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First-principles density functional theory is used to explore the
possibility of tuning effective work function of high dielec-
tric/metal gate stacks. Using HfO2/Cu as an example, we
demonstrate that the effective work function of the stack can
be tuned in a range of ∼3.2 eV by incorporating a metallic
monolayer at the interface. The calculations reveal that the inter-
facial charge transfer from the metallic monolayer to the oxide
plays a key role in tuning the effective work function. The inter-
facial charge transfer not only depends on the ionic bonding
between the O atoms and the metal monolayer, but it can also
be affected by the metallic bonding between the gate Cu atoms

and the metal monolayer. The weaker the metallic bonding, the
stronger the interfacial dipole moment, and the greater the effec-
tive work function modulation. A linear correlation between
the interfacial charge transfer and the valence band offset is
observed which can be rationalized by an analogy to a parallel
plate capacitor. We also find a correlation between interfacial
atomic rearrangements and the interfacial charge transfer. The
general chemical tuning trends established in this study could
potentially provide a valuable guide for designing novel gate
materials in conjunction with high-k dielectrics.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction The complementary metal oxide
semiconductor (CMOS) field effect transistor (FET) made
from silicon is the most important electronic device. Over
the past 40 years, the number of transistors per integrated
circuit chip has continued to double in each technology gen-
eration and the minimum feature size in a transistor decreases
exponentially each year, following the Moore’s law. How-
ever, the Moore’s law cannot go on forever. It was often
said that the lithography and the need for very short wave-
lengths of light to pattern the minimum feature size limited
the Moore’s law. But it turns out that materials are key
constraints. For instance, the need to maintain high current
densities in interconnects recently led to Cu replacing Al as
the conductor. The most serious problem, however, is the FET
gate stack – the gate electrode (poly-silicon) and the dielec-
tric layer (SiO2) between the gate and the Si channel. To
avoid leakage current, increase transistor-switching speeds,
and reduce power consumption, SiO2 has to be replaced by a
high-permittivity (high-k) dielectric and simultaneously the
poly-Si to be replaced by a metal gate. It has now been
recognized that [1, 2] HfO2 emerges as a leading candidate to

replace SiO2 gate dielectric thanks to its high permittivity
compared to SiO2, and its ability to be reasonably stable in
contact with Si. It has further been realized that the high-k
dielectrics must be implemented in conjunction with metal
gate electrodes to be effective. However the search for suit-
able metallic gate materials that optimize compatible work
functions, thermal/chemical interface stability and process
compatibility with the underlying dielectric has been chal-
lenging. In particular, the integration of a metal gate with a
high-k dielectric such as HfO2 requires the effective work
function of the metal be within ±0.1 eV of Si-valence and
conduction band edges for p- and n-channel MOSFET’s,
respectively [3–7]. It is well known that the effective work
function of a metal gate depends on the underlying dielectric
and could differ appreciably from the metal work function in
vacuum [8–13]. Therefore to identify the appropriate metal
gate material, understanding the factors that control the effec-
tive work function at the atomic scale is essential.

In this paper, we investigate the atomic and electronic
structure of Cu/HfO2 interface, with specific interest on how
interfacial structure, charge transfer, and chemical bonding
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may influence the effective work function of the stack. We
choose Cu as the metal gate material because of its applica-
tion as interconnects in the present CMOS technology. The
focus of the paper is to demonstrate the theoretical possi-
bility to tune the effective work function of Cu/HfO2 stack
by introducing a metal monolayer between Cu and HfO2,
inspired by the work of Dong et al. [4]. Thirty different
stacks are explored to examine general trends in the effec-
tive work function, interfacial charge transfer, and atomic
rearrangements.

2 Model and computation
2.1 Computational model Although the most stable

phase of HfO2 in the manufacturing condition is monoclinic
(m-HfO2) [6], we consider here the cubic phase of HfO2 (c-
HfO2) in the calculations. The justification of this choice
is several folds. Firstly, as shown experimentally [14], c-
HfO2 can be created and stabilized in conditions appropriate
to CMOS FET devices. Secondly, c-HfO2 thus created can
have a dielectric constant k ∼ 50, much higher than the cor-
responding value (k ∼17) in m-HfO2. Thirdly, c-HfO2 has
clean and well-defined surfaces and most importantly, its
lattice constant matches well with that of Cu, significantly
reducing the possible interfacial strain. Lastly, the computa-
tional cost of modeling c-HfO2 is much cheaper than that of
modeling m-HfO2, which allows us to examine many more
materials than otherwise possible.

We use a double-interface model without a vacuum gap,
shown in Fig. 1, as the supercell of the first-principles mod-
eling of the Cu/m/HfO2 stacks (here “m” denotes a metal
monolayer). Hence, the artificial electric field associated with
the vacuum model is eliminated. The supercell has seven Cu
(100) layers, along with six underlying HfO2 (100) layers,
which are sufficient to yield converged results [2]. For the
sandwiched stacks, a metal monolayer is placed in between
the two identical Cu–HfO2 interfaces.

The equilibrium lattice parameters obtained from the
bulk relaxations for c-HfO2 and fcc-Cu are 5.062 and
3.640 Å, respectively. For the interface, Cu[100] is placed
parallel to c-HfO2[100]. Thus by imposing the lateral lattice
constant of the supercell to that of c-HfO2, we obtain a very
small interfacial mismatch of 1.6%. To determine energeti-
cally favorable lateral mapping for Cu/HfO2 and Cu/m/HfO2

stacks, we calculate the interfacial energy of a stack as

Eint = Etot − nEHfO2 − mECu − lEm − kμO

2S
, (1)

where Etot is the total energy of the stack. EHfO2 , ECu and
Em is the energy of the bulk HfO2, Cu and the inserted
metal, respectively. n, m, and l represents the number of
HfO2 units, Cu atoms, and the inserted metal atoms, respec-
tively. μO is the chemical potential of oxygen in O2 molecule
and k indicates the number of excess O atoms in the stacks.
S is the interface area. The more negative the interfa-
cial energy, the more stable the interface. The interfacial
energy Eint corresponding to the lateral mappings in Fig. 2a–

Figure 1 Schematic of the double interface supercell used in our
calculations. On the left is the supercell for Cu/HfO2 interfaces and
on the right, two metal monolayers are sandwiched between Cu and
HfO2. The bronze, red, blue and silver spheres represent Cu, O, Hf
and the monolayer metal atoms, respectively.

f is: −0.02, −0.77, −0.70, −0.24, −1.0, and −1.22 J/m2,
respectively. Therefore, the most stable mapping for the
Cu/HfO2 interface involves a direct placement of Cu atoms
on top of O atoms in HfO2 as shown in Fig. 2f. We have
also examined the Hf-rich interface, but found its energy
(1.88 J/m2) much higher than that of the oxygen-rich inter-
face (−1.22 J/m2). Therefore, in all calculations, c-HfO2 is
terminated with a layer of O instead of Hf as shown in Fig. 1.
Our choice of the oxygen-rich interface is also supported by
the work of Tse and Robertson [8], in which the O-rich inter-
face was found to be the most stable at a high O chemical
potentials. In addition, we have also examined the most sta-
ble mapping of Cu–m–HfO2 in the oxygen-rich interface for
different metallic monolayers. We find that the most stable
mapping of the stack involves Cu grown epitaxially on top
of the monolayer metal atoms, which in turn is placed on the
fourfold site, as shown in Fig. 2g.

2.2 Computational parameters All calculations
were performed using first-principles spin-polarized Den-
sity Functional Theory (DFT) as implemented in the Vienna
Ab-initio Simulation Package [15, 16], with the General-
ized Gradient Approximation (GGA) [17] for the exchange
and correlation functional. Ultrasoft pseudopotentials [18]
were used and k-point meshes were generated following
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Figure 2 Schematic of various lateral interface mappings explored
for the Cu/HfO2 stack in (a)–(f) and the Cu–m–HfO2 stacks in (g)–
(i). The bronze, red, blue and silver spheres represent Cu, O, Hf,
and m atoms, respectively.

the Monkhorst–Pack scheme [19], centered at the Gamma
point. Energy cutoff for plane waves was set to 400 eV,
along with a Gaussian smearing of 0.2 eV. For the double-
interface calculations, a 10 × 10 × 1 k-point mesh was used.
Subsequent density of states (DOS) analysis of these systems
was performed with a 16 × 16 × 1 k-point mesh. For calcu-
lations involving different Cu/HfO2 and Cu/m mappings, a
10 × 10 × 2 k-point mesh was used instead. For calculations
of the vacuum work function, we also used a 10 × 10 × 1 k-
point mesh, with a 15 Å vacuum gap between the terminating
surfaces. All systems investigated here were relaxed until the
residual forces between atoms were less than 0.01 eV/Å.
We also performed volume relaxations of the supercell to
eliminate the residual stress.

2.3 Valence band offset (VBO) calculation In
Fig. 3, we present schematic band diagrams, which indicate
VBO along with other quantities discussed in this paper. We
use a method due to Van de Walle and Martin (WM) [20],
often called “standard bulk-plus-lineup approach", to calcu-
late the VBO. In the WM approach, the VBO is determined
as the difference between the properly shifted metal Fermi
energy (defined as the difference between the bulk Fermi
level and the bulk planar averaged electrostatic potential),
and the properly shifted oxide valence band maximum or
VBM (defined as the difference between the VBM of the bulk
oxide and its bulk planar averaged electrostatic potential).
More specifically,

VBO = �V̄int + �Ebulk, (2)

where �V̄int ≡ V̄m − V̄O. V̄m is the averaged electrostatic
potential of Cu/m interface and V̄O is the averaged elec-
trostatic potential of HfO2 in the stack. �Ebulk ≡ (EF,m −

Figure 3 (a) Band diagram for the metal/oxide interface. Left, the
interface without charge transfer. Right, with charge transfer from
the metal to the oxide. Notations: WFvac for vacuum work function
of the metal gate, WFeff for the effective work function of the stack,
Ef for the metal Fermi energy, EA for the oxide electron affinity,
VBM for the oxide valence band maximum, VBO for the valence
band offset between the metal and the oxide, CBM for the oxide
conduction band minimum, CBO for the conduction band offset
between the metal and the oxide, m for the metal monolayer and δ

for the vacuum level discontinuity. (b) Variation of the electrostatic
potential along the [001] direction for Cu–Al–HfO2 stack.

V̄m) − (EVBM,O − V̄O) is from bulk calculations, where EF,m

and EVBM,O are the Fermi energy of the metal and VBM of
the oxide, respectively. In the WM method, contributions to
the VBO come from the electrostatic potentials of both the
stack and the bulk, which as seen in Fig. 3b converge very
quickly after just one layer away from the interface. There-
fore, the WM method of calculating the VBO presents to be
fairly accurate within the confines of DFT.

However, it is well known that the conventional DFT
calculations of transition metal oxides suffer from an error
originated from the lack of derivative discontinuity of the
exchange-correlation potential [21]. As a result, the energy
levels such as VBM cannot be calculated accurately. In con-
trast, a many-body Green’s function theory known as the GW
method has been successfully used to calculate the VBM val-
ues of the oxides [22]. We therefore use the GW correction
(+0.57 eV from Ref. [6]) for the VBM of c-HfO2, and apply
this correction to the VBO and the effective work function
values (see the next section). All the above corrections, how-
ever, add nothing more than a constant shift to the effective
work function for all systems investigated.

www.pss-b.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1 The VBO, the effective work function �m,eff , the vacuum work function �m,vac of Cu/m composite, the interfacial dipole moment
μint, the rumpling, the overlap parameters, and the interfacial energy Eint for 30 different stacks. �′

m,eff is the effective work function
calculated using the phenomenological model in Ref. [9] based on μint. χ is the Pauling electronegativity of the metal monolayer. All
values except for the rumpling parameters (in Å), the overlap parameters (in arbitrary unit) and the interface energy (J/m2) are reported
in eV.

stack VBO �m,eff �m,vac μint rumpling overlap Eint �′
m,eff χ

Cu/Hf/HfO2 4.00 4.60 4.60 0.33 0.0268 2.74 −4.08 4.54 1.30
Cu/Ta/HfO2 3.97 4.63 4.63 0.33 0.0258 1.80 −3.13 4.54 1.50
Cu/Ti/HfO2 3.80 4.80 4.76 0.34 0.0314 1.70 −6.59 4.65 1.54
Cu/Nb/HfO2 3.78 4.82 4.78 0.35 0.0206 1.85 −3.84 4.76 1.60
Cu/W/HfO2 3.77 4.83 4.76 0.35 0.0207 2.26 0.18 4.76 2.36
Cu/V/HfO2 3.72 4.88 4.80 0.34 0.0312 1.97 −4.70 4.65 1.63
Cu/Zr/HfO2 3.76 4.84 4.80 0.37 0.0197 1.68 −4.57 4.97 1.33
Cu/Mo/HfO2 3.52 5.08 4.72 0.37 0.0137 2.35 −1.16 4.97 2.16
Cu/Cr/HfO2 3.37 5.23 4.75 0.39 0.0137 2.40 −3.15 5.18 1.66
Cu/Re/HfO2 3.29 5.31 4.68 0.40 0.0107 2.71 1.72 5.29 1.90
Cu/Mn/HfO2 3.18 5.42 4.64 0.43 0.0097 3.95 −3.97 5.61 1.55
Cu/Co/HfO2 3.17 5.43 4.66 0.42 0.0114 4.97 −1.50 5.50 1.88
Cu/Fe/HfO2 3.09 5.51 4.67 0.42 0.0123 4.71 −2.96 5.50 1.83
Cu/Tc/HfO2 3.07 5.53 4.66 0.42 0.0113 2.85 0.06 5.50 1.90
Cu/Al/HfO2 3.06 5.54 4.71 0.45 0.0017 0.95 −5.51 5.83 1.61
Cu/Os/HfO2 2.79 5.81 4.70 0.47 −0.0001 2.73 1.31 6.04 2.20
Cu/Ni/HfO2 2.66 5.94 4.60 0.46 0.0036 4.77 −1.31 5.93 1.91
Cu/Zn/HfO2 2.61 5.99 4.64 0.47 0.0047 3.72 −2.76 6.04 1.65
Cu/Ru/HfO2 2.47 5.93 4.66 0.48 −0.0013 2.88 0.99 6.15 2.20
Cu/Rh/HfO2 2.41 6.19 4.60 0.49 −0.0015 3.78 0.11 6.25 2.28
Cu/Ir/HfO2 2.36 6.24 4.64 0.51 −0.0008 3.69 1.11 6.46 2.20
Cu/Sc/HfO2 2.32 6.28 4.96 0.50 −0.0009 1.57 −0.94 6.36 1.36
Cu/Ga/HfO2 1.94 6.66 4.64 0.52 0.0000 0.91 0.39 6.57 1.81
Cu/Pd/HfO2 1.83 6.77 4.62 0.55 −0.0040 4.85 0.04 6.89 2.20
Cu/Y/HfO2 1.57 7.03 4.58 0.56 −0.0037 1.88 0.46 7.00 1.22
Cu/Pt/HfO2 1.41 7.19 4.74 0.57 −0.0024 4.62 0.18 7.11 2.28
Cu/HfO2 1.37 7.23 4.57 0.51 0.0052 5.17 −1.22 6.47 1.90
Cu/Au/HfO2 1.01 7.59 4.66 0.60 −0.0065 5.21 0.34 7.43 2.54
Cu/Ag/HfO2 0.97 7.63 4.67 0.61 −0.0062 5.33 0.50 7.54 1.93
Cu/Cd/HfO2 0.73 7.87 4.52 0.64 −0.0073 2.15 −0.18 7.86 1.69

2.4 Effective work function calculation The pri-
mary quantity of interest is the effective work function
(�m,eff ) of the stack. This quantity is trivially related to the
calculated VBO as

�m,eff = BGO + EAO − VBO, (3)

where BGO is the oxide band gap and EAO is the electron
affinity of the bulk oxide (see Fig. 3). Because of the well-
known failures of DFT/GGA in determining band gaps and
electron affinity, we hereby use experimental values of the
oxide band gap (5.7 eV from Ref. [23]) and the oxide electron
affinity (2.9 eV from Ref. [24]) to determine the effective
work function of Cu/m/HfO2 stack.

3 Results and discussion A total of 30 Cu/m/HfO2

stacks are studied in this paper. The results reported in this
paper are intended to be semi-quantitative, owing to the well-
known limitations of DFT/GGA for calculating band offsets.
The primary goal of the paper is to examine the general trends

and gain physical insight for the stack systems as the metallic
monolayer varies across transition metal element series.

The main results of VBO and �m,eff are summarized in
Table 1. We observe a wide variation of VBO (∼4.0 eV) and
the effective work functions (3.2 eV), affirming the effec-
tiveness of the proposed chemical tuning. Additional surface
calculations of Cu and Cu/m interface were performed to
obtain the vacuum work functions of pure Cu and Cu/m
composites, respectively as displayed in Table 1. It is found
that the vacuum work functions of various Cu/m composites
vary by a maximum of ∼0.4 eV, in contrast to the variations
of the effective work functions of the Cu/m/HfO2 stacks.
Since the vacuum work functions of the Cu/m composites
are dominated by the surface properties of Cu, the metallic
monolayer does not change considerably the vacuum work
function of the Cu gate. Therefore, it is interesting to
understand the origin of the large variations of the effective
work functions. In the following, we show that the effective
work functions correlate to the interfacial dipole moments,
which depend sensitively on the interfacial charge transfer

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.pss-b.com
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Figure 4 A linear relationship between VBO and the interfacial
dipole moment. The circular (blue), square (red), and triangular
(green) symbols represent the metal monolayer in the first, second,
and third row of the transition metal series in the periodic table,
respectively.

due to the incorporation of the metallic monolayer. The
significant changes of the interfacial dipole moments lead
to the large variations of the effective work functions.

3.1 Charge transfer and interface dipole We find
that the primary contribution to the effective work function
is interfacial charge transfer. The metallic monolayer can
modulate the interfacial charge transfer thus tune the effec-
tive work function. Here we use charge transfer induced
dipole moment across the metal/oxide interface to quantify
the charge transfer. Since we are mainly interested in the
charge transfer from the metal monolayer to the oxide, we
calculate the interfacial dipole moment perpendicular to the
interface (in the z direction) as

μint = −e

∫
cell

z�ρ(x, y, z)dxdydz, (4)

where �ρ is the bonding charge density defined as the differ-
ence between the bulk charge density and the superposition
of atomic charge densities in the supercell; the integral is
performed over an half of the supercell due to the symme-
try and the origin is at the center of the supercell. As shown
in Table 1, the dipole moments are all positive, indicating
that charge transfer occurs from the metal monolayer to the
oxide in all cases. More importantly, we find a near linear
relationship between the interfacial dipole moments and the
VBO values for the 30 stacks as shown in Fig. 4—the greater
the charge transfer, the lower the VBO value, and the higher
the effective work function. This can be understood from
an analog to an infinite parallel plate capacitor, containing
charge +Q/ − Q on opposing surfaces separated by a dis-
tance d. The charge Q corresponds to the charge transfer
amount across the interface and d represents the interlayer

distance between the metal monolayer and the oxide. The
potential drop across this capacitor is thus given by

VC = Qd

ε0εrA
= μint

ε0εrA
, (5)

where A is the interfacial area, ε0 is the permittivity in vac-
uum, and εr is the effective interfacial dielectric constant.
The linear relationship is thus obtained between VC and μint.
Since VBO is primarily determined by the potential drop at
the interface, the linear relationship should also hold between
VBO and the interfacial dipole moment. The potential drop is
clearly seen in Fig. 3b from the metal to the oxide, providing
driving force for charge transfer. Incidentally, the linear rela-
tion implies that different Cu/m/HfO2 stacks have a similar
effective interfacial dielectric constant εr .

In Table 1, we also calculate the effective work functions
(�′

m,eff ) based on a phenomenological model that directly
connects the effective work function with the interfacial
dipole moment [9, 10]. These �′

m,eff values are in an excellent
agreement with those (�m,eff ) determined from our first-
principles calculations. This comparison validates the model
and establishes a linear relationship between the effective
work function and the interfacial dipole moment. The effec-
tive work function is also correlated to the electronegativity of
the metal monolayer; the greater the electronegativity of the
metal, the larger the effective work function. This correlation
could be used in the engineering design of heterostructure
stacks [25]. Finally, the interfacial energy is related to the
electronegativity of the inserted metal as well. As shown in
Table 1, in general, the greater the electronegativity of the
metal, the more positive the interfacial energy. This can be
understood from the fact that the metal monolayer with a
greater electronegativity loses less charges to O, thus has a
weaker ionic bonding to the O layer, and a higher interfacial
energy. Note that some of the interfacial energies are posi-
tive under conditions where the chemical potential of O is
below −3.5 eV, which would render the interfaces unstable.
However, for the most cases of interest [8], the O chemi-
cal potential is greater than −3.5 eV, hence the interfaces are
stable and the effective work functions computed are reliable.

3.2 Bonding and charge transfer To shed light into
the nature of interfacial charge transfer, we calculate the
bonding charge density (Fig. 5) and the local density of states
(LDOS) of the interfacial atoms (Fig. 6). We find that the
interfacial charge transfer is highly localized, occurring pri-
marily from the monolayer metal atoms to the first layer O
atoms. The interfacial charge transfer competes with the bulk
charge transfer from Hf atoms to the first layer O atoms in
the bulk of the oxide. More importantly, a metallic bond-
ing between the gate Cu atoms and the monolayer atoms is
developed. This metallic bonding interferes with the inter-
facial ionic bonding, i.e., the stronger the metallic bonding
between Cu–m, the weaker the charge transfer across the
interface. For example, as shown in Figs. 5 and 6, the ionic
bonding between Au (or Cu) with O across the interface is

www.pss-b.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5 The bonding charge density (in Å−3) in plane I (left) and
plane II (right) for each stack. The planes I and II are indicated
in Fig. 7. The density contour scale ranges from −0.29 (blue) to
0.29 (red). The positive (negative) value represents the accumula-
tion (depletion) of charge density. (a) Cu/Ta/HfO2, (b) Cu/W/HfO2,
(c) Cu/HfO2, and (d) Cu/Au/HfO2.

much stronger than that between Ta (or W) and O. This is
because the metallic bonding of Au–Cu and Cu–Cu is much
weaker than that of Ta–Cu and W–Cu, as shown in Fig. 5.
In case of Cu/HfO2, the metallic bonds are formed by the
hybridization between Cu 3d2

z
and 3dyz orbitals and O 2p

orbitals. It is through this metallic bonding, the effective work
function is modulated. For instance, to increase the effective
work function by a larger amount, one should seek a metal
monolayer that has very little bonding to the gate metal, thus
the interfacial charge transfer is greater, leading to a more
pronounced increase of the effective work function. Although
our calculations are based on Cu gate, the conclusion should
be valid for other metal gate materials as well.

We can quantify the strength of the ionic bonding via the
overlap between the monolayer metal states and the O states,
defined as the following

Overlap =
∫ EF

−∞
LDOS(E; m) × LDOS(E; O)dE, (6)

where LDOS(E; m) and LDOS(E; O) are the local density
of state of the monolayer metal and O atoms, respectively.

Figure 6 The LDOS (arbitrary units) on the interfacial O atom
(red), the bulk O atom (black), and the monolayer metal atom
(green) in each Cu/m/HfO2 stack. The Fermi energy of each stack
is denoted by the vertical dashed line.

As shown in Table 1, the overlap values are 5.17 and 5.21
for Cu and Au, respectively, which are much larger than 1.80
and 2.26 for Ta and W, respectively. And the charge transfer
amount in Cu/HfO2 (0.51 eÅ) and Cu/Au/HfO2 (0.61 eÅ)
stacks is greater than that in Cu/Ta/HfO2 (0.33 eÅ) and
Cu/W/HfO2 (0.35 eÅ).

All stacks shown here are metallic—there is a finite
DOS at the Fermi energy, owing to the delocalized states
of the monolayer metal atoms. Moreover, the interfacial
charge transfer spreads onto O atoms and renders the insu-
lating O layer metallic. This can be observed most clearly
in Cu/Au/HfO2 stack. The overall energy shift in LDOS of
bulk O atoms is due to the potential drop at the interface; the
greater the potential drop, the larger the energy shift.

3.3 Structural relaxation The interfacial charge
transfer usually accompanies atomic rearrangements at the
interface. As an indication of local atomic rearrangements
at the interface, rumpling parameter [5] R = (dO − dHf)
is evaluated; here dO represents the distance between O
atoms in the first and second layer of the oxide and dHf is
the distance between the Hf atoms at the same layers (as
shown in Fig. 7). A larger rumpling parameter indicates a
greater atomic rearrangement at the interface. To understand
the trend in rumpling parameters, we calculate the dipole
moment between the first layer O and Hf atoms, μO−Hf as
displayed in Fig. 7; the O–Hf dipole moment points to the
opposite direction with respect to the interfacial dipole μint.
As shown in Fig. 7c, the rumpling parameter increases with
an increasing charge transfer between O and Hf atoms for the
three series of transition metal elements. This is because a
larger Hf–O dipole leads to a larger rumpling parameter. On
the other hand, owing to the competition between the inter-
facial charge transfer and bulk charge transfer in the oxide,
a greater interfacial charge transfer results in a smaller Hf–

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.pss-b.com



Original

Paper

Phys. Status Solidi B (2014) 7

Figure 7 (a) Illustration of the rumpling parameter and the dipole
moments. The bronze, red, blue, and silver spheres represent Cu,
O, Hf and the monolayer metal atoms, respectively. (b) Correla-
tion between the interfacial dipole moment μint and the rumpling
parameters, and (c) correlation between μO−Hf and the rumpling
parameters. Circular (blue), square (red), and triangular (green)
symbols represent the metal monolayer in the first, second and third
row of the transition metal series in the periodic table, respectively.

O dipole, thus a smaller rumpling parameter as observed in
Fig. 7b.

4 Conclusion We have explored theoretical feasibility
of tuning the effective work function of high-k/metal gate
stacks by incorporating a metallic monolayer at the interface.
Using first-principles DFT calculations, we have examined
30 Cu/m/HfO2 stacks where the monolayer involves different
but primarily transition metal elements. A tuning range of ∼
3.2 eV for the effective work function can be achieved for
the Cu gate. It is found that the interfacial charge transfer
from the metallic monolayer to the oxide plays a key role
in tuning the effective work function. The interfacial charge
transfer not only depends on the ionic bonding between O
and the metal monolayer, but it can also be modulated by the
metallic bonding between the gate Cu atoms and the metal
monolayer. The weaker the metallic bonding, the stronger
the interfacial dipole moment, and the greater the effective
work function modulation. A linear correlation between the
interfacial charge transfer (or the dipole moment) and the
VBO is observed which can be rationalized by an analogy to a
parallel plate capacitor. We also find a correlation between the
rumpling parameters and the interfacial charge transfer. The
general chemical tuning trends established in this study could
potentially provide a valuable guide for designing novel gate
materials in conjunction with high-k dielectrics.
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