a measure of the
structural compatibility between different materials. Materi-
als, which can be lattice matched to Si-high k, are of interest
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FIG. 3. Variation of the average lattice constant @ with compo-
sition x.

in semiconductor technology. So it is important to investigate
how the lattice constant changes with composition. In our
calculations, it is found that the lattice constant is essentially
independent of disorder. For example, the standard devia-
tions of the calculated lattice constants are less than 0.006 A
for the various alloy compositions being considered. The av-
erage lattice constant a (A) is shown as a function of Pt
content x in Fig. 3. The lattice constant increases with Pt
content due to the larger atomic radius of Pt relative to Ni.
The rates of increase, however, is different in Ni-rich and
Pt-rich alloys indicating deviation from the Vegard’s law.?
Based on the calculated lattice constant, we can obtain good
lattice match to high-k gate dielectrics such as HfO,, ZrO,,
and their silicates, which allows fabrication of high-quality
metal-oxide interface by varying the composition of the al-
loy. For example, cubic ZrO, (c-ZrO,) and fcc Ni has a
larger lattice mismatch, which can be improved by increas-
ing Pt content in Ni;_.Pt, alloy.

The relaxed supercells were used to calculate the work
function ® of the metal alloys. By definition, the work func-
tion is calculated as the difference between the vacuum level
(E,,) and the Fermi energy (Ey) of the metal. The calculated
work function ® using different structure models, their aver-
age ®,,, and the standard deviation s are summarized in
Table I for various alloy compositions being considered.
From these results, the following conclusions can be drawn.
(i) For the same alloy composition, the work function &
calculated using different structural models are very close
(difference within 0.01 eV or 0.2%), which indicates that the
distribution of Pt/Ni atoms or alloy disorder has little effect
on the work function of the alloys. (ii) The work function
decreases slowly with Pt content in the Ni,_,Pt, alloy for a
given surface composition, which implies that bulk alloy
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TABLE 1. The calculated work functions (®), their average (®,,), standard deviation (s), and formation

energy of the (001) surface of Ni;_Pt, alloys.

Formation energy ) (O3 s
X Structure (eV/atom) (eV) (eV) (eV)
0.065 la -0.32 5.25 5.26 0.01
1b -0.32 5.25
lc -0.29 5.26
1d -0.28 5.27
le -0.28 5.25
0.125 2a -0.22 5.24 5.25 0.01
2b -0.21 5.25
2¢ -0.20 5.24
2d -0.18 5.26
2e -0.22 5.24
0.25 3a -0.13 5.24 5.23 0.01
3b -0.14 5.24
3¢ -0.13 5.23
3d -0.13 5.23
3e -0.14 5.22
0.375 4a -0.07 5.16 5.15 0.01
4b -0.05 5.14
4¢ -0.06 5.15
4d -0.06 5.16
4e -0.07 5.16

composition has a weak effect on the work function.

To compare the energetic and thermal stability of alloys
with different compositions, we define and calculate their
formation energies?*

Etorm = [Exipt = Enisiab + Np(Exi-bulk = Eptatom) /Np, (1)

where Exipe Enisslabs ENibulks and Epgaom represent the DFT
total energies of the NiPt surface, clean Ni(001) slab, bulk Ni
(per atom), and isolated Pt atom, respectively; Np, is the

FIG. 4. Supercells of the Ni;_Pt, (001) surface. (a) Pt atoms
along [110] direction. (b) Pt atoms along [100] direction. In the
clean Ni surface, no Pt atoms is present. In the surface, s2, s3,
and s4 models, the 50-50 mixed Pt and Ni layer is in the surface,
the second, the third, and in the fourth layers, respectively
(light: Ni; black: Pt).

number of Pt atoms in the supercell. Equation (1) should
give a good estimate for the stability of the NiPt alloys with
low Pt concentration. The calculated formation energies are
also listed in Table I for various structures being considered.
It can be seen that the differences in formation energies cal-
culated using different structural models are small for a
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FIG. 5. (Color online) Work functions and formation energies of
the five types of surface models: “clean,” “surface,” “s2,” “s3,” and
“y
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FIG. 6. (Color online) Plane-average electron charge density
along the surface-normal direction for the five surface models:
“clean,” “surface,” “s2,” “s3,” and “s4.”

given alloy composition. This is expected for alloys with low
Pt concentration. Furthermore, the formation energy be-
comes less negative with increasing Pt content indicating
that the alloy becomes less stable with increasing Pt doping.

B. Surface effects on work function

Next, we consider the effect of surface on the work func-
tion of the metal alloys. Here a supercell containing eight
layers of a 2 X2 surface unit cell is used. We further assume
that only one of the eight layers is doped with Pt and all
other layers contain only Ni atoms. The doped layer is as-
sumed to contain equal amount of Pt and Ni atoms but they
form two patterns with the Pt atoms forming rows along the
[100] and [110] directions, respectively, as shown in Fig. 4.
Furthermore, we compare the work functions of (1) a clean
Ni surface (referred as a clean model in the following), and
when the doped layer is (2) the top (surface) layer (surface
model), (3) the second layer (s2), (4) the third layer (s3), and
(5) the fourth layer (s4) of the Ni surface, respectively.

The calculated work functions and formation energies of
the five models are shown in Figs. 5(a) and 5(b), respec-
tively. Figure 5(a) shows clearly that Pt atoms in the surface
layer increase significantly the metal work function. Second,
the work functions calculated using the two patterns of Pt in
the doped layer are almost identical. This indicates that the
work function is insensitive to the distributions of Ni/Pt at-
oms for a given Pt doping content. This is consistent with the
results obtained in bulk NiPt discussed in Sec. III A. How-
ever, the presence of Pt atoms in the surface layer has a
significant effect on the work function of NiPt alloys. As
seen in Fig. 5(a), replacing 50% of the Ni atoms by Pt atoms
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FIG. 7. (Color online) Variation of work function with Pt or Ni
composition in the surface layer.

in the surface-layer results in an increase of about 0.32 eV or
6% in the work function compared to the work function of
the clean Ni surface. When the mixed Pt and Ni layer is
placed in the third (s3) or fourth (s4) layer, the work function
is not much different from that of the clean Ni surface. It is
also noted from Fig. 5(b) that the formation energy of the
surface model is also energetically favored compared to
other models.

Figures 6(a)-6(e) show the plane-averaged electronic
charge density along the normal direction of the surface for
the five surface models, respectively. Here, d is the distance
in the surface-normal direction measured from the bottom
layer of the slab. The figures demonstrate that while the
charge density in the Pt-doped layer is smaller, its effect is
only significant when it is the surface layer. The charge den-
sity near the surface and thus the metal work function is
hardly affected by the Pt-doped layer when it is in the sub-
surface layers. Results obtained here for the NiPt surface are
consistent with those of nitrogen-doped molybdenum
surface.?> Electronic configurations of the Ni and Pt atoms
are 3d%4s? and 5d°6s', respectively, indicating that the num-
ber of the valence electrons of Pt atom is smaller than that of
Ni atom. Here, the valence electrons (shown by the inte-
grated charge density) are mainly the s electrons. Therefore,
when Ni atoms are substituted by Pt atoms, the total number
of the covalent electrons in the doped layer is smaller than
that of clean Ni layer. By this analysis, we can explain well
the decrease of the plane-average electron charge density in
the doped-Pt layer as seen in Figs. 6(a)-6(e).

We have carried out further calculations to investigate the
dependence of work function on the composition of the sur-
face layer. A similar supercell but with a larger (3 X 3) sur-
face unit cell is used (Fig. 1). The supercell is also made up
of eight layers of metal atoms. The different compositions in
the surface layer are obtained by varying the ratio of the nine
Pt and Ni atoms in the surface layer. For example, a 33.3%
coverage of metal A on metal B means that there are three A
atoms and six B atoms on both the top and bottom layers of
the slab while the inner six metal layers consist of B atoms
only. Figure 7 shows the variations of the calculated work
functions with Pt and Ni compositions (Ni,_,Pt, or Ni Pt,_,)
in the surface layer, respectively. It is clear that the surface
doping has a significant effect on the metal work function.
For example, the work function of Ni,Pt;_, decreases by as
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much as 1.0 eV when the surface Ni composition increases
from zero up to one monolayer. Moreover, the work function
changes gradually as the surface coverage increases. It is also
noted that for the same surface composition with different
inner metal layers, the work functions are different. For ex-
ample, in terms of surface composition, 33.3% coverage of
Pt on Ni is the same as 66.6% coverage of Ni on Pt. How-
ever, their work functions differ by 0.15 eV, which indicates
that the substrate (inner layer) plays an important role in the
work function.?

IV. CONCLUSIONS

In conclusion, we have investigated the effects of disorder
and surface-layer concentration on the work function of NiPt
alloy as metal gate. It is found that for a given surface com-
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position, disorder has little effect on the work function. How-
ever, surface-layer concentration has a significant effect on
the work function. Moreover, our calculation predicts that Pt
doping in the surface layer is energetically favorable. This
work should provide experimentalists with some insights in
their effort in atomic-level chemical modulation of work
function of alloy metal gate.
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