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Abstract— Recently, hydrogen has been recognized as an 
important heteroatom in Metal-Oxide-Nitride-Oxide-
Semiconductor (MONOS) -type memories for its quality 
improvement. However, if stability of H atoms in SiN layers 
changes by applying high voltage, memory characteristics of 
MONOS-type memories change during program/erase (P/E) 
operations, resulting in memory degradation. Therefore, in this 
paper, we have investigated the stability of H atoms in SiN charge 
trapping layers of MONOS-type memories during P/E operations 
by using first principles calculations. Our calculations show that 
H atoms in Si or N vacancies in SiN layers become unstable and 
migrate when high voltage is applied, leading to memory 
degradation with changes of memory characteristics. This result 
clearly indicates that suppression of H atoms in SiN layers is 
necessary for realization of high quality MONOS-type memories. 
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I.  INTRODUCTION  
Metal-Oxide-Nitride-Oxide-Semiconductor (MONOS) -

type memories have attracted a great attention for their 
potential as a highly scalability [1]. One of merits of such 
memories is that they can trap charges inside very small 
atomistic regions such as defect sites in SiN layers, leading to 
the downsizing of nonvolatile memories. Recently, hydrogen 
has been recognized as an important heteroatom in MONOS-
type memories for its quality improvement [2,3]. In the 
conventional fabrication processes, it has been experimentally 
observed that H atoms are incorporated into the SiN layer [1]. 
It has been investigated that stability of H atoms and behaviors 
of H-incorporated defects as charge traps in a SiN layer. Until 
now, that H atoms in SiN layers are stable in the neutral 
charged states and H-incorporated defects in SiN layers can 
trap charges have been theoretically reported.  

However, very high voltage applies to a SiN layer during 
program/erase (P/E) operations, resulting in changing the 
stability of H atoms. Indeed, the H-atom migration on the 
stimulation by energetic charge irradiation is experimentally 
observed in SiN films [4]. This migration of H atoms in SiN 
layers has possibility of causing memory degradation of 

MONOS-type memories with changes of memory 
characteristics. 

 Therefore, in this paper, we have theoretically investigated 
changes of stability of H atoms in a SiN layer by applying a 
high voltage during P/E operations on the basis of the first 
principles calculations. 

II.  CALCULATION METHOD 

A. Method of first principle calculation 
In this study, total-energy electronic-structure calculations 

were performed in the framework of density functional theory 
[5]. The codes used in the present work are from the Tokyo 
Ab-initio Program Package (TAPP) [6]. We used the Perdew–
Burke–Enzerhof generalized gradient approximation [7] for the 
exchange-correlation energy of interacting electrons. Core-
valence interactions were described by ultra-soft pseudo-
potentials [8]. Valence wave functions were expanded in a 
plane-wave basis set with a cutoff energy of 36 Ry. In 
geometry optimization, all atoms were relaxed until the 
residual forces become less than 5 mRy/Å. Two irreducible k-
points were sampled in the Brillouin zone. We had checked 
that the present calculation errors of relative energy differences 
are less than 0.02 eV for typical relaxation energies. 

B. Calculation model 
   We focus on the two types of H atoms in a SiN layer: one 

is a H atom in a N vacancy forming Si-H bonds. The other is H 
atoms in a Si vacancy forming N-H bonds. Thus, defect models 
are considered: a N vacancy and a Si vacancy models. As a 
bulk phase, we prepared an 84-atom super-cell of β-Si3N4, a 
rectangular parallelepiped whose side lengths are 7.608 Å, 
13.177 Å and 8.733 Å respectively. We added one H atom to a 
N vacancy model and H atoms one to four to a Si vacancy 
model to correspond to H-incorporation into the SiN layer (Fig. 
1). The P/E operations were simulated by injecting electrons 
(holes) into defects. 
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C. Calculations of Formation Energy 
  To investigate stable charged states for the present 

systems, we calculated formation energy (Eform) [3]. This is 
defined as a difference in total energy between systems A and 
B. The system A comprises a crystal with defects in the neutral 
charge state and the bulk in charge state q, while the system B 
consists of a crystal with defects in charge state q and the bulk 
in the neutral charge state. 

    Mathematically, the formation energy can be expressed 
by  

Eform= (Total Energy of B) – (Total Energy of A) 
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(1) 

Edefect(q) is the total energy of crystal with defects in charge 
state q, and Ebulk(q) is the total energy of bulk crystal in charge 
state q. EF and Egap indicate Fermi energy and band gap in bulk 
crystal, respectively. 3q2/(10 ε r0) is a background charge 
correction proposed by Blöchel [9], where ε is the relative 
permittivity and r0 is the radius of a sphere which corresponds 
to the same volume as the supercell using in the calculations. 
Plotting EF in a range of the band gap of Si3N4 bulk crystal, the 
lowest value at each Fermi energy indicates the stable charge 
state for system with defects. 

D. Estimation method of stability of H atoms 
For investigation of the changes of stability of H atoms 

during P/E operation, charged state dependent formation 
energies of H-incorporated defects are compared with the 
formation energies of defects without H atoms. The stability of 
H atoms in a N or Si vacancy are compared with H2 molecules. 
We define EformW/O H as a following equation. 

2/ 2 HVformOHformW EnEE +=                (2) 

where EVform is the formation energy of the systems containing 
only one N vacancy or one Si vacancy, and EH2 is the total 
energy of  molecular hydrogen. n indicates the number of H 
atoms in the systems. If EformW/O H is less than formation energy 
of the system containing N or Si vacancy with H atoms, H 
atoms in Si vacancy or N vacancy are unstable more than H 
molecules. 

III. RESULTS AND DISCUSSIONS 

A. H atoms in N vacancies 
First, we describe calculation results of stability of H atoms 

in N vacancies. The formation energy diagram of N vacancy 
model is plotted in Figure 2. In this diagram, the defect type 
and charged state with lowest energy is most stable state at 
each Fermi energy. In this model, stable charged states and 
position of H atoms are q=0 and +2 of a N vacancy with a H 
atom model and q=+1 and −1 of a N vacancy without H atoms 
model. A H atom in a N vacancy in neutral charged state is 
more stable than H2 molecules when Fermi energy is in the 
middle of bandgap of Si3N4. However, when Fermi energy is 
located close to the valence band top or the conduction band 
bottom of Si3N4, H2 molecules with a intrinsic N vacancy in 
q=−1 or +1 are more stable than a H atom in a N vacancy. This 
result shows that stability of H atoms changes during P/E 
operation in N vacancy models. 

Figure 3 shows the atomistic structures of a neutrally 
charged (q=0) N vacancy model with one H atom and 
negatively (q=−1), neutral (q=0), and positively (q=+1) 
charged N vacancy models without H atoms. In case of a 
neutrally charged N vacancy with a H atom, the H atom 
terminates one Si dangling bond and two Si atoms make a new 
Si-Si bond. However, when Fermi energy is located close to 
the valence band top or the conduction band bottom of Si3N4, 
which corresponds to the situation, where a high electric field 
is applied, H2 is more stable than H atoms in N vacancies. 
These results clearly indicate that H atoms in N vacancies in 
SiN layers have the possibility to migrate during P/E 
operations, leading to memory degradations of MONOS-type 
memories with changes of memory characteristics.  

 
Fig. 1: Calculation models of H-incorporation defects. (a1) N vacancy model. (a2) Most stable structure of a N vacancy with one H atom. (b1) Si vacancy 
model. (b2) Most stable structure of a Si vacancy with four H atoms. We added one to four H atoms. 
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B. H atoms in Si vacancies 
Next, we describe the calculation results about stability of 

H atoms in a Si vacancy in SiN layers. Calculation results of 

formation energies of Si vacancy models are plotted in Figure 
4. As well as the N vacancy model, Figure 4 shows that 
stability of H atoms changes during P/E operation in the Si 
vacancy model.  

 
 

In a Si vacancy models, the formation energy of four H 
atoms, all Si dangling bonds are terminated by H atoms, in 
neutral charged state is the lowest when Fermi energy is 
located in the middle of bandgap of Si3N4. However, when 
Fermi energy is close to the conduction band bottom of Si3N4, 
corresponding to P/E operations, the formation energy of a Si 
vacancy with three H atoms model in q=−1 or a Si vacancy 
with two H atoms model in q=−2 is the lowest. Figure 5 shows 
the atomistic structures of a neutral Si vacancy with four H 
atoms, a Si vacancy with three H atoms in the q=−1 charged 
state and a Si vacancy with two H atoms in the q=−2 charged 
state. These results indicate that when electric field is not 
applied, H atoms in a Si vacancy can terminate all N dangling 
bonds. However, when Fermi energy is close to the conduction 
band bottom of Si3N4, which is the situation under a high 
electric field, H atoms cannot terminate all N dangling bonds of 
the Si vacancy.  

The above calculations show that P/E operations cause 
changes of stability of H atoms and in SiN charge trapping 
layers of MONOS type memories, causing migration of H 
atoms. These results provide a natural explanation for recent 
experimental results [4]. This movement of H atoms causes 
changes of memory characteristics of H-incorporated defects, 
which can leads to the memory degradation of MONOS-type 
memories. 

 

 
Fig. 2: Formation energy diagrams of the defects with and without H 
atoms in a N vacancy model. A H atom is more stable than H2 molecules 
when Fermi energy is located in the middle of bandgap of Si3N4. 
However, H atom becomes unstable when Fermi energy is close to the 
valence band top and the conduction band bottom.  

 
Fig. 4: Formation energy diagrams of the defects with and without H 
atoms in a Si vacancy model. H atoms in Si vacancy are likely to be 
removed from a Si vacancy due to its unstable feature when Fermi energy 
is close to the conduction band bottom. 

 

 

 
Fig. 3: Atomistic structures of N vacancy models and their schematic 
views. (a) a N vacancy with a H atom in the q=0 charged state (b) a N 
vacancy without H atoms in q=+1 charged states. (c) a N vacancy without 
H atoms in q=−1 charged states. 
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IV. CONCLUSION 
In this paper, we theoretically investigated stability of H 

atoms in SiN layers on MONOS-type memories during P/E 

operations on the basis of the first principles calculations. We 
focus on the two types of H atoms in SiN layers. One is a H 
atom which terminates a Si dangling bonds, the other is a H 
atom which terminates a N dangling bond. Our calculations 
indicate that both H atoms in N and Si vacancies become 
unstable when a high voltage is applied, leading to memory 
degradation with changes of memory characteristics. This 
result clearly indicates that suppression of H atoms in SiN 
layers is necessary for realization of high quality MONOS-type 
memories.  
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Fig. 5: Atomistic structures of Si vacancy models and their schematic 
illustrations. (a) a Si vacancy with four H atoms in the q=0 charged state. 
In this structure, H atoms terminate all Si dangling bonds. (b) a Si 
vacancy with three H atoms in q=-1 charged states. (c) a Si vacancy with 
H atoms in q=-2 charged states. 
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