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The band-gap width of the nanometer-thick silicon dioxide
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The band gap dependence on thickness dS of ultrathin silicon dioxide films has been studied using the Projection

Augmented Wave method within the Density Functional Theory. It is shown that the value of EgS for ultrathin

silicon dioxide films is less than its values for bulk crystals and increases with increasing thickness. For this,

parameters of the band structure of the silicon dioxide tetragonal modification (stishovite) were calculated for the

film thicknesses ranging from the thinnest-oxide thickness of 0.3 nm to 3.68 nm. It was found that the condition

for minimizing leakage currents requires additional analysis since it is not satisfied for all thicknesses of oxide

dielectrics.
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The most promising electronic devices made from silicon

are field-effect transistors [1–4]. A serious parasitic effect

in such transistors is tunneling current between the channel

and gate, which causes charge leakage. In [3] it is shown

that leakage currents sometimes amount up to 1A at the

voltage of 1V. To suppress parasitic currents, authors of [5,6]
proposed to form between the substrate and high-dielectric-

permittivity oxide (the so-called high-K dielectric which

may be one of the transition-metal oxides: HfO2, ZrO2, etc.)
an ultrathin SiO2 layer which would not only serve as a part

of the sub-barrier layer but also prevent leakage currents. As

the results of [6,7] show, minimization of leakage currents

implies fulfillment of inequality ξ > EgS − EgE − ξ (ξ > 0),
where EgS and EgH are the band-gap widths of SiO2

and high-K dielectric, respectively, while ξ represents the

conduction band discontinuity at the HfO2/SiO2 interface.

In view of the fact that the silicon dioxide band structure

depends, among other things, on the SiO2 thickness [8],
in this work the dependence of the silicon dioxide band-

gap width EgS on its film thickness dS was considered;

in addition, analysis of conditions for minimizing leakage

currents was performed based on numerical calculations of

the electronic structure of ultrathin SiO2 films.

When silicon dioxide is used jointly with a high-K

dielectric, the potential barrier of the tunneling contact

under consideration consists of two thin layers (as shown

in Fig. 1 as per [5]): a film of silicon dioxide and a film

of high-K dielectric; each of them has its own thickness

and band-gap width (dS and EgS for silicon dioxide, dH and

EgH for the high-K dielectric), EFm represents the metallic

electrode Fermi level, EC and EV are the silicon band gap

boundaries. In this case, silicon dioxide thickness dS reaches

ultralow values. Due to great interest shown by researchers

in such tunneling systems, the band structure parameters of

SiO2, HfO2, ZrO2 and other high-K dielectrics are at present

well-studied both theoretically and experimentally [1–4]. It

has been established that EgS (the SiO2 band-gap width)

is 9.0 eV with the admissible shift of the conduction band

bottom 1gS = ±3.2 eV [3], which exceeds the bandgap

widths of HfO2 and ZrO2 each having EgH of 5.8 eV with

the admissible band shifts of 1.4 and 1.5 eV, respectively.

Authors of most studies associate shift 1gS with peculiar

spatial features of different SiO2 crystal lattice types, namely,

with the existence of different modifications of the silicon

dioxide unit cells: tetragonal, trigonal, hexagonal, cubic,

etc. [9,10]. However, modeling of even an ultrathin

dielectric SiO2 layer is typically performed by researchers

based on calculations of EgS and other band-structure

parameters obtained for bulk crystals without accounting
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Figure 1. Energy band diagram of a double-layer tunneling

barrier.
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for their dependence on the film thickness. Therefore,

let us calculate the band-structure parameters for different

thicknesses (from 0.3 to 3.68 nm) of the films of silicon

dioxide in the stishovite modification.

The calculations will be performed in the framework

of the Density Functional Theory by the Projection Aug-

mented Wave method (PAW) [11] using program code

VASP (Vienna ab initio simulation package). For the

exchange-correlation potential, use the Generalized Gradient

Approximation (GGA) in the form proposed in [12].
As pseudopotentials, standard pseudopotentials VASP are

taken. In calculation, the partition number in integrating

over the irreducible part of the Brillouin zone was chosen

equal to 22. Self-consistent calculations provided optimized

positions of all atoms and total energy of the system;

then the compound band structure, density of electronic

states, etc., were calculated. During optimization, there was

imposed a requirement that the forces acting upon the atoms

be lower than 1 eV/nm. The obtained results will be refined

by additional calculations using Green functions (GW) [13].
Fig. 2 presents the EgS dependence on dS for the

modification with the tetragonal lattice cell (stishovite)
having a closer packing than other modifications due to that

in this case there are six instead of four oxygen atoms per

silicon atom.

Analysis of the presented calculations showed that the

band-gap width for ultrathin films with thickness dS of 0.3

to 0.8 nm increases from 4.95 to 5.71 eV which is beyond

the limits of admissible shift 1gS and is significantly lower

than EgS of bulk SiO2 crystals. The EgS value increases

with increasing thickness from 5.71 eV and reaches 8.05 eV

at dS = 3.68 nm tending to the band-gap width of the

stishovite bulk crystal which amounts to 8.11 eV.

Now, calculate band-gap width EgH . As the high-K

dielectric, consider hafnium oxide in the bulk-crystal ap-

proximation. The calculation results are shown in Fig. 3.

According to them, EgH for the monoclinic modification of

the crystal is 5.79 eV. Comparing EgS values for different

dS, nm
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Figure 2. Band-gap width versus film thickness for SiO2 with the

tetragonal cell (stishovite).
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Figure 3. Density of electronic states (DOS) of the bulk HfO2

crystal.

Calculations of silicon dioxide EgS at different dS

dS , nm EgS , eV dS , nm EgS , eV

0.3 4.95 1.79 6.9

0.57 5.4 1.91 7.0

0.71 5.71 2.06 7.19

0.84 5.95 2.28 7.28

0.97 6.25 2.59 7.52

1.11 6.44 2.82 7.66

1.24 6.56 3.13 7.78

1.37 6.67 3.4 7.87

1.51 6.8 3.68 8.05

1.64 6.78

thicknesses of SiO2 and EgH for bulk HfO2, we can see that

the above-mentioned condition for leakage minimization can

be satisfied for films of silicon dioxide in the stishovite

modification below 0.8 nm in thickness. Indeed, as the

Table shows, difference 1ϕ = EgS − 5.79 eV that is negative

for SiO2 films below 0.8 nm thick becomes positive at

dS = 0.84 nm and then increases with increasing dS and

almost reaches bulk-crystal 1ϕ values at dS = 3.68 nm.

Most likely, in the case of ultralow thicknesses this

minimization condition becomes totally irrelevant and needs

revision. Thus, in view of a considerable decrease in band-

gap width EgS with decreasing dS, the use of ultralow films

of oxide dielectrics needs correction of some approaches to

studying properties of nanomaterial-containing systems.

Conflict of interests

The authors declare that they have no conflict of interests.

References

[1] G.D. Wilk, R.W. Wallace, J.M. Anthony, J. Appl. Phys., 89,

5243 (2001). DOI: 10.1063/1.1361065

2∗ Technical Physics Letters, 2023, Vol. 49, No. 8



20 T.A. Khachaturova, V.G. But’ko, A.A. Gusev

[2] A.I. Kingon, J.P. Maria, S.K. Streiffer, Nature, 406, 1032

(2000). DOI: 10.1038/35023243
[3] J. Robertson, R.W. Wallace, Mater. Sci. Eng. R, 88, 1 (2015).

DOI: 10.1016/j.mser.2014.11.001

[4] T.V. Perevalov, V.A. Gritsenko, Phys. Usp., 53, 561 (2010).
DOI: 10.3367/UFNe.0180.201006b.0587.

[5] M.I. Vexler, I.V. Grekhov, Semiconductors, 50, 671 (2016).
DOI: 10.1134/S1063782616050249.

[6] M.I. Vexler, Tech. Phys. Lett., 41, 863 (2015).
DOI: 10.1134/S1063785015090102.

[7] R.K. Chanana, IOSR J. Appl. Phys., 6 (4), 55 (2014).
www.iosrjournals.org

[8] T.A. Khachaturova, V.G. But’ko, A.A. Gusev, JETP Lett., 115,

41 (2022). DOI: 10.1134/S0021364022010106.
[9] D.L. Griscom, J. Non-Cryst. Solids, 24, 155 (1977).

DOI: 10.1016/0022-3093(77)90046-1
[10] Y.P. Li, W.Y. Ching, Phys. Rev. B, 31, 2172 (1985).

DOI: 10.1103/PhysRevB.31.2172

[11] G. Kresse, J. Hafner, Phys. Rev. B, 48, 13115 (1993).
DOI: 10.1103/PhysRevB.48.13115

[12] J.P. Perdew, S. Burke, M. Ernzerhof, Phys. Rev. Lett., 77, 3865

(1996). DOI: 10.1103/PhysRevLett.77.3865
[13] M. Shishkin, G. Kreese, Phys. Rev. B, 75, 235102 (2007).

DOI: 10.1103/PhysRevB.75.235102

Translated by Solonitsyna Anna

Technical Physics Letters, 2023, Vol. 49, No. 8


