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Abstract

First-principles investigation of charge trap centers in 

amorphous silicon nitride

Gijae Kang

Materials Science and Engineering

The Graduate School

Seoul National University

Over the last decade, the needs to overcome the scaling limitation 

and the reliability problem of the floating-gate memory have increased 

significantly. One of the most promising alternatives to the 

conventional floating-gate memory is the charge-trap flash, in which 

N-deficient amorphous silicon nitride is utilized as the charge-trap 

layer. The localized nature of charge traps in amorphous silicon 

nitride makes the electrons in the trap layer immobile, thereby 

suppressing the trap-assisted tunneling. In spite of the long history 

and wide usage in commercial devices, the atomistic origin of the 

trap states in amorphous silicon nitride is still elusive, which could be 

a hurdle against further engineering the material property and 

improving device performances.

In this dissertation, we investigate the charge-trapping behavior of 

N-deficient amorphous silicon nitride using first-principles calculations. 

Firstly, the stoichiometric amorphous silicon nitride are generated 

using melt-quench procedure. The structural and electrical properties 



- ii -

are in good agreement with experiment, confirming the reliability of 

the computational methods. Secondly, amorphous structures with one 

less nitrogen atom from nominal stoichiometry are generated. The N 

deficiency mainly produces one Si-Si bond and one Si dangling bond 

which is called K center. Among these two local structures, only the 

K centers act as possible trap sites. We estimate the transition levels 

of K centers and find that the Hubbard U energy is distributed from 

−1.14 to 1.11 eV. Even though a majority of K centers show 

positive U, the charge states of most centers in the ensemble are 

either positive or negative under the charge-neutrality condition. This 

results in `seemingly negative-U’ behavior which explains the 

diamagnetic signal in experiment. The charge-injection energy into K 

centers is evaluated based on the Franck-Condon approximation and 

the average trap depths for electrons and holes are in good agreement 

with experiment. Finally, amorphous silicon nitrides with large N 

deficiency and H impurities are generated. It is found that the large 

N deficiency leads to the formation of Si-cluster structures, and most 

of the H impurities passivate dangling bonds in the amorphous silicon 

nitride. Because the Si cluster is found to be inactive as a trap center 

and H atoms mostly serve as passivating agents, the remaining K 

center that is not passivated with H act as the major trap.

Keywords: density functional theory, amorphous semiconductor, 

charge-trap memory

Student Number: 2014-30225
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Chapter 1 
*Introduction

1.1 Overview of charge-trap memory

As the society shifts toward data-intensive electronic lifestyles, the 

consumer market for the nonvolatile memory has grown steeply over 

the last decade, which also increased needs to address technical 

challenges such as scaling limitation and reliability issue of the 

nonvolatile memory [1–5]. In the traditional floating-gate memory, to 

prevent charge losses that degrade the data retention, the thickness of 

tunneling oxides should be at least ~8 nm, otherwise even a single 

trap in the oxide could result in complete loss of charges [1]. This 

requirement in the minimum oxide thickness is critically limiting the 

downscaling of flash-memory devices, as shown in Fig. 1.1.

One solution to the charge-loss problem is to store the charges at 

spatially localized sites in the charge-trap layer rather than the whole 

gate region. Such device structures are called the charge-trap flash 

(CTF). The trapped charges are immobile and spatially well-separated 

from defects in the gate or tunneling oxides, thereby suppressing the 

trap-assisted tunneling. To illustrate the difference between two 

devices clearly, the schematics of conventional floating-gate memory 

and Silicon-oxide-nitride-oxide-silicon type (SONOS) charge-trap 

memory is shown in Fig. 1.2. The structure of the floating-gate 

* Part of this dissertation was published in G. Kang et al., “First-principles study on the 
negative-U behavior of K centers in amorphous Si3N4−x”, Phys. Rev. Applied 10, 064052 
(2018).



- 2 -

Figure 1.1. The trend of MOSFET scaling from ITRS [1]. 
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Fig. 1.2. Schematics of (a) floating-gate memory bit cells with  

mobile charges stored in the polysilicon gate medium, and (b) the 

SONOS type memory cells with immobile charges trapped in the 

nitride layer [1].
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memory can be considered as a MOSFET structure where the 

polysilicon act as a charge storage unit insulated with an oxide layer. 

Since the itinerant charges stored in the floating gate easily run across 

the leakage path in the oxide, high integrity of the insulating oxide 

layer is needed to ensure the retention performance of the device. In 

the case of charge-trap memory, on the other hand, the charges stored 

in the trap layer are immobile because of the low mobility of the 

nitride, and the required uniformity of the oxide layer can be 

compromised. 

With this advantage in the retention property, CTF memory is 

rapidly replacing the conventional floating-gate memory in high-density 

solid-state drives [5,6]. In CTF, N-deficient, nonstoichiometric 

amorphous silicon nitrides (a-Si3N4−x) are widely used as the material 

for the charge-trap layer. The nonstoichiometry of a-Si3N4−x creates 

many localized defect levels inside a wide band gap of ~4.6 eV. The 

localized nature of mid-gap states in a-Si3N4−x immobilizes electrons 

in the charge-trap layer, which reduces the leakage current and hence 

improves the retention property. In fact, the invention of CTF dates 

back to 1960’s when the metal-nitride-oxide-silicon (MNOS) structure 

utilizing a-Si3N4−x was widely studied. Soon after the carrier trapping 

under electric bias and temperature stress was first observed, the 

memory behavior of the MNOS device was also demonstrated [7–10].

However, in spite of long history and wide usage in commercial 

devices, the atomistic origin of the trap states in a-Si3N4−x is still 

elusive, which can be a hurdle against further engineering the material 

property. To grasp a better understanding of the charge-trapping 
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process in CTF, we need a nanoscale modeling method in which the 

atomistic characteristics of a-Si3N4−x are captured. 
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1.2 N deficiency and H impurities in a-Si3N4

The high trap density of a-Si3N4−x stems from the large N 

deficiency. Here we briefly explain the N deficiency and also the 

high impurity concentration of a-Si3N4−x, which should be accounted 

in the realistic modeling of the material. 

a-Si3N41) can be prepared by various techniques such as 

low-pressure CVD [11–17], plasma-enhanced CVD [18], reactive 

sputtering [19], or plasma discharge [20]. Traditionally, CVD is the 

most-frequently used method as it is simple and advantageous in 

manufacturing. The samples using CVD typically exhibit large N 

deficiency (corresponding to x = ~1.0 for a-SiNx), and the NH3 to 

SiH4 molar ratio should be raised to ~104 to induce stoichiometric 

products. This large nonstoichiometry is mainly attributed to the low 

formation energy of N vacancy. Despite the strong covalent bonding 

between Si and N, the N vacancy can easily form because of the 

stable N2 product. In addition, H atoms captured in dangling bonds of 

Si can be released during post-deposition annealing process, which in 

turn increases the N deficiency in the samples.

Another interesting characteristic of a-Si3N4 is the high impurity 
concentration. In CVD process, the vapor phase is consisted of Si2H6, 
SiH2Cl2 or SiH4 and NH3, N2, or N2O precursors, which implies the 
presence of impurities such as H, Cl, or O atoms in the samples. 
Especially, it is reported that the H concentration in a-Si3N4−x can 
amount to 25 at.% of the sample constituents [21], owing to its low 

1) In this dissertation, ‘a-Si3N4’ is used to refer to amorphous silicon nitride in general, 
regardless of its stoichiometry. In the case where only the stoichiometric one is referred, 
‘stoichiometric a-Si3N4’ is used.
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formation energy as substitutional and interstitial defects (see Fig. 
4.4). Although it is widely accepted that the most of the H impurities 
passivate the Si dangling bonds in a-Si3N4−x, the effect of H is not 
fully examined in the atomistic aspect.
  From above observations, we conclude that the modeling of charge 
trap of a-Si3N4 should consider the N-deficient, nonstoichiometric case, 
and include the effect of impurities, at least of H. In this dissertation, 
the effect of small N deficiency is presented in depth through chapter 
4, and the effect of large N deficiency and H impurities is discussed 
in chapter 5.
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1.3 Atomistic modeling of amorphous materials

Accurate modeling of amorphous materials is of significant 

importance in materials engineering, as the fundamental properties of 

amorphous materials are starkly different from the crystalline. 

However, atomistic modeling of the amorphous has crucial challenges 

because of the intrinsic variability in their structures. 

Constructing the atomic configuration, which is a trivial task in 

most crystalline cases, can already be cumbersome in the case of 

amorphous phases as they have no symmetry in their atomic 

configuration. How do we find the atomic structure which reproduces 

physical properties of the amorphous phase? The best strategy is to 

mimic the experimental procedure of amorphous sample generation, 

such as melt-quench process or vapor deposition process. These 

simulations, especially the former, are indeed frequently adopted to 

model amorphous structures and also used in this dissertation. 

Unfortunately, however, the time and length scale of the method are 

by no means comparable with that of experiments, thus the simulated 

procedure has to be designed carefully so that the desired properties 

of amorphous can be reflected within reasonable computation time. 

Even with such compromise, the generation procedure for amorphous 

structures is usually very costly.

Another issue would be the mapping of structure-to-energy in 

amorphous. As the energy surface of amorphous phases has very 

subtle differences and even degenerated between different 

configurations, it is expected that even the exact same generation 
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procedure leads totally different configurations. Also, even if the 

configurations looks as they share similar structural features, the 

energy and properties from each sample can be at variance, one of 

the example being the wide range of transition levels and U values in 

K centers of a-Si3N4−x presented in this dissertation. Therefore 

quantitative analysis on amorphous model should be accompanied with 

ensemble approach, in which the number of samples are enough to 

lead to unambiguous interpretation. This, combined with the 

time-consuming amorphous-generation procedure, cost tremendous 

computational cost. However, it should be noticed that the variety of 

the resultant configurations is what we want (at least to some degree), 

as the intrinsic randomness of the amorphous should be captured in 

the model system. 

Because of the difficulties listed so far, most of theoretical studies 

on Si3N4 are based on its crystalline phase. In this dissertation, we 

generate ensembles of structures to capture the variability of 

amorphous, and find out that the atomistic behavior of trap states in 

a-Si3N4 is indeed very different from that of crystalline phase.
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1.4 Goal of the dissertation

In this dissertation, we present studies of the fundamental properties 

and the atomistic behavior of trap states in a-Si3N4−x. 

Firstly, we investigate the fundamental properties of stoichiometric 

a-Si3N4 and compare the result with experimental data to verify the 

reliability of the first-principles calculations used in the approach. 

Secondly, electronic and structural properties of a-Si3N4−x with small 

N deficiency are analyzed to identify the origin of the charge trap. 

From defect analysis and the charge-injection level calculation, we 

conclude that K center is the major trap site in a-Si3N4−x. Also, it is 

found that even though a majority of K centers show positive U, the 

ESR measurements can be explained successfully with `seemingly 

negative-U’ model.

Finally, we discuss the effect of H impurities and larger 

nonstoichiometry on a-Si3N4−x. We find out that while the large N 

deficiency induces Si-cluster structure, the structure is not active as a 

trap center, and the H atoms mostly passivate dangling bonds in the 

a-Si3N4−x.

Through this study, we aim to present comprehensive understanding 

of the nature of charge traps and charge-injection process in a-Si3N4.
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1.5 Organization of the dissertation

 This dissertation consists of six chapters. Chapter 1 is the 

introduction. In chapter 2, we present the theoretical backgrounds of 

first-principles methods used in this dissertation. In chapter 3, we 

present the theoretical investigation of stoichiometric a-Si3N4. In 

chapter 4, we analyze the a-Si3N4−x with one less N atom from 

nominal stoichiometry and identify the behavior the K center in the 

charge-trapping process. In chapter 5, we present the effect of H 

impurities and large N deficiency on a-Si3N4−x. In chapter 6, we 

summarize conclusions from each chapter.
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Chapter 2 

Theoretical background

2.1 Density functional theory (DFT)

2.1.1 Hamiltonian of many-body system

Electrons and nuclei are the building blocks of the world we 

experience. In principle, the behavior of electrons and nuclei can be 

completely described with Schrödinger’s equation. In a system with N 

electrons and P nuclei, the many-body Hamiltonian is written as 
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where r(i,j) and R(I,J) indicate positions of the (i,j)th electrons and (I,J)th 

nuclei, respectively. m is the mass of an electron. ZI and MI are 

charge and mass of the Ith nuclei, respectively.

In most situations we assume that the fourth term in Eq. 2.1 is 

negligible, since the masses of nuclei are much larger than that of 

electrons. This is called Born-Oppenheimer approximation, in which 

we treat the nuclei as charged particles with fixed positions exerting 

static Coulomb field on electrons. In addition, the fifth term in the 

equation, which is the potential energy between the nuclei, is not 

coupled with electrons and can be treated separately. therefore, Eq. 

2.1 can be trimmed down to
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where Vext(ri) means the external potential from the nuclei. 

Even after these simplification, solving the Schrödinger’s equation is 

extremely formidable. In essence, first-principles calculation is the 

struggle to solve the above equation with a feasible computational 

cost.
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2.1.2 Hohenberg-Kohn theorem

One of the most widely-used approach to solve Eq. 2.2 is density 

functional theory (DFT) [22,23]. Often DFT serves as a balanced tool 

in terms of accuracy and computational cost, and its applications have 

been continuously expanding.

The bottom line of the theory is that all properties of a many-body 

system can be exclusively described with the ground-state density. At 

first glance this seems like a radical assertion, as it states the 3 N 

degrees of freedom in the many-body system can be reduced into 3 

spatial coordinates of density n(r). However, the DFT is an exact 

theory which is based on two theorems formulated by Hohenberg and 

Kohn in 1964 [22].

Theorem 1: For any system in an external potential Vext(r), the 

potential Vext(r) is determined uniquely by the ground-state density.

Proof of theorem 1 is based on reductio ad absurdum. Suppose that 

two different external potentials Vext(r) and V′ext(r) give rise to the 

same ground-state density n0(r). These potentials lead to two different 

Hamiltonians, H and H′, with different ground-state wavefunctions, Ψ
and Ψ′. If we take Ψ′ as a trial function for H, it follows that

〈′  ′〉〈′  ′  ′〉〈′  ′  ′〉
  ′ext  ′ext 

           (2.3)

From the variational principle, the above energy should be larger than 

the ground-state energy of the system, 
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 〈  〉,                        (2.4)

so that

  ′ext  ′ext .                (2.5)

Changing the Ψ′ and H in the left side of the Eq. 2.3 to Ψ and H′ 
and following the same procedure give

 ′  ′ext  ext .                (2.6)

Finally, adding Eq. 2.5 and 2.6 leads to the relation  ′  ′, 

which is a contradiction and thus proves that there cannot be two 

different potentials which give the same ground-state density. 

From the theorem 1, it is clear that the Hamiltonian in Eq. 2.2 is 

fully determined by the ground-state density n0(r). Therefore, the 

many-body wavefunction and accordingly all properties of the system 

should also be fully determined by n0(r).

Theorem 2: For the universal functional that delivers the energy 

E[n(r)] with Vext(r), the exact ground-state energy is the global 

minimum of this functional, and the density which yields the 

minimum is the exact ground-state density.

Even though the theorem 2 is simply the variational principle 

applied to energy functional, it provides a guiding principle to 

determine the ground state of the system. From the theorem 2 it 

follows that the ground-state energy and density can be found in 

minimization of the following functional,
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 ext ,              (2.7)

where the universal functional F[n(r)] can be separated in three terms 

as 

 nonlocal            (2.8)

in which T[n(r)] and J[n(r)] indicate the kinetic energy and classical 

electrostatic energy, respectively. Enonlocal[n(r)] is the nonlocal energy 

which includes self-interaction correction and exchange-correlation 

effect.
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2.1.3 Kohn-Sham equation

The Hohenberg-Kohn theorem itself does not give any information 

about the form of the energy functional or how it should be 

constructed. Of three terms in Eq. 2.8, only the classical Coulomb 

energy or Hartree energy J[n(r)] is known explicitly:

  

′
′

′.                 (2.9)

To proceed further, the relation between the electron density and the 

kinetic energy T[n(r)] should be found, which is by no means trivial.

This difficulty leads us to the Kohn-Sham approach [23]. The idea 

of the approach is to assume an auxiliary non-interacting system 

which reproduces the same density of the original interacting system. 

This system is defined by non-interacting Hamiltonian

aux 
  






∇
 eff                (2.10)

with Veff(r) being the effective local potential such that the 

ground-state density of Haux corresponds to the original system. The 

kinetic energy of this non-interacting electrons is

 




 

 〈 ∇
 〉                  (2.11)

and the functional in Eq. 2.8 can be rewritten as 

  xc             (2.12)

Here, the kinetic energy of this non-interacting system Ts is not same 

with the true kinetic energy of the interacting system T. The 

difference which is originated from the correlation effect should be 

included in the exchange-correlation energy Exc.
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In this auxiliary system, single-particle eigenstates which are often 

called Kohn-Sham orbitals can be obtained by solving the one-body 

Schrödinger’s equation

KS                     (2.13)

where Kohn-Sham Hamiltonian is 

KS 



∇ eff .                 (2.14)

Using the Kohn-Sham orbitals and the density which is defined as 


  




                     (2.15)

the total energy functional or Kohn-Sham functional (Eq. 2.7) can be 

written more explicitly as

KS 




  

 〈 ∇
 〉ext 

 

′
′

′xc 

          (2.16)

By applying the variation principle to the above equation, we can 

finally obtain the expression for the effective potential:

eff ext ′


′

xc 
        (2.19)

The one-body equations for the auxiliary non-interacting system that 

we obtained so far are called Kohn-Sham equations. The solution for 

the Kohn-Sham equations should be solved iteratively and 

self-consistently, as the effective potential Veff depends on the 

Kohn-Sham orbitals through the electron density. In practice, the 

Kohn-Sham equations are solved in a self-consistent loop represented 

in Fig. 2.1.
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Figure 2.1. Schematic representation of the self-consistent loop to 

solve Kohn–Sham equations.
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2.1.4 Exchange-correlation energy

As presented in the previous sections, the total energy of a 

many-body system can be separated into different contributions, and 

the Hartree energy and the non-interacting kinetic energy are 

expressed as a functional of electron density and Kohn-Sham orbitals, 

respectively. The only remaining contribution is the 

exchange-correlation functional EXC[n(r)], of which the quality is 

crucial in the success of DFT.

The simplest and yet astonishingly useful model for EXC is local 

density approximation (LDA). In LDA, we assume the 

exchange-correlation energy of the system can be approximated to that 

of homogeneous electron gas. The exchange-correlation energy density 

XC of the homogeneous electron gas solely depends on the electron 

density at that point (hence the name LDA), and the 

exchange-correlation energy of the system can be written as 

XC
LDA XC

LDA                 (2.20)

LDA is very successful despite its simple form, especially for the 

systems in which the electron density is relatively uniform, e.g., 

metals. 

The inhomogeneities in the density, which is not considered in LDA, 

can be accounted by including the information about the gradient of 

the electron density. Among numerous schemes based on the idea, 

ones that take into account the correct sum rule for the exchange and 

correlation hole are called generalized-gradient approximation (GGA). 

The EXC in GGA can be written as 
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XC
GGA XC ∇∇ 

X
hom XC ∇∇

     (2.21)

where XC
hom  is the exchange energy of the homogeneous electron gas, 

and FXC is a dimensionless function of n(r) and its derivatives. 

Various forms of FXC have been developed, among which the PBE 

proposed by Perdew, Burke, and Ernzerhof [24] is the most popular.
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2.2 Hybrid functional

The weakness of DFT approach stems from poor description of the 

exchange-correlation energy EXC. In typical DFT methods such as 

LDA or GGA, the description of exchange is surely unsatisfactory as 

these approximations hardly capture the nonlocal nature of the 

exchange energy. The exact exchange energy can be calculated in the 

Hartree-Fock theory, although the correlation energy is completely 

ignored in that case. As a result, DFT and Hartree-Fock theory often 

show striking inconsistency in many properties such as band gap, 

bond length, and binding energy.

These observations motivate the combination of EXC from two 

approaches, so-called hybrid functional method. In the hybrid 

functional method, the EXC is evaluated as

XC
hybX

HFX
DFTC

DFT              (2.22)

where mixing coefficient α determines the amount of HF contribution 

to the EXC. It should be noticed that the evaluation of HF exchange 

energy EX
HF is computationally demanding, since it is nonlocal and 

involves spatial integration of the orbitals:

X
HF








′



′′

′         (2.23)

The computational cost can be reduced if we replace the 

contribution from the long-range part of the HF exchange to the 

density functional counterpart. This is done by decomposing the 

Coulomb interaction into short-range (SR) and long-range (LR) parts 

as
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           (2.24)

and calculating the HF exchange energy only for the short range. 

With this trick, the exchange-correlation energy is given by

XC
HSE X

HFSRX
PBESRX

PBELRC
PBE    (2.25)

The mixing coefficient α and screening parameter μ can be chosen by 

some theoretical rationales, or simply by fitting some properties of the 

materials of interest. In this work we use HSE06 functional [25], in 

which α and μ are set to be 0.25 and 0.2 Å−1, respectively. 
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2.3 Defect formation energy

The formation energy of a charged defect in the supercell can be 

evaluated as follow:


   VF D         (2.26)

where Eq and E0 are the total energies of the nonstoichiometric cell 

with charge q and the perfect cell with zero charge, respectively, EV 

is the valence band edge, EF is the Fermi level with respect to EV, 

Ecorr is the correction energy which accounts for spurious interactions 

among charged defects within the periodic boundary condition, and μD 

is the chemical potential of the defect. 

In the above equation, all terms are determined by the outputs of 

first-principles calculations except EF and μD. The value of μD is 

chosen to reflect the experimental environment. EF often acts as a 

variable which relates the formation energy and the charge condition 

of the system. If the EF of the system is given, we can evaluate the 

defect formation energy. The opposite is also possible: If the 

formation energies and concentrations of all the relevant defects are 

known, the EF can be determined from the charge-neutrality condition.
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Chapter 3 

Fundamental properties of stoichiometric a-Si3N4

3.1 Introduction

In crystalline Si3N4 (c-Si3N4), the Si atoms are coordinated with 4 

N atoms, forming a tetrahedral unit, while N atoms are coordinated 

with 3 Si atoms in a planer triangular unit. It should be noticed that 

the Si-N bonding has strong covalent character so that the tetrahedral 

units of Si and the planer units of N are mostly preserved, even 

though the angle and the bond length have a distribution due to the 

structural fluctuation of amorphous phase.

Unlike the case of c-Si3N4, computational modeling on the 

stoichiometric a-Si3N4 is rare due to the computational cost in 

generating amorphous structures. Some theoretical works combined 

cluster model, random-network model or classical molecular-dynamics 

(MD) simulations with DFT calculations to reduce the cost [26–30]. 

The full-blown DFT approach utilizing melt-quench process was 

adopted only recently [31]. In those works, the electronic structure 

and optical property of a-Si3N4 were studied by DFT and many-body 

perturbation theory. Ensemble approaches on the stoichiometric a-Si3N4 

with DFT is costly, though the sample generation can be sped up by 

adopting classical MD during melt-quench process and using DFT 

only for the geometry optimization.[32,36] However, applying this 

approach to nonstoichiometric cases may suffer from errors due to the 

limited reliability of classical MD potential in describing chemical 
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bonds. 

In this chapter, we provide a reliable procedure to generate 

ensemble of a-Si3N4 using DFT, which is also transferable to the case 

of a-Si3N4−x. The fundamental properties are calculated using DFT 

and hybrid functional, and compared with experimental data to 

confirm the reliability of the approaches.
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3.2 Computational methods

3.2.1. Computational setup 

We perform the first-principles calculations using the Vienna Ab 

initio Simulation Package (VASP) [33,34]. The generalized gradient 

approximation with the Perdew-Burke-Ernzerhof (PBE) functional is 

employed for the exchange-correlation energy of electrons [24]. During 

the melt-quench MD simulations to generate amorphous structures, we 

use a soft pseudopotential for N atoms, which reduces the energy 

cutoff for the plane-wave basis to 250 eV. Only the Γ point is 

selected for the k-point sampling during MD, and the time step is set 

to 2 fs. At the end of the melt-quench process, the cell geometry and 

atomic positions are relaxed using the standard pseudopotential with 

the energy cutoff of 500 eV until the atomic forces and stress tensors 

are reduced to within 0.02 eV/Å and 2 kbar, respectively. The total 

energy and the electronic structure is calculated with the energy cutoff 

of 500 eV and k points sampled on the 3×3×3 grid. When the 

accurate description of the band gap is necessary, we carry out 

additional atomic relaxation with the HSE06 hybrid functional [25]. In 

this case, only the Γ point is sampled for the Brillouin zone 

integration to reduce the computation cost. 



- 28 -

3.2.2. Modeling of amorphous structures

A. Choosing mass density of amorphous

In choosing the mass density, we note that various experiments 

report sample densities of 2.4–3.2 g/cm3. (The corresponding value for 

c-Si3N4 is 3.18 g/cm3.) The variation in the amorphous density stems 

from the wide range of N deficiency; in Ref. [35], it was found that 

the average volume per atom linearly depends on the nitrogen 

concentration (see Fig. 3.1). We are simulating a structure close to 

the nominal stoichiometry (Si:N = 3:4), and the density for this 

composition is estimated to be 3.14 g/cm3 according to the linear 

relation. Also, DFT energies of a-Si3N4 with different densities were 

presented in Fig. 3.2 and the lowest energy was obtained with 3.10 

g/cm3 [36]. Therefore, we use 3.10 g/cm3 for the initial density.
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Figure 3.1. Volume and density changes with varying stoichiometry of 

a-Si3N4−x [35]. The dashed lines are shown for the representative 

values that are reported in experimental studies.
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Figure 3.2. The DFT energy and density distribution of a-Si3N4 [36]. 

The atomic structures are generated with classical molecular dynamics, 

while the structural optimization and internal energy calculation are 

carried out with DFT with PBE functional.
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B. Melt-quench procedure

We obtain amorphous structures of stoichiometric a-Si3N4 through 

the conventional melt-quench process. The initial atomic positions are 

generated by randomly distributing atoms. The stoichiometric a-Si3N4 

supercells consist of 48 Si atoms and 64 N atoms.

The melt-quench procedure adopted in this study is illustrated in 

Fig. 3.3. Each structure is premelted at 5000 K for 5 ps to erase the 

initial information of the random positions. The liquid is then 

equilibrated at 3000 K for 10 ps, and quenched to 2000 K with the 

cooling rate of −33 K/ps. It is noticed that when the temperature is 

lower than 2000 K, the atoms vibrate only locally around the 

equilibrium point due to the strong Si-N bond. This can be inferred 

from the MSD during the quenching process in Fig. 3.4, as the 

almost constant MSD after ~2300 K indicates that the atomic 

movement ceases below that temperature and further quenching is not 

necessary. Finally, the structure undergoes atomic relaxation including 

optimization of lattice vectors. The average density of the final 

structures is 3.10±0.037 g/cm3, almost identical to the starting value 

and within the experimental data.
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Figure 3.3. Melt-quench procedure adopted in amorphous sample 

generation using first-principles molecular dynamics.
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Figure 3.4. Mean square displacement (MSD) of a stoichiometric 

a-Si3N4 structure during the quenching from 3000 K to 300 K. 
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C. N-N bonding formation from fast quenching

  We note that care should be taken during the quenching simulation 

since N2 molecules are easily formed when the quenching speed is 

too fast. Due to the strong N-N bonding, the N2 molecules do not 

break for the rest of the simulation. With the quenching rate of −33 

K/ps, only 2 out of 40 samples contained the N-N bonding, while 

faster quenching yields more N-N bonding (up to 63 % of samples 

contained N2 molecules if −540 K/ps is used). 
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3.3 Results and discussion

3.3.1 Structural Properties of stoichiometric a-Si3N4

We generate 40 stoichiometric a-Si3N4 samples following the 

aforementioned melt-quench procedure. Figure 3.5 shows a typical 

structure of stoichiometric a-Si3N4, showing that 4(3)-fold coordination 

of Si(N) is well preserved as in c-Si3N4. (The average coordination 

numbers are 4.03 and 3.04 for Si and N atoms, respectively.) In Figs. 

3.6(a) and 3.6(b), we plotted average radial distribution functions 

(RDFs) for Si-N, Si-Si, and N-N pairs, and angle distribution 

functions (ADFs) of Si-N-Si and N-Si-N.

The first peak positions in Fig. 3.6(a) represent the average bond 

lengths and they are compiled in table 3.1. The overall shape and 

main features of calculated RDF and ADF agree well with previous 

DFT calculations [35,37] and experimental data [38,39]. For 

stoichiometric a-Si3N4, Si-N RDF peaks at 1.75 Å that is close to 

the first neighbor distance in c-Si3N4. The clear separation between 

first and second peaks in the same RDF indicates a rigid local 

structure that comes from the strong covalency of the Si-N bonds in 

stoichiometric a-Si3N4. The Si-Si RDF shows main peaks around 3.01 

Å, which is attributed to the second-neighbor distance between Si 

atoms. Similarly, The first peak around 2.82 Å in N-N RDF 

represents the distance between N atoms in second neighbors. In Si-Si 

RDF, a small shoulder peak is noticeable around 2.5 Å, which has 

no corresponding bond in c-Si3N4. This peak originates from 

Si-N-Si-N square ring structures as indicated by a dashed circle in 
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Fig. 3.5 [31,35]. There are 6 to 15 square rings for each sample. 

Although the square ring exists only in the amorphous structures, it 

does not produce any defect state within the band gap, because local 

coordinations of Si and N atoms are still the same as in c-Si3N4. 

In the N-Si-N ADF, the main peak is located around 109° as 

expected from 4-fold coordination and tetrahedral geometry of Si. In 

the Si-N-Si ADF, the main peak slightly shifts from 120° toward a 

lower angle because the 3-fold N atom can pucker slightly due to the 

lone pairs. This contrasts with N atoms in c-Si3N4 that form planar 

units with neighboring Si atoms. The shoulder peaks at 90º are 

noticeable in both ADFs, which originate from the Si-N-Si-N square 

ring mentioned above.
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Figure 3.5. The atomic structure of stoichiometric a-Si3N4 unit cell. 

The dashed circle indicates a four-membered square ring. 
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Figure 3.6. (a) The radial distribution functions and (b) the angle 

distribution functions for each type of the atomic pair.
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Table 3.1. Mean bonding distances of stoichiometric a-Si3N4 compared 

with previous first-principles and experimental data (all values are in 

Å). 

a. Reference [35]. 

b. Reference [37].

c. Reference [38].

d. Reference [39].
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3.3.2 Electronic properties of stoichiometric a-Si3N4

Figure 3.7 shows the density of states (DOS) of stoichiometric 

a-Si3N4 that is averaged over 40 samples generated independently. The 

DOS in each structure is aligned with respect to the averaged 

electrostatic potential at N sites [40]. The difference among samples is 

less than 0.1 eV. Since computing DOS requires high-density 

sampling of k points, direct application of the hybrid functional is 

formidable. Instead, DOS in Fig. 3.7 is obtained from the PBE 

calculation with enough k-point sampling, and the scissor correction is 

applied using the complementary HSE06 calculations. To be specific, 

the correction is carried out by performing Γ-only HSE06 calculation 

on each sample, and evaluating the average shift of eigenvalues at the 

band edge with respect to the PBE results. The resulting eigenvalue 

shifts are −0.95 and 0.40 eV for occupied and unoccupied bands, 

respectively, giving the band-gap correction of 1.35 eV. The mobility 

edges (Ev and Ec) and corresponding band gap are obtained by fitting 

DOS near band edges with square-root forms, as shown by dashed 

lines in Fig. 3.7. 

The band gap obtained from Ec−Ev is equal to 4.55 eV, which is 

in good agreement with experimental data (4.0–4.83 eV) [41–45]. In 

comparison, the band gap of c-Si3N4 is 5.47 eV in the present HSE06 

calculation. Another approach to estimate the band gap of amorphous 

structures is on the basis of the optical absorption coefficient (α) as a 

function of photon energy Eph (so called the Tauc plot), which is 

given as follows:
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ph

 ph
phph


       (3.1)

where  and  are real and imaginary parts of macroscopic dielectric 

functions, respectively [40,46]. In Fig. 3.8, it is seen that the 

theoretical Tauc plot compares favorably with the experimental result 

[41]. The extrapolated band gap is 4.86 eV which is in reasonable 

agreement with 4.55 eV estimated directly from DOS in Fig. 3.7.
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Figure 3.7. DOS of stoichiometric a-Si3N4 averaged over amorphous 

structures. The band edges are found by fitting DOS near edges with 

square-root forms. 
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Figure 3.8. Tauc plot of stoichiometric a-Si3N4. The DFT band gap is 

corrected using eigenvalue shift from HSE06 calculation. The Tauc 

plot is also corrected using HSE06 result and compared with an 

experimental measurement [41].
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Chapter 4 

Investigation of trap centers in a-Si3N4−x

4.1 Introduction

In this chapter we investigate the charge-trapping behavior in 

a-Si3N4−x with small N deficiency, by generating amorphous 

ensembles with one nitrogen atom missing. The structural origin of 

the trap center is identified, and the charge-injection energy of the 

center is evaluated. 

As presented in the following sections, the N deficiency mainly 

induces one Si-Si bond and one Si dangling bond which is called K 

center. The K center exhibits negative-U behavior which can be 

observed by electron spin resonance (ESR) experiment. Even though 

the K center has been suspected as the major defect in the a-Si3N4−x, 

theoretical studies based on the c-Si3N4 are not successful in 

predicting the trap level of the K center, which motivates those 

studies to focus on other origins such as the Si-Si bond. By 

reviewing the previous studies and issues around the trap centers, we 

imply that the use of amorphous modeling is essential in a-Si3N4−x. 

Also, the working principle of trap spectroscopy by charge injection 

and sensing (TSCIS) is introduced, as the method measures the most 

relevant trap level in which the charge-injection process occurs. 

In the results and discussion, we estimated the U values by 

calculating the transition levels of each K center. It is found that the 

individual K center in a-Si3N4−x has wide value of U ranging positive 
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to negative, which is at variance with crystalline case. Nevertheless, 

the local variation of structures gives ‘seemingly negative-U behavior’ 

in the charge-neutrality condition. The charge-trap level of the K 

centers shows close agreement with experiments, on contrary to the 

previous theoretical studies focused on K center. The differences can 

be attributed to the use of amorphous modeling and Franck-Condon 

approximation in the estimation of the charge-trap level.



- 46 -

4.1.1. K center and negative-U behavior

As mentioned in section 3.1, Si and N atoms are coordinated by 

four and three counter ions in c-Si3N4, respectively, and such local 

structures are well preserved in the amorphous structures. Therefore, 

the dangling bond of Si atoms, called the K center, would be the 

major defect in N-deficient samples, and many studies assumed K 

centers as the primary trap sites in a-Si3N4−x [47–49]. As is well 

established in Si and a-Si [48–50], the dangling bond of Si is a 

paramagnetic center in its neutral state due to the unpaired electron, 

which can be detected by ESR measurement. However, only weak 

ESR signals were observed for a-Si3N4−x [11,12,17], which is at 

variance with the K center as the major trap center. 

One way to explain the absence of ESR signal is to assume the 

negative correlation energy of the K center, or so-called the negative 

U, which charges the K center through a spontaneous reaction of K0 

+ K0 → K+ + K−. At thermal equilibrium, the dangling bonds are 

either doubly charged (K−) or empty (K+) such that they do not 

produce any ESR signal because of their diamagnetic nature. Several 

studies combining ESR and UV illumination supported the negative-U 

model of trap centers in a-Si3N4−x; while UV illumination generated 

neutral K0 centers detectable by ESR (see Fig. 4.1), they were 

metastable in the ambient condition and transformed into diamagnetic 

K+ and K− centers after short annealing, supporting the negative-U 

character of the trap (see Fig. 4.2) [12,17].
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Figure 4.1. Creation kinetics of K centers in a-Si3N4−x films at 300 

and 100 K [17]. It is shown that while the as-deposited sample has 

low K0 density initially, the following UV illumination activates the 

diamagnetic K+ and K− centers into K0 centers..
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Figure 4.2. Variation of photoinduced spin density with anneal 

temperature for LPCVD and nitrogen-rich PECVD (250"C deposition 

temperature) a-Si3N4−x films. Anneals were conducted for 1 h at each 

temperature in air [12]. The K0 density decreases in high annealing 

temperatures, which shows the instability of the K0 centers in the 

as-deposited a-Si3N4−x.
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4.1.2. First-principles studies on K center in c-Si3N4

The negative-U property of the K centers can be directly confirmed 

by the DFT calculations. Since the modeling of amorphous structure 

is costly, many studies investigated alternatively the N vacancy in 

c-Si3N4 [2,53–60]. In c-Si3N4, removing one N atom creates three Si 

dangling bonds, and the structural relaxation makes two of them form 

a weak Si-Si bond, leaving one K center [54,57–59]. The atomic 

configuration of the K center in c-Si3N4 is illustrated in Fig. 4.3. The 

localized states originated from this K center was identified within the 

band gap [47,53,57,59]. The computed transition level displayed the 

negative-U behavior (U ~ −0.1 eV) as K0 was always less stable 

than K+ or K− over the entire range of the EF (Fig. 4.4).

However, the transition level for the K center, at which K+ 

transforms into K− and therefore often considered as the charge trap 

level, ranges 2.3–3.1 eV below the conduction band minimum (CBM) 

[57–59]. This is significantly deeper than the experimental value of 

1.2–1.7 eV for the electron-trap level [61–65], ruling out its role in 

the charge-trapping process. Alternatively, the weak Si-Si bond, which 

is formed by the local relaxation of two Si dangling bonds (bond 

length is reduced from 3.05 to 2.64 Å), was suggested as a possible 

trap site [54,57,58,66]. In the crystalline phase, this type of trap must 

coexist with the K center and the trap level was calculated while a H 

atom passivates the nearby K center. The calculated trap level for the 

Si-Si bond ranged over 1.2–1.4 eV from CBM, in agreement with the 

measured trap level [57–59]. However, we note  that the Si-Si bond 

length of 2.64 Å is much longer than that in the crystalline Si 
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Figure 4.3. Schematic representation of K center in c-Si3N4−x. The 

hybridization of Si-Si bond and K center is presented as the dotted 

circle [59].
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Figure 4.4. Formation energy diagram of intrinsic and H associated 

defects in c-Si3N4 [57]. The K center corresponds to the VN in the 

diagram.
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(2.35 Å), which is a consequence of the defect embedded in the 

crystalline matrix. 

We pay attention to the possibility that the local environment 

around the K center in a-Si3N4−x can be different from that in 

c-Si3N4. The small magnitude of U of 0.1 eV suggests that the 

polarity of U could be reversed in a-Si3N4−x. In the amorphous phase, 

such constraint is relieved and so a different defect level can result. 
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4.1.3. First-principles studies on K centers in a-Si3N4−x  

The foregoing discussions conclude that the atomistic modeling of 

trap site in a-Si3N4−x based on the crystalline phase is not successful, 

as the result is not consistent with EPR experiment and the measured 

trap level. Nevertheless, the studies on a-Si3N4−x are rather rare due 

to the large computational cost to generate ensembles of amorphous 

structure. In Refs. [35,67], more than 1000 amorphous samples were 

generated using the DFT method and rapid-quenching process. In this 

work the Si-rich amorphous samples are compared to the 

stoichiometric ones, and several midgap states originating from Si 

dangling bonds or Si clusters were observed. However, the detailed 

analysis on the individual structure, especially the charge-trapping 

behavior of the defect states, is missing.
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4.1.4. Charge-trap level from TSCIS

The trap level can be measured with various methods, such as 

thermally-stimulated exoelectron emission [68], current-voltage 

characteristic analysis [61], and trap spectroscopy with charge injection 

and sensing (TSCIS) [65,69]. Among these measurement methods, the 

TSCIS measurement is most closely related to the charge-trapping 

process since it measures the injection voltage at which the tunneling 

of carrier occurs. The level from TSCIS is the instant-injected level, 

which corresponds to the energy position that the charge carrier faces 

when the trapping occurs. More detailed explanation about the 

instant-injection level and thermally-equilibrated injection level is given 

in section 4.3.4.

In TSCIS, the threshold voltage shift from charge injection is 

measured while sweeping the injection voltage and injection time, 

which enables the spatial detection of the defect band profile from 

conduction band edge. The working principles of TSCIS is illustrated 

in Fig. 4.5. The positional injection depth from the oxide-dielectric 

interface is determined by the time interval that the threshold voltage 

Vch>Vth is applied. (Fig. 4.5(a)) During this charging process, the 

charge carriers in the substrate are injected into the trap layer by 

direct tunneling. The tunneling distance can be estimated based on 

WKB approximation using the time interval and other parameters. 

After the interval, the Vch is lowered to Vsense<Vth and the 

source-drain current ISD is measured. (Fig. 4.5(b) and 4.5(c)). The Vth 

shift after the injection can be determined by the measured ISD and 

the initial ISD-VG characteristic as shown in Fig. 4.5(c), and the 
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density of the trapped charge for at that spatial position can be 

evaluated using the Vth shift. By repeating the same process with 

increasing time intervals, the trap density for the given voltage can be 

mapped. Finally, the entire process is again repeated while sweeping 

voltages, which enables the full mapping of trap density in the gate 

dielectric. In doing so, Poisson solver which gives the band profile 

under arbitrary charge distribution and voltage is needed. The 

examples of full charge-trap density for Al2O3 is presented in Fig. 

4.6.
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Figure 4.5. (a) The gate voltage and (b) source-drain current profile 

during the charging. (c) The I-V curve and the Vth shift caused by 

the injected charge density. (d) Schematics for the measurement 

principle of TSCIS [69].
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Figure 4.6. Trap density plotted for the energy and spatial position 

[69]. 
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4.1.5. N center from nitrogen dangling bond

  Here we briefly mention another model for the trap sites, to add 

completeness to the text. In Ref. [71], ESR measurement after UV 

illumination detected the paramagnetic signal corresponding to the N 

center. The difference of the spin-lattice relaxation time was exploited 

to distinguish the N center from K center. This N center can be 

generated by high-temperature deposition or annealing and act as an 

annihilation center for K center [71,72]. Though this type of defect 

can in principle serve as a possible trap center, the concentration of 

N center is far lower than that of K center, and it is unlikely that 

the N center plays a significant role in the charge trapping of the 

N-deficient a-Si3N4−x.
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4.2 Computational methods2)

4.2.1. Computational setup 

We perform the first-principles calculations using the Vienna Ab 

initio Simulation Package (VASP) [33,34]. The generalized gradient 

approximation with the Perdew-Burke-Ernzerhof (PBE) functional is 

employed for the exchange-correlation energy of electrons [24]. During 

the melt-quench MD simulations to generate amorphous structures, we 

use a soft pseudopotential for N atoms, which reduces the energy 

cutoff for the plane-wave basis to 250 eV. Only the Γ point is 

selected for the k-point sampling during MD, and the time step is set 

to 2 fs. At the end of the melt-quench process, the cell geometry and 

atomic positions are relaxed using the standard pseudopotential with 

the energy cutoff of 500 eV until the atomic forces and stress tensors 

are reduced to within 0.02 eV/Å and 2 kbar, respectively. The total 

energy and the electronic structure is calculated with the energy cutoff 

of 500 eV and k points sampled on the 3×3×3 grid. When the 

accurate description of the band gap is necessary, we carry out 

additional atomic relaxation with the HSE06 hybrid functional [25]. In 

this case, only the Γ point is sampled for the Brillouin zone 

integration to reduce the computation cost. 

2) The computational setup and melt-quench procedure of a-Si3N4−x are mostly the same 
with the case of stoichiometric a-Si3N4. Here we rewrite the part of the section to give 
each chapter self-containedness.
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4.2.2. Modeling of amorphous structures

A. Choosing mass density of amorphous

For the initial density, we use the same value from stoichiometric 

case, (3.10 g/cm3), as the volume change from one missing N atom 

should be negligible.

B. Melt-quenching procedure

We obtain amorphous structures of a-Si3N4−x through the 

conventional melt-quench process. The initial atomic positions are 

generated by randomly distributing atoms. The a-Si3N4−x supercells 

consist of 48 Si atoms and 63 N atoms.

Each structure is premelted at 5000 K for 5 ps to erase the initial 

information of the random positions. The liquid is then equilibrated at 

3000 K for 10 ps, and quenched to 2000 K with the cooling rate of 

−33 K/ps. Finally, the structure undergoes atomic relaxation including 

optimization of lattice vectors.
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4.2.3. Formation energy of K center 

We consider the charge state (q) of −1, 0, +1 for K center and as 

calculate the formation energy of charged defects (Eq
f) as follows:


   VF D,          (4.1)

which is rewritten from Eq. 2.26. The explanation for each term can 

be found in section 2.3. Here the μD becomes the chemical potential 

of N, which is evaluated as half of the binding energy of N2. For 

Ecorr, we consider only the monopole correction using the average 

dielectric constant of 10.0 that is calculated by the density functional 

perturbation theory applied on stoichiometric a-Si3N4. The correction 

energy is about 0.2 eV. For E0, we use the averaged total energy of 

stoichiometric a-Si3N4. Because of structural variations in the 

amorphous phase, direct comparison of the formation energy among 

different amorphous structures would be inappropriate. However, it 

does not change the distribution of U values since U is determined 

from the energy difference between two charge states and the 

contribution of E0 cancels out.
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4.2.3. Charge-discharge cycles on defects 

We find that quite a few amorphous structures undergo unusually 

large relaxations when charged with one extra or less electron, which 

should be caused by the metastability of amorphous structures. The 

repeated charge-discharge cycles on such defects always lead to 

distinct structures, obscuring the precise definition of the transition 

level. To exclude those defects for a clear interpretation, we carry out 

stability tests in which the atomic structure is optimized during 

repeated (2–3 times) charging (q = +1 or –1) and discharging (q = 0) 

cycles, and choose samples whose structures (judged by eigenvalues in 

the Coulomb matrix [73]) remain almost identical with negligible 

changes in energy (less than 0.01 eV/cell) after charging-discharging 

cycles. 
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4.2.4. Cell size effect on formation energy in Si3N4 

The defect-induced long range relaxation can exist and the cell-size 

dependence should be checked at least with c-Si3N4. We first examine 

the atomic displacement in c-Si3N4 including one N vacancy using a 

large supercell including 503 atoms (see Fig. 4.7). The vacancy is 

charged with q = −1, which showed the biggest relaxation among 

different charge states. It is seen that the defect-induced lattice 

relaxation is negligible when the distance is larger than ~6 Å. It 

should be noticed that the convergence is faster than other materials 

such as SiO2 [74]. Since the supercell length of a-Si3N4−x is ~10.6 Å, 

the half of which close to the convergence distance, the main result 

would not be affected much by the cell size effect.

To confirm this more explicitly, we compare the charge-transition 

levels of the N vacancy in c-Si3N4 with respect to the supercell size. 

(Fig. 4.8) To note, the number of atoms we used in a-Si3N4−x is 111. 

It is seen that charge-transition levels in the 111-atom supercell are 

converged within ~0.1 eV in reference to the 503-atom supercell. 



- 64 -

Figure 4.7. Displacements of all atoms from N vacancy with q = −1 

after the geometry relaxation in 503-atom supercell.
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Figure 4.8. Charge-transition level of N vacancy with difference 

supercell sizes. The shortest lattice parameter for the 111-atom cell is 

~10.6 Å while that for the 503-atoms cell is ~16 Å.
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4.3 Results and discussion

4.3.1. Properties of K centers in a-Si3N4−x

A. Electronic and atomic structure of K center

We generate 30 a-Si3N4−x structures with the melt-quench procedure 

presented in section 4.2.2. In c-Si3N4, one less N atom from the 

stoichiometry results in three under-coordinated Si, which relaxes into 

one (stretched) Si-Si bond and one K center. In the case of a-Si3N4−

x, we find that most amorphous samples (21 out of 30) contain one 

K center and one Si-Si bond after atomic relaxation, similar to 

c-Si3N4. The representative atomic configuration of K center is 

presented in Fig. 4.9(a) together with the Si-Si bond. Except for the 

defects, the structural properties of a-Si3N4−x are similar to those of 

a-Si3N4.

Figure 4.9(b) shows a typical electronic structure of a-Si3N4−x that 

contains the Si-Si bond and the K center. The partial DOSs projected 

onto Si-Si bond or K-center are also plotted. It is seen that the Si-Si 

bond does not form a distinct defect level within the band gap as the 

bonding and anti-bonding states localized at the Si-Si bond appear 

close to or inside the band. In contrast, the Si-Si bond in c-Si3N4 

produce the defect level located at 1.2–1.4 eV from CBM. This 

difference can be explained by the Si-Si bond length; the bond 

lengths of Si-Si in a-Si3N4−x are 2.3–2.5 A, close to the bond length 

in the crystalline Si (2.35 Å) while that in c-Si3N4 is significantly 

stretched (2.64 Å) because the crystalline backbone limits the 

relaxation of the two Si atoms. As such, the bonding-antibonding 
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splitting in the Si-Si pair is much larger in amorphous than in 

crystalline structures. It is also noteworthy that in the amorphous 

phase the Si-Si bond and the K center are spatially well separated 

(the mean distance is ~5 Å), while in c-Si3N4, the two defect 

structures are close to each other and slightly hybridized. This implies 

that the electronic property of the K center in the amorphous phase 

can be different from that in the crystalline phase, despite similarity 

in the local structure.
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Figure 4.9. (a) The atomic configuration of the representative a-Si3N4–

x. For visual clarity, atoms except for the Si-Si bond and K center 

are drawn in wireframes. The semi-transparent isosurface represents 

the defect level of K center. (b) The spin-resolved total DOS and 

partial DOS projected on the K center and Si-Si bond.
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B. Configurations other than K center

For the samples that do not show the K center configuration 

described in above, following two types of minor configurations were 

observed. (Fig. 4.10)

The most favored configuration other than one K center and one 

Si-Si bond is two Si-Si bonds, in which the Si-Si bond do not form 

the mid-gap state as expected. Instead, weak bonding of two N 

atoms, which are the result of an extra Si-Si bonding, make a minor 

spin state close to the VBM. The distance between two atoms is 

slightly shorter (~2.4 Å) than that of average distance between other 

N atoms (2.84 Å). This type of trap appears in 6 samples out of 9 

remaining ones. 

The rest of the samples fall into the third type of trap, which is 

one Si-Si bond consisted of a 2-fold Si and a 3-fold Si. In this case, 

hybridization occurs between those two undercoordinated Si, and the 

mid-gap state from the lone pair of 2-fold Si atom arises. The energy 

position of the this mid-gap state is similar to that of the K center, 

as the origin of the state is also the dangling bond of Si.

It is found that the are usually unstable and transform into another 

structure during charge-discharge test in 4.2.3. As such, we exclude 

them in the ensuing analysis. 
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Figure 4.10. The atomic configuration and DOS of trap states with 

one Si-Si bond (top) and two Si-Si bonds (below).
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4.3.2. Charge-trapping test for Si-Si bond

 The Si-Si bond in other materials, e.g., a-SiO2, is known to be 

flexible and able to trap electrons. To examine this possibility in the 

present system, we stretch the Si-Si pair until its antibonding state is 

pulled down below the empty level of the K center (other atoms are 

relaxed). We then occupy this state with one extra electron and 

perform full atomic relaxations. It turns out that the stretched Si-Si 

pair shrinks back to the initial length and the antibonding state rises 

such that the extra electron is trapped again at the K center. (Fig. 

4.11)
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Figure 4.11. The DOS of K center during the charge-trapping test. 

The state from Si-Si bond and K center is represented as red and 

blue shade, respectively.
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4.3.3 Transition level diagram

To obtain the transition level of K centers in a-Si3N4−x, we add or 

subtract one electron for 14 samples that include one K center and 

are stable under repeated cycles of charge-discharge. When positively 

charged, the pyramidal structure of the K center relaxes into a more 

planar configuration. Accordingly, the average bond angle (N-Si-N) 

increases from 109.4º to 116.2º. On the contrary, the negative 

charging results in a sharper pyramid with the average bond angle 

decreasing to 104.7º. A similar relaxation pattern was observed for the 

K center in c-Si3N4.

The transition level of the charged defect is defined as the Fermi 

level at which the formation energies of different charge states 

coincide. From the definition of the formation energy in Eq. 2.26, the 

transition level from charge state q to q′ can be written as follows:

′  ′

  ′
V.                    (4.2)

The calculated transition levels for each sample are displayed in 

Fig. 4.12. The filled circles and squares indicate (+1/0) and (0/−

1), and the red, white, and blue bands mean Fermi level ranges at 

which K+, K0, and K− are most stable. The U value is equal to (0/

−1)−(+1/0), and the interval shown as white area in each bar 

corresponds to the positive U while the negative U is expressed as 

the overlap of red and blue region. Like in averaging DOS, EF 

among different amorphous structures are aligned with respect to the 

average potential values at the N site. The samples are sorted with 
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Figure 4.12. Charge-transition levels of K center in each sample. The 

U value of the samples are shown at the top of each bar. The red 

circle and blue square represent the transition levels. In each bar, the 

red and blue regions indicate the Fermi-level range at which the K 

center is charged as positive and negative, respectively.
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the decreasing order of U (see the top of the figure). 

In Fig. 4.12, it is seen that the U values vary over a wide range 

from –1.14 to 1.11 eV. Interestingly, most samples (10 out of 14) 

show positive U values while only 4 samples have negative ones. 

(The average value is 0.37 eV.) Since the U value for the K center 

in the crystalline phase is very small (~ −0.1 eV), small variations 

in the local structure as in a-Si3N4 can easily shift U into positive 

one. In particular, the K center and Si-Si bond are apart from each 

other in a-Si3N4−x, and hence the neutral K center is spatially more 

relieved compared to c-Si3N4. These structural differences are expected 

to stabilize the K center, lowering the energy of K0 and resulting in 

the positive-U behavior. 

In Fig. 4.12, it is also intriguing that the transition level varies 

from sample to sample, which is a consequence of variations in the 

local structure of K centers in the amorphous phase. In actual a-Si3N4

−x, ensemble of K centers with different transition levels would 

coexist. This also means that the Fermi level will be determined by 

the charge equilibration among K centers. To illustrate this more 

clearly, we plot in Fig. 4.13(a) schematic formation energies for two 

hypothetical K centers (K1 and K2). We suppose that K1 and K2 are 

the only defects in the system and both K centers have positive U 

values but their transition levels are different with 
 being the 

transition levels for K1 (K2).  

When the Fermi level is below 
(+1/0), both K centers are charged 

as +1, rendering the total charge of the system to be +2. As the 
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Fermi level increases and passes the 
(+1/0), K1 becomes neutral and 

the total charge of the system changes into +1. When the Fermi level 

lies between 
(0/−1) and 

(+1/0), K1 is negatively charged while 

K2 is still positive, and the total charge of the system becomes zero. 

By the same token, the total charge of the system decreases to −1 

and -2 as the Fermi level increases above the 
(+1/0) and 

(0/−1). 

The interval between 
(0/−1) and 

(+1/0) (see the shaded region 

in Figs. 4.13(a) and 4.13(b)) corresponds to the charge-neutrality level 

(CNL) in which the net charge of the whole system is zero. (We 

recall that the main focus of the present study is the charge states in 

the as-deposited neutral samples on which ESR measurements were 

carried out. In such samples, the Fermi level is determined 

thermodynamically by imposing the charge-neutrality condition.) 

Interestingly, even though both defects have positive U, K1 and K2 

are negatively and positively charged, respectively, at the charge 

neural condition. The spontaneous charging of K centers may appear 

as showing negative-U behavior, and this is a result of different 

transition levels among the defects in disordered phases.

For the collection of K centers in Fig. 4.12, one can count the 

number of K centers in each charge state as a function of the Fermi 

level, as shown in Fig. 4.14. The number of K centers in q = −1 

state increases as the Fermi level increases, while that in q = +1 

state decreases. The CNL can be obtained as the Fermi level where 

the total charge of the system is zero, which is found to be at ~1.9 

eV above EV. (See the dashed line in Fig. 4.14.) As a consequence, 
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majority of the traps (11 out of 14) are in charged states even though 

most K centers show positive-U individually. This seemingly 

negative-U behavior is consistent with the experimental reports in 

which the trap states act as diamagnetic centers (K+ or K−) under 

ESR measurement, without invoking the intrinsic negative-U nature.
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Figure 4.13. The schematic formation energy diagram of two 

hypothetical K centers (K1 and K2) that are assumed to be the only 

defects in the system.
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Figure 4.14. The total charge for the ensemble of K centers in Fig. 

4.12 as a function of EF. The solid line is the total charge (left axis) 

and other lines indicate the number of K centers in a certain charge 

state (right axis).
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4.3.4 Charge-injection level of K center

A. Instant injection versus thermally-equilibrated injection

In the previous section we calculate the thermodynamic 

charge-transition level, or to use more illustrative term, 

charge-injection level of K center. In many theoretical studies 

concerning trap states in dielectrics, the thermodynamic 

charge-transition level is often considered as the charge-injection level. 

This practice should be revisited, however, as the charge-injection 

level should be estimated differently according to its injection 

mechanism.

The charge injection from the electrode to the defect occurs mainly 

through tunneling. Depending on the tunneling mechanism, the 

charge-trapping process can be considered as instant injection or 

thermally-equilibrated injection. The schematic description of these 

injection mechanisms is presented in Fig. 4.15. In the 

thermally-equilibrated injection, the atomic configuration is fully 

relaxed in their charge state. In this injection mechanism, the 

thermodynamic transition level from Eq. 4.2 corresponds to the 

injection level. In the instant injection, on the other hand, the 

transport of charge carrier to the trap is faster than the ionic 

relaxation of the trap. Classically, this corresponds to the 

Franck-Condon approximation in which the charge trapping occurs 

instantaneously while the atomic positions are fixed to those at 

equilibrium before injection. 

The difference between these two mechanism can be illustrated 

more clearly using quantum mechanical terms. Consider two quantum 
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states of the system before and after the injection:

〉  〉electrode 〉electrode〉def〉def

〉  〉electrode 〉electrode〉def〉def

        (4.3)

where   and  is the electronic wavefunction and atomic 

vibrational wavefunction, respectively. The transition probability can be 

thought as an overlap between the initial and final states of the 

system. Here we assume that the atomic relaxation of electrode during 

the tunneling process is negligible. Also, the tunneling of the 

electronic wavefunction is mostly dependent on the tunneling barrier 

and can be explicitly calculated with WKB approximation. Thus the 

remaining part, the overlap between 〉def  and 〉def , 

determines the tunneling mechanism. 

If the atomic configuration has no change during the tunneling, the 

overlap between two states will be large. Especially, the overlap is at 

its largest when the initial state with zero phonon and the final state 

with maximum vibrational amplitude overlap (Fig. 4.16). The phonon 

emission energy of the defect is Sħω, where S is the Huang-Rhys 

(HR) factor, the effective number of involved phonons, and ħω is the 

single phonon energy. If the atomic configuration changes significantly 

after the tunneling, the overlap between 〉def  and 〉def  will 

be small, which corresponds to thermally-equilibrated injection with no 

phonon mode involved. In this case, the transition occurs between the 

zero-phonon states of between the initial and final state. 

Among the two types of process, it is not obvious which one 

describes the charge injection in a-Si3N4−x more closely. 
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Fig. 4.15. Schematics for the thermally-equilibrated injection and 

instant injection in Si-Si3N4 interface.
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Fig. 4.16. Schematics for the vibrational wavefunction overlaps during 

the charge injection process. 
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The choice is also split among previous works; Refs. [32,56,57,59] 

considered the full relaxation, while Ref. [2,58,60] employed the 

Franck−Condon approximation assuming the instant injection. Every 

work did not explicitly rationalize their choice of relaxation type in 

determining the trap level. 

Therefore, to investigate the transition mechanism during charge 

injection into K center of a-Si3N4, we study the charge trapping at 

the 1-D metal-insulator interface model. For the multiphonon-assisted 

tunneling, we refer to the formalism developed in Refs. [75,76]. The 

schematic of the device system we model is shown in Fig. 4.17 and 

the physical parameters are compiled in Table 4.1.

In this model, the defect depth (ED) is the average thermodynamic 

transition level wherein the atomic positions are fully relaxed under 

the new charge state. In Table 4.1, we used values for the HR factor 

and phonon energy that were found for point defects in 

semiconductors [77,78].

  The governing equation for the transition rate (R) is as follows,

 


∞

ED




≥

∞

ED

            (4.4)

where the c0 is coefficient determined from the defect potential which 

we assumed delta-like shape, NE is the DOS in the electrode, f is the 

Fermi-Dirac distribution, TED is tunneling coefficient evaluated within 

WKB approximation, Ep (=ED+pħω) is the energy of electron, and Lp 

is multiphonon-tunneling probability given by 
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Figure 4.17. Schematics for 1-D model system for metal-insulator 

interface to calculate the multiphonon-assisted tunneling.
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Table. 4.1. Physical parameters used in the modeling of the 1-D 

metal-insulator interface.
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             (4.5)

where fBE is the Bose-Einstein distribution and Ip is modified Bessel 

function of pth order. The term with p = 0 (meaning that phonon 

mode of the trap site does not change) in the equation corresponds to 

the thermally-equilibrated transition, or elastic transition. The sum of 

the transition rate with p ≠ 0 is inelastic transition, of which the p = 

S term corresponds to the instant injection. 

Figure 4.18 is the total transition rate evaluated by Eq. 4.4 as a 

function of applied voltage. The thermally-equilibrated transition 

mainly occurs around 1.50 V/nm (voltage at which the injection level 

is placed ~0.3 eV below the Fermi level of the electrode). If only the 

Franck-Condon approximation is assumed, the injection voltage will be 

2.10 V/nm, because the injection level should be placed Sħω (=0.60 

eV for a-Si3N4−x) above the level in which elastic transition occurs. 

In our result, the overall transition rate peaks at 2.06 V/nm, which is 

close to the injection voltage under Franck-Condon approximation.

  To illustrate the contribution of elastic and inelastic transition more 

clearly, we plotted partial transition rates with different numbers of 

phonons at 2.06 V/nm in Fig. 4.19. It is shown that the transition 

rate peaks at around p = 17, which is close to the HR factor we 

assumed for a-Si3N4−x and so implies that the transition well 

corresponds to the instant injection.

While the detailed injection level would require more realistic 

device model considering the statistical variations found in this work, 
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Figure 4.18. Total transition rate calculated with sweeping applied 

voltage. The thermally-equilibrated transition rate, which corresponds 

to p = 0 term in Eq. 4.4, peaks at around 1.50 V/nm (not shown in 

the figure).
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Figure 4.19. Partial transition rate calculated with different numbers of 

phonon modes.
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the above analysis concludes that the instant injection level estimated 

by the Franck-Condon approximation, rather than the fully-relaxed 

thermodynamic transition level, corresponds to the charge-injection 

level of a-Si3N4−x. 
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B. Injection level from Franck-Condon approximation

From the discussion in the previous subsection, we conclude that 

the charge-injection level of a-Si3N4−x should be estimated under 

Franck-Condon approximation in which the atomic positions are frozen 

in the excited phonon state.

Taking this into account, the charging level from q to q′ can be 

expressed as 

± ± 
±V                (4.5)

where Eq
q±1 denotes the energy of the atomic structure relaxed at q 

but charged as q±1. In Eq. (4.5), q+1 (q−1) indicates hole (electron) 

injection. 

The charge-injection levels for electrons and holes calculated from 

Eq. (4.5) are shown in Fig. 4.20. Here we consider not only q = 0 

to −1 (q = 0 to  +1) but also q = +1 to 0 (q = −1 to 0) 

transition for electron (hole) trapping, because in the charge-neutrality 

condition the relevant states of the K center to which the electron 

(hole) is trapped is mostly in K+ (K−). The distribution of the 

injection level spreads over ~1.0 eV because of variations in the local 

structure of the K center. The electron-injection level peaks at 1.35 

eV from CBM and averages around 1.33 eV. On the other hand, the 

hole-injection level is 1.54 eV from VBM on average.

As mentioned in section 4.1.4, TSCIS measurement is closely 

related to the situation within CTF since it directly measures the 

injection voltage. The injection levels reported for Si-rich a-Si3N4 are 

1.1−1.5 eV below CBM and peaks at ~1.4 eV [65], which agrees 
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well with our theoretical estimation of 1.35 eV. Since the 

hole-injection level from TSCIS is not available, we compare our 

result of 1.54 eV against the hole-injection level of ~1.4 eV estimated 

from voltage-current characteristics [61], which also shows good 

agreement.
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Figure. 4.20. Distribution of charge-injection levels in a-Si3N4−x 

plotted using Gaussian smearing.
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Chapter 5 

Effect of H impurities and large N deficiency in 

a-Si3N4−x

5.1 Introduction

In the previous chapter we mainly discuss about the cases where 

the N deficiency is small so that each K center can be considered as 

an isolated defect in a dilute solution. However, typical samples from 

CVD process exhibit large N deficiency which amounts to x = ~1.0 

with a-Si3N4−x. In this large N deficiency, the defect configuration 

can be quite different from that of dilute solutions, and complex 

defects which is consisted of more than one Si atom can arise. 

Moreover, because of Si precursors such as SiH2Cl2 or SiH4 used in 

CVD, typical a-Si3N4 samples contain up to 25 at.% of H. These H 

atoms are expected to passivate some active site, namely K center, 

possibly leading the reduction of effective trap concentration.

It is apparent that the realistic modeling of a-Si3N4−x should include 

the effect of large N deficiency and H impurities. To address these 

features, we simulated a-Si3N4 with N deficiency of x = 0.75 and H 

concentration of 10.7 at.% (a-SiN1.08:H), of which the supercell 

corresponds to Si48N52H12. It turns out that the severe N deficiency 

induces Si-cluster structures consisted of Si atoms bonded each other. 

Most of the Si atoms are 4-fold coordinated with Si or H atoms in 

the cluster structure, and the cluster does not act as a trap center. 
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Added H atoms mostly passivate the dangling bonds, which includes 

not only the K center but also the ones from N atoms. Because the 

Si clusters are inactive and H atoms mostly serve as passivating 

agents, remainin K centers act as the major trap center.



- 96 -

5.2 Computational methods3)

5.2.1. Computational setup 

We perform the first-principles calculations using the Vienna Ab 

initio Simulation Package (VASP) [33,34]. The generalized gradient 

approximation with the Perdew-Burke-Ernzerhof (PBE) functional is 

employed for the exchange-correlation energy of electrons [24]. During 

the melt-quench MD simulations to generate amorphous structures, we 

use a soft pseudopotential for N atoms, which reduces the energy 

cutoff for the plane-wave basis to 250 eV. Only the Γ point is 

selected for the k-point sampling during MD, and the time step is set 

to 2 fs. At the end of the melt-quench process, the cell geometry and 

atomic positions are relaxed using the standard pseudopotential with 

the energy cutoff of 500 eV until the atomic forces and stress tensors 

are reduced to within 0.02 eV/Å and 2 kbar, respectively. The total 

energy and the electronic structure is calculated with the energy cutoff 

of 500 eV and k points sampled on the 3×3×3 grid. When the 

accurate description of the band gap is necessary, we carry out 

additional atomic relaxation with the HSE06 hybrid functional [25]. In 

this case, only the Γ point is sampled for the Brillouin zone 

integration to reduce the computation cost. 

3) The computational setup and melt-quench procedure are mostly the same with the case of 
stoichiometric a-Si3N4 and a-Si3N4−x. Here we rewrite the part of the section to give each 
chapter self-containedness.
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5.2.2. Modeling of amorphous structures

A. Choosing mass density of amorphous

In the case of a-SiN1.08:H, the influence of initial density should be 

carefully checked as the optimal volume of the supercell can be 

different from the stoichiometric case. We tested various initial 

densities ranges from –20 % to +20 % of the stoichiometric a-Si3N4, 

and find out while too small density of –20 % leads to voids in the 

supercell, the effect of initial density is negligible in the other 

densities. Therefore, we adopted the density of stoichiometric a-Si3N4 

(3.10 g/cm3) as usual.

B. Melt-quenching procedure

We obtain amorphous structures of a-SiN1.08:H through the 

conventional melt-quench process. The initial atomic positions are 

generated by randomly distributing 48 Si, 52 N, and 12 H atoms.

Each structure is premelted at 5000 K for 5 ps to erase the initial 

information of the random positions. The liquid is then equilibrated at 

3000 K for 10 ps, and quenched to 2000 K with the cooling rate of 

−33 K/ps. Finally, the structure undergoes atomic relaxation including 

optimization of lattice vectors.
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5.3 Results and discussion

5.3.1. H impurities in a-SiN1.08:H

In Fig. 5.1, we show the atomic configuration of the supercell of 

a-SiN1.08:H. It is seen that the H atom prefer to bond with Si atoms 

or N atoms, conserving the coordination number of each atom. The 

radial distribution of Si-H and N-H bond is presented in Fig. 5.2. 

The average number of Si-H bond and N-H bond is 5.82 and 5.71, 

respectively, which seems counterintuitive at first glance considering 

the large N deficiency. The formation of N-H bond is also on 

contrary to the commonly accepted conjecture that the added H atoms 

would mostly passivate the K centers of the a-Si3N4−x. In the 

formation energy analysis based in c-Si3N4, the formation of a H 

defect in the N dangling bond seems unlikely, as the formation of Si 

vacancy is already not preferable in Si3N4. In the case of amorphous, 

however, it is acceptable that the strong N-H bond is easily formed 

during the melt-quench procedure. And also the formation of Si 

cluster during the melt-quench procedure, which is explained in 

section 5.3.2, reduces the number of active sites from Si atoms and 

in turn the number of Si-H bonds.

The average number of K centers in the samples is 1.18, which 

means that only about one K center exists in each sample even with 

the large N deficiency. The small number of K centers in a-SiN1.08:H 

is related not only to the H passivation but also to the cluster 

formation of Si.
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Figure 5.1. Atomic configuration of a-SiN1.08:H supercell. Top and 

bottom figures on the right are for the Si-H and N-H bonding 

structure, respectively.
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Figure. 5.2. Radial distribution function of Si-H and N-H pair in 

a-SiN1.08:H.
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5.3.2. Formation of Si cluster in a-SiN1.08:H

In Fig. 5.3 is shown the atomic configuration of the Si-cluster 

structure in a-SiN1.08:H, which is not observed in the one N missing 

a-Si3N4−x. Si cluster we generated contain 6.25 Si atoms on average. 

If the cluster structure did not formed, large N deficiency in 

a-SiN1.08:H would have lead to many K centers in a supercell even in 

the presence of H atoms. With the Si cluster, however, the number of 

K centers is reduced because of the formation of Si bondings.

We notice that the formation of Si cluster can be sensitive not only 

to the N deficiency but also other factors such as the size of the 

supercell and the adding of H impurities. The average numbers of Si 

atoms in the cluster structures generated with different conditions are 

shown in Fig. 5.4. We find out that the supercells with twice the 

volume (containing 224 atoms) result in bigger Si clusters (7.6 Si 

atoms on average). Also it is shown that samples with H atoms have 

bigger Si clusters than samples without H, which means that the 

added H atoms stabilize the construction of the Si-cluster structure. 

As the size of Si atoms is bigger than H atoms, clusters consisted of 

Si3H or Si2H2 units are expected to be less strained compared to the 

ones consisted of only 4-fold Si units, which results in the formation 

of bigger Si clusters in H added samples.
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Figure. 5.3. Atomic configuration of Si-cluster structure in a-SiN1.08:H. 

The atoms that consist of the cluster are represented with blue (N) 

and yellow (Si) spheres, while the other atoms are shown as lines for 

visual clarity.
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Figure. 5.4. Average sizes of the Si clusters generated using different 

settings.
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5.3.3. DOS of Si cluster in a-SiN1.08:H

Although the Si-cluster is mostly fully coordinated with Si or H 

atoms, it is reasonable to suspect that the Si-cluster structure in 

a-SiN1.08:H might act as a possible trap site, since the formation of 

the cluster can lead to the stabilization of bonding-antibonding 

splitting. Also, since the bulk Si has narrower band gap (~1.1 eV) 

than the a-Si3N4, a large Si cluster, which can be considered as bulk 

Si embedded in the a-Si3N4 matrix, is expected to induce the trap 

state above VBM or below CBM. 

To verify this, we draw the DOS for the Si-cluster structure in Fig. 

5.5. It turns out that in most cases the bonding-antibonding states 

from the Si cluster hide in the bulk band, as in the case of the Si-Si 

bond in a-Si3N4−x with one N atom missing. Instead, K center from 

another Si atom or a (K center-like) dangling bond from the Si 

cluster acts as a trap site. Thereforem we conclude that even in 

highly nonstoichiometric a-Si3N4 with H, the K center still act as a 

major trap center. We acknowledge that further verifications are 

necessary as we do not fully examine the optimal size of Si clusters 

or explore different H concentrations. As mentioned in the previous 

section, the size of the Si depends on many factors, implying that the 

size of the Si clusters we have obtained so far might be not big 

enough to induce the trap state in the band gap. Even though 

intractable with first-principles molecular dynamics, more 

comprehensive studies with less time-consuming methods such as 

classical or artificial neural network molecular dynamics should be 

useful to draw more complete conclusion.
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Figure. 5.5. DOS of K center and Si cluster in a-SiN1.08:H. 
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Chapter 6 

Conclusion

In summary, the nature of trap centers in a-Si3N4 was studied using 

first-principles calculations based on DFT and hybrid functional 

method. 

The fundamental properties of stoichiometric a-Si3N4 were 

investigated, and the structural features and band gap from the 

simulated melt-quench procedure were in close agreement with 

experiment. 

Amorphous structures with one nitrogen missing from stoichiometry 

were generated, and it was found that the N deficiency leads to K 

centers which act as possible trap sites in a-Si3N4−x. Even though the 

majority of the calculated Hubbard U energies of K centers were 

positive, ESR experiments were explained based on `seemingly 

negative-U’ model without requiring the negative U for individual K 

centers. The charge-trap mechanism for the K center was investigated 

by calculating the multiphonon-assisted transition rate and identified to 

be of the instant injection. The charge-injection energy into K centers 

was evaluated based on the Franck-Condon approximation. 

Finally, a-SiN1.08:H with large N deficiency and H impurities were 

generated. It was found that the large N deficiency leads to the 

formation of Si-cluster structures, and most of the H impurities 

passivate dangling bonds in the a-SiN1.08:H. Because the Si cluster is 

found to be inactive as a trap center and H atoms mostly serve as 
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passivating agents, the remaining K center that is not passivated with 

H act as the major trap. 

We believe that the present work provides a new aspect in the 

charge-trapping behavior of the amorphous materials, serving as a key 

to improve the performance of charge-trap devices.
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국문 초록

플로팅 게이트 메모리(floating-gate memory)의 스케일링 한계와 

신뢰성 문제 극복에 대한 필요는 지난 십여 년간 현저히 증가해왔

다. 질소가 부족한 비정질 질화규소를 전하 트랩층으로 사용하는 

전하 트랩 메모리(charge trap memory)는 기존의 플로팅 게이트 소

자를 대체할 수 있는 가장 유망한 차세대 소자 중 하나이다. 비정

질 질화규소가 이미 상용되는 소자에 널리 쓰이고 있음에도 불구

하고 그 전하 트랩의 원자적 특성은 아직 불명확하며, 이는 향후 

소자 성능 향상을 꾀하는 데 장애물로 작용할 수 있다.

이 논문에서는 질소가 부족한 비정질 질화규소의 전하 트랩 거

동을 제일원리 계산을 통해 연구하였다. 첫 번째로, 정량비적 비정

질 질화규소의 원자 배치를 melt-quench 과정을 통해 생성하고, 만

들어진 원자 구조의 구조적, 전기적 특성이 기존의 연구와 일치하

는 것을 확인함으로써 본 접근법의 신뢰도를 검증하였다. 두 번째

로, 화학량론적 조성에서 질소 원자가 하나 부족한 비정질 구조를 

생성한 결과 두 개의 규소로 이루어진 결합과 K 센터라고 불리는 

규소의 불포화결합이 형성됨을 확인하였고, 두 개의 국소 구조 중 

오직 K 센터만 트랩으로서 작용함을 보였다. K 센터의 전하 전이 

레벨을 계산한 결과 Hubbard U 에너지가 –1.14 eV에서 1.11 eV 사

이에 넓게 분포해 있음을 발견하였다. 또한 상당수의 K 센터가 양

의 U 값을 가짐에도 불구하고 K 센터의 대부분이 전하 중성 조건 

하에 양전하 또는 음전하를 띄는 것을 확인함으로써, 실험적으로 

관측되는 비정질 질화규소의 반자성을 설명하는 ‘Seemingly 

negative-U’ 거동을 제안하였다. Franck-Condon 근사에 기반하여 전
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자와 정공에 대한 K 센터의 전하 트랩 레벨 분포를 계산하고 실

험과 잘 일치함을 확인하였다. 마지막으로, 수소 결함이 포함되고 

질소가 크게 부족한 비정질 질화규소를 생성하여 비화학양론적 조

성에 의한 규소 클러스터 구조의 형성과 수소 결함에 의한 불포화

결합의 부동화(passivation)를 확인하였다.  

주요어 : 밀도범함수이론, 비정질 반도체, 전하 트랩 메모리 

학번 : 2014-30225
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