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Abstract—A novel random telegraph signal (RTS) method is
proposed to study the lateral spread of injected charges in
program/erase of a NOR-type SONOS flash memory. The
concept is to use RTS to extract an interface trap position and
to detect a local potential variation near the trap due to
injection of program/erase charges. By using this method, we
find that CHISEL program has a broader charge distribution
than CHE program. A mismatch of CHE program electrons
and band-to-band erase holes is observed directly from this
method.

I.  INTRODUCTION

Two-bit/cell SONOS flash memory has been realized by
storing bit charges in two sides of the channel by CHE
program and band-to-band hot hole erase [1]. The control of
program and erase charge lateral distributions of each bit is a
major research thrust to improve cell endurance and scalability
[2,3]. Attempts have been made in the past to characterize a
trapped charge distribution in a SONOS cell. An inverse
modeling approach is used to extract a program charge
distribution from measured I-V characteristics [4]. Besides, a
modified charge pumping (CP) technique [5] is employed to
probe the lateral profile of programmed charges at the source
and drain junctions separately. However, the inverse I-V
modeling suffers from some limitations, for example,
knowledge of precise device doping profile and lack of a
unique solution. On the other side, the CP method is based on
an assumption that interface traps have a uniform distribution
along the channel [6], which is not correct in a buried diffusion
bit-line SONOS cell. In addition, a charge pumping current is
hardly sensed in a small area SONOS device.

In this work, we will use RTS arising from charge
emission and capture at an oxide trap to investigate
program/erase charge lateral spread. First, we determine the
trap position from RTS without the need to know doping
profile. Second, because RTS is very sensitive to a local
potential change near the trap, we can use oxide traps as
internal probes to detect a potential change due to
program/erase charges. Finally, by using this technique, we
find that CHISEL program has a broader charge distribution
than CHE program and a mismatch of CHE program electrons
and band-to-band erase holes is observed.
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Fig. 1 Illustration of an interface trap induced RTS and the energy band
diagram.

II. MEASUREMENT RESULT

Experiments were performed on SONOS flash cells with
an ONO thickness of 8.5nm (top oxide), 7nm and 5.8nm,
respectively. The cell size is W/L=0.11pum/0.1um. The CHE
program condition is V=8V and V4=3.7V. The band-to-
band hot hole (BTBH) erase is performed at V= -4V and
V4=5V.

A. Extraction of a Trap Position

An oxide trap position in the channel can be extracted in
a way similar to the method in [7]. The RTS capture time 7.,
as illustrated in Fig. 1, can be expressed below,

<1>=1/n.0vy 1)

where © is the trap cross-section and vy, is the thermal velocity.
The channel electron concentration n. is a function of gate
overdrive, i.e.Vg-Vy, where Vi is the channel potential at the
trap position and is equal to V=(L/L)Vg,. Ly is the distance
of the trap from the source and L is the channel length, as
shown in Fig. 1.

Two different Vg (=0.05V and 0.3V) are used in RTS
and capture time (1) measurement. Note that the device is in
the linear region at the measurement biases. Since the capture
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time is dependent on an electron concentration near the trap,
or in other words, a voltage drop between the gate (V) and
the channel right below the trap (Vs), the amount of the lateral
shift of these two curves (AVy) in Fig. 2 is equal to the
difference of the voltages, raised by the two drain voltages, at
the point (L) of the trap. Therefore, the trap position in the
channel can be extracted from AV,/AV4=L./L. In this work,
the RTS extraction is conducted in more than 30 un-cycled
devices. For simplicity, we only record devices with two-level
RTS (i.e, a single trap). The extracted trap position
distribution is shown in Fig. 3. With this information, we can
choose devices with appropriate trap positions as internal
probes to investigate program/erase charge lateral spread.

- ’ . .

S o2} M m Vd=0.05V

< o Vd=03V

g 0I5F o

= ]

o 0.10} -

= =y

2 0.05} i o

8 . . ¥ u D O-g
0.00 3.15 33 345 3.6

gate voltage (V)

Fig. 2 The gate voltage dependence of average capture time in RTS at two
drain voltages, V4=0.05V and 0.3V. The lateral shift of these two curves
corresponds to AVis.
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Fig. 3 Cumulative trap position distribution along the channel. L is the
channel length and L is the distance of a trap to the source.

B. Detection of a local potential change

The ratio of 1./1. is dependent on the local potential at the
trap position, i.e.

<t>/<t>=gexp[(E-Er)/kT]~exp(-qA¢y/kT) 2

where g is a pre-factor, E, is the trap energy and A is a local
potential change at the trap position.

C. CHE and CHISEL Programming

In order to detect a surface potential change near the drain
during CHE program, a SONOS cell having a trap at x=0.2L
from the drain edge is used. Fig. 4 shows the average emission
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time (t.) and capture time (t.) versus program AV [8,9]. Fig.
5(a) illustrates the band diagrams during CHE program. The
trap energy level increases with respect to the Fermi level as
program charge increases. The ratio of (t./t.) and the
corresponding surface potential change (A@;) from Eq. (2) are
plotted in Fig. 5(b). As more electrons are injected into the
nitride layer, the conduction band at x, and the trap level move
upward away from the Fermi level. Thus, the t/1. ratio
becomes larger and larger.
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Fig. 4 Average capture time (T.) and emission time (T.) versus program AVr.
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Fig. 5 (a)Band diagrams before and after CHE program. (b) <t>/<t> and
surface potential change versus program AVr. The local potential change (Ags)
at the trap position is calculated from Eq. (2).
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Fig. 6 compares the 1./1. in source side programming and
drain side programming. The 1./t. remains unchanged during
source-side programming, as expected, since program charges
are near the source junction while the trap is near the drain
edge. We also compare the program charge spread by CHE
and CHISEL [10] in Fig. 7. The substrate bias is -2V in
CHISEL operation. During CHISEL program, holes generated
by channel electron impact ionization flow to the substrate and
result in secondary impact ionization. The secondary electrons,
accordingly, would be accelerated by the drain voltage and
inject into the nitride layer. Fig. 7 shows that CHISEL has a
broader injected charge distribution than CHE because the ./t
and the potential change are larger at the same program AVr.
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Fig. 6 Comparison of <t>>/<t> evolutions in source-side CHE program and in
drain-side CHE program. Since the trap is near the drain, <t>/<t> remains
unchanged in source-side programming.
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Fig. 7 Comparison of <t>/<t> evolutions by CHE program and by CHISEL
program. A substrate bias of -2V is applied in CHISEL injection.

D. BTBH Erase and Program/Erase Charge Mismatch

For comparison, we choose two devices with a respective
trap position at 0.05L and 0.3L from the drain. CHE program
and BTBH erase are performed. The t./1. evolutions during
program/erase are shown in Fig. 8 (in the x=0.05L cell) and in
Fig. 9 (x=0.3L cell). The t./1. increases as program Vr
increases by CHE program and decreases by hot hole erase.
For the point near the drain (i.e., x=0.05L), the 1./t, curves in
program and in erase match very well, suggesting that program
electrons at 0.05L are totally neutralized by erase holes. In
contrast, at the point of x=0.3L from the drain, the t./1. does
not return to its original value after a P/E cycle. The larger t.

/1, value during erase implies that program electrons (at 0.3L)
are not completely compensated although the cell has been
erased to its original Vr.
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Fig. 8 The <t>/<t> evolutions during CHE program and BTBH erase. The
device has a trap at 0.05L from the drain. The <t>/<t> has the same path in
P/E.
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Fig. 9 The <t>/<t> evolutions during CHE program and BTBH erase. The
device has a trap at 0.3L from the drain. The erase path of <t>/<t> is
different from the program path.

Fig. 10 illustrates the program/erase charge distributions
and the band diagrams after program and erase. The trap
position is at x~=0.05L from the drain in Fig. 10(a), and 0.3L
from the drain in Fig. 10(b). In Fig. 10(a), the trap level
increases with respect to the Fermi level due to program
electron injection and decreases due to erase hole injection. In
Fig. 10(b), the trap level increases due to program electrons,
but is not affected by injected erase holes. The result in Fig. 9
implies that injected holes have a narrower distribution than
program electrons.

1. CONCLUSION

We propose a novel RTS method to characterize program
and erase charge lateral spread in a SONOS flash memory
without the need to know a doping profile. Since the RTS
method is very sensitive to a local potential change due to
program/erase charges, it can provide a better resolution than a
charge pumping method or an inverse I-V modeling approach.
An evidence of a mismatch between program electrons and
erase holes is shown by this method.
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Fig. 10 Illustration of program/erase charge distributions and the band-
diagrams after program and erase. The star represents interface trap position at
(a) x=0.05L and (b) x=0.3L from the drain edge. The program electrons at
x=0.05L are completely compensated, but some far electrons at x=0.3L are
not compensated after erase.
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