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Abstract 

Our developed noise simulator can represent the dynamic 

behavior of electron and hole trapping and de-trapping via 

interactions with both the Si substrate and Poly-Si gate. Sim-

ulations reveal that the conventional analytical model using 

the ratio between the capture and emission time constants 

yields large errors in the estimates of trap site positions due to 

interactions with the Si substrate and Poly-Si gate. 

1. Introduction 

In recent years, many experimental results for the trap time con-

stants of random telegraph noise (RTN) have been reported [1, 2]. 

Nagumo et al. [1] reported the existence of trap sites which ex-

change carriers with the gate electrode instead of the Si substrate. 

This result indicates that an RTN simulator needs to simultane-

ously reproduce trapping and de-trapping behavior through inter-

actions with both the Si substrate and also the gate. Nagumo et al. 

[1] also reported no correlation between the trap time constants 

and the distance from the Si substrate to the trap site, which con-

tradicts the conventional model of flicker noise [3]. Mauri et al. 

[4] argued that atomistic doping effects yield a spread out distri-

bution of trap time constants mainly due to non-uniform channel 

inversion. However, this has not been able to sufficiently explain 

the measured distribution of trap time constants. 

2. Simulation Results and Discussions 

The transient noise simulation (TNS) model is shown schemati-

cally in Fig.1. Discretized traps are arranged randomly in the real 

and energy spaces [5, 6]. Trapping and de-trapping processes are 

made to occur by using a Monte Carlo method based on the cap-

ture time constant τc and emission time constant τe of each trap. 

We consider energy transitions based on the multiphonon-assisted 

model [7, 8, 9]. The model proposed by Herrmann and Schenk [8] 

reproduces only trapping from the Si substrate and de-trapping to 

the Poly-Si gate in order to calculate the trap-assisted tunneling 

current. For RTN simulation, we extended the model to reproduce 

the behavior of de-trapping to the Si substrate and trapping from 

the Poly-Si gate [9]. Figure 2 shows the ΔIds/Ids waveforms ob-

tained by TNS for a large size (L=1.0 μm and W=1.0 μm) and a 

smaller size nMOSFETs (L=0.1 μm and W=0.1 μm). In smaller 

devices, the mean number of traps is smaller and single trap 

events therefore occur more frequently. In addition, the mean 

value of ΔIds/Ids becomes larger because number of carriers de-

crease and single trap charge effect becomes larger. 

Figure 3 shows the dependence of τc and τe on gate voltage. Var-

ious different combinations of trap site position and energy level 

are shown. For trap site near the Si substrate (Fig. 3(a)), τc de-

creases with higher applied gate voltage because the trap site en-

ergy level is lower than the quasi Fermi energy of the Si substrate. 

For trap site near the Poly-Si gate (Fig. 3(b)), τc increases with 

higher applied gate voltage because the trap site energy level is 

higher than the quasi Fermi energy of the Poly-Si gate. For trap 

site in the middle (Fig. 3(c)), τc changes by only a small amount 

because the middle position is affected by the Si from both sides. 
Figure 4 shows the dependence of the τc/τe ratio on the gate volt-

age. In several papers, trap site positions have been calculated 

using the following equation [1]: 
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where q, k, T are the elementary charge, the Boltzmann constant 

and the temperature. In the above equation, a small gradient in the 

τc/τe ratio gives a small value of Zt. However, the trap sites in 

middle positions between the Si substrate and Poly-Si gate exhibit 

a small gradient in the τc/τe ratio due to capture and emission in-

teractions with both Si sides as shown in Fig. 4(c). This shows 

that the trap site positions may be miscalculated when estimated 

using Eq. (1). Figure 5 shows trap sites positions in real and ener-

gy spaces for Fig. 3 (a), (b), and (c). The effect of the interaction 

of Si substrate and Poly-Si gate are very sensitive to trap sites 

position in real and energy spaces. Figure 6 shows the actual trap 

site positions Zt_real used in the TNS versus the calculated posi-

tions Zt_calc from Eq. (1) for the 180,000 randomly arranged trap 

sites. As discussed above, the values of Zt_calc near the middle 

position of Zt_real in the vicinity of 2 nm were miscalculated as 

being near the Si substrate or Poly-Si gate. Figure 7 shows the 

time constant τ0 (τ0 =τc =τe) versus Zt_real and Zt_calc. Although τ0 

exhibits exponential dependence on Zt_real due to the tunneling 

probability in Fig. 7(a), in Fig. 7(b) τ0 is widely distributed in 

Zt_calc space due to the miscalculation. The method of calculating 

Zt using Eq. (1) therefore needs to be implemented carefully in 

order to avoid this kind of miscalculation. Figure 8 shows esti-

mated lower limit of τ0 for trap sites at middle position in gate 

insulator. The miscalculations occur more readily in thin 

gate-insulator MOSFETs whose lower limit is in the RTN meas-

urement region. In thick gate insulator MOSFETs, Tox >   5.5nm, 

the interaction with the Si substrate and Poly-Si gate becomes 

negligible because τc and τe of opposite silicon sides are longer 

than the RTN measurement time. 

3. Conclusion 

We found that the conventional analytical model yields estimates 

of trap site positions with large errors due to interactions with the 

Si substrate and Poly-Si gate sides, particularly in thin 

gate-insulator MOSFETs, and obtained the gate-insulator thick-

ness to avoid the miscalculation due to the interaction with the 

both silicon sides.   
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Fig. 1 Schematic of TNS model for nMOSFET. Discretized traps 
are arranged randomly in real and energy spaces. Electrons tunnel 

to the trap position via multiphonon-assisted energy transitions. 

 
 
Fig. 2 Simulated ΔIds/Ids waveform. Tox=4nm, Nt=1 × 1017 cm-3 eV-1 . Vg=Vt, 

Vd=1.0 V, (a) L=W=1 µm,. (b) L=W=0.1 µm. (b) show the random telegraph 

signal noise due to a single trap events.  

 

 
Fig. 3 Simulated gate voltage dependence of τc and τe, Tox=4nm, L=W=0.1 µm, (a) for trap site near    Fig.5 Trap sites position in real and    

the Si substrate, Zt=1.2nm, Et=0.9eV, (b) for trap site near the Poly-Si gate, Zt=2.7nm, Et=0.3eV,        energy spaces for Fig.3(a),(b),and (c) .  
and (c) for trap in the middle, Zt=1.7nm, Et=0.6eV. 

 
 

   
Fig. 4 Simulated gate voltage dependence of the τc /τe ratio, Tox=4nm, L=W=0.1 µm, (a) for trap       Fig. 6 The actual trap site positions Zt real vs. 
site near the Si substrate, Zt=1.2nm, Et=0.9eV, (b) for trap site near the Poly-Si gate, Zt=2.7nm,        the calculated positions Zt calc for the 180,000 

Et=0.3eV, and (c) for trap site in the middle, Zt=1.7nm, Et=0.6eV.                               randomly arranged trap sites. 

 

 

 
Fig. 7 (a) Zt_real vs. τ0 (b) Zt_calc vs. τ0. (a) τ0 exhibits exponential dependence on 
Zt_real due to the tunneling probability equation. (b) τ0 is widely distributed in Zt_calc 

space due to the miscalculation using Eq. (1). 

 

 
Fig.8 Estimated lower limit of τ0 for trap sites at 
middle position of gate insulator.    
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