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In solid-state physics and condensed matter physics, the density of states (DOS) quantifies the number
of electronic states susceptible to be occupied and possessing a defined energy in the considered material.
This quantity can be calculated as soon as the dispersion relation is known. DOS can be calculated for a
wide variety of systems. Certain quantum systems have symmetry due to their crystal structure, which
simplifies the calculation of DOS. The total DOS is a parameter that allows determining the electronic
conduction properties of a material. For each atom of the crystal, we determine a sphere of radius, inside
which we project the electron density onto spherical harmonics (type: s, p, d, or f). The partial DOS are
used to identify the structure of chemical bonds in a crystal. A first-principles study of the charge density
and DOS of monoclinic ZrOz (m-ZrOg) is performed using DFT (density functional theory) with m-GGA
(TPSS) functional for the exchange correlation potential, pseudopotential (PP) approximation and STO
(Slater Type Orbital) as basic functions integrated in the ADF-BAND code. Zirconium oxide (ZrO:) is a
high-% dielectric (k =~ 25 and Eg ~ 6 eV). ZrO: is a promising high-k dielectric candidate to replace SiO: as
gate oxide in CMOS because it combines excellent mechanical, thermal, chemical, and dielectric properties.
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1. INTRODUCTION

With the race for integration and downscaling, par-
asites effects appear that deteriorate the operation of
the transistor and deform the model of the ideal MOS
transistor. So, the Moore's law can no longer be ap-
plied, it is necessary to introduce a new theme in the
work on optimizing the transistor: the integration of
new materials [1, 2]. Currently, the research is focused
on materials such as Al203 [3], La20s [4], TiO2 [5], HfO2
[6, 7], ZrOs [6] and Y203 [8], which are thermodynami-
cally stable on silicon. We aim to achieve an interface
quality equivalent to that of SiO2 with these materials.
High-%£ research is essentially based on the physical
and electrical characterization, to better understand
their physical properties (thermal stability, reactivity
with the substrate, etc.) and their microstructure, in
order to correlate them with their electrical properties.

Zirconium dioxide (ZrOg) is one of the promising ox-
ides for microelectronics, because it combines excellent
mechanical, thermal, chemical, and dielectric proper-
ties [9]. Called high-£ dielectric, it is a promising can-
didate to replace SiO: as the gate dielectric material in
MOS (metal-oxide-semiconductor) transistors as the
physical thickness of the SiO2 gate oxide quickly reach-
es the scaling limit for CMOS (complementary MOS)
technology [10, 11]. Their theoretical dielectric constant
is evaluated between 20-25 [11, 12]; m-ZrO2 is an elec-
trical insulator with a band gap energy (the gap that
separates the valence band from the conduction band)
in the range of 5.1-7.8 eV [13].

ZrOz is found in three crystallographic phases:
monoclinic (m), tetragonal (t) and cubic (c). The crystal
structure of m-ZrOg, t-ZrOz2, c-ZrO2 and temperature-
related phase transformation is presented in Fig. 1.

* mostakrimo@yahoo.fr

2077-6772/2022/14(3)03026(4)

03026-1

PACS numbers: 71.15.Ap, 71.15.Mb

Monoclinic phase
(m-Zr0y)
Up to 1170°C

Tetragonal phase
(-Zr0y)
1170-2370°C

e
-

2/

Cubic phase
(c-Zr0y)
2370-2680°C

Fig. 1 — Crystallographic phases and temperature-related
phase transformation of ZrOs

The m-ZrO:z is described by the space group P2i/c
and lattice parameters (a=b=c). The valence elec-
trons for Zr are generated in the 4s24p%4d25s2 configu-
ration. The 2s22p* configuration is used for the genera-
tion of the valence electrons of oxygen. Table 1 shows
the space groups and lattice parameters of the three
phases of ZrOs.

2. COMPUTATIONAL METHODOLOGY

A meta-GGA functional in its original form includes
the Laplacian (the second derivative) of the electron
density. This is a natural development after the gene-
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Table 1 — Crystallographic phases of zirconium oxide at at-
mospheric pressure

Cubic Tetragonal [Monoclinic
phase phase phase
(c-Zr02) (t-ZrO32) (m-ZrO2)
Space Fm3m P42mme P2i/c
group
. a=5.150
L:E';;Ztersa=b=c= a=b=36 |b=5211
? ) =5.085 ¢=5179  |c=5.317
B=99.23°

ralized gradient approximation (GGA). That includes
only the density and its first derivative in the ex-
change-correlation potential. Actually, a meta-GGA
functional is referred more typically to one that in-
cludes a dependence on the kinetic energy density (7)
[14], instead of the Laplacian because it is numerical-
lymore stable. Available functionals of this type are
TPSS, tHCTH, VSXC and MO6L. In this paper, calcula-
tions are based on DFT, pseudopotential (PP) approxi-
mation and STO (Slater Type Orbital) as basic func-
tions, m-GGA (TPSS) is applied for the exchange-cor-
relation potential integrated in the ADF-BAND code.

In this context, this paper describes the charge den-
sity and the density of state (DOS) of monoclinic ZrOs
using meta-GGA DFT functional.

3. RESULTS AND DISCUSSION

The distribution of the valence charge density in a
crystal is an essential element of the electronic struc-
ture because it explains the character of chemical
bonds in the crystal. Iconicity which is associated with
the nature of chemical bonds in the crystal provides a
method to describe the properties of solids. The ionic
nature depends largely on the total valence charge
density. In general, the importance of the electronic
charge density and density of states (DOS) of a materi-
al lies in the fact that they allow us to analyze and
understand the nature of the bonds that are formed
between the different elements of this material.

The total DOS (density of states) and orbital pro-
jected DOS (partial DOS) for m-ZrO2 are shown in
Fig. 2-Fig. 6. The Brillouin band of ZrOz (dominated by
O 2s orbitals) is from — 18.3164 to — 15.8592 eV. The
valence band of ZrOz (dominated by O 2p and Zr 4d
orbitals) is from —5.34779 to 0eV. The conduction
band of ZrO: (dominated by Zr 4d orbitals) is higher
than 3.11 eV. The band gap of m-ZrOz is 3.11 eV for m-
GGA functional. It is smaller than the experimental
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Fig. 6 — Partial DOS for Zr-d

value of 5.42 eV [13, 15].

The valence charge density for various plane posi-
tions is shown in Fig. 7 (unit cell: 4 atoms of Zr and 8
atoms of O). The valence charge density is analyzed by
eliminating the core states. On the one hand, charge
density exists in the outer regions of Zr and O atoms,
and on the other hand, it is absent in the interstitial
regions. This variation is a characteristic of metallic
bonds.

The results of this work are in good agreement with
previous results calculated using different approxima-
tions [16-20].
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Fig. 7 — Charge density (in e/AS) for various plane positions

4. CONCLUSIONS

Zirconium oxide (ZrOg2) is an important compound
in modern technology and materials science. There are
different methods and approximations to analyze and
treat the electronic properties of ZrOz. In this paper,
charge density and density of states (DOS) for mono-
clinic ZrOz have been treated with first-principles den-
sity functional theory (DFT) using m-GGA (TPSS)
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I'yeruna 3apany ta rycruna cradie (DOS) mouoxksinaoro ZrQO: 3 BUKOpHUCTAHHAM

dyurnionany Meta-GGA DFT
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V (iaurii TBepmoro Tisia Ta disuill koHIEHCOBaHOI pevoBrHU ryctuHa cradie (DOS) BusHavae KiTbKICTH
€JIEKTPOHHUX CTaHIB, K1 MOXKYTb OyTH 3alHATI Ta MAOTh IIEBHY €HEepriio B po3ryisHyToMy Marepiaii. [l
BEJIMYNHY MOYKHA O0OYMCIIMTH, SKIIO BiJoMe IucIiepcitiHe cmiBBigHomeHHsa. DOS MoskHA po3paxyBaTH I
IIMPOKOr0 CIIEKTPY cucreM. ekl KBaHTOBI CHCTEMM MAIOTh CHUMETPII 3aBIAKH CBOIM KPUCTAJIYHIN CTPYK-
Typi, 1o crpourye podpaxyuok DOS. Baransua DOS e mapamerpoM, SKUI T03BOJIsA€ BUSHAYUTH BJIACTUBOCTI
€JIEKTPOHHOI IIPoBigHOCTI MaTepiany. J[JIg KO/KHOrO aToMa KPHCTAJly MU BH3Ha4aeMo paiiyc cdepu, Bcepe-
IHHI SIKOI IIPOEKTYEMO eJIEKTPOHHY I'YCTHHY Ha cepryHi rapMOHIKkH (TUnH 8, p, d, abo f). Yacrkosi DOS Bu-
KOPHUCTOBYIOTBCS I 1MeHTHUQIKAI] CTPYKTYpH XIMIYHHX 3B'I3KIB y Kpucrasi. JlocmimmxeHHa 3 mepImmx
mpuHIMIB ryctuau 3apsmy Ta DOS monormizzOro ZrO:2 (m-ZrOs2) Buronano 3a gomomoroio DFT (teopii dy-
HKIIOHAIY rycTuHr) 3 dyHKimonasom m-GGA (TPSS) myis 00MiHHO-KOpPEJISIIHOTO MOTEeHITiady, Hal0Iu-
skenns ncesponorenmiany (PP) ta STO (op6Girami tumy Cieifitepa) ik OCHOBHMX (DYHKIIIH, 1HTETPOBAHUX B
kox ADF-BAND. Oxcup mmprownio (ZrOg) e high-k giesexrpurom (k = 25 1 E; ~ 6 eB). ZrO2 e 6araToobiisio-
uum high-k mienexrpmunum kangumatoMm Ha 3aminy SiO: gk oxcumy 3atBopa B CMOS, ockinbku BiH m0e-
Hye 4yJI0Bl MEXaHIYHI, TEPMIUHI, XIMIYHI Ta JleJeKTPUIHI BJIACTHBOCTI.

Knrouosi cnoea: DFT, Mouormiaumuit ZrOz, Meta-GGA, Op6itami tumy Creitrepa (STO), ADF-BAND, SiOa.
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