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Abstract Recently, an advanced model for defects in the
insulating regions of semiconductor devices has been sug-
gested, which can explain the removable component of the
negative bias temperature instability (NBTI) and recover-
able random telegraph/flicker noise. We give a brief intro-
duction to the atomic scale physics behind the model and
show how model parameters can be extracted from density
functional theory (DFT) calculations. The central link be-
tween DFT calculations and device simulation is the carrier
energy dependent part of the capture cross section, the line
shape function. Calculations of the line shape functions of
model defect structures using a simple harmonic approxi-
mation are presented. The calculations show a considerable
shift in the oscillator frequency upon charge state transitions
for the defects investigated.

Keywords Oxide defects - DFT - NBTI - RTS - Line shape
function

1 Introduction

Point defects in solids have been in the focus of scientific
interest due to their large influence on the macroscopic me-
chanical, electrical, and optical properties of the host ma-
terial, starting from the very beginnings of solid state the-
ory. In semiconductor device modeling, defects are primar-
ily considered as recombination centers and described using
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the Shockley-Read-Hall (SRH) theory [1], which character-
izes a defect via the capture cross section o and the trap
level ET.

Within insulating layers, such as depletion regions or di-
electrics, the major influence of defect sites on the charge
carrier gas in adjacent conducting regions is through elec-
trostatic interaction rather than recombination. Capacitive
methods, such as deep-level transient spectroscopy (DLTS)
[2, 3], as well as random telegraph signals (RTS) in the drain
current of appropriately biased small-scale MOS transistors
[4] have been used to study in detail the charging and dis-
charging dynamics of defect centers in insulating layers, re-
vealing a very complex behavior that requires modeling to
go beyond the SRH description [4-6].

Recently, it has been proposed that the recoverable com-
ponent of the negative bias temperature instability (NBTI)
in MOSFETSs is caused by trapping of carriers at point de-
fects within the gate oxide [7]. The very same defects were
indicated to also cause flicker (1/f) noise [8§—10], which is
(at least partly) attributed to a superposition of a multitude
of RTS signatures in large-area devices. A study of the re-
sponse of small scale devices to NBT stress led to the devel-
opment of the time dependent defect spectroscopy (TDDS),
which made a detailed investigation of the charging and dis-
charging of single defects possible [11]. The results of these
and other experiments stimulated the development of an ad-
vanced defect model applicable to the case of NBT degrada-
tion as well as RTS and 1/f noise.

2 Defect model
2.1 A detailed view of oxide defects

To understand the complex behavior of trapping centers it
is necessary to consider the thermal motion of their atoms.
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Fig. 1 States of the defect in our model for NBTI. The defect can exist
in two different structural states, where each again can be either neutral
or positively charged
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Fig. 2 The metastable states in the model are the minima of the total
energy surfaces of the defect structure in its neutral (dashed lines) and
positive (solid lines) states. The effects of stress and different reservoir
energies are indicated [11]

These random vibrations influence the trapping dynamics
[3] and give rise to chemical reactions, e.g. structural re-
organization or particle exchange with other defects, at the
defect site [7, 11, 12]. In our model, the different electri-
cal and structural configurations of the defect are treated
as (meta-)stable states, as shown in Fig. 1. The descrip-
tion of the interplay of electronic and vibrational degrees
of freedom comes in the form of potential energy surfaces
(see Fig. 2) which are a direct consequence of the Born-
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Oppenheimer approximation. The potential energy surface
E,(q) corresponding to a certain electronic state o assigns
a total energy (i.e. the energy including all ionic and elec-
tronic interactions) to each atomic configuration g. The con-
figuration g consists of all the positions of atoms associated
with the defect. In our model, the defect is assumed to have
two relevant potential energy surfaces, corresponding to the
neutral and the positive state of the defect. Figure 2 shows
the gradual change of the total energies as the system moves
in configuration space and the resulting energetic minima
which give rise to the metastable states of the defect (de-
noted 1, 1/, 2, and 2’). The coordinate g follows the path
of minimum energy between two minima in configuration
space and is sometimes called reaction coordinate. The tran-
sition between the metastable states occurs by thermal exci-
tation over the separating barriers. The barriers for transi-
tions between the charge states are defined by the crossing
of the potential energy surfaces in the classical limit.

The electrons in the gate and the semiconductor bulk are
considered as a reservoir with Es. The total energy involv-
ing the defect and the rest of the device becomes

Et—:’)_t/0 = E+/O(Q) + Eres, Eres = ZniEiv @))]

1

where i runs over all reservoir states, and n; and E; are the
occupation of reservoir state i and its energy, respectively.
For a neutral-to-positive transition, where an electron from
the defect is moved to the nth reservoir state, the occupation
in the reservoir state E, is raised by one, so the difference
between the energy in the neutral and the positive state be-
comes

Etot,+ - Etot,O = E+ - EO + En. (2)

The consequence of (2) is that the relative position of the to-
tal energy surfaces becomes dependent on the reservoir state
involved in the transition between them. Each additional
reservoir state provides an additional option for the system
to change the charge state of the defect, as indicated in Fig. 2
by the two solid lines representing the silicon conduction
and valence level, respectively. In a real device, there will
be a more or less broad spectrum of reservoir states.

2.2 Bias dependence

The effect of gate bias on the trapping process in the limit
of a nearly uncharged oxide can be estimated by a simple
model [13]. When the defect is approximated as an object
of zero spatial extension and the reservoir states are ap-
proximated as localized at the oxide/semiconductor or ox-
ide/metal interface, an electric field F in the oxide induces
an additional potential difference that an electron experi-
ences when traveling between the defect and the reservoir.



J Comput Electron (2010) 9: 135-140

137

Fig. 3 Optimized defect
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The magnitude of this potential difference is egx F', where
eo is the elementary charge and x is the effective distance
between the defect and the interface. This adds to the differ-
ence between the neutral and positively charged defect state,
as indicated in Fig. 2 by the dashed lines. This estimation is
of course only qualitative. When considering real devices,
the reservoir energies with respect to the defect have to be
taken from a self-consistent calculation.

2.3 Degradation and recovery

In our model, the defect is initially in state 1, which is elec-
trically neutral. During normal device operation, the defect
will remain there due to the large energetic barriers separat-
ing state 1 from all other states. When large negative bias
is applied, the relative shift of the neutral potential energy
surface to the positive ones changes as indicated in Fig. 2,
resulting in a decrease of the transition barrier for hole cap-
ture from the silicon valence band. After the transition to
the positive state (1 — 2’), the defect undergoes structural
relaxation and moves to state 2 by overcoming a small en-
ergetic barrier. In its new (secondary) structural configura-
tion, even after the bias is removed, the defect can change
its charge state much easier, due to the smaller barriers for
interaction with the silicon. From the neutral secondary state
1’, the defect can return to the initial configuration by again
overcoming a thermal barrier.

In electrical measurements one observes a large ensemble
of the described defects and, due to the amorphous nature of
the gate oxide, every defect moves on a different energetic
landscape. This means that all the state energies and bar-
rier energies are statistically distributed and thus each defect
shows a different transient behavior. The superposition of
a large number of defects changing their state from 1 to 2,
e.g. due to electrical stress, is observed as a degradation of
the device characteristics, as the charge carriers in the sili-

con substrate are influenced by the electric field of the de-
fects. Similarly, if an increased number of defects undergo
the transition 1’ — 1, a recovery of device characteristics
will be observed macroscopically.

3 Charge transitions from DFT

The potential energy surfaces can be directly calculated
from DFT for a given bulk defect structure. In those calcula-
tions the number of electrons in the system can be manually
adjusted, which makes the computation of different charge
states possible. To build on a sound foundation, we selected
well studied defect structures for our calculations: the oxy-
gen vacancy and the hydrogen bridge. As shown in Fig. 3,
both defects have a primary as well as a secondary configu-
ration. The oxygen vacancy has been proposed to be relevant
for several observed effects, such as radiation damage [14]
or flicker noise [15]. The hydrogen bridge has been proposed
as the defect causing stress-induced leakage current (SILC)
[12, 16]. We use alpha quartz as a host structure, since it is a
well-studied reference for amorphous silica [12, 17, 18]. We
calculated the properties of the defect models, focussing on
the charge state transitions 1 <> 2’ and 2 <> 1’ (see Fig. 1).
The calculations were performed using the Vienna ab initio
simulation program (VASP) [19, 20]. The host structure su-
percell contains 72 atoms, the wave functions are expanded
in a plane-wave basis set up to 800 eV. The k-space is sam-
pled at the I"'-point. The core electrons are treated using the
projector augmented wave (PAW) method, the PAW para-
meters are taken from the VASP PAW database.

In our model, charge transitions are treated using non-
radiative multi phonon (NMP) transition theory, which has
been used by several authors for the description of defects
in semiconductors [3, 5, 13]. In NMP transitions the non-
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radiative capture cross section from an initial electronic state
1 to a final state f is expressed as

oif = Ajf f, 3)

where Ajr depends only on the electronic degrees of free-
dom, and f describes the vibrational influence.

Ajr contains the electronic matrix element of the initial
and the final state [3, 7, 21]. This matrix element includes
the electronic wave functions of the reservoir states, thus
it cannot be obtained from an atomistic bulk defect calcu-
lation. Instead, this quantity has to be estimated during a
device simulation [5, 7, 22]. Useful estimates can be taken
from classical (e.g. drift-diffusion) device simulations by ap-
proximating the electronic matrix element with a tunnelling
term (e.g. WKB).

The line shape function f in its most general form is
based on overlaps of the different vibrational wave func-
tions corresponding to the initial and the final electronic
state [23]. It reads

f=avg Y [l |*8 (Ey; — Enp). @)

Ui ne

n; denotes the initial vibrational wave functions and ny the
final ones. The transition probability from a certain #n; to a
nr is determined by the overlap of the two vibrational wave
functions times the Dirac peak, which represents the conser-
vation of energy. Prior to the transition, the system will be
in thermal equilibrium, so the probability of finding the sys-
tem in a certain vibrational state »; is determined by thermal
statistics, expressed by the thermal average over the initial
states.

The vibrational wave functions and their associated ener-
gies are determined by the potential energy surfaces of the
initial and final state of the electronic system, which are the
neutral and the positively charged defect in our case. The
energies, and in consequence the line shape function, fol-
low the dependence of the potential energy surfaces on the
reservoir and the bias. In consequence, the line shape func-
tion can be interpreted as the carrier-energy dependent part
of the capture cross section for transitions sharing the same
electronic matrix element.

In principle, as long as non-adiabatic effects do not play
a role, one would have to take the 3N-dimensional (where
N is the number of atoms) potential energy surface from
DFT and solve the Schrédinger equation for the nuclei. As
this is not feasible, it is necessary to reduce the complex-
ity of the problem by making approximations. We have pro-
posed a simple method to extract approximated vibrational
wave functions from DFT calculations [21], relying on the
assumptions of single mode coupling and parabolic poten-
tial energy surfaces. This method was applied to the study
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of defect models in relation to our model for NBTI. The ex-
pressions for the neutral and positive defect read

2

Mw,
Eo(q) = Toqz,

2
Ma)+
2

Ei(q)= (@ —q9)* + Es. (5)
The parameters M, wy, w+, Eg, and gs are extracted from
DFT calculations in the neutral and positive state at the neu-
tral and positive optimum configurations, as indicated in
Fig. 4. As the potential energies for both electronic states
are assumed to be parabolic, the corresponding vibrational
wave functions are harmonic oscillator wave functions. The
overlap integral becomes

(nelni) = (@4, m|wo, n), (6)

where |w, i) is the i-th eigenvector of the harmonic oscil-
lator of frequency w. Several analytic expressions for this
integral can be found in literature, e.g. [24] and [25]. Nu-
merical evaluation of these expressions, however, becomes
problematic for high quantum numbers (>100) using finite
precision floating point arithmetics, therefore we calculated
the overlap integrals using numerical integration of the prod-
ucts of the analytic expressions for the harmonic oscillator
wave functions.

4 Results

The employed defect structures are shown in Fig. 3. The
structures were relaxed until the forces were below
10-2 eV/A. We compared the structural parameters with
[12] and found excellent agreement for all states.

Figure 4 shows the extracted potential energy surfaces
for a reservoir state in the silicon valence band. One can
estimate the activation barrier for the charge state transition
in the classical limit from the intersection of the parabolas.
A general feature of the extracted potentials is the difference
in oscillator frequency between the neutral and the positive
state. This is an important finding, as the expressions that are
usually used to fit experimental data are derived assuming
linear coupling modes, i.e. w4+ = wyp.

It can be seen that in the primary (dimer) state, the oxy-
gen vacancy has to overcome a large thermal barrier to cap-
ture a hole from the silicon valence band, while in the sec-
ondary (puckered) state, charging and discharging via the
silicon valence level is predicted to require much less ther-
mal excitation. This is in qualitative agreement with what
we would expect for an NBTI defect. However, the initial
hole capture barrier of 2.7 eV appears too large when com-
pared to experimental observations. The hydrogen bridge on
the other hand shows a very small transition barrier for the
initial hole capture and is even predicted to be more stable
in the positive state when the electron Fermi level is near the
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silicon valence band, which is also in contradiction to our
experimental findings.

The line-shape functions for all transitions are shown in
Fig. 5. The plain solution of (4) is a series of weighted Dirac
impulses. To account for the non-orthogonality of the se-
lected coupling mode, life-time broadening [3] has been in-
troduced in an empirical manner by smearing of these im-
pulses with a normal distribution of standard deviation kg7 .

One can again see a striking difference in the charge cap-
ture behavior of the different states of the oxygen vacancy,
while this difference is much less pronounced for the hydro-
gen bridge. Again, the position of the line shape function
maximum of the oxygen vacancy for the initial hole capture
(dimer 0/+) is problematic for the explanation of NBTL
The extracted line shape functions will be used in device
simulations to assess the behavior of both defects during de-
vice operation.

5 Conclusions

The proper description of the behavior of oxide defects in-
volved in NBTI and RT/flicker noise requires the consider-
ation of the thermal motion of the atoms building the de-
fect structure. The physical basis of charge capture and re-
lease was discussed and its relation to atomistic modeling
and DFT was explained. Charge state transition properties
for two defects were calculated in the framework of non ra-
diative multi phonon transition theory. The results can be
used to investigate the behavior of the model defects during
device operation.
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