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Applicability of Shockley–Read–Hall Theory for
Interface States

Bernhard Ruch , Markus Jech , Gregor Pobegen , and Tibor Grasser , Fellow, IEEE

Abstract— The Shockley–Read–Hall (SRH) model has
been successfully used for decades to describe the dynam-
ics of interface states. Interestingly, the SRH model neglects
structural relaxation at the defect site, which has a dra-
matic effect on the dynamics of oxide defects. One may,
therefore, wonder why this omission has not led to serious
and obvious discrepancies with experimental data. Using
ab initio approaches to investigate Si dangling bonds,
known as Pb centers, within a realistic Si/a-SiO2 environ-
ment together with the more complete nonradiative mul-
tiphonon (NMP) theory, we explore why the SRH model
provides an excellent approximation for interface traps but
not for bulk oxide defects. We will also show that the
commonly used Arrhenius correction of the capture cross
section can be used to introduce a modified SRH model,
which provides a reasonable approximation to the results
obtained from a full NMP approach. However, it is shown that
this Arrhenius correction may lead to incorrect relaxation
energy estimations, especially for bulk oxide defects.

Index Terms— Charge pumping (CP), hot carrier degrada-
tion, MOSFET, nonradiative multiphonon (NMP), reliability,
silicon, spectroscopic charge pumping (SPCP).

I. INTRODUCTION

THE Shockley–Read–Hall (SRH) theory [1] is one of
the most popular models for the transition dynamics

between channel carriers and defects [2]–[4]. Unfortunately,
it does not consider the structural change of the defects
upon changes of its charge state. In order to include this
effect, a nonradiative multiphonon (NMP) model [5] can be
employed instead. It takes a relaxation energy due to structural
reconfigurations of the involved defects into account. This
relaxation energy is difficult to measure directly but can be
extracted from density functional theory (DFT) calculations.
The main issues are credible atomistic Si/SiO2 models. From
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Fig. 1. Formation energies of the defects A–C plotted over the Fermi
level with respect to the valance band of Si for the three possible charge
states.

three defects identified in [6], the interface defect that shows
closest resemblance with a Pb center [7]–[9] is used for
further investigations. In order to benchmark the SRH model
against the NMP model, experimental spectroscopic charge
pumping (SPCP) data are used since this method requires data
recorded over a wide temperature range. Thereby, the analysis
should be very sensitive to structural relaxation effects, which
introduces a strong temperature dependence onto the capture
and emission times of the defects. In addition, a popular
correction of the SRH model, where an Arrhenius activated
capture cross section [10] is introduced, is discussed. It is
shown that this modification provides an approximate link
between the NMP and SRH models. By investigating defects
with larger relaxation energies, which are typically observed
in bulk oxide defects, i.e., border traps, the limits of SRH
models are demonstrated.

II. MICROSCOPIC SIMULATION OF INTERFACE DEFECTS

Based on structures created by DFT simulations presented
in [6], three promising defect candidates for Si dangling bond
(DB) defects, also known as Pb centers, were investigated in
greater detail. Those particular Si-DB configurations resemble
the well-known geometrical characteristics of a Pb center,
a trivalenty bonded Si atom with one unpaired electron in the
vicinity of the Si/SiO2 interface. Furthermore, they possess
two charge transition levels, +/0 and 0/−, within the Si
bandgap (see Fig. 1)—as expected for Pb centers [7], [8]. The
first candidate, defect A, is a Si atom one layer below the
interface, trivalently bonded to three other Si atoms missing
a fourth bond. Similarly, configuration B features a close-by
O atom from the amorphous SiO2 network. Finally, defect C
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Fig. 2. Spin density of defects A–C. Si atoms are represented in yellow
and O atoms in red. Defects A and B miss a forth Si atom in the lattice,
while there are no O atoms in the vicinity of A in contrast to B. In defect
C, a Si-DB is bonded to one O atom and two Si atoms. Isosurfaces are
shown at a value of 0.01 in violet.

Fig. 3. Structural reconfiguration of defects A–C (left to right) when
positively (red), negatively (blue), or neutrally (yellow) charged.

represents a Si-DB that is bonded to one O and two Si atoms.
The spin densities clearly show that the unpaired electron is
fully localized on the respective defect configuration (shown
in Fig. 2). The positively and negatively charged states of
the defects are calculated in addition to the neutral state for
the chosen configurations [6]. Their structural reconfigurations
are shown in Fig. 3. Generally, it is found that the silicon
atoms do not significantly change their positions upon charge
capture due to the rigid crystalline lattice. However, the a-SiO2

structure is more flexible and considerable reconfigurations of
nearby O atoms can be observed in B and partly C, which is
particularly pronounced for the positive charge state.

III. ANALYTICAL TRAP MODELS

Point defects in oxides of semiconductor devices are usually
separated into interface traps and oxide traps [11]. Interface
traps are generally modeled by the SRH model [1], which
ignores structural reconfigurations. For defects deeper within
an oxide, a more complete approach is always necessary: The

NMP model [5], [12] considers spatial changes of the lattice
induced by changes in the charge states of defects and can be
used for the description of transition rates of charge carriers
between the defects and a reservoir. Using the results of the
above presented DFT simulations, we chose defect A to extract
the parameters for an NMP investigation of interface traps to
compare the NMP model, usually used for oxide defects, to the
SRH model. The SRH energy barrier [5]

εSRH
21 = −E21 (1)

for emission transitions is equal to the energy difference
between the equilibrium configurations in the two considered
charge states (see Fig. 4) and does not consider any additional
barriers. In the NMP model, transitions are accompanied by
changes in the underlying defect configurations and thereby
take an additional relaxation energy

εR = 1

2
Mω2

i �q2 (2)

into account. It can be extracted from the potential energy
profiles of the defect states thst are approximated as harmonic
potentials (see Fig. 5) [5]

Vi = 1

2
Mω2

i �q2 + Ei (3)

where M is the effective mass of the “defect molecule,” ωi

is the vibrational frequency in the minimum i , �q is the
difference between the reaction coordinate and the local equi-
librium position, and Ei the potential energy in the minimum.
A quadratic fit of the potential for the charged states assuming
linear electron-photon coupling (ωi = ω for all i ) yields
(2) and leads to the activation/transition barrier for emission
transitions in the NMP model

εNMP
21 = (εR − E21)

2

4εR
= εR

4
+ E2

21

4εR
− E21

2
. (4)

From our DFT simulations, we extract relaxation energies
for the charged states. The positively charged state has εR

of 0.22 eV, and the negatively charged state has εR of 0.18 eV.
The barrier for capture transitions for both models can be
obtained by

ε12 = ε21 + E21. (5)

In the following, the derivation will focus on both holes and
electrons, i.e., electron interactions with the valence band
(E21 = Et − EV ) and conduction band (E21 = EC − Et ).
Using the transition barriers for the SRH and NMP model,
the hole and electron capture rates are given by

kh+
12 = pvthσ exp

(
− ε12

kB T

)
(6a)

ke−
12 = nvthσ exp

(
− ε12

kB T

)
(6b)

where p and n are electron and hole concentrations, respec-
tively, σ is the capture cross section, and vth is the thermal
carrier velocity. Similarly, the hole and electron emission
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Fig. 4. Schematic comparison of NMP and SRH transitions for holes. NMP transitions consider the barrier between the two states caused by the
relaxation energy. Structural relaxation is ignored in the SRH model, and only the electronic energy difference between the trap and valence band
energies (Et and EV) is considered. Therefore, SRH transitions lack the relaxation energy εR barrier present in the NMP model.

Fig. 5. Potential energy curves of defect A for neutral, positive, and
negative charge states along the reaction coordinate q obtained from
DFT simulations. A fit with parabolas is used to extract relaxation
energies.

transition rates are written as

kh+
21 = NV vthσ exp

(
− ε21

kB T

)
(7a)

ke−
21 = NCvthσ exp

(
− ε21

kB T

)
(7b)

with the numbers of states in valence and conduction band
NV and NC .

IV. EXPERIMENTAL STRUCTURES AND MEASUREMENT

PROCEDURE

We investigated the behavior of interface defects on lateral
n-channel MOSFETs with a channel length of 6 μm, a channel
width of 100 μm, and a 30-nm SiO2 insulator. These devices
are surrounded by a polycrystalline silicon heater (polyheater),
which is used to regulate the device temperature by Joule
heating. This is achieved by cooling the structure to a base
temperature of −60 ◦C and applying a precalibrated bias to
the polyheater, thereby reaching adjustable temperatures up to
approximately 200 ◦C [13]. All measurements were performed
on wafer level, where a temperature-controlled chuck cools the
whole wafer to the base temperature. Traps are generated by a
20-ks hot-carrier stress (VD = 8 V and VG = 4 V) at various
stress temperatures allowing for a quantitative adjustment of
the hot-carrier stress generated traps, as hot-carrier degradation
is strongly temperature-dependent [14]. Regular and SPCP
[15] were chosen as the main defect characterization method
to obtain the density of states of interface traps in the bandgap.
Due to the wide temperature range of this measurement

method, compared to other charge pumping (CP) methods,
the SRH theory can be tested thoroughly as a function of
temperature. Generally, the MOS structure under investiga-
tion is pulsed from deep inversion to deep accumulation in
all CP methods [16]. Defects capturing carriers during the
accumulation phase reemit them during the inversion phase
and vice versa. This leads to a measurable net current ICP

between the n- and p-doped areas near or under the MOS
structure, which is in our case between the tied drain and
source contacts and the body contact. A parasitic effect of CP,
the emission of carriers during the phase in which they are
captured, depends on the emission time constants of the traps.
Thus, the rise and fall times of the slopes of the applied pulse
regulate this parasitic effect. SPCP makes use of this effect by
sweeping the rise and fall times of the pulses to energetically
scan the bandgap [2]. Later, the rise and fall time sweeps can
be transformed into the energetic component of the spectrum,
while the change of the CP current is transformed into the
density of states. It is noted that the inverse of the transition
rates for emission

τ h+
em = 1

kh+
21

=
∣∣V CP

TH − V CP
FB

∣∣
�Vg

tr (8a)

τ e−
em = 1

ke−
21

=
∣∣V CP

TH − V CP
FB

∣∣
�Vg

t f (8b)

is related to the rise and fall times (tr and t f ) of SPCP.
The fraction of the rise and fall times of the CP pulse with
an amplitude of �Vg that transitions between the threshold
voltage and flat-band voltage of CP (V CP

TH and V CP
FB ) is assumed

to be equal to the emission time constant τem [2]. This
assumption is based on the idea that emission is only possible
when the channel area is neither in inversion nor accumulation.
Thus, the energy transformations of the density of states in
SPCP for the SRH model are

−ESRHh+
21 = kB T ln

(
τ h+

em NV vthσ
SRH)

(9a)

−ESRHe−
21 = kB T ln

(
τ e−

em NCvthσ
SRH)

(9b)



RUCH et al.: APPLICABILITY OF SRH THEORY FOR INTERFACE STATES 2095

Fig. 6. Approximation (11) of the NMP transition energies compared to
the exact calculation. The respective transition energy is also plotted for
the SRH model. Left: capture process. Right: emission process.

while for the NMP model, the following relations are obtained:

−ENMPh+
21 =

√
4εh+

R kB T ln
(
τ h+

em NV vthσ NMP
) − εh+

R (10a)

−ENMPe−
21 =

√
4εe−

R kB T ln
(
τ e−

em NCvthσ NMP
) − εe−

R . (10b)

At this point, a connection between the SRH and NMP mod-
els can be established assuming energy differences between
defects and reservoir which are significantly larger than relax-
ation energies (E21 � εR). By using a linear approximation

εNMP
21 ≈ εR/4 − E21 (11)

for the relationship of the transition barrier and relaxation
energy, the commonly used Arrhenius correction

σNMP ≈ σSRH exp

(
− εR

4kB T

)
(12)

of capture cross sections [10], [17] can be derived from (7)
by comparing the resulting emission rates to the respective
SRH rates. The approximation (11), compared to the exact
calculation from the NMP model in Fig. 6, differs from the
one presented [5] for linear electron-phonon coupling. This is
due to the fact that only a linear relationship between E21 and
εNMP

21 enables a transformation of capture cross sections by an
Arrhenius law. The resulting NMP capture cross section (12)
can be used in (9) to obtain the energy transformation of the
SRH model with temperature compensation (SRHT)

−ESRHTh+
21 = kB T ln

(
τ h+

em NV vthσ
SRH

) − εh+
R

4
(13a)

−ESRHTe−
21 = kB T ln

(
τ e−

em NCvthσ
SRH) − εe−

R

4
. (13b)

This adds an offset −εR/4 to the SRH energies. The trans-
formation of the CP current to the density of states

d ICP

dtr
= q A f D(Et (tr ))

d Et

dtr
(14a)

d ICP

dt f
= q A f D(Et (t f ))

d Et

dt f
(14b)

leads to the same spectra for the SRH and SRHT models

DSRH(Et(tr )) = d ICP

dtr

tr
q A f

1

kB T
(15a)

DSRH(Et(t f )) = d ICP

dt f

t f

q A f

1

kB T
(15b)

Fig. 7. Temperature dependence of the energetic limits of CP for the
NMP, SRH, and SRHT models for a constant value of τem.

known from SPCP literature [2] but a new result for the NMP
model, namely

DNMP(Et(tr )) = d IC P

dtr

tr
q A f

√
ln

(
τ h+

em NV vthσ NMP
)

εh+
R kB T

(16a)

DNMP(Et(t f )) = d IC P

dt f

t f

q A f

√
ln

(
τ e−

em NCvthσ NMP
)

εe−
R kB T

. (16b)

In the previous equations, q is the elementary charge, A
is the interface area investigated by CP, and f is the CP
frequency. The CP rise and fall times tr and t f in (14)–(16) are
transformed from τ h+

em and τ e−
em according to (8). A complete

SPCP spectrum is obtained by sweeping the CP rise and fall
times at various temperatures [2].

V. RESULTS AND DISCUSSION

Fig. 7 shows the temperature dependence of the trap ener-
gies for a given emission time constant for both valence and
conduction band interactions. This reflects the maximum pos-
sible energy window of CP and SPCP between the respective
curves for each model. If we take the more complete NMP
model as the benchmark, the SRH model performs worse
than the SRHT model, which is not surprising given that the
SRHT model considers the relaxation energy in the capture
cross section. Given that the energy barrier is approximated
in a rather crude manner for the SRHT model (11), it is not
surprising that a deviation of this model from the NMP model
can be observed. Capture and emission time dependencies of
the Fermi level can easily be compared for the three models
(NMP, SRH, and SRHT) (see Fig. 8) where the emission rates
are constant over the Fermi level as they are independent of the
carrier concentration. Neither the SRH nor the SRHT model
can perfectly match the NMP model. This imperfection of
modeling does not bother us unduly since trap energies of the
SRH and SRHT model match well with the NMP model.

A direct comparison of the NMP trap energies to SRH
and SRHT trap energies is shown in Fig. 9—for various
measurement temperatures. It is found that the SRHT model
hardly deviates from the NMP calculations. However, the SRH
model, while performing worse, does not significantly deviate
either. In order to compare the models to real measurement
data, it is necessary to find a suitable capture cross section
for the analysis with the three models. Therefore, the trap
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Fig. 8. Comparison of the capture and emission times for NMP, SRH,
and SRHT models.

density of SPCP Nspec obtained from integrating over the
D(E) spectrum was compared to the trap density of standard
CP Nstd (see Fig. 10), which is proportional to ICP and thus
independent of trap models. The integration of D(E) was
performed for varying capture cross sections and four measure-
ments [18]. For improved readability, only one measurement
for each model is shown in Fig. 10. From the intersection
of the integrated spectra with the standard CP trap value for
the respective measurement, the capture cross section can be
extracted. This analysis yielded σNMP = 2.0 ± 1.3 × 10−16

cm2 for the NMP model, σSRH = 14 ± 9.0 × 10−16 cm2 for
the SRH model, and σSRHT = 5.7 ± 4.3 × 10−16 cm2 for
the SRHT model. As predicted by our calculations, the cross
sections of the SRH and SRHT models overlapped confirming
the validity of assumption (12). The impact of the models on
the spectra evaluation of SPCP is presented in Fig. 11 for
one measurement. As already observed in earlier analytical
calculations, the SRH model again deviates slightly from
the NMP model, whereas the SRHT model can predict the
energetic positions of the spectrum with respect to the NMP
model very well. The SRHT model only corrects the energetic
distribution, though, and lacks an adjustment of the values
of the density of states due to structural relaxations that are
considered in the NMP model.

When integrating the spectra of various measurements at
different stress temperatures and comparing the resulting trap
densities to standard CP as shown in Fig. 12, taking the
variance of the capture cross sections into account, almost no
difference in the models can be observed. This indicates that,
in this kind of analysis, the deviations of the different models
are averaged out by the integration.

However, a closer look at Fig. 6 reveals why the SRH and
SRHT models are unsuitable for the modeling of oxide defects
though. Higher relaxation energies, which are observed for
border traps located deeper in the oxide [19], cause a larger
curvature for the parabolic transition energy and, consequently,
an even worse fit of the SRH transition energy. The linearized
SRHT transition energy (see Fig. 6) is additionally shifted up,
thereby drifting even further away from the more complete
NMP description. As a consequence, both the SRH model
and the SRHT model strongly deviate from the NMP model.
This is reflected in the analysis of the SPCP measurement in

Fig. 9. Comparison of the trap energies in SPCP obtained from the SRH
and SRHT models to the trap energies from the NMP model.

Fig. 10. Extraction method for the capture cross section σ obtained by
comparison of integrated D(Et) spectra and standard CP.

Fig. 11. Comparison of D(E) spectra of SPCP obtained from the NMP,
SRH, and SRHT models for a single raw data set of SPCP data. The
values of εR from our DFT calculations are used.

Fig. 13. It uses the same input data as the evaluation in Fig. 11
but with an increased relaxation energy of 1 eV for both hole
and electron transitions. On the one hand, the correction of the
magnitude of the density of states due to the relaxation energy
is missing. On the other hand, the energetic positions diverge.
This is especially pronounced for the SRHT model. This
means that an Arrhenius correction of the capture cross section
yields incorrect relaxation energies if fit to experimental data.

VI. CONCLUSION

Charge capture-induced structural relaxations of Pb center
candidates, extracted from DFT simulations, are calculated.
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Fig. 12. Comparison of integrated D(E) trap densities and trap densities
of standard CP after a hot-carrier stress, where D(E) was obtained from
NMP, SRH, and SRHT models. Stress dose varied by changing the
temperature during stress.

Fig. 13. Comparison of D(E) spectra of SPCP obtained from the NMP,
SRH, and SRHT models for a single raw data set of SPCP data. εR =
1 eV, representing a hypothetical oxide defect.

These structural relaxations near and at the Si–oxide interface
are considered in the NMP model, which is used to benchmark
the SRH counterpart against the NMP model. The SRH model
does not include this relaxation effect, which, therefore, limits
its applicability. The SRH model can be improved by the
introduction of an Arrhenius activated capture cross section,
which itself can be interpreted as a simplification of the NMP
model. All three models are compared for a data set obtained
by CP and SPCP. From this comparison, we conclude that
the SRH model is an adequately good approximation of the
NMP model for the small relaxation energies of interface
defects. For these traps, the SRH model can be improved
by a temperature-dependent σ . These relatively small struc-
tural relaxations, compared to oxide defects, are the main
reason that the SRH model could be used for such a long
time to describe interface states without major issues. Also,
the temperature dependence of defects is often not, or only
over a small range, investigated. Thus, temperature-dependent
effects can be concealed by an adjustment of the capture
cross section, which is a poorly known parameter in any
case. At larger relaxation energies, which as those seen for
border traps, both the SRH and SRHT models fail. Due to the
nature of the SRHT model, which incorporates an Arrhenius

activation of the capture cross section, this means that the
modification of the capture cross section does not yield correct
relaxation energies when fitted to experimental data. In any
case, the SRHT model should only be regarded as a case study,
which demonstrates the transition from the NMP model to the
SRH model using Arrhenius activated capture cross sections.
Since relaxation energies are required for both the NMP and
SRHT models, the NMP model should always be preferred
for the evaluation of transition rates.
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