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Abstract— The hot electron induced mechanism disturbing the
stored information in inhibited bit lines during the programming
of nonvolatile memories with NAND architecture is studied in
detail using a new dedicated advanced physical simulation scheme
for the first time.

I. INTRODUCTION

One of the most important issues for NAND flash memory
technologies is scalability. Due to their improved scaling
perspectives resulting from less cell to cell coupling TANOS
(TaN/Al503/Si3N4/Si02/Si) memory cells are discussed as
promising devices for replacing floating gate technology [1].
However, the scalability of such memories may still be limited
by disturb mechanisms [2].

In Fig. 1 the scheme of a standard NAND memory is shown.
The programming of the cell in the active word line (WL) and
the active bit line (BL) is intended. However, a cell in the same
WL but in a non selected (inhibited) BL may also change its
stored charge due to the high WL voltage. This undesired
programming is referred to as program disturb. In order to
suppress the programming of non selected cells along the WL
the channel potential of the inhibited BLs is boosted during
the programming step. Typical applied voltages are given in
Fig. 1.

In the present work, the physical origin of the program
disturb in inhibited TANOS BL strings is analyzed and simu-
lations for a quantitative characterization of the corresponding
processes are performed. Furthermore, options to influence the
program disturb are studied.

II. ORIGIN OF PROGRAM DISTURB

The key leakage mechanism determining the upper limit and
the initial transient decay of the boosted channel potential of
the non selected BLs during the programming step is band-
to-band tunneling (BBT), which occurs mainly close to the
silicon surface near the select transistors [3].

In Fig. 2(a) the processes causing the program disturb are
shown. The BBT occurs predominantly close to the silicon
surface, where the electric field is maximal. Due to the large
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Fig. 1. Schematic of NAND strings with bias conditions during programming
and the location of the program disturb.

potential difference between the channel and the substrate
in inhibited BL the holes generated by BBT are accelerated
towards the substrate. Close to the bottom boundary of the
substrate space charge region the accelerated holes cause im-
pact ionization (II). Due to the same large potential difference
the electrons generated by this hole initiated impact ionization
are accelerated towards the silicon surface. These accelerated
electrons are hot and the main reason for the program disturb
in the inhibited BLs during the programming step.

In addition to holes electrons are also generated due to BBT.
In contrast to the holes, these electrons stay close to the surface
and don’t get hot.

In order to quantitatively estimate these processes and to
control them it is necessary to know where the BBT occurs
and how its location can be influenced. Typically, WL1 close
to the GSL shows the largest program disturb. Therefore, our
study concentrates on this situation. For the other WLs the
processes are in principle the same.

III. SIMULATION DETAILS

A. Simulation Setup

A simplified TANOS NAND string consisting of GSL
(Ground Select Line), SSL (String Select Line), and three
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Fig. 2. (a) Schematic diagram of the processes due to BBT. (b) Schematic
of TANOS device.

cell transistors with lateral dimension usual for a 48 nm
technology is considered (see Fig. 1). The distance between
two neighboring WLs is 40 nm. For the distance between
WL1 and GSL 85nm is assumed in the simulations if no
other distance is specified. A schematic of the considered
TANOS device is shown in Fig. 2(b). ONA stack dimensions
are 4.5 nm SiO5, 6 nm SizNy and 12 nm Al>O3; 4.65 eV is
used for the TaN work function. Standard doping levels for this
technology generation are assumed except for the substrate
doping for which boron concentrations of about 107 cm~3
(typical for 48 nm NAND strings, denoted by “typical”) and
4 - 10" cm™3 (refers to a 24 nm technology, denoted by
“higher”) are investigated.

To inhibit programming the string is first isolated by
applying 4 V to the drain of SSL which causes SSL to
operate in the off-state. Subsequently the WL gate voltages
are ramped up from O V to their final values in 10 us (see
Fig. 3) in order to generate the inhibit potential in the BL
channels. Finally, the gate voltages are kept constant for 20 us
programming time. Besides the ratio of the gate-to-channel
and the channel-to-substrate capacitances the final value of the
boosted channel potential depends on the dominant leakage
mechanisms discharging these capacitancies which are BBT
and II.

B. Nonlocal Modeling of BBT

The BBT is self-consistently calculated using a nonlocal
model [4]. Within this approach, the BBT generation rate is
proportional to the interband (Zener) elastic tunneling proba-
bility in silicon. It is assumed that an electron at the valence
band edge located at the position 7, is tunneling directly
(along a straight line) into the nearest position 7, within the
conduction band edge having the same energy (see Fig. 2(a)).

Between 7, and 7, the potential drop equals E,/q, where
E, is the band gap. Therefore, the band-to-band generation
rate is obviously not a function of the local electric field. This
is important because the topology of the field in a TANOS
string is typically very steep and complicated and a constant
field approximation is not valid. A similar nonlocal approach
is used for the modeling of II in GALENE III [5].

C. Simulation Procedure

A complete programming pulse is simulated by the tran-
sient Drift-Diffusion model in GALENE III including self-
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Fig. 3. Transient simulation results for the surface potential in the middle
of the channel of different cells and both substrate doping levels.

consistently the nonlocal models for BBT and II, which have
been extensively verified by comparison with experimental
data [4], [5]. This specialized transient simulation algorithm
including nonlocal models for BBT and II is a unique feature
in GALENE III and does not exist in commercial TCAD
software. The spatial distributions of electrostatic potential
and BBT resulting after 20 s are transferred to the full band
Monte Carlo (MC) simulator ELWOMIS [6]. The MC simu-
lations are post processor frozen field simulations including
IT [5] where the carriers are injected according to the spatial
BBT distributions. Thus, the MC simulation can be restricted
to the hot carrier region of the device. Based on these MC
simulations the energy distribution function for electrons is
evaluated at the Si surface.

The injection current density is calculated based on the
energy distribution function. To calculate this current den-
sity both tunneling and thermal emission mechanisms are
considered. Finally, the injected surface charge density is
approximated by multiplying the injection current density by
the total programming time.

IV. RESULTS

Fig. 3 shows the resulting transient surface potential in
the middle of the channels of the cell transistors WLI1 -
WL3 for both doping levels. For the typical doping level the
boosted channel potential is higher and decays slower when
the word line voltages are constant. These effects are mainly
due to the higher substrate doping which increases both the
substrate capacitance as well as the BBT current, which is
predominantly responsible for the charge leaking out of the
substrate capacitance.

The spatial distributions shown in Figs. 4, 5, 6, and 8 refer
to the situation 20 us after the beginning of the ramp. The
electric fields are shown in Fig. 4(a) for the typical doping and
in Fig. 4(b) for the higher doping, respectively. Fig. 5(a) shows
the BBT generation rate for holes for the typical doping. The
electric field and BBT distribution for the typical doping are
consistent with the gate induced drain leakage (GIDL) effect,
since the electric field and the BBT maxima are both below the
gate edge of the GSL device. However, for the higher doping
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Fig. 4. Electric field (scale on the right [kV/cm]). (a) Typical substrate
doping, (b) higher substrate doping.

(a) Band-to-band-tunneling [s-! cm-3]
V=2V Vo= 0V Vi =18V, Vi =V =10V Ve =3V V=4V
5

04 03 02
y [10° m]
(b) Band-to-band-tunneling [s' cm™]

Ver=2V  Vgg= OV Vi =18V, Vi1, =V s=10V Vg =3V V=4V
5

000005

le+23
le+2?
le+2l
le+20
le+19
let18
letl7
le+16
let15

-04

03
y [10° m]

02 00 0005

Fig. 5. Spatial distribution of hole generation due to BBT (scale on the right
[s~tem™3]). (a) Typical substrate doping, (b) higher substrate doping.

263

(a) Hole impact ionization density [s-!cm-3]
Vor =2V V= OV Vi =18V, Vyyp,=Vyyi3=10V Vg =3V V=4V

04 03 02

y [10° m]

-0l

(b) Hole impact ionization density [s-!cm-3]
Vor =2V V= 0V Vi =18V, Vy,=Vyyi3=10V Vg =3V V=4V

x [10° m]

04 03 <02

y [10° m]

-0l

Fig. 6. Spatial distribution of hole initiated II density (scale on the right
[s~lem™3]). (a) Typical substrate doping, (b) higher substrate doping.

(Fig. 5(b)) the BBT maximum as well as the maximum of
the electric field is between GSL and WLI1 and cannot be
explained by GIDL. This difference is mainly caused by the
different substrate doping.

Fig. 6 compares the results for II for both doping levels.
It can be seen that this hole initiated II is very important
for the program disturb since it generates a lot of electrons
deep in the bulk under WL1 where the potential is much
lower compared to the channel so that these electrons can get
hot when they are accelerated towards the channel. Though
the boosted channel potential is about 2 V higher for the
typical substrate doping level compared to the higher one, the
II distribution is worse for the higher doping level, because
more electrons are generated below WL1 due to the less
favorable location of the BBT maximum. Consequently, the
injection of hot electrons into the nitride layer of WL1 and
its neighboring cells is much higher for the higher doping
level (see Fig. 7) though the maximum BBT rate is smaller. A
charge injection of more than 10'2 cm~2 in the WL devices
causes a significant program disturb. Moreover, the simulated
disturb pattern shown in Fig. 7 for the typical doping agrees
well with respective experimental results (e.g. [3]).

V. SUPPRESSION OF THE PROGRAM DISTURB

The most obvious way to reduce the disturb is to increase
the GSL-WLI spacing [3], whereby the distance between the
BBT maximum and WL1 may increase. In Fig. 8 the hole
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Fig. 7. Charge injection for both doping levels.

generation due to BBT is shown for NAND strings with 135
nm GSL-WLI space. Comparing Fig. 8(a) and 8(b) it can be
seen that this increased spacing is more efficient for the typical
doping than for the higher doping level, because the maximum
of the BBT rate stays at the gate edge at the drain of the GSL
device for the typical doping and can still be interpreted as
being consistent with the GIDL effect while this is not the
case for the higher doping.

In Fig. 9 the injected charge is shown for three GSL-
WLI spacings (85 nm, 135 nm, and 185 nm). The increased
spacing is obviously much more efficient for the suppression
of program disturbs in case of the typical doping than for
the higher doping. For the typical doping the 135 nm space
reduces the injected charge in WL1 by more than two orders
of magnitude. However, the reduction factor is only about 3
for the higher doping level.

VI. CONCLUSION

The crucial role of the spatial distribution of BBT for
the program disturb effect in nonvolatile NAND memories
has been demonstrated. Since higher substrate doping levels
are unavoidable for scaled strings, this observation may have
serious consequences in future technology generations.
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