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Solid-state physics is the study of the fundamental properties of solid, crystalline or amorphous mate-
rials, energy bands (band structures or electronic band structures) of solids, it explains the range of energy
levels that electrons may have inside it, and the range of energy levels that they may not have. In general,
these electrons have the possibility to take that energy values within certain ranges, which are separated
by forbidden energy bands (named band gaps). This approach leads to the discussion of band theory. Band
theory derives these bands and band gaps by studying the authorized quantum mechanical wave functions
for an electron in a large, periodic lattice of atoms or molecules. The band theory has been successfully uti-
lized to describe many physical properties of solids and forms the basis of comprehension of all solid-state
devices (transistors, diodes, solar cells, etc.). In this work, the electronic proprieties (band structures, par-
tial and total density of states (DOS), charge density) of a-Al20s are calculated using ADF-BAND program.
The calculations are based on the density functional theory (DFT), pseudopotential approximation and
Slater Type Orbital (STO) as basic functions, with local density approximation (LDA) and generalized gra-
dient approximation (GGA). a-Al20s is a high-% dielectric and has excellent properties (dielectric constant
k ~ 10 and direct band gap E; = 8.8 eV). Al:03, HfO2 and ZrO: are the promising high-£ dielectric candi-
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dates to replace SiOz as the gate dielectric material in MOS transistors.
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1. INTRODUCTION

For many years, SiO2 has been used as a gate insu-
lator in CMOS structures; this is what made possible
the accelerated and advanced development of the mi-
croelectronic industry. But when it decreases its thick-
ness below a certain value [1, 2], many problems arise
[3, 4]. To overcome this problem, it is envisaged to re-
place the gate dielectric (5i02) with a higher permittiv-
ity dielectric [56]. Many materials are currently studied
to replace SiOg, the main ones are: Al203 [6-8], La203
[9], TiOz [10], HfOz2 [11], ZrOz2 [10], and Y203 [12].

Alumina belongs to the group of large gap metal in-
sulating oxides. Aluminum oxide (Al20s3) is one of the
most used ceramic materials and has excellent proper-
ties (dielectric constant &k~ 10, band gap FE¢= 8.8 ¢eV)
for replacing SiOs [13]. Its excellent dielectric and
thermal properties make it the material of choice for a
wide range of applications (structural, electronic, and
optical devices). It can also be used as an insulating
barrier in Josephson diodes [14]. It exists in several
crystalline a, 7, K, 4, , 6, and y phases; the hexagonal «
phase (a-Al203 (corundum)) is the most stable at high
temperatures; y, k, 4, 77, 6, and y alumina are metasta-
ble or transition phases. The transition alumina ap-
pears as an intermediate phase in the transformation,
which tends towards a crystallization of alumina in the
a phase. Each of the polymorphs is observed in a cer-
tain temperature range. Thus, during the dehydration
of aluminum hydroxides, except for the case of the
a-AlO(OH) diaspore, we can see a succession of poly-
morphs, as shown in Fig. 1.
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Fig. 1 - Sequence of dehydration and transformation of alu-
mina from aluminum hydroxides

2. COMPUTATIONAL METHOD

In this paper, calculations of the electronic proper-
ties of a-Al2O3 are based on a self-consistent cyclic
solution of the Kohn-Sham equations in the framework
of the density functional theory (DFT), pseudopotential
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approximation and Slater Type Orbital (STO) as basic
functions, with different exchange-correlation poten-
tials: the local density approximation (LDA) and the
generalized gradient approximation (GGA), integrated
in the ADF-BAND code. The a-Al203 unit cell can be
determined as hexagonal or rhombohedral (two molecu-
lar units), i.e., the number of O and Al atoms in the
lattice is six and four (10 atoms), respectively. It can be
more easily described with a trigonal unit cell, i.e., a
hexagonal crystal system, composed of thirty atoms (six
molecular units) (Fig. 2). The trigonal crystal system is
described by the space group R-3c, lattice parameters
(a=b, ¢) and two internal parameters xo and za; relat-
ing to the position of oxygen and aluminum.
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Fig. 2 — Structure of a-Al2Os

The solution of the Kohn and Sham equations in the

ADF-BAND code is executed in two steps.

+ Initialization and the self-consistent cycle. Initiali-
zation is a series of programs that generate input
files for the purpose of defining a starting density,
which is used in the self-consistent cycle to deter-
mine the potential and thus to solve the Schréding-
er equation which gives the proper values and prop-
er functions.

* This cycle is repeated until convergence is reached.

3. RESULTS AND DISCUSSION

The energy bands give the possible energies of an
electron according to the wave vector. These bands are
thus represented in reciprocal space, and for simplicity,
only the directions of higher symmetries in the first
Brillouin zone are treated. Fig. 3 shows the coordinates
of high-symmetry points in the Brillouin zone of a-
Al20s.

Fig. 4 and Fig. 5 show the band structures of o-
Al203 for LDA and GGA, respectively. The energy level
at 0 eV indicates the Fermi level (top of the valence
band).

The top of the valence band and the bottom of the
conduction band are located at I' (direct gap). The di-
rect band gaps calculated by GGA and LDA for a-Al2O3
are 7 eV and 6.8 eV, respectively. Our calculated value
is very close to the experimental one (8.8 eV) [15]. The
top of the valence band is very flat, indicating a very
large effective hole mass. The conduction bands present
a large curvature at the I point, indicating a good
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Fig. 3 — Brillouin zones of «-Al:Os. Coordinates of high-
symmetry points in the Brillouin zone are: I" (0, 0, 0), A (0.5,
0.5, 0.5), M (0.63, 0.63, 0.23), U (- 0.37, 0.23, —0.37), L (0.37,
0.77, 0.37), K (0.37, 0.37, — 0.23), H (0.5, 0.77, 0.23), B (0.23,
0.5, — 0.23)
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Fig. 4 — Band structure obtained by LDA

= —— e ——
_— - —
10 — 5“ Ef iﬁ
z o
70" T
2 :z*‘EgE%;gE
107 GGA
P e S ————

| | | I | | ] | I I
A MU L T MK I A H B

Fig. 5 — Band structure obtained by GGA

mobility of electrons if they only could be excited across
the wide band gap.

Fig. 6 and Fig. 7 show the total density of states
(DOS) of a-Al203 for LDA and GGA, respectively. The
top of the valence band includes 2p orbitals of oxygen
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and 2p orbitals of aluminum. The bottom of the conduc-
tion band includes 2p orbitals of oxygen, 3s and 3p
orbitals of aluminum. The 2s orbitals of oxygen and 2s
orbitals of aluminum make the core states.
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Fig. 6 — Total DOS obtained by LDA
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Fig. 7 — Total DOS obtained by GGA

Fig. 8 shows the charge density of a-Al203 for LDA
and GGA, respectively. The valence charge density is
treated by neglecting the core states. It is described as
having O2 anions arranged in a compact hexagonal
manner with Al3* cations, in order to have the highest
possible density.

The results in this paper are in good agreement
with other theoretically calculated values [16-20].

4. CONCLUSIONS

In this work, the electronic properties of a-Al2Os3
have been analyzed and examined using the density
functional theory (DFT), pseudopotential and Slater
Type Orbital (STO) as basic functions implemented in
ADF-BAND program. For that, the band structure,
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@DiszwKa TBEPAOro Tijla BHBYAE (PyHIAMEHTAJIbHI BJIACTHBOCTI TBEPIAUX, KPHUCTAJIYHUX a00 aMopdHUX
MAaTepiasiB, eHePreTUYHUX 30H (30HHUX CTPYKTYP a00 eJeKTPOHHUX 30HHHUX CTPYKTYpP) TBepaux Tiji. BoHa
MOSICHIOE TIaIla30H PIBHIB €Hepril, AKi eJISKTPOHU MOKYTh MATH BCEPEOUHI, 1 Jiala3oH eHepreTHYHUX PiB-
HIB, IKUX BOHHU MOKYTH He MAaTH. 3arajioM, IIi eJIeKTPOHU MATh MOKJIUBICTH IPUIMATH 3HAYEHHS eHeprii
B IIEBHUX J1allIa30HAX, AKI PO3OiJIeH] 3a00pOHEHUMH eHepreTUYHUMU 30Hamu. Llei miaxim Beme 10 00roBo-
PeHHsI 30HHOI Teopii. 30HHA Teopis OTPUMYye Il CMyTH 1 3a00pOHEH]I 30HM IIJIAXOM BUBYEHHS T03BOJIEHUX
KBAHTOBO-MEXaHIYHUX XBUJIBOBUX (DYHKIIIH /IS €JIEKTPOHA ¥ BEJIMKIHN IIeploJUYHIM penriTiii aToMiB abo Mo-
JeryJr. 30HHA Teopis Oysa YCIIIIHO BUKOPUCTAHA IS OIICY 0ararbox (hi3MUHUX BIACTUBOCTEH TBEPIUX TLII
1 € OCHOBOIO JIJISI PO3YMIHHS BCIX TBEPIAOTLIHLHUX IIPUCTPOIB (TPAH3UCTOPIB, T10/IB, COHAIHUX €JIEMEHTIB, TO-
o). ¥ pobori 3a momomoror mporpamu ADF-BAND pospaxosano esiekrporHi BiaactuBocTi a-Al:Os (3oHHA
CTPYKTypa, 4acTKoBa Ta 3araibHa ryctuHa cradis (DOS), ryctuna sapsany). PospaxyHku rpyHTyOTBCS HA
Teopii dyuritionany rycruau (DFT), Habnuxenni mcesnonoTenitiany ta opbirani Tummy Ciretitepa (STO) s
0a30BUX (QYHKITIAX 3 HAOIMKEHHAM JIOKaIbHOI mitbHocTi (LDA) Ta HabimskeHHSM y3araJbHEHOTo rpajIieH-
ta (GGA). a-Al:0s e high-k mgiesexTpukom i Mae 4ym0Bl BJIACTHBOCTI (JieleKTpUYHA MIPOHUKHICTE k ~ 10 1
npsma 3abopoHeHa 3oHa g~ 8.8 eB). Al:Os, HfO: Ta ZrO: e GaraToobiusounmu high-k miemexrpuasHumu
raugugaramu Ha 3aminy SiO: sk maTepiany 3aTBopa B MOS-Tpansucropax.

Knrwouogi ciosa: DFT, a-Al:Os, LDA, GGA, Op6irami tumny Cietirepa (STO), ADF-BAND, SiOs.
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