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Abstract: The accumulation process of trapped charges in a TANOS cell during P/E cycling is investigated via numerical sim-
ulation. The recombination process between trapped charges is an important issue on the retention of charge trapping memory.
Our results show that accumulated trapped holes during P/E cycling can have an influence on retention, and the recombination
mechanism between trapped charges should be taken into account when evaluating the retention capability of TANOS.
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1. Introduction

Conventional floating gate flash memory is approaching
scaling limits beyond 45 nm generation for its cell-to-cell in-
terference and decreased coupling ratio. Due to its desirable
features with CMOS processes compatibility, pinhole immu-
nity, good retention capability, and scalability, charge trap-
ping memory (CTM) is an attractive candidate for next gen-
eration non-volatile memory. As one of the most promising
CTM structures, TaN/Al,O3/SiN/SiO,/Si (TANOS) has re-
ceived much attention in recent yearst>2. In TANOS, due to
the use of high-k blocking oxide (Al,O3), the electric field
across the tunnel oxide increases and relatively thicker tun-
nel oxide can be used to improve data retention. Moreover,
TaN metal with high work function and a high-k blocking ox-
ide reduces the gate injection current. So the TANOS struc-
ture can achieve longer data retention and lower program/erase
voltage than the conventional Si/SiO,/SiN/SiO,/Si (SONOS)
structure. However, reliability characteristics, including data
retention and endurance, are still a problem. The characteristic
degradation of CTM after P/E cycling is one of the major issues
for its further mass production. In order to improve TANOS
performance and to design an optimized cell, a comprehen-
sive investigation of the physical mechanisms responsible for
the reliability issues is necessary. In this work, the accumula-
tion process of trapped charges in the TANOS cell during P/E
cycling is investigated. With a trapped charge recombination
mechanism implemented in our simulator!®!, the influence of
trapped charge, especially trapped holes, during P/E cycles on
TANOS retention is evaluated. An understanding of the effect
of trapped charge accumulation and recombination on the re-
tention properties is helpful to understand the reliability char-
acteristics of CTM and allows the optimization of CTM.

2. Device structure and simulation method

Figure 1 shows the TANOS structure used in the simula-
tion. The tunnel oxide (SiO,), charge storage layer (Si3Ny4) and
blocking oxide (Al,O3) are 4, 6.5 and 15 nm, respectively.
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The programming, erasing and retention characteristics of
TANOS are simulated by combining the device simulation tool
DESSIS and a self-consistent CTM simulator developed in our
previous work[®!. Various physical models accounting for car-
rier transport, tunneling, trapping/detrapping are implemented
in the CTM simulator, including DT/F-N tunneling!*, trap as-
sisted tunnelingl®], charge capture!®, recombination(”] ther-
mal excitation[g], Poole-Frenkel effect®! and local accumu-
lated free carriers!'®. A self-consistent method is employed
to refresh the barrier shape by solving the Poisson equation
during simulation of all types of operations of CTM devices
efficiently.

The physical model parameters used for simulation are ver-
ified and calibrated by the experimental datal'l and are shown
in Fig. 2. The trap density is 4.2 and 0.8 x 10!°cm™3 for elec-
trons and holes, respectively, and the trap depth for both elec-
trons and holes is 1.9 V. Other physical parameters are the same
as in Ref. [3].

To investigate the accumulation process of trapped charges
in a TANOS cell after P/E cycles, we first determined the gate
voltage P/E pulse sequences. According to the NAND SONOS
memory operation rule, every erase operation is preceded by a
program operation to bring all of the cells in the same block
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Fig. 1. Cross section of the TANOS structure with Al303 (15 nm)/
SizNg4 (6.5 nm)/SiO3 (4 nm) and a TaN gate.

* Project supported by Samsung Electronics Co. Ltd. (Nos. 20060001050, 2006CB302705).

1 Corresponding author. Email: xyliu@ime.pku.edu.cn

Received 2 February 2010, revised manuscript received 29 July 2010

(© 2010 Chinese Institute of Electronics

124016-1



J. Semicond. 2010, 31(12)

Jin Rui et al.

6

Lines: Simulation

Symbols: Experiment

32V 7,

window

Threshold voltage ( V)

@) Program V/, 18V
U Erase ¥, -18V

ov
20

2ms _18V

I
10 10
P/E pulse duration (s)

1
10

Fig. 2. Comparing the simulation and experimental datal!l of P/E
operation of TANOS. The corresponding programming and erasing
pulses are 30 us and 2 ms, respectively, when the V; window is 3.2 V.

to the same state. In other words, every cell in the same block
is always erased to a low threshold state before programming
operation. After the erasing operation, the cell is programmed
to H state by a high gate voltage or to L state by a 0 V gate volt-
age. Here the H state and L state correspond to a high threshold
state and a low threshold state.

During simulation, the threshold voltage (V;) window is
fixed to 3.2 V, which corresponds to a 30 us, 18 V program-
ming pulse and 2 ms, —18 V erasing pulse, as shown in Fig. 2.
Two extreme operation of P/E cycles, case A and B, as shown
in Fig. 3, are used to simulate the P/E accumulation process of
trapped charges in the TANOS cell, which correspond to the
cell always being programmed H and L states, respectively.

For case A of the P/E cycle, as shown in Fig. 3, the cell
is always programmed to a high threshold state (H) after each
erasing, and various numbers of P/E cycles are simulated up
to 10* times. For case B of the P/E cycle, as shown in Fig. 3,
the cell is always programmed to a low threshold state (L) after
each erasing, and various numbers of P/E cycles are simulated
up to 10* times. The number of trapped electrons and holes
after each P/E cycle, in both cases, are calculated and saved as
the initial state for the following P/E operation.

The data retention properties after 10* P/E cycles are inves-
tigated and compared with the fresh case with only 1 P/E cycle.
Due to different trapped charge densities after different cases
of P/E cycles, the effect of the accumulation process of trapped
charges in the TANOS cell on the retention can be evaluated.

3. Results and discussion

Trapped charge accumulation processes with various P/E
cycles in case A and case B are illuminated in Fig. 4. In case A,
the TANOS cell is always programmed to the H state after eras-
ing. It is clear from the figure that the density of trapped elec-
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Fig. 3. Two kinds of P/E pulse sequence in the simulation. Case A:
the cell is always programmed to the H state. Case B: the cell is al-
ways programmed to the L state. After 10% P/E cycles, the cell is pro-
grammed to the H state or L state to simulate the retention property.

trons and holes increases with the P/E operation number until
reaching saturation. This can be explained by the fact that some
trapped electrons and trapped holes are always left in the charge
storage layer (CTL) after every P/E cycle. When all of the
trapped states in CTL are occupied, the trapped charge density
stops increasing and shows saturation. In case B the TANOS
cell is always programmed to the L state and sequential eras-
ing pulses are performed on the gate before 0V programming
operation. During the erasing operation, trapped electrons in
the CTL recombine with injected holes and trapped holes. So
in Fig. 4, after 10* erasing pulses, a large number of trapped
holes accumulate in the CTL and there are almost no trapped
electrons left.

After 10* P/E cycles, the TANOS cell is programmed to
the H or L state, as shown in Fig. 3, and then trapped charge
densities are saved as the initial state to evaluate the retention
property of the H or L state. Figure 5 shows the density of the
trapped charges at the H and L state after 10* P/E cycles in case
A. From the comparison in the figure, the trapped hole density
in the CTL after 10* P/E cycles is up to 18% of trapped elec-
trons at the L state. Thus the recombination process between
trapped electrons and holes become unneglectable when evalu-
ating the cell retention after P/E cycles. This can also be under-
stood in Fig. 6, which shows the retention characteristic in the L
state and its temperature effect. The effect of the recombination
process between trapped electrons and holes is obvious, which
weakens the effect of de-trapping. From the comparison, with-
out considering recombination, leads to underestimation of the
retention capability. Due to its temperature effect, recombina-
tion is more important, especially at high temperatures. Hence,
due to the accumulation of trapped charges, the effect of the
recombination process between the trapped charges on the L
state retention capability is important. While in the H state after
10* P/E cycles, trapped holes are only 5% of trapped electrons,
which is shown in Fig. 5. This is the result of the recombination
process during programming. Thus the probability of recombi-
nation between trapped charges is much less than in the L state
and there is no obvious change for the H state retention after
P/E cycles.

When evaluating the retention characteristic after a P/E cy-
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Fig. 4. Trapped charge accumulation processes with various P/E cy-
cles for cases A and B.
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Fig. 5. Trapped charge density in case A at the H state and the L state
after 10% P/E cycles.

cle of case B, the TANOS cell is also programmed to the H or
L state after P/E cycles, as shown in Fig. 3. At the L state, after
10* erasing operation, only trapped holes are left in the CTL.
The recombination process between the trapped charges is not
so important here as in case A. On the other hand, the accumu-
lated holes during the P/E cycles affect the L state threshold ob-
viously. The retention characteristic of case B is shown in Fig.
7. By comparison between the retention after 1 cycle and 10*
cycles, it is shown that the L state threshold voltage decreases
and the Vt window after 10* P/E cycles is about 4 V larger
than the initial one. The reason is the net charge density vari-
ety due to the accumulation of trapped holes. This phenomenon
is a potential cause of program and read failure. To prevent un-
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Fig. 6. L state retention characteristic at various temperatures
with/without recombination after 104 P/E cycles of case A.
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Fig. 7. TANOS retention characteristic at different baking tempera-
tures with 1 and 10 P/E cycles for case B where the cell always stores
L.

wanted erasing operation and threshold voltage shift, the pe-
riphery circuits should be optimized for threshold verification
and a programming/erasing algorithm. While in the H state,
accumulated trapped holes have no effect on the H state pro-
gramming. Because the recombination process during the pro-
gramming operation is included, most trapped holes recombine
with injected electrons. So there is no obvious change between
the H state retention of 1 cycle and 10* cycles.

4. Conclusion

In this work, numerical simulation work is performed to
evaluate the effect of trapped charge accumulation and its ef-
fect on the retention of the TANOS cell. Through two kinds
of P/E pulse test, the impacts of trapped charge accumulation
under extreme conditions on CTM retention characteristics
are investigated. Our results show that accumulated trapped
holes during P/E cycling can have an influence on the reten-
tion and recombination mechanism between trapped charges,
which should be taken into account when evaluating the reten-
tion capability of TANOS.
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