Abstract

Thin oxides are used in devices as gate dielectrics. It has been proposed
that the current gate oxides be replaced with a high dielectric coefficient
oxide, such as ZrOs. In this paper the technique of calculating the
equilibrium concentration of point defects by ab initio methods will be
outlined. As proof of principle, the concentration of various zirconium
point defects in silicon will be calculated.
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1 Introduction

The metal insulator semiconductor field effect transistor (MOSFET),
as shown in figure 1, is extremely important to modern electronic ap-
plications. [1] Operation involves imposing a voltage across the gate
region, vgqe, that is sufficient to bend the electron bands of the semi-
conductor in the region near the semiconductor-insulator interface. If
Vgate 18 larger than the threshold voltage, vy, then the bands bend to
the point that the carrier concentration is inverted (the p-type semi-
conductor becomes n-type) and electrons can flow from the source to
the drain.! Operation of the gate requires that a critical capacitance
exists in the gate oxide so that sufficient charge can build up. The
capacitance of plate capacitors is expressed as, C' = %, where A is
plate area, ¢, is the permittivity of free space, K is the dielectric con-
stant of the insulating material, and t is the thickness of the insulating
material.
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Figure 1: Geometry of MOSFET transistor taken from reference [2].

The drive to miniaturize devices requires a reduction of the area of
the gate. To maintain the capacitance while reducing the area requires
that the thickness of the oxide be reduced. It has been discovered that
once this oxide layer, currently SiO,, becomes thinner than 0.8nm,

LCurrent flows from the drain to the source.



the tunnel current through the gate oxide will be sufficient to disrupt
operation of MOSFET devices by causing random fluctuations in the
vy, value. [3]

It has been proposed to replace the SiO, oxide with a higher dielec-
tric material such as Al,O3, TiO,, ZrOy, HfOy, AlyO3, Y503, LayO3. [4,
5] This would allow the area to be reduced and the capacitance to
be maintained without significantly thinning the oxide, thereby avoid-
ing the problem of tunneling. The proposed replacement oxides must
have sufficient dielectric coefficient, a low density of defect states at
the semiconductor-insulator interface, and be thermally stable. The
condition of thermal stability being defined as a low diffusivity of oxide
constituents outward and low diffusivity of metal and semiconductor
constituents inward, at reasonable temperatures.

A recent article by Quevedo-Lopez [5] investigated the diffusion of
hafnium and zirconium in silicon. The results of the study indicated
that Hf does not diffuse well into Si whereas Zr does diffuse under “ag-
gressive” thermal annealing. Some have suggested that the problem of
diffusion of Zr in Si can be solved by either the application of a diffusion
barrier [6] or by the creation of a Si/Si0y/ZrO, layered structure. [7]

Although it would be desirable to study the diffusion of these point
defect by ab initio methods, it is a sufficient first step to investigate
the concentration of defect atoms in bulk Si. Insight to the mechanism
of and barriers to diffusion can be gained by understanding the point
defects that exist under various conditions. In this paper the technique
used to study, via ab initio methods, the equilibrium concentrations of
point defects in elemental and compound semiconductors will be pre-
sented. As a proof of principle a sample calculation will be performed
to investigate the concentration of zirconium in silicon.

The Formalism section of this paper will highlight the technical
background necessary to perform the calculations. The Methods section
will discuss the methods used to study Zr in Si. In the Results section,
the results from the calculations will be presented.

2 Formalism

2.1 Thermodynamics

The concentration of a particular point defect in a solid is given by

the expression [D;] = CeFsT. G is the Gibb’s free energy, C is a
prefactor, kg is the Boltzmann constant and T is the temperature.
The Gibbs energy is G = Eform + SpormT where Egq,p, is the energy
of formation and Syey, is the entropy of formation. Sy, comes about
because of the local strain around a defect and has been shown to be
negligible compared to Efyrp. [8] The prefactor C is the number of sites



in the volume at which the defect can sit. [1, 9] Upon substitution, the
concentration of defects can be rewritten

_Eform

[DJ] = Nsitese kT (1)

2.2 Constitutive Equation

The energy of formation of a defect must be calculated relative to a
known reference state. The energy of the atomic constituents in isolated
reservoirs is used as the reference state. Below is a detailed demonstra-
tion of how to construct a constitutive equation to relate the defect
energy to the reference state.

2.2.1 Elemental Semiconductors

The constitutive equation for the generation of a vacancy in Si is

Eform = Etotal - nSiNS’i (2)

E/otar is the total energy of the system, n® is the number of Si atoms in
the system and ug; is the chemical potential of a reference reservoir of
crystalline silicon. Equation 2 gives the formation energy by subtract-
ing the reference energy of n®® Si in a perfect crystal from the total
energy of the defect system composed of n% Si and a vacancy.

2.2.2 Compound Semiconductors

The constitutive equation for compound semiconductors is somewhat
different than elemental semiconductors because the reference reser-
voir is taken as a reservoir of the stoichiometric compound. [8, 9, 10]
The chemical potentials of the components of the compound can vary
according to environmental considerations. [11] Taking GaAs as an ex-
ample, the chemical potentials of the components are fixed according
to

HGaAs = HGa + HAs (3)
To calculate the energy of formation of a vacancy on a site in GaAs,
the constitutive relation is

E form = Eiotar — nGaMGa - nASMAs (4)
Substituting equation 3 yields
Eform = Erotat — 1% piga — 1™ (HGass — HGa) (5)
which can be rearranged to
Ga _ %) (6)

As
Eform = Fiptar — M HGaAds — (TL
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The energy of formation is given relative to a perfect crystal of GaAs,
with n4* GaAs molecules. As mentioned above, the value of pg, can
vary according to environmental conditions and the value of p,, will
change according to equation 3.

The range of allowed values for pg, and p 4, is bracketed by forma-
tion of bulk Ga or As metals. When piga (uik) < Haa OF fas (butk) < Has
then the precipitation of elemental solids is preferred to the formation
of GaAs. Because the GaAs of the system is in equilibrium with bulk
GaAs, equation 3 can be rewritten.

PGa + [has = GaAs = [GaAs (bulk) = HGa (butk) + Has (putk) T Hf gans (7)

This relation? can be used to give the range for ug, to satisfy equation
6. One limit is given simply by piga = Maa (puik)- For the other limit
the value pa; = paspur) is substituted into the left hand side of 7
and results in pg, = pga + Hf Gaas- [10] The allowed range for g, is

(MG (putk) + Hf Gaas) < Haa < Haa (butk)-

2.3 Complex Defect: defect atoms and charged de-
fects

The addition of defect atoms can complicate the constitutive equation.
Mention of the defect atom must be included in the reference state.
For example, to place a single defect atom, say Zr, on a silicon lat-
tice site, equation 2 must be modified to include a term —1uz,. The
allowed range for pz, can be determined by a method similar to that
demonstrated in section 2.2.2. The allowed range for Zr is bracketed by
the formation of metallic Zr and the stoichiometric compound ZrSi,.
So iz, is bracketed by (tzr puik)y + Hy zrsis < Hzr < Hzr (buik))- 1D
the case that the defect atom is sitting in a compound semiconductor,
AB, the compounds A,Zr,, B;Zr,, and A;B,Zr, must be compared to
determine which phase brackets the allowed value for ;.

Charging of the defect is simulated by adding or subtracting elec-
trons from the supercell. The addition or removal of electrons is ac-
counted for by adding or subtracting the energy of electrons from a
reservoir of free electron gas. The chemical potential of a free elec-
tron gas is the fermi energy of the gas. The value of Ef.p; is not an
independent variable. The value is solved from the atomic system con-
figuration. It is noteworthy that a higher dopant concentration, such as
Zr donors, means a higher E¢.,,; and thereby a higher energy of forma-
tion of dopant atoms, and therefore a lower dopant concentration. This

2Unlike reference [10], in this paper the heat of formation is added to the con-
stituents instead of subtracted. This is done because the author choses to define
exothermic reactions, such as GaAs and ZrSiy (below), as having a negative heat
of formation.



negative feedback loop has the consequence that the concentration of
dopant defects is less sensitive to uncertainties in the formation energy
calculations. [11, 9]

The addition of charged defects complicates not only the consti-
tutive equation but also the ab initio calculations themselves. Most
modern day ab initio type calculations are based on pseudopotential-
density functional theory methods. [12, 13] The construction is based
on a momentum space formalism and the exchange-correlation energy
is approximated by the local density approximation. [14] Within these
methods it is known that there are two terms in the momentum space
formalism that mandate charge neutrality. In addition the local den-
sity approximation also requires a charge neutral cell. Van de Walle
explains in reference [15] the modifications to modern ab initio soft-
ware necessary to accurately calculate energies of charged supercells.
The details will not be presented here.

3 Method

As proof of principle a few sample calculations will be performed to
approximate the concentration of Zr point defects in Si.

The total energies are computed using the ultrasoft pseudopoten-
tial formalism embodied in the Vienna Ab-Initio Simulation Package
(VASP). [16, 17] The atoms will be allowed to relax into a minimum
energy configuration using a conjugate gradient method. The changes
discussed in reference [15] to allow for the calculation of charged defects
are non-trivial considering the time limitations for this project. Only
neutral defects will be examined.

It will be assumed that the ultrasoft pseudopotentials [18] provided
by VASP are sufficiently accurate for the atomic configurations in the
system. Periodic boundary conditions are employed and a basis of 64
Si atoms will used in the calculation. It will be assumed that a 64
atom basis will be sufficient in size to isolate the point defects through
the periodic boundaries. [15] Sampling of k-space will be performed by
a Monkhorst-Pack scheme [19] and it will be assumed that a mesh of
2x2x2 k-points will be sufficient to accurately determine the energy of
the system. [15] For a more definitive calculation, these conditions can
not be assumed but must be determined by convergence tests.

The constitutive relation used for Zr neutral substitutional and in-
terstitial defects are given in 8 and 9 and the range for pgz, is give in
10
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Eform sub — Etotal - 63/«”51 - 1,qu
Eform inter = Etotal — 64,“!5'2 - 1,UJZT'
(Kzr (butk) + Hy zrsiy) < thzr < zr (buik) (1
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4 Results

In the table below are listed the parameters used in the calculation and
the results.

| Parameter | Value | Source |
Acublic 5.387(107 %) m calculated
s -5.971 eV /atom calculated
K Zr (bulk) -9.362 eV /atom calculated
Hy zrsi, | -12.7 keal/mol=-0.551eV /molicule | reference [20]
Nubstitution 8/&325.12(1022)(;11173
Nietrahedral 4/a3=2.56(1022)cm’3
Noctah,edral 3/33:1.92(1022)0111_3
Eiotat sub -382.684eV calculated
Eiotal tet -389.894eV calculated
Eiotal oct -389.896eV calculated
Efsub ‘6-51‘,U'Zr
Efter -7.75-pizr
Ef oct '7-752',U'Z7'

The energy to form a substitutional Zr point defects is approxi-
mately 2.8eV and the energy to form interstitial defects is 1.6eV. The
error of energies calculated by VASP is on the order of 1(1072). Ignoring
the possible error introduced by the assumptions, one can approximate
the error of these E; energies to be 0.6eV.

These results are of a believable magnitude although one may expect
slightly higher E; values. Maroudas and Brown calculated, via EAM
potential, the energy of formation for silicon vacancy, self-substitution,
and self-interstitial,; defects to be 2.66eV, 3.09eV, and 4.84eV respec-
tively. [21] Within the present context there is insufficient information
to explain why the calculated energy of formation for Zr substitutional
defects is lower than Maroudas’s energy of formation for vacancies. A
more detailed investigation should yield clues to determining if there is
a failure in one of the assumptions from section 3 or if this discrepancy
in results is indicative of the short comings of EAM methods.

From the results above the equilibrium concentrations of Zr point
defects are plotted in figures 2. From the Arrhenius plot, it is apparent
that in the Zr rich limit (412, = £z, (buir)) the concentration of defects
is slightly higher. At low temperatures the number of interstitial de-
fects dominates the overall number of Zr defects, but this difference
in concentration decreases with increasing temperature. A cross-over
in concentration occurs at around 5000K, a temperature much higher
than the melting point of silicon. It is therefore expected that for all
temperatures the concentration of Zr interstitials will be greater than
that of substitutional Zr.



Concentration of Defects

Figure 2: The concentration of zirconium substitutional and interstitial
defects in silicon as a function of temperature for Zr rich and Zr poor
environments.
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