
 
Fig.1. Schematic of the studied charge trapping device in this work.

 
Fig.2. Mechanisms included to investigate (a) generation of Si/SiO2 
interface trapped charge and (b) oxide trapped charge.  
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Abstract—A comprehensive simulation method for endurance 
reliability issues in charge trapping memory is developed. For 
this purpose, a practical algorithm is carefully designed to 
investigate the cycling performance of charge trapping memory. 
The models that account for the generation of substrate/tunneling 
oxide interface trapped charge and oxide trapped charge are 
incorporated into the simulation. The influence of these models 
on flat-band voltage evolution under programing/erasing cycling 
is investigated in detail, thus providing insight into the 
mechanism of the endurance issues in charge trapping memory.  
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I.  INTRODUCTION 
Among many memory concepts proposed to replace the 

conventional floating gate devices, charge trapping based 
structure is considered to be the most promising candidate due 
to its immunity to stress-induced leakage current, reduced 
interference between adjacent cells and process compatibility 
with CMOS technology [1]. More recently, increasing attention 
has been paid to the reliability issues of charge trapping 
memory (CTM). A lot of effort is dedicated to investigate the 
retention reliability issues caused by formation of vertical 
charge dipole [2], charge trapping into defects in high-k 
blocking oxide [3-4] and trapped charge redistribution after 
erasing [5], whereas much less research is aiming at 
discovering the performance of charge trapping memory after 
programming/erasing (P/E) cycling. However, the modeling of 
trap generation at Si/SiO2 interface and inside tunneling oxide 
and their effects is of great importance to understand cycling-
related degradation phenomenon of CTM. In this paper, a 
comprehensive simulation method for endurance reliability 
issues is presented for CTM. In addition, a practical algorithm 
is designed to investigate the cycling performance of charge 
trapping memory. The influence of interface trapped charge 
and oxide trapped charge on P/E cycling evolution is 
distinguished by careful modeling. 

II. PHYSICAL MODEL AND SIMULATION METHOD 

A. Physical Models 
Fig.1 illustrates the schematic of the fabricated CTM device 

studied here, with gate stack composed of SiO2(5nm)/ 

HfO2(9nm)/Al2O3(17nm). The generation of interface traps at 
substrate/tunneling oxide interface, upon electrical stress, is 
considered to be one of the dominate effects on endurance 
characteristics of charge trapping devices [6], which is shown 
in Fig.2 (a). By incorporating the extensively-studied 
dispersive transport model proposed in [7] into our physical-
based numerical simulator [8], the influence of interface 
trapped charge on endurance is effectively considered. 

The mechanism included in the simulation for the 
generation of Si/SiO2 interface defects is modeled as 
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Fig.3. Cycle-weighted algorithm for P/E cycling simulation. NK is the 
number of cycles in segment K(K=1…N). 

TABLE I.  MAIN PARAMETERS USED IN THE SIMULATION. 

Parameter Value 

SiO2 electron effective mass 0.30m0[11] 

SiO2 hole effective mass 0.40m0[11] 

Al2O3 electron effective mass 0.20m0[3] 

Al2O3 hole effective mass 0.25m0[3] 

SiO2 electron trap depth for TAT 1.70eV[13] 

SiO2 hole trap depth for TAT 2.81eV[12] 

SiO2 electron cross section for TAT 2×1014cm2[13] 

SiO2 hole cross section for TAT 2×1014cm2[13] 

SiO2 trap density for TAT 5×1016cm-3[13] 

HfO2 electron trap depth 2.0eV[12] 

HfO2 hole trap depth 2.7eV[12] 

 int 3 injH
[H ] [Si SiH]{1 exp( )}Nσ += ≡ − − , (1) 

where 3[Si SiH]≡  is the initial concentration of passivated SiH 
bonds with a typical value of 1013cm-2 [9], which yields 
interface states that can be charged in the following process 
with liberation cross section  

 2
0[( ) / ]ox th thH

qV E Eσ σ+ = − , (2) 

and number of injected electrons per unit area 

 inj (1/ ) ( )tunN q J t dt= . (3) 

In (2), σ0 is the hydrogen-release cross section and is 
estimated to be 10-19cm-2. Eth is the threshold electron energy 
for the release of hydrogen and equals to 1.4eV [9]. 

In the meanwhile, P/E cycling also increases the amount of 
tunneling oxide trapped fixed charge, resulting in shift of flat-
band voltage and reshaping of the band diagram in both P/E 
process which finally affects P/E efficiency, as shown in Fig.2 
(b). Tunneling oxide charge generation during cycling is 
modeled according to [10], which can be applied to a non-
constant current stress over a large range of oxide thickness. 
This process is modeled by 

 [ ( / ) ]ox ox oxN J q dt βα σ= , (4) 

where  is a fitting constant and  is a field-dependent factor 
and approximates to 1 in typical memory applications [10]. 

B. Simulation Approach 
A cycle-weighted algorithm is introduced to reduce the 

computing time and memory effort when the endurance 
simulation is performed with approximately 100K cycles in 
this work. Fig.3 describes the basic simulation flow of the 
above algorithm. Firstly, total cycle number is divided into N 
segments. Then, Ti (i=1…N) cycles of the P/E simulation are 
performed at the start of each segment. The interface and 
oxide degradation in each cycle is calculated by the statistical 
results of the performed Ti P/E cycles. We assume that the 
change of tunneling current Jtun(t) is negligible in each 
segment by choosing N and Ti appropriately. Thus, the total 
degradation accumulation of each segment is obtained. In the 
simulation, the input electrons and holes distribution as well 
as the potential diagram of next segment are taken from the 
results of previous segment. 
 

III. RESULTS AND DISCUSSION 
The physical parameters used in the simulation are listed in 

Table I. Trap-assisted tunneling (TAT) is considered and 
modeled in the simulation due to that the generated defects can 
contribute to the change of TAT current. 

By using the above set of physical parameters, the 
experimental data of P/E and incremental step pulse 
programing (ISPP) characteristics are well reproduced. The 
calibration results of these parameters and physical models are 
shown in Fig. 4.  
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Fig.5. Interface states generation under different cycling operations. 

Fig.4. Calibration of the parameters and physical models in the 
simulation. The symbols are experimental data and the lines are simulation 
results. Vprg and Vers hereinafter indicate the programming voltage and 
erasing voltage respectively. 

Fig.6. Flat-band voltage evolution due to interface trapped charge. 

 
Fig.7. Trapped electrons in HfO2 layer as a function of cycle number. 

Fig. 5 illustrates the evolution of generated interface states 
with number of cycles, under different operation configurations. 
In terms of the device based on P-type substrate, these interface 
states are positively charged (donor-like) when the P/E cycling 
is monitored by flat-band voltage. 

Fig. 6 presents the asymmetric flat-band voltage evolution 
during P/E cycling due to interface trapped charge. The 
influence of negative oxide trapped charge on endurance 
characteristics is simulated by introducing cycle-dependent 
charge in tunneling oxide. Here we assume that the oxide 
trapped charge is located at the center of the oxide, which is 
feasible to cover the effect of distributed localized charge. It 
can be seen from Fig. 7 that the trapped electron density has a 
declining tendency with the P/E cycling. 

 

 

 

Fig. 8 demonstrates the evolution of P/E cycling affected by 
oxide trapped charge. The influence of flat-band voltage shift 
and effect of trapped charge on band diagram which leads to 
reduced programming efficiency are distinguished. It can also 
be concluded that reduced programming efficiency caused by 
negative oxide trapped charge is compensated by positive shift 
of flat-band voltage. 

IV. CONCLUSION 
The method to simulate endurance issues of CTM is 
developed. The generation of interface trapped charge and 
oxide trapped charge is incorporated into the simulator and a 
cycle-weighted algorithm for endurance simulation is 
introduced for endurance simulation. The simulator can be 
used to understand the detailed mechanisms of endurance 
issues in charge trapping memory. 
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Fig.8. Evolution of P/E cycling affected by oxide trapped charge. Band 
Effect refers to effect of trapped charge on band diagram. Flatband refers to 
shift of flat-band voltage. 
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