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Controlling the effective work function (/ef f ) of metal electrodes is critical and challenging in

metal-oxide-semiconductor field effect transistors. The introduction of atomic dopants (also referred

to as “capping” layers) is an emerging approach to controllably modify /ef f . Here, we investigate the

energetic preference of the location of La, Y, Sc, Al, Ce, Ti, and Zr as atomic dopants within a model

Pt/HfO2/Si stack and the resulting variation of /ef f using density functional theory calculations. Our

results indicate that all the considered atomic dopants prefer to be situated at the interfaces. The

dopant-induced variation of /ef f is found to be strongly correlated to the dopant electronegativity and

location. Dopants at the metal/HfO2 interface decrease /ef f with increasing dopant electronegativity,

while a contrary trend is seen for dopants at the Si/HfO2 interface. These results are consistent with

available experimental data for La, Al, and Ti doping. Our findings, especially the identified

correlations, have important implications for the further optimization and “scaling down” of

transistors. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4821797]

I. INTRODUCTION

Metal/oxide interfaces have important technological appli-

cations, such as in electronics, catalysis, and thermal barrier

coatings.1–7 For any of these applications, precise control of

the interfacial structure and chemistry towards good electrical,

optical, magnetic, or mechanical properties is crucial. One no-

table example where metal/oxide interfaces are particularly rel-

evant is the emerging “high-k” nanoelectronics device. The

continuous size downscaling of complementary metal-oxide-

semiconductor (CMOS) transistors has led to the replacement

of SiO2 with a HfO2-based high dielectric constant (or high-k)

oxide, and the polysilicon electrode with a metal gate. The

desired metal electrodes need to display appropriate work

functions that aligns the metal Fermi level (EF) with either the

valence band maximum (Ev) or the conduction band minimum

(Ec) of the underlying Si substrate. However, interfacial effects

such as charge transfer, bond formation, defect accumulation,

and dipoles make achieving such an alignment a challenge.8,9

As schematically shown in Figs. 1(a) and 1(b), merely using a

metal with an appropriate vacuum work function (/) may not

be sufficient as the factors mentioned above could lead to an

effective work function (/ef f ) which may result in a misalign-

ment of EF with respect to the Si band edges.

It is thus the value of /ef f that really matters in the choice

of the metal electrode.8,9 For high-k based MOSFETs, /ef f of

metals has been demonstrated to be strongly dependent on the

processing conditions that the device is subjected to.10–14 It

has been reported that /ef f of many metal electrodes shifts to-

ward the middle of the Si band gap upon high temperature

annealing, regardless of its vacuum work function.15

An emerging way to control the relative position of EF

(or alternatively, /ef f ) is through the introduction of an inter-

facial dopant or “capping” layer either at the Si/HfO2

interface or at the metal/HfO2 interface.16 Note that the pre-

ferred location of the capping layers will be determined by

energetic and kinetic factors, and placement at either locations

can be used to manipulate the EF position or the /ef f value,

by tailoring the interface dipole moments (see Figs. 1(c) and

1(d)). For example, inserting a capping layer with a dipole

moment pointing from Si to dielectric at Si/HfO2 interfaces or

pointing from dielectric to metal at metal/HfO2 interfaces

moves the metal EF towards the Si Ec, which is desirable for

n-type MOSFETs (see Fig. 1). For p-type MOSFETs, an op-

posite interface dipole moment could be introduced to align

the metal EF to the Si Ev. For example, Al2O3 and La2O3 have

been reported as effective capping layers for p- and n-type

MOSFET applications, respectively, which have been attrib-

uted to the different electronegativities of Al (1.61 Pauling),

La (1.1 Pauling), and Hf (1.3 Pauling).17–20

Recent density functional theory (DFT) computations

have been devoted to understanding the impact of these cap-

ping layers at metal/HfO2 and Si/HfO2 interfaces on /ef f . It

has been found that Al atoms substituting for Hf in the dielec-

tric near the TiN/HfO2 interface could increase /ef f , while Te

substitution of Hf at the Mo/HfO2 interface decreases /ef f .
17,18

Compared to metal/HfO2 interface, dopants at Si/HfO2 interfa-

ces have been studied more intensively.19–21 By investigating a

group of dopants with different electronegativities and valen-

ces, e.g., La, Sr, Al, Nb, and Ti, the variation of the band offset

at Si/HfO2 interfaces, and hence the alignment of the metal EF

with the band edges of Si, is found to strongly correlate with

dopant electronegativity. In general, it was demonstrated that

dopants with electronegativity smaller (or larger) than that of

Hf at Si/HfO2 interfaces tend to move the metal EF closer to

Ec (or Ev) of Si.

Although the electronegativity of capping layer atoms at

Si/HfO2 interfaces have been demonstrated to be critical in
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determining /ef f , a systematic understanding of the thermo-

dynamic factors that control the preferred location of a large

variety of capping layer atoms in the entire metal/HfO2/Si

stack and their impact on /ef f is necessary for further tar-

geted optimization of current as well as beyond-silicon and/

or beyond-HfO2 MOSFETs. In this work, we have adopted

DFT calculations to explore a variety of dopants, namely,

La, Y, Sc, Al, Ce, Ti, and Zr, within the whole Pt/HfO2/Si

stack. Our results indicate that atomic dopants are energeti-

cally more stable at the Pt/HfO2 and the Si/HfO2 interfaces.

The variation of /ef f upon the modulation of the interface

chemistry through doping shows a strong correlation with

the electronegativity as well as the position of the doping

elements. These results, consistent with available experi-

ments for La, Al, and Ti atomic doping, should assist in the

engineering of metal/dielectric and semiconductor/dielectric

interfaces to achieve desired band alignments.

II. METHODS AND MODELS

Our DFT calculations were performed using the VASP

code22 with the PW91 generalized gradient approximation23

and a cut-off energy of 400 eV for the plane-wave expansion

of the wave functions. Monkhorst-Pack k-point meshes of

5� 5� 5 were used in the case of bulk monoclinic (m-)

HfO2, and diamond cubic Si, while the bulk face-centered

cubic Pt requires 11� 11� 11 meshes. The calculated lattice

parameters are in good agreement with experiments. The

computed a, b, and c lattice parameters of m-HfO2 are 5.14,

5.19, and 5.3 Å, comparable with experimental values of

5.12, 5.17, and 5.29 Å.24 The lattice parameters for Si and Pt

are determined to be 5.46 and 3.98 Å, respectively, also in

good agreement with the corresponding experimental values

of 5.43 and 3.92 Å.25,26

To understand the energetics of dopants within the Pt/

HfO2/Si heterostructure, we have performed separate calcu-

lations for the Pt/HfO2 interface, the HfO2 slab, and the Si/

HfO2 interface. The (111) ð2�
ffiffiffi

3
p
Þ Pt and (001) (1� 1)

HfO2 slabs were both stretched to match the (001) (1� 1) Si

slab. To some extent, this construction is expected to repre-

sent the situation where Si is the substrate. We do note that,

in reality, although Si is the substrate (in single crystalline

form), the HfO2 layer is amorphous and the metal layer is

polycrystalline. Nevertheless, our assumptions are expected

to lead to conclusions and insights that are qualitatively cor-

rect. The Si/HfO2 interface model is also assumed to contain

a SiO2 region (as shown in Fig. 2), considering the fact that

the equilibrium phase at the Si/HfO2 interface under standard

processing conditions is silica-like.27 The Pt/HfO2 interface

was assumed to contain a half monolayer of interfacial O

atoms that passivates the HfO2 slab.

The atomic dopants (X) have been considered to substi-

tute a full monolayer of Hf atoms and form substitutional

defects ðXHfÞ at one of three locations: (1) at the Pt/HfO2

interface, (2) at the Si/HfO2 interface, and (3) in the interior

“bulk” region of the HfO2 slab. Various doping elements in

FIG. 1. Schematic of band alignment of HfO2-based metal/oxide/silicon heterostructure for n-type MOSFETs. (a) Band structure before physical contact. The

metal electrode is assumed to have the vacuum work function (/) close to 4.1 eV such that the metal Fermi level aligns with Si conduction band minimum

(Ec). (b) Due to Fermi level pinning, the Fermi level of metal electrode in physical contact with dielectrics is not aligned to the Si Ec, making the effective

work function (/ef f ) different from /. (c) Engineering the dipole moment at the Si/HfO2 interface varies the metal Fermi level or /ef f value. (d) Similar dipole

moment engineering at metal/HfO2 interface could also align the metal Fermi level to Si band edges. With the dipole moment pointed along the direction

shown here, the metal Fermi level will be shifted towards the Si Ec, applicable for n-type MOSFETs.

FIG. 2. Schematic of the Pt/HfO2/Si

heterostructure. The atomic dopants

may substitute the Hf atom at the Pt/

HfO2 interface, within the bulk HfO2

region or at the Si/HfO2 interface, as

indicated in the figure.
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þ3 and þ4 valence states and with different electronegativ-

ities have been considered, namely, La, Al, Y, Sc, Ti, Ce,

and Zr. For elements in the þ3 valence state (namely, La,

Al, Y, and Sc), substituting every 2 Hf atoms is accompanied

by the removal of one O atom to maintain charge neutrality.

For these dopants in þ3 valence states, we have doubled the

Pt/HfO2, HfO2, and Si/HfO2 models along the a direction to

explore several possible interfacial O configurations.

Various configurations have been considered and we found

the configuration with one O vacancy within each O mono-

layer on the hafnia side of the capping layer to be the most

stable interface structure. The difference between /ef f for

the situations with and without the dopants (referred to as

D/ef f ) was determined using the dipole moment change per

interface area of the doped system with respect to the

undoped ones (referred to as DD), using the following rela-

tionship: D/ef f ¼ 4pDD.28

III. ENERGETICS OF ATOMIC DOPANTS WITHIN THE
GATE STACK

Let us imagine that the doped heterostructure is formed

by the following reaction:

Pt=HfO2=Siþ XOn () doped-Pt=HfO2=Siþ HfO2: (1)

The corresponding formation energy for the above reaction

ðEf ¼ Edoped þ EHfO2
� Eperfect � EXOn

Þ describes the rela-

tive stability of the doped heterostructure with respect to the

undoped case. Edoped and Eperfect are the DFT energies of the

doped and undoped heterostructures, respectively. EHfO2
and

EXOn
are, respectively, the DFT energies of bulk m-HfO2 and

the most stable dopant oxide XOn, with n ¼ 1:5 or 2 depend-

ing on whether the valence state of X is þ3 or þ4.

The formation energies for doped heterostructure with

respect to that of a perfect system are portrayed in Fig. 3. As

we can see, most of the doping elements considered are ener-

getically more favored at the interfaces. This indicates that

substitutional dopants are likely to segregate to the interfa-

ces, similar to what has been observed before for O (Hf)

interstitials and vacancies.29–32 To further investigate the

tendency for dopants to segregate to the interfaces, we plot

the formation energy difference between the doped hetero-

structure with dopants sitting at the interface and within the

bulk HfO2 region in Fig. 4, as a function of the dopant ionic

size. For comparison, we note that the ionic size of Hf is

almost identical to that of Zr. We find that the driving force

for segregation toward interfaces is strongly related to the

ionic radius of the doping elements. In general, increasing

ionic radius favors the interfacial location for dopants.

Moreover, compared to þ4 valence state dopants, the inter-

facial segregation of doping elements with þ3 valence state

is more likely to occur, which is probably due to the large

accompanying structural distortion. In fact, these dopant

interfacial segregation tendencies are desirable from the

point of view of effective tuning of the interface dipole

moment, and consequently, the band alignment across heter-

ostructures, which is discussed next.

IV. MODULATION OF /ef f DUE TO ATOMIC DOPANTS

As mentioned above, the change in /ef f of Pt due to a

dopant at a given location in the gate stack was determined

by computation of the dopant-induced dipole moment

change (DD) via the relation: D/ef f ¼ 4pDD. The details of

how D may be computed have been described elsewhere.1,28

The variation of /ef f due to the introduction of dopants at Pt/

HfO2 and Si/HfO2 interfaces (i.e., D/ef f ) is captured in

Fig. 5. We note that a dopant in the bulk part of HfO2 does

not contribute to a /ef f change; i.e., D/ef f ¼ 0 in this case.

For the cases when the dopant is at an interface, D/ef f is

found to be strongly correlated with the electronegativity, as

well as the position of the dopants. More specifically, when

the dopants locate at metal/HfO2 interfaces, D/ef f decreases

with increasing of dopant electronegativity, while an oppo-

site trend has been identified for dopants at Si/HfO2

FIG. 3. Formation energy per interface area (in eV=Å
2
) of doped-Pt/HfO2/Si

heterostructures with respect to the undoped system, with XHf at the Pt/HfO2

interface, in the bulk HfO2 region, or at the Si/HfO2 interface.

FIG. 4. Interfacial segregation energy per interface area (in eV=Å
2
) of

doped-Pt/HfO2/Si heterostructures as a function of dopant ionic radius. For

comparison, we note that the ionic size of Hf is almost identical to that of

Zr. The solid and open symbols stand for dopants with þ3 and þ4 valence

states, respectively. The formation energy for dopants at Pt/HfO2 and Si/

HfO2 interfaces are represented by squares and circles, respectively.
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interfaces. La and Al at Si/HfO2 interfaces, which decrease

and increase /ef f , respectively, appear to be efficient dopants

for n-type and p-type MOSFETs, consistent with prior experi-

mental findings.33 On the other hand, La at the Pt/HfO2 inter-

face increases /ef f . This finding is also in agreement with the

previous observations in which Pt deposited on HfLaO dis-

plays a larger /ef f than that deposited on HfO2.34 On the other

hand, we find Al at Pt/HfO2 interfaces does not change /ef f

significantly. In fact, a similar phenomenon has been reported

for as-deposited TiSiN/HfO2 stacks with Al capping in which

the diffusion of Al towards the Si/HfO2 interface has not been

triggered.33 Recent studies on the impact of dopants on the

threshold voltage shift of Ru/HfO2/Si gate stacks demonstrate

that Ti at Ru/HfO2 and Si/HfO2 interfaces are most likely to

increase /ef f by 0.1 and 0.15 eV, respectively, which is also

consistent with our predictions for Ti (Fig. 5).35

Finally, we note that Fig. 5 portrays a roughly linear

relationship between the work function shift and the dopant

electronegativity (with opposite slopes depending on the

actual interfacial location of the dopant). Plots such as these

(created for other more relevant gate stack systems, for

example) are expected to provide design principles and

guidelines for the proper choice of interfacial dopants.

V. SUMMARY

In sum, the energetics of La, Y, Sc, Al, Ce, Ti, and Zr

dopants within the Pt/HfO2/Si stack, and the resulting varia-

tion of the metal effective work function have been investi-

gated using density functional theory calculations. These

calculations are intended to identify the specific role of dopant

“capping” layers widely utilized in the emerging HfO2-based

transistor gate stacks. Our results indicate that dopants are

more energetically favored at the interfaces, directly contribut-

ing to an interface dipole moment change. The variation of

the metal effective work function is strongly correlated to the

dopant electronegativity, as well as the interfacial position of

the dopant. More specifically, dopants with small electronega-

tivity (such as La) at Pt/HfO2 and Si/HfO2 interfaces will

display a larger and smaller effective work function value,

respectively. On the other hand, those with large electronega-

tivity (e.g., Al) show an opposite trend. The close agreement

of the obtained results with available experiments (e.g., for

La, Al, and Ti doping) is indicative of the predictive capability

of modern electronic structure calculations, which may be har-

nessed in the future design and engineering of heterostructure

stacks.
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