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ABSTRACT: The conventional single-defect-mediated Shockley−Read−Hall model suggests that the
nonradiative carrier recombination rate in wide-band gap (WBG) semiconductors would be negligible
because the single-defect level is expected to be either far from valence-band-maximum (VBM) or
conduction-band-minimum (CBM), or both. However, this model falls short of elucidating the
substantial nonradiative recombination phenomena often observed experimentally across various WBG
semiconductors. Owing to more localized nature of defect states inherent to WBG semiconductors, when
the defect charge state changes, there is a pronounced structural relaxation around the local defect site.
This suggests that a defect at each charge state may exhibit a few distinct local configurations, namely, a
stable configuration and a few metastable/transit state configurations. Consequently, a dual-level
nonradiative recombination model should more realistically exist in WBG semiconductors. In this model,
through the dual-level mechanism, electron and hole trap levels are different from each other and could
be closer to the CBM for the electron trap and closer to the VBM for the hole trap, respectively;
therefore, this significantly increases the corresponding electron and hole capture rates, enhancing the
overall process of nonradiative recombination, and explains the experimental observations. In this work,
taking technically important SiO2 as an illustrative example, we introduce the dual-level mechanism to elucidate the mechanism of
nonradiative carrier recombination in WBG semiconductors. Our findings demonstrated strong alignment with available
experimental data, reinforcing the robustness of our proposed dual-level model. Our fundamental understanding, therefore, provides
a clear physical picture of the issue and can also be applied to predict the defect-related nonradiative carrier recombination
characteristics in other WBG materials.

■ INTRODUCTION
Defect-mediated nonradiative recombination, i.e., Shockley−
Read−Hall (SRH) recombination,1,2 plays an important role in
determining the performance and reliability of semiconductor
devices.3,4 In relatively narrow bandgap semiconductors, e.g., Si
and GaAs, the recombination process has conventionally been
characterized by a single-defect transition level, where holes
and electrons are trapped and recombined.5−8 In general, holes
tend to be more readily captured by a defect level positioned
near the valence band maximum (VBM), whereas capturing
electrons from the conduction band minimum (CBM) by the
same defect level can be challenging. Conversely, a defect level
situated close to the CBM can effectively capture electrons but
faces difficulties in capturing holes. Consequently, the
nonradiative recombination process is constrained by the
lower capture rate between hole and electron traps. For this
reason, the prevailing consensus is that only defect levels
positioned near the middle of the bandgap can function as
effective nonradiative recombination centers, as they enable
the simultaneous capture of both electrons and holes with
relative ease.5 However, for wide-band gap (WBG) materials,
such as SiO2, HfO2, and GaN, when the defect level is
positioned near the middle of the bandgap, it is considerably
distant from the VBM and CBM. According to the

conventional single-level SRH model for WBG materials, the
rate of nonradiative carrier recombination in these materials
should be small. Nevertheless, this is clearly inconsistent with
the experimental observations, as many oxides and nitrides
exhibit a significant carrier-mediated nonradiative recombina-
tion rate.9−16 Therefore, the conventional single-level SRH
model faces a conundrum when it comes to comprehending
the substantial nonradiative recombination rates observed in
WBG materials. It is imperative to elucidate new nonradiative
recombination mechanisms in these materials.

Taking SiO2, which is widely utilized in metal-oxide-silicon
(MOS) systems, is an illustrative example. When these devices
work under specific environments like outer space, nuclear
reactors, etc., the ionizing radiation could produce a significant
amount of defects during operation. These defects have the
potential to induce nonradiative recombination of the carriers,
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leading to the degradation of microelectronic device perform-
ance. Extensive research conducted over the past decades has
revealed that the pronounced nonradiative recombination of
electron−hole pairs induced by ionizing irradiation is primarily
attributed to two distinct oxygen vacancy defects in SiO2. They
exhibit two distinct local structures, one characterized by a
dimer configuration (denoted as Voδ in its neutral state and as
Eδ′ in its positively charged state) and the other featuring a 4-
fold puckered structure (denoted as Voγ in its neutral state and
as Eγ′ in its positively charged state).17−21 Experimentally, it is
evident that during hole injection, both Eδ′ and Eγ′ defects are
generated at high densities, which are usually attributed to the
large hole nonradiative recombination capture-rate of Voδ and
Voγ, while the rapid decrease of Eδ′ and Eγ′ concentrations after
electron injection into the SiO2 sample is also attributed to the
large electron nonradiative recombination capture-rate of Eδ′
and Eγ′. These phenomena highlight the significant non-
radiative recombination effect of oxygen vacancy in SiO2.

10,22

Previous research widely supports the notion that this
nonradiative recombination primarily occurs through the
single defect transition level, i.e., Voδ and Eδ′ (or Voγ and Eγ′)
in SiO2.

10,22 However, it is worth noting that the defect levels
of Eδ′ and Voγ are quite deep, nearly in the middle of the SiO2
band gap (∼4.5 eV above VBM).19 Based on the analysis of the
single-level SRH model, it seems unlikely that a single-level,
such as Voδ and Eδ′ (or Voγ and Eγ′) alone, could account for the
observed strong nonradiative recombination in SiO2. There-
fore, the mechanism behind the experimentally observed
strong nonradiative recombination in WBG materials like
oxide SiO2 remains elusive and warrants further investigation
for a more comprehensive understanding.

In this work, we introduce a general dual-level nonradiative
recombination picture and provide fundamental insights into
the enhancement of the nonradiative carrier recombination by
coupling two metastable defect configurations together in
WBG oxides. Specifically, these metastable defect config-
urations bring the electron and hole trap levels into closer
proximity to the CBM and VBM, respectively. This proximity
significantly increases the corresponding electron and hole
capture rates, consequently enhancing the whole process of the
nonradiative recombination (see Figure 1 a). More specifically,
initially, the hole trap level of the neutral defect state (Voδ) is
closer to the VBM, facilitating the trapping of a hole to form a
metastable charged defect center (Eδ′). Subsequently, this
metastable charged structure (Eδ′) rapidly undergoes deforma-
tion to establish a stable charged configuration (Eγ′) after

overcoming a minor barrier. Following this, the stable charged
state (Eγ′) efficiently captures an electron to generate
metastable neutral defect center (Voγ), given its proximity to
the CBM. Lastly, the metastable neutral defect center (Voγ)
surpasses a small energy barrier and promptly transforms into
the stable neutral state (Voδ), thus completing the entire cycle
of nonradiative hole−electrons recombination, as shown in
Figure 1b. The fundamental understanding of the dual-level
mechanism proposed here provides a general and significant
way to investigate nonradiative recombination in other WBG
materials.

■ METHOD
Our first-principles calculations of electronic structure and
total energy are carried out using spin-polarized density-
functional theory (DFT), as implemented in the PWmat
package, with the NCPP-SG15-PBE pseudopotentials23−26 for
the exchange-correlation functional. To improve the accuracy
of the total energy and electronic band structure, the Heyd−
Scuseria−Ernzerhof (HSE06) hybrid functional method27 with
a mixing parameter of 50% is employed. A 216-atom supercell
is employed to study the properties of oxygen vacancies in
amorphous SiO2 (a-SiO2). The calculated lattice constant of a-
SiO2 is a = b = 16.49 and c = 12.09 Å with a bandgap Eg = 9
eV, in good agreement with experiment.28 All atoms within the
supercell are relaxed until the forces on each atom fall below
0.01 eV/Å and the plane-wave energy cutoff for the basis-
functions is set to 60 Ry. The formation energy (ΔHf) of a
defect α at charge state q is determined according to ref 29 as
follows:

= + +H q E q n qE( , ) ( , )
i

i if F
(1)

where = + +E q E q E n E qE( , ) ( , ) (host) i i i VBM
host . μi

is the chemical potential of each of the components i and Ei
represent the energy of the elemental stable solid/gas; ni
denotes the number of atoms removed from the host supercell
to form supercell containing the defect α. q describes the
number of electrons transferred from the supercell to the
reservoirs. The defect transition level εα(q/q′) is defined as the
Fermi level (EF), at which the formation energy for defect with
charge state q and q′ are equal, that is

= [ ]q q E q E q q q( / ) ( , ) ( / ) /( ) (2)

Figure 1. (a) Schematic plot of dual-metastable defect configurations enhanced nonradiative carrier recombination. (b) Nonradiative
recombination processes of oxygen vacancy in amorphous SiO2.
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According to static coupling approximation,30,31 the
electron−phonon coupling constant can be obtained within
one self-consistent field calculation.23,32,33 Then, the non-
radiative decay probability (Wij) can be calculated by the first-
principles method:34
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where Ci,j
k is the electron−phonon coupling constant between

electronic states i and j, as well as phonon mode k. λ is the
reorganization energy (structural relaxation energy between
initial and final configurations after the charge state transition
from i to j). T is the temperature, and ωk is the frequency of
the kth harmonic phonon mode. The carrier-capture-rate
coefficient can be calculated by B = WijV after obtaining the
nonradiative decay probability Wij, where V is the supercell
volume. The capture cross-section σ is defined by

= *B k T m/ 3 /B , where kB is the Boltzmann constant and
m* is the effective mass of the carrier. The effective mass of the
electron and hole of SiO2 is 0.3 me and 0.58 me,
respectively.35,36 The me is the mass of electrons.

■ RESULTS AND DISCUSSION
As shown in Figure 2, the oxygen vacancy in SiO2 can take two
distinct defect configurations: a dimer structure (with neutral
state Voδ and positively charged state Eδ′) and a 4-fold puckered
structure (with neutral state Voγ and positively charged state
Eγ′). In the neutral Voδ shown in Figure 2a, an oxygen atom is
removed, and the two nearest Si atoms bond together in a
dimer configuration with a Si−Si bond length of 2.56 Å. When

this defect center is positively charged to form the Eδ′ structure
of oxygen vacancy, the removal of a bonding electron leads to
an elongated weak Si−Si bond of 3.61 Å. This structure,
however, is only metastable. The positively charged Si+ can
move further toward the next nearest neighbor oxygen ion to
form the stable 4-fold puckered configuration Eγ′, resulting in a
longer Si−Si bond length of 5.09 Å. Indeed, it is easy to move
from the metastable Eδ′ to Eγ′ configuration, as the energy
barrier is only 0.11 eV.28,37 As shown in Figure 2a,b, the local
structure of metastable Voγ is similar to that of Eγ′. However,
the formation energy of Voγ is more than 2 eV higher than that
of Voδ, and Voγ can relax to the Voδ structure by overcoming a
0.35 eV barrier.28,37

In order to gain a deeper understanding of the nonradiative
recombination process of oxygen vacancies in SiO2, as depicted
in Figure 3, we carefully examined the defect transition levels

of both types of oxygen vacancies. Figure 3 illustrates the
formation energies of both the dimer and puckered structures
of oxygen vacancies in neutral and positively charged states as
functions of EF. The EF value ranges from the valence band
maximum (VBM) to conduction band minimum (CBM), that
is, from 0 to 9 eV for SiO2.

28 According to the SRH model, for
Voδ and Eδ′, the first step of the nonradiative recombination
process involves the trapping of a hole by Voδ, which occurs
through (0/+1) transition level at point A with a value of 3.5
eV above the VBM. The calculated hole capture cross-section
of Voδ, is σp ≅ 1.6 × 10−11 cm2 (see Table 1), in good
agreement with the previous experimental report.10 After a
hole is captured, the Voδ fully relaxes to a metastable Eδ′
configuration. The second step involves the trapping of an
electron from the CBM by fully relaxed Eδ′, which also occurs
at the (+1/0) transition level at point A for the single-level
SRH model. This transition level is exceptionally deep,
approximately 5.5 eV below the CBM, resulting in a minuscule
electron capture cross-section (σn < 10−20 cm2) for Eδ′. In other
words, it is almost impossible for Eδ′ to capture electrons from
the CBM and become Voδ, that is, Voδ is a hole trap state, not a
nonradiative recombination center, as indicated in Figure 1.

A similar issue has also arisen in the nonradiative
recombination process only involving Voγ and Eγ′. In Figure
3, the defect transition level for (0/+1) (point B) is shown to
be 6.8 eV above the VBM, while the transition level for (+1/0)
is 2.2 eV below the CBM. This suggests that the dominant

Figure 2. Relative energies of the (a) neutral and (b) positively
charged oxygen vacancy as a function of the Si−Si distance in SiO2.
The inset shows the atomic configuration, e.g., neutral dimer structure
Voδ, positively charged dimer structure Eδ′, neutral puckered
configuration Voγ, and positively charged puckered configuration Eγ′.
Blue and red balls are Si atoms and O atoms, respectively. The Si
atoms next to the oxygen vacancy are highlighted as green balls.

Figure 3. HSE06-calculated formation energies of dimer configuration
at neutral (Voδ) and positively charge (Eδ′) states as well as 4-fold
puckered structure at neutral (Voγ) and positive charge (Eγ′) states in
SiO2 as functions of Fermi level.
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electron-trapping process of Eγ′ may occur through the
transition level at point B. This is because the (+1/0)
transition level at point B is relatively shallow, indicating a high
electron capture cross-section of Eγ′ (σn ≅ 3.2 × 10−14 cm2), in
accordance with the experimental result.10 Hence, Eγ′ can
capture an electron and relax into Voγ configuration; however,
the (0/+1) transition level at point B is extremely deep,
indicating a low hole capture cross-section (σp ≪ 10−20 cm2)
of Voγ and hardly captures one hole and returns back to Eγ′, that
is, Eγ′ is an electron trap state instead of a nonradiative
recombination center. One can see that if the nonradiative
recombination processes of dimer structure (Voδ and Eδ′) and
4-fold puckered configuration (Voγ and Eγ′) are isolated from
each other, then a high density of Eγ′ cannot be observed in
SiO2 sample after hole injection, and the rapid decrease of Eδ′
after electron injection cannot be observed, neither.10 There-
fore, the conventional understanding of the nonradiative
recombination process only involving the single oxygen-
vacancy defect level has encountered a predicament.

Because the Voγ and Eδ′ are metastable configurations,
assuming an attempt frequency of 1013 s−1,38 we estimate that
the time for the neutral state to transform from Voγ to Voδ is in
about 70 ns and for the positively charge state to transform
from Eδ′ to Eγ′ is in approximately 1 ns based on ref 39, which is
much faster than the time it takes for hole and electron
trapping due to the exceedingly small carrier capture rate of Voγ
and Eδ′ (see Table 1). Therefore, Voγ can easily relax to Voδ and
Eδ′ can transform to Eγ′ after overcoming a small barrier. Thus,
the nonradiative recombination processes of Voδ, Eδ′ and Voγ, Eγ′
could be synergistic rather than isolated, as presented in Figure
1. Accordingly, we propose a new understanding of non-
radiative recombination processes of oxygen vacancies in SiO2
through a metastable-structure-relaxation mechanism, as
exhibited in Figure 1. The first step of the nonradiative
recombination process is for Voδ to trap one hole from the
VBM through a (0/+1) transition level at point A and become

the metastable positively charged state Eδ′ center, resulting in a
hole-trapping process. Then, overcoming a small barrier allows
the transition from the metastable Eδ′ configuration to the Eγ′
configuration. Next, electron trapping of Eγ′ occurs through the
(+1/0) transition level at point B, followed by the Eγ′ center
fully relaxing to the metastable Voγ structure. Finally, a small
barrier can be easily overcome to move from the metastable
Voγ to the Voδ configuration.

As discussed above, the high concentration of Eγ′ observed
after hole injection and the decrease in concentrations of Eδ′
after electron injection in SiO2 sample can be attributed to the
deformation of metastable Eδ′ and Voγ structures. Consequently,
the dilemma surfaced from the conventional wisdom of
nonradiative recombination of oxygen vacancy is well
reconciled by the metastable-structure-relaxation mechanism.
It is important to point out that the effective nonradiative
recombination center of conventional single-level SRH
recombination in ultrawide bandgap semiconductors has
difficulty capturing both carriers from the band edge because
the single defect level is always far from either the CBM or
VBM, or both, and in general, defect levels far from the VBM
are more difficult to capture holes, while those far from the
CBM are more difficult at trapping electrons.32,40 Therefore,
the dual-metastable defect configuration enhanced non-
radiative carrier recombination mechanism should be a
fundamental way to understand the nonradiative recombina-
tion in ultrawide bandgap semiconductors.

To further unveil the physical origin of the nonradiative
recombination of oxygen vacancies, we carefully examined the
local atomic structures and single-particle levels for dimer and
4-fold puckered configurations, as shown in Figure 4. When an
oxygen atom is removed from the host structure, two bonds
are broken, forming two dangling bonds. For Voδ system, the
two Si atoms closest to the oxygen vacancy site form a dimer
structure and the two dangling bond states form a fully
occupied bonding and a fully empty antibonding state, thus

Table 1. Calculated Electron Capture Cross-Section, σn (cm2), and Hole Capture Cross-Section, σp (cm2), through Transition
Levels at Points A and B in Figure 3a

electron trapping hole trapping

σn Bn λ Wij σp Bp λ Wij

A <10−20 5.3 × 10−20 2.37 16 1.6 × 10−11 2.4 × 10−4 2.52 7.3 × 1016

B 3.2 × 10−14 6.9 × 10−7 1.14 2.1 × 1014 <10−20 <10−20 1.55 <10−20

aCalculated electron-, hole-capture-rate coefficients, Bn and Bp (cm3 s−1), nonradiative decay probabilities, Wij (s−1), and relaxation energy, λ (eV)
are listed in this table.

Figure 4. Ball-and-stick schematic plot of local atomic relaxation around the oxygen vacancy in (a) Voδ, (b) Eδ′, (c) Eγ′, and (d) Voγ. The calculated
single-particle levels, with reference to the host VBM, are also plotted for each charge state. Blue and red balls are Si and O atoms, and the
neighboring Si atoms of the oxygen vacancy are highlighted as green balls. The spin-up and spin-down channels are denoted by upward- and
downward-pointing arrows, respectively. The red arrows imply the directions of the atomic movements near oxygen vacancy.
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this atomic displacement-induced level coupling between the
two dangling bonds can lead to an electronic energy gain,41

resulting in a shallow defect level of 0.98 eV above VBM.
Consequently, the hole capture cross-section of Voδ is quite
large, which allows it to readily capture a hole from the valence
band and become an Eδ′ center. However, we observed that for
the Eδ′ system, the two Si atoms closest to the oxygen vacancy
move away from the vacancy site due to weakening of the
dimer bond and Coulomb attraction from neighboring oxygen
ions, leading to the shift of the defect level toward the center of
the gap. However, the resulting unoccupied defect level in the
Eδ′ structure is still 3.78 eV below the CBM. Therefore, the
electron capture cross-section of Eδ′ is very small because the
deep unoccupied defect level cannot trap an electron efficiently
from the conduction band. Owing to the disparity in
electronegativity between Si and O atom, Si atoms within
SiO2 inherently exhibit cationic traits, whereas O atoms
demonstrate an anionic characteristic. Consequently, Coulomb
attraction between the positively Si dangling bond state and
neighboring oxygen ion can lead to the formation of the Eγ′
center, which has a high energy level and large spin-splitting of
the degenerate orbital. Because the unoccupied defect level is
close to the CBM and located at 1.34 eV below the CBM, Eγ′
possesses a large electron capture cross-section, so it can
capture an electron and covert it to Voγ. Finally, in the 4-fold
puckered Voγ configuration, the breaking of the Si dimer bond
shifts the defect level upward and is 4.93 eV above the VBM.
Indeed, the hole capture cross-section for Voγ is minimal and
almost impossible to trap one hole from the VBM.

■ CONCLUSIONS
In conclusion, we have demonstrated the concepts and
principles of the dual-level nonradiative recombination
mechanism by investigating the nonradiative recombination
of oxygen vacancies in SiO2, involving four distinct processes:
(i) Voδ captures a hole from the valence band, forming the
metastable state Eδ′, (ii) the metastable Eδ′ relaxes to stable Eγ′
after overcoming a small energy barrier, (iii) the Eγ′ captures an
electron from the conduction band to form the metastable
state Voγ, and (iv) a small energy barrier can be overcome to
transfer from the metastable Voγ to the stable Voδ configuration.
The shallow defect level of Voδ results in a significant hole
capture cross-section of Voδ. Conversely, the unoccupied defect
level of Eγ′ close to the CBM leads to a substantial electron
capture cross-section of Eγ′. Our findings not only provide a
fundamental and comprehensive understanding of the origin of
nonradiative recombination involving oxygen vacancies in SiO2
but also explain the concepts and principles of the dual-level
nonradiative recombination mechanism, which are expected to
have broader applicability in understanding nonradiative
recombination in other wide-band gap semiconductors.
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