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1. Introduction 

Owing to the increasing demand for high-density, low- 
power and low-cost electrically re-programmable nonvola-
tile memories, aggressive device size scaling of NOR-Flash 
memories is desired. Channel hot electron (CHE) injection 
is the conventional method to program the floating gate 
(FG). However, as a consequence of the aggressive device 
scaling, degradation of programming characteristics using 
the CHE injection has become a serious problem for scaled 
NOR-Flash memories [1]. The purpose of the present paper 
is to clarify the degradation mechanism and the scaling 
limit of programming characteristics using the CHE injec-
tion of scaled NOR-Flash memories based on device simu-
lation.  
 
2. Simulation Method 

We have used the energy transport model (ETM) to 
evaluate the programming characteristics of NOR-Flash 
memories because ETM can properly take into account the 
hot-carrier-related phenomena (Figure 1). The distribution 
function of hot electrons (HEDF) is also an important 
quantity in evaluating the programming characteristics by 
CHE injection. Though the actual functional form of HEDF 
is complicated [2], we have found that the following simple 
form can describe well the hot-carrier related phenomena.  
 
 
We have determined the parameters a=0.5 and b=1.5 by 
reproducing the experimental substrate current, as show 
in Figure 2. The gate current injected into the FG has been 
evaluated by solving the ETM and the current continuity 
equation in the gate insulator, by taking the electron density 
and the average electron energy injected into the gate insu-
lator as the fixed boundary condition, as shown in Fig. 1. 
Though the FG was treated as metal, a voltage drop in the 
FG was taken into account by depletion approximation [3].  
 
3. Calculated Results 

The Device structure used in the simulation is shown in 
Figure 3. To realize the quantitative estimation, the ex-
perimental current-voltage and the programming character-
istics need to be reproduced accurately by device simula-
tion. As shown in Figure 3, the experimental threshold 
voltages for various gate lengths have been reproduced well 
by taking into account the accurately evaluated substrate 
impurity profile by in-house process simulator, TOPAZV2.  

The input pulse-form of the control gate (CG) and drain 
voltages used in the simulation of the programming char-
acteristics is shown in Fig. 3. The drain voltage and the CG 

voltage dependence of the programming characteristics 
limited by CHE injection has been represented well by our 
simulation, as shown in Figures 5 and 6. Thus, the accuracy 
of our simulation has been justified.  

Based on the accurate device simulation thus con-
structed, we have studied the scaling limit of CHE injection 
in programming operation. As shown in Figure 7, the in-
crease of a voltage drop in the FG caused by the CHE in-
jection with the decrease in the gate length has been ob-
served for the gate length greater than 130nm. This is due 
to the increase of the drain current (Figure 8), because drain 
voltage is taken to be 3.5V for all gate lengths and the elec-
tric field along the channel becomes strong as the gate 
length decreases. On the other hand, the increase of a volt-
age drop in the FG caused by the CHE injection was not 
observed for the gate length of less than 130nm (Fig. 7). 
This behavior cannot be understood in terms of the increase 
of the drain current with the decrease of the gate length (Fig. 
8). To gain the insight into this discrepancy, we have ex-
amined the behavior of electron velocity near the drain re-
gion, as shown in Figure 9. From Fig.9, we have found a 
remarkable electron velocity overshoot near the drain re-
gion. This electron velocity overshoot near the drain region 
becomes enhanced as the gate length decreases. The en-
hanced electron velocity overshoot means the increase of 
ballistic hot electrons injected into the drain region without 
injection into the FG. Thus, we have found that the electron 
velocity overshoot effect severely limits the efficiency of 
the CHE injection in programming operation of scaled 
NOR-Flash memories.  
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4. Conclusions 

We have constructed a device simulation technique that 
enables the accurate evaluation of the programming char-
acteristics using the CHE injection by solving the ETM and 
the current continuity equation in the gate insulator. It has 
been found that the programming characteristics due to the 
CHE injection significantly degrade because of the en-
hanced velocity overshoot effect for scaled NOR-Flash 
memories with gate length less than 130nm.  
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v: drift velocity 
n: electron density
ψ: potential
T: electron temperature
m: electron effective mass
w: electron energy
q: elementary charge
U: generation-recombination 

rate
ε: dielectric constant
μ: electron mobility

Current continuity equation

Energy conservation equation

Energy-flux equation

Poisson equation

Energy transport model
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Fig.1 Explanation of energy transport model and gate injection current model used in this study. 
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Fig. 4 Comparison of the experi-
mental (symbols) and the simu-
lated Vth (sold lines).  

Fig. 2 Comparison of the experimental and 
the simulated Isub (substrate current) as a 
parameter of drain voltage.  

Fig. 3 Device structure and the wave
form of the input control gate and
drain voltage.  

Fig. 5 Comparison of the experimental
and the simulated Vth after program op-
eration as a parameter of drain voltage.  

Fig. 6 Comparison of the experi-
mental and the simulated Vth after
program operation as a parameter of
control gate voltage.  

Fig. 7 Voltage drops in floating gate
caused by hot electron injection as a
parameter of gate length.  

Fig. 8 Drain current (Id) during program
operation as a parameter of gate length. 

Fig. 9 Velocity over-shoot at the surface region
in substrate as a parameter of gate length.  
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