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Nonradiative-recombination-related defects are significant for optoelectronic semiconductor devices.
Here, we analyze nonradiative-recombination processes in ionic semiconductors using first-principles
density-functional theory. In ionic group II-VI semiconductors, we find that large lattice relaxations of
anion vacancies caused by strong Coulomb interactions between different charged defect states can sig-
nificantly enhance recombination processes through a two-level recombination mechanism. Specifically,
we show that the defect level of the 2+ charged anion vacancy (V2+

Se ) in group II-VI ZnSe is close to
the conduction-band minimum and easily captures an electron to form a metastable 1+ charged state
(V+

Se); then, the large lattice relaxation, on account of the change in Coulomb interactions locally in the
different charged states, rapidly changes this metastable state to a stable one and simultaneously move
the defect level of V+

Se closer to that valence-band maximum, and thus, increases the hole-capture rate.
Compared with the Shockley-Read-Hall nonradiative-recombination theory based on a single defect level,
this two-level recombination mechanism involving anion vacancies can greatly increase the nonradiative-
recombination rate in ionic group II-VI semiconductors. This understanding is expected to be useful for
the study of the nonradiative-recombination process in ionic semiconductors for applications in the field
of optoelectronic devices.
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I. INTRODUCTION

Nonradiative carrier recombination plays an impor-
tant role in researching semiconductor materials. It is
often known as Shockley-Read-Hall (SRH) recombination
[1–3]. Nonradiative recombination will reduce device effi-
ciencies through suppressing luminescence and decreasing
photogenerated carriers or carrier lifetimes in the field
of optoelectronic devices [4,5]. In defect-induced nonra-
diative recombination, a defect level first traps an elec-
tron (hole) with the help of phonons and then traps a
hole (electron), resulting in carrier recombination. Gen-
erally speaking, electrons can be more easily trapped by
a defect level that is close to the conduction-band min-
imum (CBM), but it will be difficult for holes to be
trapped. For the same reason, a defect level close to
the valence-band maximum (VBM) can trap holes eas-
ily and is difficult to trap electrons [6–8]. Hence, the
recombination process is decided by the slower step of
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the trapping rate of the electron or hole. Accordingly,
defect levels near the middle of the band gap in a material
should be considered as the most important recombination
centers.

Covalent semiconductors, such as silicon and germa-
nium, usually have relatively deep intrinsic defect levels
compared with ionic semiconductors [9–11]. In covalent
semiconductors, the dangling-bond states are close to the
middle of the band gap, thus the defect levels are deep.
However, the dangling-bond states are near to the band
edges for ionic semiconductors; therefore, the defect lev-
els are shallow [12,13]. Based on the conventional SRH
model, ionic semiconductors should possess lower car-
rier capture rates than covalent semiconductors. How-
ever, experimental results show that the carrier capture
coefficient measured for ionic group II-VI semiconduc-
tors is higher than that in silicon. For example, in the
ZnO crystal, the hole-capture rate resulting from intrinsic
defects measured experimentally reaches 3 × 10−7 cm3/s
[14]. Unexpectedly, the hole-capture rate determined
experimentally in silicon is only 1 × 10−9 cm3/s [15]. This
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is in contradiction with the SRH model, and the physical
origin is unclear.

To understand why ionic semiconductors have larger
nonradiative-recombination rates, we take the ZnSe crystal
as a representative example to investigate the nonradiative-
recombination process in group II-VI ionic semiconduc-
tors. By using first-principles method, we investigate the
intrinsic defect properties and densities of defects in dif-
ferent charge states of bulk ZnSe. Through employing
static coupling theory [6,16–19], we carefully calculate the
nonradiative-recombination rate and analyze the recom-
bination process through the intrinsic defects in ZnSe.
We find that the 2+ charged selenium vacancy (V2+

Se ) in
ZnSe exhibits a large lattice structure relaxation caused
by strong Coulomb interactions between the nearest zinc
atoms to the vacancy. The defect level of V2+

Se in ZnSe
is close to the conduction band and easily captures an
electron to form metastable V+

Se. Then, the large lattice
relaxation resulting from the Coulomb interactions rapidly
transforms the metastable state into a stable one, and
simultaneously moves the defect level of V+

Se closer to
the valence band, and thus, increases the hole-capture
rate. Therefore, the defect level that is close to the
valence band can trap a hole at a high rate, and the elec-
tron can be trapped by the other defect level near the
conduction band at a high rate as well. Consequently,
the nonradiative-recombination process through this two-
level mechanism can be enhanced in ionic group II-VI
semiconductors.

II. METHODS

Our first-principles calculations of total energy and elec-
tronic structure are performed by density-functional the-
ory (DFT), as implemented in the PWmat code [18,20],
with the pseudopotentials that adopt the NCPP-SG15-PBE
[21–23]. To improve the accuracy of the band gap, the
Heyd-Scuseria-Ernzerhof (HSE06) [24] hybrid functional
method by mixing with 38% of the Hartree-Fock term is
employed. The calculated lattice constant of perfect ZnSe
is 5.69 Å with a band gap of 2.68 eV, which is in good
agreement with experiments [25]. A 64-atom supercell is
used in all defect calculations. The convergence with the
supercell size is checked carefully until a 216-atom super-
cell, and the effect of cell-cell Coulomb interactions for
charged systems can be ignored. The convergence of the
plane-wave cutoff energy and the Monkhorst-Pack k-point
grid in the Brillouin zone [26] is examined carefully. All
atoms within the supercell are fully relaxed until the forces
on each atom are less than 0.01 eV/Å. The total ener-
gies are calculated with 3 × 3 × 3 Monkhorst-Pack special
k-point meshes. The convergence threshold of the total
energy is less than 10−4 eV using an energy cutoff of 60 Ry.
The defect-formation energy �Hf (α, q) of defect α at
charge state q and the defect transition level are determined

according to Refs. [27,28]:

�Hf (α, q) = E(α, q)− E(host)+
∑

ni(Ei + μi)

+ qεVBM(host)+ qEF , (1)

where μi is the chemical potential of constituent i, and
Ei denotes the energy of the elemental solid or gas;
εVBM(host) is the VBM energy of the host. ni represents
the number of atoms removed from the supercell to form
defects, and q describes the number of electrons transferred
from the supercell to the Fermi reservoirs. The defect-
transition-energy level ε(q/q′) is the Fermi level, EF , at
which the formation energy for defect α at charge state q
is equal to that at charge state q′:

ε(q/q′) = [�E(α, q)−�E(α, q′)]/(q′ − q). (2)

The chemical potentials μi depend on the experimental
growth conditions. To avoid precipitation of Zn and Se, μi
are limited by μZn ≤ 0 and μSe ≤ 0. To maintain a stable
ZnSe compound, μi should also satisfy

μZn + μSe = �Hf (ZnSe), (3)

where �Hf (ZnSe) is the formation energy of bulk ZnSe.
The calculated value is �Hf (ZnSe) = −2.19 eV. We can
define the Zn-rich condition limit by μZn = 0 and μSe =
−2.19 eV. The Se-rich condition limit can be defined by
μSe = 0 and μZn = −2.19 eV.

The functional relationship between the density of
charged defects and EF can be determined by calculating
the formation energy of charged defects, �Hf (α, q). The
concentrations of thermally excited electrons and holes at
a given temperature can be calculated by using the for-
mula presented in Ref. [29], in which the effective masses
of electrons and holes adopt the experimental values. For
ZnSe, the effective mass of the electron is m∗

n = 0.16m0,
and the effective mass of the hole is m∗

p = 0.75m0, where
m0 is the electron mass [30,31]. Depending on the freezing-
in approximation [32], once defects are formed at a high
temperature, their densities can be retained after reduc-
ing the temperature and only different charge states of the
same defects can redistribute accordingly [8,33]. Combin-
ing the neutralization condition in a semiconductor with
defects, the Fermi energy, carrier densities, and defect
densities with different charge states after the material
is quenched can be obtained through solving equations
self-consistently [8].

The electron-phonon coupling constant can be calcu-
lated within one self-consistent field calculation through
the method reported by Shi et al. [6,16,18] based on static
approximations [34,35]. The nonradiative decay probabil-
ity, Wij , between the initial electronic state i and the final
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electronic state j is given by the conventional Fermi golden
rule:

Wij = 2π
�

∑

n

∑

m

p(i, n)|Vin,jm|2δ(Ein − Ejm), (4)

where Vin,jm are the off-diagonal matrix elements of the
electronic Hamiltonian, which defined as

Vin,jm = 〈
�j ,m(r, R)

∣∣ H |�i,n(r, R)〉, (5)

and p(i, n) is the probability that the system is in the
initial phonon state, �i,n(r, R), so that

∑
n p(i, n) = 1. If

the vibrational equilibrium rate considerably exceeds the
nonradiative decay rate, p(i, n) can be described by the
Boltzmann distribution:

p(i, n) = Z−1exp(−βEin), (6)

where Z = ∑
n exp(−βEin) is the partition function and

β = (kBT)−1. Under static coupling theory [34,35], the
off-diagonal matrix elements Vin,jm can be written as

〈�j ,m(r, R)|H |�i,n(r, R)〉 = 〈
ψj (r, Ra)ϕj ,m(R)

∣∣ Ha

+
∑

k

∂H
∂Qk

(Qk − Qk,a)|ψi(r, Ra)ϕi,n(R)〉

=
∑

k

〈
ψj (r, Ra)

∣∣ ∂H
∂Qk

|ψi(r, Ra)〉
〈
ϕi,n(R)

∣∣ Qk − Qk,a|ϕj ,m(R)〉
=

∑

k

Ck
i,j · 〈

ϕi,n(R)
∣∣ Qk|ϕj ,m(R)〉, (7)

where Ra is the relaxed atomic position of state i or j and
Qk,a is normal phonon mode of electronic state i or j. The
atomic vibration for the phonon state k is defined as Qk ≡
Qk − Qk,a, which can be calculated for electronic state i or
j as

Q(i,j )k = 1√
Mk

∑

R

MRμk(R)Ri,j . (8)

The electron-phonon coupling constant between elec-
tronic states i and j, as well as phonon mode k, can be
written as

Ck
i,j = 〈

ψj (r, Ra)
∣∣ ∂H
∂Qk

|ψi(r, Ra)〉

=
∑

R

μk(R)
〈
ψj

∣∣ ∂H
∂R

|ψi〉. (9)

To use ab initio methods to calculate the electron-phonon
coupling, Wang et al. proposed a formula based on the

static coupling approximation and Huang’s work [36],
known as Huang’s formula [18],

Wij =
(
πkT
λ

)1/2
(

∑

k

1
ω2

k
|Ck

i,j |
2

)
exp

[
− (Ei − Ej − λ)2

4kTλ

]
, (10)

where λ = ∑
k

|�Q(i,j )k|2(ω2
k)/2 is the reorganization

energy (atomic relaxation energy after the transition
between electronic states i and j ). ωk is the frequency of
the kth harmonic phonon mode. After calculating the non-
radiative decay probability, Wij , the carrier-capture-rate
coefficient can be obtained by B = Wij V, where V is the
volume of the supercell. The calculation procedure for the
nonradiative-decay-probability rate is implemented within
the PWmat code package [20].

III. RESULTS AND DISCUSSION

To study the nonradiative-recombination process
induced by native defects in group II-VI ionic semicon-
ductors, we take the ZnSe crystal as a representative
example to calculate the nonradiative-recombination coef-
ficient. We first calculate the defect-formation energies and
the transition-energy levels of all of the basic native point
defects in bulk ZnSe: Zn vacancy (VZn), Se vacancy (VSe),
Zn interstitial (Zni), Se interstitial (Sei), and ZnSe and SeZn
antisites. Interstitial energies are calculated at two tetrahe-
dral interstitial sites in ZnSe. One site (TZn) is tetrahedrally
surrounded by four Zn atoms, while the other site (TSe)

is surrounded by four Se atoms. The calculated formation
energies of the intrinsic defect as a function of the Fermi
levels in bulk ZnSe under Zn-rich and Se-rich growth con-
ditions are shown in Fig. 1. On account of the formation
energies of Sei at the TZn site for each charge state being
smaller than that of Sei at the TSe site, we show only the
formation energies of Sei at the TZn site in Fig. 1, which
agrees with Ref. [37]. One of the requirements of being
an effective recombination center is that a defect should
have a defect level close to the CBM when it traps an
electron or has a defect level close to the VBM when it
traps a hole. Because the capture rate of trapping more than
one carrier is usually very small, we do not discuss such
cases here. In our calculations, we find that the (+/2+)
transition-energy level of V2+

Se is 0.03 eV below the CBM,
the (0/+) transition-energy level of Zn0

i (TZn) is 0.37 eV
below the CBM, the (0/+) transition-energy level of Se+

Zn
is 0.59 eV below the CBM, and the (0/−) transition energy
level of V−

Zn is 0.11 eV above the VBM. Among them, V2+
Se ,

Zn0
i (TZn), and Se+

Zn are shallow donors, and thus, it may be
easier to capture an electron from the conduction band. V−

Zn
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(a) (b)

FIG. 1. Intrinsic defect-formation energies as a function of
Fermi levels in ZnSe under (a) Zn-rich conditions and (b) Se-rich
conditions.

is a shallow acceptor, and it may be easier to trap a hole
from the valence band.

To obtain more accurate defect information on intrinsic
ZnSe, we carry out thermodynamic simulations by con-
sidering all intrinsic defects in ZnSe under equilibrium

growth conditions and after quenching. Figure 2(a) shows
the defect densities as a function of zinc chemical poten-
tials at a typical growth temperature at 1400 K [25,38].
After quenching to a working temperature of 300 K, the
defect densities as a function of zinc chemical potential are
shown in Fig. 2(b). The nonradiative-recombination cen-
ter should also have significant defect densities. Although
the defect densities of Zn2+

Se and V2−
Zn are extremely high,

the (2+/+) transition-energy level of Zn2+
Se is above the

CBM. Thus, the defect level finds it very difficult to trap
a hole from the valence band and cannot be an effec-
tive recombination center. The (2−/−) transition-energy
level of V2−

Zn is only 0.20 eV above the VBM. V2−
Zn can

trap a hole from the valence band easily and become
V−

Zn; however, V−
Zn finds it very difficult to trap an elec-

tron from the conduction band because the defect level
of V−

Zn is far away from the conduction band. The cal-
culated electron-capture-rate coefficient of V−

Zn is Bn =
1.0 × 10−15 cm3s−1, which is too low to be an effec-
tive recombination center. Considering this, only VSe has
both shallow transition-energy levels and significant den-
sities at the working temperature, and thus, may become
an effective recombination center. In addition, under Zn-
rich conditions, the calculated formation energy of V0

Se is
2.67 eV, which is consistent with the value of 2.70 eV in
Ref. [39].

(a)

(b)

FIG. 2. (a) Defect density as
a function of zinc chemical
potential under thermodynamic
equilibrium growth conditions at
1400 K. (b) Quenched (to 300 K)
defect density as a function of
zinc chemical potential.
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The structure of VSe has local C2v symmetry, and its
defect states consist of dangling bonds on the nearest-
neighboring zinc atoms, induce a single state with a1
symmetry in the band gap, and are fully occupied by two
electrons. It is found that the Se vacancy in ZnSe exhibits
a very large lattice distortion when it is 2+ charged (V2+

Se ).
The large structure relaxation around the vacancy is very
similar to that of V3+

As in GaAs and V2+
O in ZnO [40,41].

As shown in Fig. 3, for V0
Se, four nearest zinc atoms

move inward by 13.3% of the equilibrium Zn—O bond
length; however, for V+

Se and V2+
Se , the nearest-neighbors

are moving outward by 10.2% and 24.3%, respectively.
For V0

Se, when the four nearest Zn atoms approach each
other, the energy of the a1 state is reduced and lies near
the valence band, as shown in Fig. 3(c). For V+

Se, the
defect level is half occupied by one electron, and the four
nearest Zn atoms move outward due to Coulomb inter-
actions in the ionic group II-VI semiconductors, pushing
the defect level upward to the middle of the band gap.
In the V2+

Se configuration, the defect level is unoccupied
and the nearest-neighboring Zn atoms move outward sig-
nificantly due to the larger Coulomb interactions, and the
defect level is pushed near the CBM. A large decrease of
the defect-formation energy is found due to the large lat-
tice relaxation, making the Se vacancy a negative-U center,
which is qualitatively consistent with Ref. [39].

When ZnSe grows under the condition of μZn =
−0.63 eV, the Se vacancy is mainly in the 2+ charge state
and possesses a high defect density of 1.96 × 1014 cm−3,
as shown in Fig. 2(b). By carefully considering the defect
transition-energy levels related to V2+

Se during trapping
processes, we identify that nonradiative recombination
caused by V2+

Se can involve possible defects at points A
and B, as shown in Fig. 4. For each trapping process, we

(a) (b) (c)

FIG. 3. Ball-and-stick representations of local atomic relax-
ations around the selenium vacancy in the 2+, 1+, and neutral
charged states. Single-particle-level energies, with reference to
the VBM, are also shown for each charge state. Green balls are
Se atoms and gray balls are Zn atoms.

FIG. 4. HSE06-calculated formation energies of Se vacancy at
2+ and 1+ charge states in n-type ZnSe as functions of Fermi
level (with reference to the VBM). Insets show atomic and elec-
tronic configurations under different charge states. Green balls
are Se atoms and gray balls are Zn atoms.

use the phonon modes and electron-phonon coupling con-
stants based on the initial states as an approximation within
the harmonic phonon approximation. The first step in the
nonradiative-recombination process is electron trapping,
which occurs through the (+/2+) transition-energy level
at point A with a value of 2.65 eV above the VBM, which
is close to the CBM. After easily trapping an electron, the
structure of the defect system is fully relaxed and becomes
V+

Se, as denoted by the solid blue line in Fig. 4. The second
step is the hole-trapping process for fully relaxed V+

Se to
trap a hole from the valence band at point B. The (+/2+)
transition-energy level at point B is 0.49 eV above the
VBM. After the V+

Se state trapping a hole and becom-
ing a 2+ charge state, V2+

Se exhibits a very large lattice
relaxation, with a large reduction (2.18 eV) in its forma-
tion energy. Thus, the transition-energy level is pushed
back to point A. Consequently, a cyclic nonradiative-
recombination process through a two-level mechanism is
formed [7]. We quantitatively calculate the carrier-capture-
rate coefficients through these transition-energy levels for
electrons and holes, as shown in Table I.

Figure 5 shows the formation energies of the Se vacancy
in the neutral and 1+ charge states in n-type ZnSe (μZn =
0 eV), as a function of Fermi level. The defect transition
levels for points C and D are 1.38 and 0.96 eV above
the VBM, respectively. One can conclude that the domi-
nant electron-trapping process may occur through defect
levels at point C, and the hole-trapping process can occur
through defect levels at points C and D. The first step of the
nonradiative-recombination process is to trap a hole from
the valence band and become the 1+ charge state, resulting
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TABLE I. Calculated electron-capture-rate coefficients, Bn, and hole-capture-rate coefficients, Bp , through defect levels at points A,
B, C, and D in Figs. 4 and 5. Calculated nonradiative decay probabilities, Wij (s−1), and relaxation energy, λ (eV), within the PWmat
code are also listed.

Electron trapping Hole trapping

Bn (cm3s−1) λ (eV) Wij (s−1) Bp (cm3s−1) λ (eV) Wij (s−1)

A 2.63 × 10−8 2.18 1.74 × 10+13 7.85 × 10−34 0.60 2.28 × 10−14

B ··· ··· ··· 6.85 × 10−6 0.60 4.52 × 10+15

C 5.28 × 10−9 0.91 2.59 × 10+15 9.54 × 10−13 0.41 6.30 × 10+8

D ··· ··· ··· 1.06 × 10−10 0.41 7.00 × 10+10

in a hole-trapping process. After V0
Se traps a hole, the for-

mation energy of the 1+ charge state is denoted by the blue
dashed line shown in Fig. 5. Hole trapping occurs through
a transition level at point D in Fig. 5, which is located at
0.96 eV above the VBM. After trapping a hole, the defect
system fully relaxes to V+

Se and the four nearest zinc atoms
around the vacancy move outward, as shown in Fig. 3. The
total energy is reduced by 0.41 eV due to this lattice relax-
ation, thus the transition level is pushed upward to point C.
Then, the second step can be carried out to trap an electron
through a transition level at point C with a value of 1.38 eV
above the VBM. When V+

Se traps an electron and becomes
V0

Se again, the cyclic nonradiative-recombination process
is completed. It should be noted that, due to the defect
level of V+

Se (C point) being far away from the CBM, the
electron-trapping rate should still be very small. According
to the SRH model, there is another possible recombination
process that may occur only through point C: first, V0

Se traps

FIG. 5. HSE06-calculated formation energies of Se vacancy at
neutral and 1+ charge states in n-type ZnSe as a function of
Fermi level (with reference to the VBM). Insets show atomic
and electronic configurations under different charge states. Green
balls are Se atoms and gray balls are Zn atoms.

a hole and becomes V+
Se through the deep transition-energy

level and, then, V+
Se traps an electron and becomes V0

Se. All
calculated electron- and hole-capture-rate coefficients are
shown in Table I.

From the discussion and analysis above, we can sum-
marize that the complete nonradiative-recombination pro-
cess, through a two-level recombination mechanism, is
most likely caused by V2+

Se and V0
Se. Based on the SRH

model, the carrier recombination rate through only point
C is lower than that of using points C and D. Because
the hole-trapping rate (Bp) at point C is lower than that
of point D by orders of magnitude, as shown in Table
I. Meanwhile, it is noted that points A and B have a
high electron-capture-rate coefficient, Bn, and a high hole-
capture-rate coefficient, Bp , respectively. Hence, V2+

Se has
the possibility to be an effective recombination center in
ZnSe under μZn = −0.63 eV conditions. Compared with
the SRH model based on the single-defect level (point A
or D), the nonradiative-recombination rate increases by
several orders of magnitude through the two-level recom-
bination mechanism based on points A and B. Therefore,
the whole nonradiative-recombination process is mainly
completed by V2+

Se through points A and B. Actually, the
electron-capture-rate coefficient is always large in the n-
type semiconductors, and the enhancement of nonradiative
recombination-process is mainly due to the increase of the
hole-capture-rate coefficient. The large lattice relaxation
that occurs in V2+

Se is responsible for the high carrier-
capture rates. This is because in the ionic group II-VI
semiconductors, the defect level can shift from near the
CBM (electron trapping) to near the VBM (hole trapping)
due to large structural relaxation of the anion vacancy in
different charged states caused by strong Coulomb inter-
actions. Consequently, electrons can be trapped near the
conduction band at a high rate, and then holes can be cap-
tured near the valence band at a high rate as well. For
ionic semiconductors in group II-VI, large lattice relax-
ation often occurs in anion vacancies. We further confirm
local atomic relaxations around the O vacancy in ZnO and
the S vacancy in ZnS at the 2+, 1+, and neutral charged
states, as shown in Fig. 6. Notably, the large lattice relax-
ation of the charged anion vacancies is also observed in
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(a)

(b)

FIG. 6. Ball-and-stick representation of local atomic relax-
ations around (a) O vacancy in ZnO and (b) S vacancy in ZnS
at 2+, 1+, and neutral charged states. Single-particle-level ener-
gies, with reference to the VBM, are also shown for each charge
state. Gray balls are Zn atoms, red balls are O atoms, and yellow
balls are S atoms.

ZnO and ZnS. For V2+
O and V2+

S , the nearest neighbors
move outward by 22.0% and 22.7%, respectively, which
is in good agreement with previous studies [40]. Since
ZnO and ZnS belong to group II-VI semiconductors, they
also have large lattice distortions caused by anion vacan-
cies. Therefore, it may be possible to speculate that the
nonradiative-recombination rate could be also enhanced in
ZnO and ZnS by anion vacancies.

IV. CONCLUSIONS

We carefully analyze the nonradiative-recombination
processes in group II-VI ionic semiconductors. For
ZnX (X = O, S, Se) systems, anion vacancies can
bring out large lattice relaxations, resulting from strong
Coulomb interactions between the nearest-neighboring
atoms for different charged states, that largely increase the
nonradiative-recombination rate. Therefore, our work pro-
vides an alternative way to demonstrate the nonradiative-
recombination process in optoelectronic devices based on
more ionic semiconductors.
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