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We evaluate the inﬂuence of the thermally assisted tunneling (TAT) mechanism on charge trapping memory (CTM)
cell performance by numerical simulation, and comprehensively analyse the eﬀects of the temperature, trap depth,
distribution of trapped charge, gate voltage and parameters of TAT on erasing/programming speed and retention
performance. TAT is an indispensable mechanism in CTM that can increase the detrapping probability of trapped
charge. Our results reveal that the TAT eﬀect causes the sensitivity of cell performance to temperature and it could
aﬀect the operational speed, especially for the erasing operation. The results show that the retention performance
degrades compared with when the TAT mechanism is ignored.
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1. Introduction
With the progress in non-volatile semiconductor memory, products with high density, high performance and low cost have developed rapidly. However, the conventional ﬂoating gate ﬂash memory encounters barriers due to its decreased coupling ratio and cell-to-cell interference during scaling down.[1]
Charge trapping memory (CTM) can be used as
the next generation of non-volatile memory for its
scalability, complementary metal oxide semiconductor (CMOS) process compatibility, and improved reliability. Simulator tools are important for investigating device performance under diﬀerent conditions,
analysing the physical mechanisms, and predicting
changes without increasing the complexity and fabrication costs. The detrapping mechanism of trapped
charge in the charge storage layer is one of the most
important aspects inﬂuencing CTM performance. As
one dominant detrapping mechanism, thermally assisted tunneling (TAT) is investigated by our simulator, accompanied by types of important mechanisms in CTM including direct/Fowler–Nordheim
tunneling,[2] trap assisted tunneling,[3] thermal excitation, and carrier capture processes.[4] We evaluate
its eﬀects on the performance of CTM based on the
TaN/Al2 O3 /Si3 N4 /SiO2 /Si (TANOS)[5−8] structure

with diﬀerent temperatures, trap depths, gate voltages, trapped charge distributions, and TAT parameters. The results are helpful for optimizing the performance and enhancing the reliability of the charge
trapping memory.

2. The TAT model and simulation method
TAT is a kind of charge detrapping mechanism
in the charge trapping layer of CTM, as shown in
Fig. 1(a). TAT is a two-step detrapping eﬀect, in
which trapped electrons/holes are ﬁrst thermally excited above the ground trap level and then tunnel
through the barrier. The TAT eﬀect combines the
thermal excitation and tunneling as a whole part
and can better describe the charge-detrapping phenomenon in silicon nitride.
Due to the Poole–Frenkel eﬀect,[9,10] the barrier
near the trapped charge is reduced. The trapped electrons/holes can be thermally excited to the ﬁrst excited state above the ground trap level, and then they
can tunnel out of the trap state to the conduction
band for electrons and the valance band for holes.[11]
The ionization energy qΦt is reduced by the trapped
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charge applied electric ﬁeld E for q∆Φt
q∆Φt = q 3/2 (E/πε0 εSi3 N4 )−1/2 .

(1)

eTAT is the thermally assisted tunneling probability
eTAT = νTAT exp[−(qΦt − q∆Φt − q∆ΦTAT )/κT ]
× T (qΦt − q∆Φt − q∆ΦTAT ),

(2)

where T is the temperature, q∆ΦTAT is the ﬁrst
excited state energy, νThAT is the TAT coeﬃcient,
referred to as the attempt-to-escape frequency, and
T (qΦt −q∆Φt −q∆ΦTAT ) is the probability of trapped
charge tunneling from the ﬁrst excited state to the
conduction band or valance band of Si3 N4 .

The above-mentioned TAT mechanism is included
in the simulator[12] of the self-consistent simulation
of the erasing/programming/retention operation of
CTM with an arbitrary trap state proﬁle in the charge
storage layer, which was developed by ourselves. The
simulator is initiated by the ISE–TCAD tool and
can obtain the performance of CTM during erasing/programming/retention operation. The key parameters used in this work are listed in Table 1. The
structure of CTM with TANOS, used for the veriﬁcation and evaluation of the TAT eﬀect, is shown in
Fig. 1(b). The simulator has been veriﬁed with experimental data.[13]

Table 1. The default parameters used in this work.
Parameters

Description

Value

Φt e , Φt h /eV

Electron/hole trap depth in Si3 N4

1.6/1.6

Φe,SiO2 , Φh,SiO2 /eV

TAT trap Depth in SiO2

1.82/1.23

σe , σh /cm2

Capture cross section

1.0×10−13 /1.0×10−13

m∗e,SiO2 , m∗h,SiO2

m∗e,Si3 N4 , m∗h,Si3 N4

(a)

Electron/hole eﬀective mass in SiO2

0.42/0.96

Electron/hole eﬀective mass in Si3 N4

0.848/0.95

trapped charge escaping to the conduction band for
electrons and to the valance band for holes. In order to evaluate its inﬂuence, the erasing/programming
performance of TANOS is studied with and without
TAT. The critical parameters of TAT, including trap
depth Φt , attempt-to-escape frequency νTAT and ﬁrst
excited state energy ∆ΦTAT , which aﬀect TANOS performance, are investigated.

without Poole-Frenkel effect
with Poole-Frenkel effect
trapped charge
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The eﬀects of TAT on the erasing and pro-

Distance from channel surface/nm
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15 nm

Al2O3

6.5 nm

Si3N4

4 nm

SiO2
78 nm
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gramming performances at diﬀerent gate voltages are
shown in Fig. 2. Figure 3 shows the operational speed
with the erasing/programming window reaching 6 V.
From the results we can see that a higher gate voltage can increase the erasing/programming speed and

drain

weaken the inﬂuence of the TAT eﬀect. Additionally,
the TAT eﬀect causes higher erasing speed and lower

N+

programming speed.

1 mm

The erasing operation starts

with the Si3 N4 layer storing more electron trap states,
P-Sisub

and the programming operation starts with the condition that hole trap states occupy the Si3 N4 layer. The

substrate

TAT mechanism can accelerate the erasing speed since

Fig. 1. (a) Schematic of the TAT eﬀect, and (b) cross
section of the TANOS device used in this work.

it helps the trapped electrons escape to the conduction band of Si3 N4 and then tunnel to the substrate.
We can see that the erasing speed could be higher

3. Results and analysis

with TAT than without it in the whole process of the

TAT is an important charge detrapping mechanism for CTM. It increases the probability of the

erasing operation. However, due to the fact that the
detrapping of trapped holes needs a quite low trap
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depth and high energy of the ﬁrst excited state, TAT

has stored some trapped electrons, TAT could cause

hardly aﬀect the speed at the beginning of the pro-

them to detrap again, which results in a relatively low

gramming operation. However, after the Si3 N4 layer

programming speed after about 10−6 s.
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Fig. 2. The eﬀect of TAT on (a) erasing and (b) programming performance. Solid curve: with TAT; open
curve: without TAT.
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Fig. 3. The eﬀects of TAT on (a) erasing and (b) programming speed under diﬀerent gate voltages. Φt = 1.6 eV,
ΦTAT = 0.4 eV, Ne = 2.8 × 1019 cm−3 , and ∆Vth = 6 V.

Temperature and trap depth are important factors inﬂuencing the TAT probability. Higher temperature and lower trap depth mean a larger TAT probability, which leads to faster erasing speed and degraded
retention, as illustrated in Figs. 4 and 5, respectively.
It can also be seen that the TAT eﬀect is more sensitive at a temperature of around 300 K than at higher
temperature.
Additionally, the attempt-to-escape frequency
and ﬁrst excited state energy of the trapped charge
are two other critical parameters of TAT. A higher
attempt-to-escape frequency ν TAT and higher ﬁrst ex-

cited state energy q∆ΦTAT will lead to an improvement in erasing speed, as shown in Figs. 6 and 7, respectively.
The spatial distribution of trapped charges in the
charge storage layer Si3 N4 is critical for determining
the performance of the TANOS device. We investigate
uniform distribution and exponentially decreasing distribution with the same total number of charge traps.
The results shown in Fig. 8 illustrate that the erasing
speed is greatly aﬀected by the spatial distribution of
charge traps with or without TAT. It can be seen that
more trapped charges close to the substrate side in the
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Si3 N4 correspond to a higher erasing speed.
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Fig. 7. The eﬀects of ﬁrst excited state on erasing time
at Vg = −18 V (solid) and Vg = 17 V (open).

Fig. 4. The eﬀects of temperature and trap depth on
erasing time.
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Fig. 5. The eﬀects of temperature and trap depth on
retention performance.
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Fig. 8. The eﬀect of the spatial distribution of the
trapped charge in Si3 N4 . Solid curve: with TAT; open
curve without TAT. ∆Vth = 6 V.

4. Conclusion
As an indispensable detrapping mechanism, the
TAT eﬀect is investigated by our simulator, accompanied with other important models in the TANOS
device. The results reveal that it greatly aﬀects the
detrapping probability, accelerates the erasing speed,
and degrades the retention performance. Higher erasing/programming voltages and temperatures could
weaken the eﬀect of TAT, while the eﬀect will be enhanced with a higher attempt-to-escape frequency, a
higher ﬁrst excited state, and a lower trap depth in
Si3 N4 .

30

νThAT/1012 Hz

Fig. 6. The eﬀects of attempt-to-escape frequency on
erasing time. Vg = −18 V, ∆Vth = 6 V.
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