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Defects have a significant impact on the performance of semiconductor devices. Using the first-principles combined
with one-dimensional static coupling theory approach, we have calculated the variation of carrier capture coefficients with
temperature for the interfacial defects Py and P}, in amorphous-SiO,/Si(100) interface. It is found that the geometrical
shapes of Py and Py defects undergo large deformations after capturing carriers to form charged defects, especially for
the Si atoms containing a dangling bond. The hole capture coefficients of neutral Pyy and Py defects are largest than
the other capture coefficients, indicating that these defects have a higher probability of forming positively charged centres.
Meanwhile, the calculated results of non-radiative recombination coefficient of these defects show that both Py and Py,
defects are the dominant non-radiative recombination centers in the interface of a-Si0,/Si(100).

Keywords: interface defect, carrier capture coefficients

PACS: 73.50.Gr

1. Introduction

Around the world, silicon dioxide (SiO;) is a common
component of sands. In microelectronic systems, amorphous
silicon dioxide (a-Si0O;) is used as an insulating layer. Charge
capture by defects in the SiO; and transition layers is a critical
problem that must be addressed in order to improve semicon-
ductor device dependability. Unlike defects in bulk a-SiO,,
when defects capture charge carriers at the interface of a-SiO»
and Si (a-Si0,/Si), it will be difficult to recover electric neu-
trality, causing device performance to deteriorate and eventu-
ally leading to device failure.!'# Unsaturated dangling bonds,
also known as Py-type defects found at the a-SiO,/Si inter-
face are the major electronically active defects, are located in
the interface of a-Si0,/Si and are detected using the electron
spin-resonance (ESR) spectroscopy >8], The Py, defect is dis-
covered at a-SiO,/Si(111), with its isolated sp3 hybrid dan-
gling bond oriented in the (111) direction, orthogonal to the
interface®]. Other two unique defects, Py and Py, which are
situated in the technologically important (100) interface, with
isolated sp> hybrid dangling bonds pointing in the directions
of (111) and (211), respectively. (28] Because the capture and
accumulation of carriers to these defects cause the gate volt-
age to change and acts as non-radiative recombination sites to
diminish the minority carrier density, understanding the micro-
scopic mechanism of carrier capture and identifying dominant
defects is crucial.”!% Unlike point defects in a-SiO», inter-
face traps seldom anneal at ambient temperature and continue
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to interfere with device function.®)

Because direct measurement of the carriers capture pro-
cess is challenging experimentally, especially in terms of iden-
tifying relevant defects, it is vital to investigate the related
phenomena using theoretical calculations based on an ab ini-

I.12] The adiabatic approximation,!'*] Marcus

tio technique.!
theory,!'¥l quantum charge transfer theory!!>! and static cou-
pling theory!!®!8] have been used to construct the electron—
phonon coupling matrix, which determines the carriers cap-
ture properties of defects. Recently, Alkauskas et al.!'® estab-
lished a method for calculating the electron—phonon coupling
matrix using a one-dimensional (1D) configuration coordinate
for the effective vibrational wave function and static coupling
theory. This theory was applied to many hole capture defects
in GaN and ZnO, and the hole capture coefficients found are
consistent with experiment data. Therefore, in our work, we
investigate the non-radiative carrier capture coefficients of the
Py and Py, defects using this 1D static coupling theory. Our
results indicate that the Py and Py, defects form positive cen-
ters more easily than negatively charged defect centers, and
are indeed non-radiative recombination center in the interface
of a-Si0,/Si(100).

2. Theoretical method

The spin-polarized first-principles calculations are

performed in the Vienna ab initio simulation pack-
age (VASP)1920] with projector-augmented-wave (PAW)

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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pseudopotentials.”?!!  Generalized gradient approximation

(GGA) in the Perdew—Burke—Ernzerhof (PBE) form!>23! s
used for the optimization of geometrical structure and a cutoff
energy of 500 eV for the plane-wave expansion is adopted.
The convergence criteria are 10> eV and 0.01 eV-A~! for
energy and force, respectively. The structure models of Pyg
and Py, defects are obtained by Li et al.,[** with a dimension
of 15.4 A x 15.4 A x 35.0 A. Hybrid functional based on the
Heyd-Scuseria—Ernzerhof (HSE06) method®! is employed
to obtain the exact electronic properties.

The formation energy (Er) of defect X in charge state g is
calculated by

Ef[Xq] = Etot[Xq] Etot bulk

Zn Wi
+q(er+AWem) +EL (D

where Et[X9] and Ei[bulk] are the energies of system with
defect X in charge state ¢ and without defect, respectively. n; is
the atomic number that should add (> 0) or remove (< 0) from
pure system to construct defect X, u; is the chemical poten-
tial of atom u, €r is Fermi energy relative to the valence band
maximum (VBM), EZ,. is correction term for charged system,
proposed by Refs. [24,26] by using finite element method.
The EY,, is the change in electrostatic energy from the
periodic boundary condition (Eperiodic) to the open boundary
condition (Ejsojaied) for an isolated defect with charge ¢!*”)

Ecorr = Eisolated — Eperiodic + gAYV, 2

where the last term is an alignment term of the classical elec-
trostatic calculation to that of the DFT calculation.?®!

The finite element method is employed to correct the for-
mation energy, and the charge density and dielectric constant
profile of interface defects are extracted from the first princi-
ples calculations.?*! The defect charge is approximated by a
Gaussian distribution. The Gaussian distribution is defined for
the periodic boundary condition as?”]

9% /@20 _ 990

o3 (2n)” o Q ®

pperiodic( )
where o is the standard deviation, which defines the local-
ization of the defect wave function, Qyp = 1.6 x 10719 C is
the elementary charge, and ¢ is the charge of the defect. The
uniform background charge density of gQp /€ is added to ob-
tain better convergence under the periodic boundary condition,
and Q is the volume of the simulation unit cell. Under the
ground boundary condition and without the uniform charge
background, Eq. (3) can be written as

qQo

77‘2 2 2
Fors X

P ground ( )

The permittivity profile can be obtained by polarizabil-
ities of atoms, which include the electronic polarizabilities

(Oelec) and the ionic polarizabilities (0on).1>”) The static per-

mittivity can be written as

& = 1 + - Z Olelec + O‘lon) (5)

where polarizabilities Ol and Con, of Si atoms in different
oxidation states can be obtained in Ref. [29]. A normalized
Gaussian smearing function is multiplied to each atomic ef-
fective polarizability to smooth the permittivity profile. Thus,

the permittivity profile along the z-axis is defined as

( eec+a10n) C(r—:)2 2
£(z) = 1+—ZW€ (=2)/(20%) (6)

where aelcc + aiion
the z-position z;, and the standard deviation & is chosen to be
1.4 A, which is the distance between two adjacent Si planes
along the [001] direction, and the permittivity profile can be
found in Ref. [24].

The electrostatic potential V(r) is the solution of the
Poisson equation V - [e(r)VV(r)] = —p(r), and the electro-
static energies Eperiodic and Ejsolated are calculated by solving
E = (1/2) [V(r)p(r)dr for the corresponding model electro-
static potential V (r) under the respective boundary condition.

is the polarizability of the i-th Si atom at

It should be noted that the Ejsojateq iS Obtained by scaling the
simulation box uniformly.

Thus, the +/0 and 0/— charge-state transition levels cal-
culated from the formation energy of Eq. (1) are given by

€(+/0) = Eoi[X?]
€(0/=) = E[X "]

The relevant calculation results can be found in the supporting
information.

— E[X ]

— E[X°] -

7AV\-/’—BM Ec-t)rra (7)
AVypm T Ecorr- ®

Non-radiative carrier capture via multiphonon emission
is a common phenomenon for deep defect levels in semicon-
ductors. As shown in Fig. 1, the initial excited state of the
defect vibrates around the equilibrium geometry. Owing to
the electron—phonon coupling, the deformation of the struc-
ture will change the electronic state of the defect and form
final ground state. Then, the final ground state will relax to the
equilibrium structure due to phonon—phonon interactions, and
the atomic relaxations are represented by a 1D configuration
coordinate Q, the minima of the two potential energy surfaces
are offset vertically by AE, which corresponds to the charge-
state transition level, and horizontally by effective configura-
tion coordinate AQ between the excited state and the ground
state. According to the 1D static coupling theory, the corre-

sponding capture coefficient is given by Alkauskas et al.!'8]

2r

cC=V
78

Wl%ZmeI EimlAQ| ) 2 (AE + mhay, — nhay),

C))

where V is the volume of the supercell, and it will replace
by S (the surface areas of the a-Si0,/Si(100)) because we are
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concerned with interface defects. g is the degeneracy factor
(for a-Si0,/Si(100), g = 1). Wizf is the elertron—phonon cou-
pling matrix elements of initial and final states, &;,, and &, are
the vibrational wave function of initial excited state with vi-
brational frequency @; and final ground state with vibrational
frequency @y, respectively, the vibrational frequency can be
obtained by solving the 1D Schrodinger equation for poten-
tial energy surfaces around the equilibrium geometry. @, is
the thermal occupation number of the initial excited vibra-
tional state &;,,, which determines the temperature-dependence
of the capture coefficient, and AE corresponds to the energy of
charge-state transition with respect to the VBM for hole cap-
ture and CBM for electron capture.

Energy (eV)

TTAQ
Q (amu'/2.A)

Fig. 1. Schematic of configuration coordinate for non-radiative carrier
capture. The red and blue lines represent initial excited state with vi-
brational wave function &, and final ground state with vibrational wave
function &, respectively. AE is the ionization energy of the defect, AE,
serves as a classic energy barrier of carrier capture, and Q is 1D effective
configuration coordinate.

The degree of deformation is described by the 1D effec-
tive configuration coordinate AQ of initial and final states

AQ* =Y maARy,,

ot

(10)

where mg and AR, are the mass and the displacement along
the direction ¢ from the equilibrium atomic coordinate of atom
a, respectively.

The rationality of 1D static coupling theory is premised
on Huang—Rhys factor S>> 1, which corresponds to the large
lattice relaxation associated with the change of the charge
state, thus it is possible to replace the sum over all vibrational
degrees of freedom with one special phonon model.*%! The §
is defined as

1
Sif= E(AQ)zwi,ﬂ (11)

3. Results and discussion

3.1. Geometric structures and electronic properties of Py
and Py, defects

The concentration of the Py defect in the a-SiO,/Si(100)
interface is approximately 5 x 102 cm~2,13? located in the
second Si layer near the interface. The Pyo defect is con-
structed primarily by removing a Si atom from the second

layer of the interface on the Si side, resulting in four dangling
bonds, three of which are saturated by H atoms, and the fourth
dangling bond is the Py defect (Fig. 2(a)). In the case of the
Py, defect, which is located in the topmost layer of the Si side,
the Py; defect concentration in the a-Si0,/Si(100) interface
is around 1 x 10'2 cm~2,321 which is a fifth of the Py de-
fect concentration but nevertheless significant. Three different
models have been proposed to define the Py defect, includ-
ing dimer, bridge and asymmetrically oxidized dimer (AOD)
models.??) The AOD model is the most likely candidate than
the dimer and bridge models for the Py, defect, because the
full set of hyperfine parameters is found to agree closely with
the experimental data,!**3!] so we only choose this model in
our research to study the carrier capture properties of Py de-
fect. In the AOD model, the two lower back bonds of the
fully coordinated Si atom near the SiO; layer are oxidized
(Fig. 2(b)). Due to the existence of dangling bonds, the neutral
Py and Py, defects have a magnetic moment of 1 ug.

Fig. 2. The geometric structure of neutral (left) and positively charged
(right) (a) Py defect and (b) Py; defect.

Fig. 3. The geometric structure of neutral (left) and negatively charged
(right) (a) Py defect and (b) Py defect.

Table 1 shows the bond lengths and bond angles of the
Si atom containing a dangling bond (Sip) and the other three
Si atoms coordinated to Sig at defect centers. When the de-
fect captures a hole, the unpaired electron of the dangling
bond along with the magnetic moment vanishes, and the de-
fect structure tends to a plane structure similar to that of sp?
hybridization (Fig. 2), resulting in shorter Si—Si bonds and
larger ZSi-Si-Si bond angles. However, for the Py defect,
the bond length of the Si atom connecting to the three O atoms
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(Si3p0) and Sip becomes longer due to the higher electroneg-
ativity of the O atom, which makes the type of bonding be-
tween O and Si between covalent and ionic bonds, resulting in
different properties of Si3p. In terms of electron capture, the
dangling bond’s unpaired electron would pair, and the mag-
netic moment would vanish, while Si—Si bond lengths would
lengthen and ZSi-Si-Si bond angles would decrease (Fig. 3).
And the relaxation of Sip contributes the most to AQ, which

can be found in the percentage of AQs;, in the AQ (Table 1).

The energy levels of the Py and Py; defects before and
after hole (electron) capture are all determined by examining
the density of states (DOS), as shown in Fig. 4. The Sip atom
contributes the most to the defect energy level, when the neu-
tral defect captures a hole (electron), the magnetic moment be-
comes zero due to the unpaired electron in the dangling bond
would vanish (pair).

Table 1. The change of Si-Si bond lengths, /Si-Si-Si bond angles and mass-weighted distortions of Si atom with a dangling bond AQs;, and all

atoms AQ for Py and Py, defects by capturing hole or electron.

System Si-Si (A) /Si-Si-Si (°) AQs;, (amu'/2-A)  AQ (amu'/2-A)  AQs;,/AQ (%)
Puo 2382 2.334 2356 | 112.13 115.31 107.55
P 2371 2.306 2346 | 118.56 120.42 114.87 1.944 2.559 75.97
Py 2391 2.380 2395 | 102.69 106.74 96.25 2.129 2.901 73.39
Py 2.366 2.321 2279 | 118.53 107.11 109.04
P 2.380 2311 2245 | 123.50 114.87 118.03 2.581 4.076 63.32
Py, 2378 2.369 2331 | 107.14 97.85 96.74 2.356 3.231 72.92
30 ) 30 o
20 PbO E h 20 PbO e
10 10}
wn } wn
C 0 c 0
a [ \/ v a Z
—10 —10 _
Pl Py
—20F —20F
3002 04 06 08 10 3% 02 04 06 08 10
Energy (eV) Energy (eV)
30 © 30 @
C -
20+ 0’2—% oﬂ/% 201 ,/X/&" e 0’1—{7‘
Pbl Pbl
10 10
wn n
S 0 S 0
A A
—10 . —10
P, Py
_9ot b0 _ool b0
=30 "02 04 06 08 1.0 =30 "02 04 06 08 1.0

Energy (eV)

Energy (eV)

Fig. 4. Spin-polarized local density of state (LDOS) of Py defects (a) by capturing a hole and (b) by capturing an electron, Py defects
(c) by capturing a hole and (d) by capturing an electron. The red and blue lines represent defect levels before and after hole (electron) capture,
respectively. The brown and cyan regions represent DOS projection to Si atom with a dangling bond. The energy level of valence-band maximum

(VBM) is set to 0 eV.

3.2. The carrier capture properties for Py, defect and Py,
defect

The Pyy and Py, defects are amphoteric defects, which
act as both a donor and an acceptor state in the bandgap of
Si. The complete non-radiative recombination is a sequence
of electron-hole pair capture processes. Associated with the
(4/0) transition level, there are two capture processes: hole
(p) capture for the neutral state (Cg) and electron (n) capture
for the positively charged state (C;). Similarly, there are also
two capture processes involved in the (0/—) transition level:
electron capture for the neutral state (C%) and hole capture for
the negatively charged state (C;;). The 1D configuration coor-
dinate diagram is used to analyze the capture processes. The

relative parameters to describe the temperature dependence of
carrier capture coefficients are shown in Table 1.

For the Py defect, the (4+/0) and (0/—) transition levels
are 0.26 eV and 0.79 eV above the VBM (i.e., AE are 0.26 eV
and 0.38 in hole and electron capture for neutral state, respec-
tively), respectively, which accords with the experimental re-
sults that the defect levels of the Py defect are broadly dis-
tributed with (+/0) transition level approximately 1/3 eV be-
low the middle of the band gap and the (0/—) transition level
approximately 1/3 eV above the middle of the band gap.!¥
Figure 5(a) shows the configuration coordinate diagram for the
transition between Py and PbO’ the equilibrium configuration
of PbO and Py correspond to Q = 0 and Q = AQ, respectively.
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The energy barriers of hole capture (AEg) and electron cap-
ture (AEn+ ) are 5.34 meV and 199.53 meV, respectively, AES
is much smaller than AE,, indicating that the hole capture pro-
cess for the neutral state is faster than the electron capture pro-
cess for the positively charged state and smaller temperature
dependence of carrier capture coefficient. Figure 5(b) shows
the similar results for the transition between Py and P, the
energy barriers AEI? and AE;" are 0.52 meV and 230.14 meV,
respectively, indicating that the electron capture process for
the neutral state is also faster than the hole capture process for
the negatively charged state.

The carrier capture coefficients as a function of temper-
ature are depicted in Fig. 5(c), which includes the electron—
phonon coupling and the overlap of potential energy surfaces.
And the total non-radiative carrier capture coefficient (Cyor)

[33-35

under steady-state conditions I can be derived as

G +Cp

Ciot = .
YT cy +Q/ct

(12)

As shown in Fig. 5(c), Cg and Cg are weakly depen-
dent on temperature, but C;” and C,, show a strong temper-
ature dependence. And Cg and CY are higher than C; and
CE at the low temperatures, which is consistent with the en-
ergy barriers. Because of the fact that Cg > CY and Cg JCF >
1+ Cg /C5 , the total capture coefficient is approximately equal
to CY/(CY/CF), ie., Cf, indicating that Cic is limited by the
electron capture process for positively charged state. At room
temperature, Cyo of Py defect is about 1.25 x 1078 cm?/s,
thus the non-radiative recombination coefficient (A) of Py de-

fect can be derived by Ap, = NPbng =6.25%x 10* s~!, which
Np,, is the defect density of Py defect.

The Py; defect is also one of the most dominating de-
fects in a-Si0,/Si(100), the (4/0) and (0/—) transition lev-
els are 0.48 eV and 0.86 eV above the VBM (i.e., AE are
0.48 eV and 0.31 in hole and electron capture for neutral
state, respectively), respectively, which accord with the ex-
perimental results.’?! Figures 6(a) and 6(b) show the con-
figuration coordinate diagram for the transition between Py
and P;l, and the transition between Py and P,;. The energy
barriers AEJ, AE,, AE] and AE, are 4.00 meV, 37.20 meV,
1.97 meV, and 264.03 meV, respectively, only AE;" has a large
value, indicating that the hole capture process for the nega-
tively charged state is slower than other capture processes, and
show a strong temperature dependence. As shown in Fig. 6(c),
Cg, C;t and CY are indeed almost unchanged with increas-
ing temperature, and higher than C;. At low temperature,
CY/C > 1+C/C, . thus leading that Ciot ~ C)/(Ch/C;)),
and as the temperature gets higher, the ratio of 0/ G, is grad-
ually increased and even exceed Cg/CrT , making that Cyy ap-
proach gradually C;F. Because of the smaller temperature de-
pendence of CY, CY and C;, C is mainly influenced by Cy s
the variation tendency of Cy,; with temperature is almost con-
sistent with Cl; . At room temperature, Ci; of Py defect is
about 1.90 x 108 ¢cm?/s, and the non-radiative recombination
coefficient (A) of Py defect Ay, = 1.90 x 10* s71. Ap, and
Ap,, have the same order of magnitude, implying that both Py
and Py, defects are the dominant non-radiative recombination
center in the interface of a-Si0,/Si(100).

Table 2. The key parameters relative to carrier capture coefficients for Py and Py, defects: mass-weighted deformation AQ, energies difference
between adjacent vibrational energy levers 7@, r, Huang—Phys factor S s, ionization energy AE, electron—phonon coupling matrix Wi, and the
surface areas of the supercell § = 236 A2 in first-principles calculation.

Reaction AQ (amu'/2.A) 1oy, (meV) hop (meV) AE (eV) S S¢ Wis (eV/amu'/2.A)

Pyo+ht — Pl 2.559 21.40 21.68 0.26 16.78 17.00 6.04 x 1074
Ph+e” — Byo 2.559 21.68 21.40 0.91 17.00 16.78 9.12x 1073
Po+e” =Py 2.901 19.18 19.94 0.38 18.63 19.37 4.15x 1075
P, +ht — By 2.901 19.94 19.18 0.79 19.37 18.63 270 x 1074
Py +ht = B 4.076 14.90 16.69 0.48 28.57 32.00 490x 1074
Pl +e” =Py 4.076 16.69 14.90 0.69 32.00 28.57 4.05x 1075
Py+e” =P 3.231 17.95 19.05 0.31 21.62 22.95 1.16 x 1074
P +ht = By 3.231 19.05 17.95 0.86 22.95 21.62 5.93%x 1075

(a) (b) (c) —4r

3r P Py+e +ht 3r Pyg+e +ht c
— . it ~ —6F
~

\?9/ 2 ?9/ 2 NE \ 0

5 % ] — =

g g 1) % / —

— —10} Cu ————
m ) C,
ot of —12 ; : '
5 0 5 10 5 0 5 10 2 4 6 8 10

Q (amu'/%A)

Q (amu'/%A)

1000/T (K1)

Fig. 5. Calculated 1D configuration coordinate diagrams for the transition between (a) Py and Pf;o, (b) Pyo and Pp. (c) Non-radiative capture
coefficients of Py defect as a function of reciprocal temperature.
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(a) (b) (©) —4r
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Fig. 6. Calculated 1D configuration coordinate diagrams for the transition between (a) Py; and Pf;], (b) Pyy and Py;. (c) Non-radiative capture

coefficients of Py defect as a function of reciprocal temperature.

4. Conclusion

In summary, we use first principles calculations and the
1D static coupling approach to investigate the carrier capture
properties of Py and Py defects, the existence of initial dan-
gling bonds, making these defects to capture holes or electrons
easily to eliminate the dangling bonds. Because of the bigger
hole capture coefficients for neutral states, the Pyy and Py, de-
fects have a stronger capacity to capture holes than electrons,
and the large non-radiative recombination coefficient further
indicates that these defects are the non-radiative recombina-
tion center. The present study further demonstrates how reduc-
ing the formation and suppressing the activity of these defects
will be key to maintaining device performance in the future.
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