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Density functional theory (DFT) is a very successful technique to calculating the properties of many-
electron systems from first principles. The bands structures, charge density and density of state (DOS) of
monoclinic HfOz are calculated using Pseudo potential (PP) and Atomic Orbitals (AO) method, within the
density functional theory DFT, generalized gradient approximation GGA and local density approximation
LDA. Hafnium oxide (HfOz2) is a high-% dielectric (dielectric constant & ~ 25 at 300 K, band gap E;= 6 eV);
thermally stable up to 700 °C. HfO: is used in semiconductor manufacturing processes where they are
usually used to replace a silicon dioxide gate dielectric.
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1. INTRODUCTION

Complementary metal oxide semiconductor (CMOS)
devices have been going through an unprecedented
progress during last three decades. The miniaturization
of Metal-Oxide-Semiconductor field effect transistors
(MOSFET) is insufficient to satisfy the performance
specifications of International Technology Roadmap for
Semiconductors (ITRS), different scaling limits for
MOSFETs have been treated [1]. In this context, the
gate oxide thicknesses reach limitations that make
them permeable to leakage currents. Among various
high-k dielectric materials, HfO2 [2-6] (band gap
E; = 6 eV, dielectric constant &= 25 at 300 K, which is
equal six times higher than that of SiO2 = 3.9) recently
attracts much attention in the gate stack of MOSFETSs

due to their good thermal stability, it is considered to ()
be the most attractive materials among the high dielec- Fig. 1 — Crystal structure of HfO2: (a) monoclinic phase, (b)
tric materials. tetragonal phase, (c) cubic phase, (d) Brillouin zones of mono-
HfO: is the most promising candidate to replace sil- clinic phases HfOz2, (The coordinates of the high-symmetry
icon dioxide SiO2 [7, 8] in advanced metal oxide semi-  points in Brillouin zone are I0, 0, 0), X(0.57, 0, - 0.43),
conductor devices (MOS) in gate stack and dynamic 2(0.43, 0, 0.43), M(0.43, 0, - 0.57), R(- 0.43, 0, - 0.43).
access mempry .devices. . Table 1 — Calculated and experimentally determined struc-
HfO: exists in three crystal phases [9-11] (Figure 1). tural parameters for monoclinic HfO2. The Lattice parameters
Low temperature monoclinic (space group P21/c). Me- a, b, c and f. The internal parameters x, y, and z.
dium temperature (Above 2000 °C) tetragonal (space
group P42/nmc). High temperature (starting from Atom LDA GGA Exp. [14]
2700 °C) cubic (space group Fm3m). a=>5.117
Lattice B B b=5.175
2. COMPUTATIONAL METHOD parameters c=5.291
p£=99.22°
Calculations are based on density functional theory x(Hf) 0.277 0.276 0.276
DFT and Slater Type Orbitals (STO) as basis functions. y(Hf) 0.041 0.042 0.040
The generalized gradient approximation GGA (PBE) 2(Hf) 0.208 0.208 0.208
a}rlld locEl density z;pproximatior} 1LDA .arel applieddfgr x(01) 0.070 0.069 0.074
the exchange-correlation potential, as implemented 1n »(01) 0.334 0.330 0.332
the ADF-BAND code. Core electrons were treated by 2(01) 0.343 0.345 0.347
pseudopotentials; the potential of core states was treat- - - -
. . . x(02) 0.449 0.4445 0.449
ed in the frozen core approximation. The total number
of basis functions for unit cell was 156. The monoclinic ¥(02) 0.758 0.758 0.758
’ z(02) 0.479 0.478 0.480
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HfO:2 is described by the lattice parameters, the inter-
nal parameters and space group P21/c. It is an electri-
cal insulator with a band gap of 5 eV [12] to 5.8 eV [13].

3. RESULTS AND DISCUSSION

From the Figures 2, by comparing the structures
bands calculated with both methods (LDA and GGA),
we can note a difference in the value of the band gap
width between the valence and conduction bands.

The top of the valence band is located at I, and the
bottom of the conduction band in X (indirect gap).

We can say that the valence bands have less disper-
sion than the conduction bands. This is due to the fact
that the electrons in the conduction bands are more
free and therefore less localized.

Figure 3 shows the total DOS, Figures 4 shows the
site-projected partial DOS O1, Figures 5 shows the site-
projected partial DOS 02, and Figures 6 and 7 shows the
site-projected partial DOS (Hf, Hf-d) for LDA and GGA
approximation for monoclinic HfOs. The bands from —
17.3635 to —14.9063 eV (LDA) and —17.7197 to —
15.2624 eV (GGA) are mainly due to O 2s orbitals (Bril-
louin Zone). The bands between —5.35045-0 eV (LLDA)
and — 5.29706-0 eV (GGA) are mainly due to O 2p orbit-
als and Hf 5d orbitals (valence bands). The bands higher
than 3.65 eV (LDA) and 3.71 eV (GGA) are mainly due to
Hf 5d orbitals (conduction bands). The band gap of mon-
oclinic phase (m-HfOz2) is 3.65 and 3.71 eV for LDA and
GGA approximation, respectively. The results in this
work, in good agreement with previous results [11, 15-
18], Fiorentini and Gulleri performed theoretical calcula-
tions with GGA for a band gap of 5.7 eV [19].
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Fig. 2 —Band structure obtained by LDA and GGA
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Another useful quantity for the analysis of the elec-
tronic properties, it is the electronic charge density of
valence; this quantity is calculated by eliminating the
core states. Figure 8 shows the contours of the charge
density, charge are concentrated around the atomic
spheres, whereas it is absent in the interstitial regions.
This variation is a characteristic of metallic bonds.
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Fig. 3 —Total density of states (DOS) obtained by LDA and
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Fig. 4 —Partial density of states (DOS) O1 obtained by LDA
and GGA.
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Fig. 5 —Partial density of states (DOS) O2 obtained by LDA
and GGA
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Fig. 6 —Partial density of states (DOS) Hf obtained by LDA
and GGA

Bands structures, density of states and charge den-
sity of monoclinic HfO2 have been investigated using
the slater type orbital STO and pseudo-potential ap-
proach based on the first-principles density functional
theory (DFT) within the generalized gradient approxi-
mation (GGA (PBE)) and local density approximation
LDA.

The analysis of the density of states (DOS) allows
knowing the distribution and occupation of electronic
states of the oxide compared to the Fermi level.
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Fig. 7 —Partial density of states (DOS) Hf-d obtained by LDA
and GGA.
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Fig. 8 — Contours of charge density (in e/ 1&3) obtained by LDA
and GGA.

The analysis of the partial density of states of HfOq
makes it possible to know the electronic states contrib-
uting to the different sub-bands of the total density of
states.
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4. CONCLUSION

Bands structures, density of states and charge den-
sity of monoclinic HfO2 have been calculated. m-HfOq
has a smaller dielectric constant by contribution to the
tetragonal and cubic phase. Electronic properties for
the monoclinic HfO2 have been performed with first-
principles density functional theory (DFT) and Atomic
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