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We have evaluated the effects of recombination processes in a charge storage layer, either between trapped electrons

and trapped holes or between trapped carriers and free carriers, on charge trapping memory cell’s performances by

numerical simulation. Recombination is an indispensable mechanism in charge trapping memory. It helps charge

convert process between negative and positive charges in the charge storage layer during charge trapping memory

programming/erasing operation. It can affect the speed of programming and erasing operations.
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1. Introduction

With the progress of non-volatile semiconduc-
tor memory, products featured of high density, high
performance and low cost have been put to market.
However, conventional non-volatile memory-floating
gate flash memory encounters some barriers, either
technological or physical.[1−4] The reliability issue is
one of the most pressing problems preventing fur-
ther scaling down of floating gate flash memory cell.
As a promising candidate for the next generation
of non-volatile semiconductor memory, charge trap-
ping memory (CTM) is inherently immune form se-
vere reliability issues accompanying good CMOS pro-
cess compatibility.[5−8] Although an increasing inte-
gration density of CTM has been achieved in sev-
eral works recently,[9,10] commercial use still needs
great efforts to optimize device performance. To
avoid increasing fabrication cost and process complex-
ity, numerical simulation is a powerful tool for un-
derstanding the CTM program/erase procedure, its
failure mechanism, reliability analysis, prediction, de-
vice design and optimization. Spatial distribution of
trapped charges in charge storage layer is critical in
determining CTM cell’s performance. Convention-
ally, two aspects were considered as the main factors
that affect CTM operation: (1) electrons and holes

transport in the multiple dielectric layers, includ-
ing direct/Fowler–Nordheim (F–N) tunnelling, and
(2) carriers’ trapping/de-trapping processes in charge
storage layer, such as capture/thermal excitation,
Poole–Frenkel effect (P–F), and thermally assisted
tunnelling (ThAT). Several works[11−17] have dedi-
cated to modelling tunnelling, trapping/de-trapping
processes for electrons and holes in CTM. However,
during the operations of CTM, both electrons and
holes can tunnel across the multiple dielectric lay-
ers, and both negative and positive charges can be
trapped/de-trapped in the charge storage layer. As a
result, recombination is an indispensable mechanism
which deals with the interaction between electrons and
holes. However, few works are concerned with recom-
bination processes in charge trapping memory. Here
recombination processes, either between trapped elec-
trons and trapped holes or between trapped carriers
and free carriers, are implemented which accompany
with other mechanisms in CTM cell to evaluate the ef-
fects of recombination mechanism on CTM cell’s per-
formance. By using the program we developed,[18,19]

the performance of CTM is simulated. The influences
of recombination on the programming/erasing opera-
tion with various recombination parameters are inves-
tigated.
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2. Model and simulation method

For CTM in NAND application, source bias is al-
ways equal to drain bias either in programming (P)
or in erasing (E) operation. In other words, chan-
nel potential is uniform along the channel during P/E
operation. Thus, numerical simulation could only
be performed in the direction perpendicular to chan-
nel surface. Recombination processes, either between
trapped electrons and trapped holes (trap–trap) or be-
tween trapped carriers and free carriers (trap–free),
are considered. The recombination rate is modelled as
a type of carrier capture. The difference between trap–
trap recombination and charge trapping is that the
former changes the density of both trapped electrons
and trapped holes while keeps net trapped charge den-
sity fixed, and the latter changes either trapped elec-
tron density or trapped hole density. However, trap-
free recombination changes the density of trapped
charges which are opposite to free carriers while keeps
identical trapped charge density fixed.

Figure 1 illustrates the recombination process be-
tween free electrons and trapped holes in program-
ming operation. In general, programming operation
starts from the condition under which most of the
hole trap states occupy the charge storage layer. First,
electrons tunnel through tunnelling oxide into charge
storage layer (silicon nitride), then they are trans-
ported in conduction band. J(Xn) and J(Xn+1) are
the electron currents in silicon nitride layer at the posi-
tions Xn and Xn+1, respectively. When the electrons
are transported in the interval between Xn and Xn+1,
the electrons could either recombine with trapped
holes ∆Jre or be captured by electron traps ∆Jc. The

Fig.1. Schematic of trapping and recombination processes

in programming operation. Electron current J(X) could

be either ©1 captured by electron traps or ©2 recombined

with trapped holes.

model which could describe both capture and recom-
bination processes can be written as

R = σcvthne(Nt − nt), (1)

where ne is the free carrier density, (Nt − nt) the un-
occupied trap density, σc the effective capture cross-
section, and νth the thermal velocity.

The capture current dJc(x) is obtained from
Eq.(1)

dJc(x) =− J(x)
σcvth(Nt − nt)

v
dx

=− J(x)Ccdx, (2)

where Cc =
σcvth(Nt − nt)

v
, J(x) is local current den-

sity and ν is carrier drift velocity obtained from Monte
Carlo simulator; dx is a small interval in the per-
pendicular direction to the channel surface. We as-
sume that all values within dx, such as trapped elec-
tron/hole density and carrier drift velocity, are con-
stants. So, solving the differential equation above
yields local current J(x)

J(x) = J(Xn)exp [−Cc (x−Xn)] . (3)

The recombination rate in silicon nitride can be writ-
ten as

Rre = σrevthneht, (4)

where ht is trapped hole density, σre is effective re-
combination cross-section.

The recombination current dJre(x) is:

dJre(x) = −J(x)
σrevthht

v
dx = −J(x)Credx, (5)

where Cre =
σrevthht

v
. When considering capture and

recombination processes together, we have

dJ(x) =− J(x)
[
σevth(Nt − nt)

v
+

σrevthht

v

]
dx

=− J(x) (Cc + Cre) dx,

J(x) =J(Xn)exp[−(Cc + Cre)(x−Xn)]. (6)

Thus, the recombination current part and the capture
current part within an interval from Xn to Xn+1 can
be written as

∆Jc(X) =−
∫ Xn+1

Xn

J(x)Ccdx

=
Cc

Cc + Cre
[J(Xn+1)− J(Xn)] ,

∆Jre(X) =−
∫ Xn+1

Xn

J(x)Credx

=
Cre

Cc + Cre
[J(Xn+1)− J(Xn)] (7)
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and the total capture current is

∆J(Xn) = J(Xn+1)− J(Xn). (8)

When multiple capture mechanisms in the charge stor-
age layer are included, the carrier selection rule is

∆Ji =
Ci∑

j

Cj
∆J. (9)

3. Results and discussions

Recombination is an indispensable mechanism in
charge trapping memory. It helps charge convert
the process between negative and positive charges in
charge storage layer during CTM P/E operation. Fig-
ure 2 shows the effects of recombination mechanism
on programming characteristics. From the figure, it
can be seen that the memory window is reduced since
no charges were recombined. And the recombina-
tion mechanism can hardly influence the speed of pro-
gramming. After erasing operation, most of the hole
trap states are occupied, leaving empty electron trap
states. Though these trapped holes could escape from
trap states by means of de-trapping processes, high
barriers formed by tunnelling oxide and blocking oxide
will prevent de-trapped holes from escaping away from
gate stack easily. So, without recombination mech-
anism, almost all trapped holes are untapped. The
net charge density is lowered because these remain-
ing trapped holes offset the trapped electron density.
As a result, the memory window is reduced. With
recombination mechanism, these trapped holes could
recombine with electrons rapidly. In other words, the
net charge density is larger than that without recombi-
nation mechanism. The maximum threshold voltage
shift is also larger than that without recombination
mechanism. So, recombination mechanism is impor-
tant for CTM cell’s programming window. Since the
recombination model parameters such as recombina-
tion cross-sections can hardly be measured in the ex-
periment, we simulate the programming characteris-
tic of CTM cell with recombination cross-section σre

changing from 10−30cm2 to 10−10cm2 to evaluate the
influence of model parameter. Figure 3 plots the pro-
gramming characteristics when Vgs=18V with differ-
ent recombination cross-sections. When recombina-
tion cross-section σre is smaller than 10−28cm2, re-
combination mechanism is hardly effective due to the
rather low recombination rate. When recombination
cross-section σre is larger than 10−20cm2, recombina-
tion becomes saturated. From the figure, it can be

seen that the programming window reduces by about
3.08V when recombination cross-section σre decreases
by 8 orders of magnitude, from 10−20cm2 to 10−28cm2.

Fig.2. Programming characteristics with or without

recombination mechanism at different programming

voltages.

Fig.3. Programming characteristics for Vgs=18V with dif-

ferent recombination cross-sections.

Effects of recombination on erasing characteris-
tic are shown in Fig.4. Different from programming
operation, recombination mechanism does not affect
memory window in erasing operation, but can reduce
the speed of erasing and change the shape of erasing
curves. In consideration of recombination mechanism,
trapped electrons could recombine with holes to lower
the trapped electron density. The recombination and
capture processes will co-exist until all trapped elec-
trons are recombined. So, we obtain the normal eras-
ing characteristics. While without consideration of
recombination mechanism, de-trapping becomes the
predominant mechanism for trapped electrons. After
all the hole traps are occupied, the threshold voltage
declines with another slope, as shown in Fig.4. This
phenomenon could be understood as the shift of main
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erasing mechanism from the hole trapping to the elec-
tron de-trapping. In erasing operation, de-trapped
rate of trapped electrons is high due to the Poole–
Frenkel effect under a high erasing electric field. In
addition, electron barrier height is not as high as that
of holes. So, in the erasing operation trapped electrons
could escape from gate stack relatively easily. Fig-
ure 5 plots the erasing characteristics at Vgs=–18V for
different recombination cross-sections. When recom-

bination cross-section σre is smaller than 10−24cm2,
recombination can be neglected. For recombination
cross-section σre larger than 10−20cm2, recombination
becomes a predominant mechanism. From the figure,
it can be seen that the erasing time increases by about
3.5x when recombination cross-section σre increases 4
orders of magnitude from 10−24cm2 to 10−20cm2. So,
recombination mechanism is an important mechanism
in determining the CTM cell’s erasing performance.

Fig.4. Erasing characteristics with or without recombi-

nation mechanism at different erasing voltages.
Fig.5. Erasing characteristics for Vgs=–18V with different

recombination cross-sections.

4. Conclusion

Recombination processes, either between trapped
electrons and trapped holes or between trapped carri-
ers and free carriers, have been implemented, accom-
panied with other essential mechanisms in CTM to
evaluate the effects of recombination mechanism on
CTM cell’s performance for the first time so far as we
know. Simulation results reveal that recombination
mechanism is important in determining CTM cell’s

programming/erasing performance. Furthermore, re-
combination processes are more important than cap-
ture process in programming window and erasing
speed.
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