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Abstract—In this paper, bottom-oxide thickness (7},) and
program/erase stress effects on charge retention in SONOS Flash
memory cells with FN programming are investigated. Utilizing a
numerical analysis based on a multiple electron-trapping model
to solve the Shockley—Read-Hall rate equations in nitride, we
simulate the electron-retention behavior in a SONOS cell with
Tho from 1.8 to 5.0 nm. In our model, the nitride traps have
a continuous energy distribution. A series of Frenkel-Poole (FP)
excitation of trapped electrons to the conduction band and elec-
tron recapture into nitride traps feature the transitions between
the conduction band and trap states. Conduction band electron
tunneling via oxide traps created by high-voltage stress and
trapped electron direct tunneling through the bottom oxide are
included to describe various charge leakage paths. We measure
the nitride-charge leakage current directly in a large-area de-
vice for comparison. This paper reveals that the charge-retention
loss in a high-voltage stressed cell, with a thicker bottom oxide
(5 nm), exhibits two stages. The charge-leakage current is limited
by oxide trap-assisted tunneling in the first stage and, then, follows
a 1/t time dependence due to the FP emission in the second stage.
The transition time from the first stage to the second stage is
related to oxide trap-assisted tunneling time but is prolonged by
a factor.

Index Terms—Oxide thickness, positive oxide charge-assisted
tunneling, Shockley—Read-Hall (SRH) rate equation, SONOS
retention mechanisms.

I. INTRODUCTION

ECENTLY, considerable research efforts have been made

to study nitride-trap storage Flash memories for their
lower operation voltage, simpler fabrication process, and better
scaling capability as compared to conventional floating gate
Flash memory [1]-[4]. The nitride storage cells have evolved
into two types: The first one has uniform charge storage in a
nitride layer, such as conventional SONOS, and the second one
utilizes localized charge storage at the source/drain junctions,
such as NROM [1] or Nbit technology [4]. Since the conven-
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tional SONOS cell employs FN tunneling for program/erase
(P/E), a thinner bottom oxide is needed as compared to NROM.
Its data retention, thus, imposes an intrinsic reliability con-
straint due to significant direct-tunneling current through an
ultrathin bottom oxide [5]-[8].

Several charge-retention-loss mechanisms in SONOS de-
vices have been reported. Lundkvist ez al. showed that trapped-
charge direct tunneling leads to charge loss at room temperature
[8], and later, they accounted for the increased decay rate of
charge loss at elevated temperatures with a thermal-enhanced
charge-emission model [9], [10]. Lehovec and Fedotowsky
delivered a simple analytical retention model through the
Frenkel-Poole (FP) release of electrons from monoenergetic
nitride traps [11]. Williams and Beguwala regarded charge loss
as direct tunneling of the charges out of the nitride together
with nitride-charge migration by a series of emission-capture
events [12]. Recently, White and coworkers have combined
trap-to-band tunneling and thermal excitation to reproduce
measured device retention data [13], [14]. Although a variety
of models have been proposed, they have some deficiencies in
common. For example, all the models are applicable only to
ultrathin bottom oxides (1.5 ~ 2.5 nm). However, to improve
data retention and to minimize gate disturb, a thicker bottom
oxide is usually employed in today’s SONOS cells [15], [16].
With a larger oxide thickness, oxide traps created by P/E stress
becomes important and should be taken into account in a
charge-loss model.

In this paper, we develop a numerical approach to solve a
set of rate equations governing the electron FP emission and
retrapping in the nitride and charge leakage through the bot-
tom oxide [17]-[21]. Comprehensive charge-loss mechanisms
based on direct tunneling for trapped electrons and positive
charge (oxide hole trap)-assisted tunneling (PCAT) [17] for
conduction-band electrons in nitride are formulated. The effects
of bottom-oxide thickness (T}, ) and stress-created oxide traps
on charge retention are measured and simulated. The dominant
leakage mechanisms for different 73, are identified.

II. RETENTION-LOSS SIMULATION MODEL

The samples used in this paper are n-channel SONOS cells
consisting of a top oxide of T, = 9 nm and a silicon nitride
of T,, = 6 nm. The Tj,, ranges from 1.8 to 5 nm. The mea-
surement data for the 73,, = 1.8 nm device are quoted from [5]
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Fig. 1. Illustration of nitride-electron leakage paths and electron transitions
between the conduction band and trap states. (a) FP excitation of trapped
electrons to the Si/N conduction band. (b) Free electrons recaptured by nitride
traps. (c) Direct tunneling of nitride-trapped electrons to Si substrate. (d) Free
electrons via PCAT to Si substrate. (e) Direct tunneling of free electrons to
Si substrate.

and other oxide thickness results are measured in this paper.
FN tunneling is employed for programming and erase. This
uniform FN injection excludes the possibility of stored charge
lateral migration in the nitride.

A. Nitride-Charge Dynamics and Loss Mechanisms

Charge transitions between the conduction band and trap
states in the nitride and stored-charge leakage paths are il-
lustrated in the energy-band diagram in Fig. 1. The change
of conduction band and trapped electron densities in the ni-
tride is described by the following two-coupled rate equations
[18]-[20]:

dni(z, ¢, 1)

p =R.(x,¢,t) nc(t)—Re(@) -ne(x, @, t)

_Rt(x7¢)'nt(xv¢vt) (l)

dncgt(t) :Tin // [Re()-ny(z, ¢,1)

— Re(x, ¢, t)ne(t)] dadg

— (Rpcat + RpT) - ne(t) (2)

where n.(z, ¢, t) (per cubic centimeter per electronvolt) is the
density of occupied nitride traps as a function of a distance to
the SiN/bottom-oxide interface (), trap energy ¢, and retention
time ¢, respectively. The density of electrons in the nitride
conduction band is denoted by n. (per cubic centimeters),
which is assumed to be uniform in x, because the nitride layer
is sufficiently thin. R., R., R;, Rpcar, and Rpr are the
rate coefficients for FP electron emission from nitride traps
(Fig. 1, path a), free-electron capture into nitride traps (Fig. 1,
path b), trapped electron direct tunneling to the substrate
(Fig. 1, path c), conduction-band-electron escape through
PCAT (Fig. 1, path d) and via direct tunneling (Fig. 1, path e),
respectively. The FP excitation of electrons from nitride traps
to the conduction band is [11]

m) (unit: s~ (3)

)= (B

where
(unit : s71) (3a)

(3b)

Ve :Ncn *Uth * On-

Te =R;! (unit : s).
The prefactor v, is often referred to as the “attempt-to-escape”
frequency for emission and can be expressed as (3a), where N,
is the effective density of states in the nitride conduction band,
vy 1s the thermal velocity, and o, is the nitride-trap capture
cross section. The FP constant is 3, and F,, is the average
electric field in the nitride. Moreover, 7.(¢) is the electron-
emission time from the trap energy of ¢. The free-electron
capture-rate coefficient is
Re(z,,t) = vgh - 00 - (N — mg) (unit: s~ eVl (@)
where N, is the nitride-trap density per-unit-trap energy
and (N; —ny) is the amount of available traps for free-
electron recapture. The direct-tunneling rate for nitride-trapped
electron is

Rt(xv (b) =Vt exp(_aobeo)

- exp(—a,x) (unit : s71) Q)
2/2mi q(® 2./2m
o = moxgi( B+ ¢5); a, = anqqﬁ (5a)

where m, and m;, are electron tunneling mass in the oxide
and in the nitride, respectively. Other variables have their usual
definitions.

As for conduction band electron leakage paths, positive oxide
charge-assisted tunneling [17] and direct tunneling through the
bottom oxide are considered. Charge leakage via top oxide is
not considered for a relatively large top oxide thickness. The
built-in electric field in the ONO stack is neglected for simpli-
fication. Electron tunneling from nitride traps to surface traps
in Si band gap is also neglected. To simplify the evaluation of
PCAT, a concept of the most favorable trapped-charge position
is employed [22]. With an oxide charge site at this favorable
position, the tunneling probability from the conduction band to
the trap site is the same as that from the trap site to the substrate
conduction band. Such feature of the most efficient tunneling
trap location leads to the following equation:

(unit : s (6)
(62)

RpcaTt = Nox - Ush - Oox - PpcaT

TPCAT = RE%AT (unit : )
where N,y is the stress-induced oxide hole-trap (positively
charged) density, Ppcar is the tunneling probability from
the nitride conduction band to the substrate, and 7pcaT is the
electron tunneling time via PCAT. The way to calculate the
tunneling probability Ppcat is the same as in [17]. A one-
dimensional Coulombic potential caused by a positive trapped
charge is included in the electron-tunneling barrier for the
Wentzel-Kramers—Brillouin (WKB) approximation, i.e.,

_ q
4eox|T — xp|
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Fig. 2. Tllustration of the discretization scheme in trap energy and space for

numerical simulation.

where £,y is permittivity of oxide and z;, denotes the location
of a trapped positive charge from SiN/bottom-oxide interface.
Besides, the direct tunneling rate can be deduced from the
supply function

Uth

-1
T (unit : s7°) (8)

Rpr = : eXp(_aobeo)

with ax (5a) evaluated at the conduction-band edge. With the
above rate coefficients determined, the nitride-charge leakage
current J can be written as

J:q/ Rt($,¢,t) 'nt(l',(b,t)dl'd(b—i—q.RPCAT
“ne(t)  Tn+q- Rpr -ne(t) - Tn. (9)

The first term on the right-hand side is the ensemble of out-
tunneling electrons from nitride traps. The second and the third
terms represent charge loss from the conduction band via PCAT
and direct tunneling (DT). It should be mentioned that in a P/E
stressed device with a thicker oxide, direct tunneling is much
smaller than PCAT and (9) reduces to
J =q- Rpcar - nc(t) - Tn. (10)
Several assumptions concerning the nitride traps in our
model should be mentioned. First, we assume that the nitride
traps have a continuous distribution in the bandgap and the trap
density decreases exponentially with trap energy, i.e., N¢(¢) =
Nio - exp(—@/N), where Ny, is set to be 3.0 x 10'? cm™3 -
eV ! and \ is the tail parameter (0.85 eV). This exponential
trap-energy distribution is often used for amorphous materials
[18], [23], [24]. Second, the nitride traps below the Fermi-level
are occupied in a fresh device in thermal equilibrium and, thus,
are not available for the storage of injected charges. Third,
nitride traps are considered to be isolated from each other and
direct electron transitions among nitride traps are not taken into
account.

B. Numerical Simulation Method

The two nonlinear rate [(1) and (2)] are numerically solved
by using an implicit backward Euler method coupled with
Newton iteration [25]. In our numerical calculation, the nitride
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TABLE 1
PARAMETERS USED FOR THE NUMERICAL SIMULATION

Parameters Value
€ox 3 -980
eN 780
m, 0.42m, 1271
m, 0.42m, 127
(1) 1.05eV 113.14]
Nio 3.0x1019 emr3e V-1
o, 5%10-13 em2l13,14]
Cox 1x10-14 cm?
Yy 107 env/s
Ve 5x1015g°1
Vi 1.4x1014 g1
Teor

1
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Fig. 3. Program state V; retention behavior for different 73, at 7' = 25 °C.
All devices are programmed to an identical threshold-voltage window of 1 V.
The symbols represent measured data and the lines are simulated results. The
corner time (TcoR) is indicated.

traps are discretized into equidistant segments in energy and
in space, as shown in Fig. 2, transforming the differential
equations into numerous sets of mutually related equations. The
transient response was computed for each segment separately;
thus, providing an insight into physical events of trap states
in charge loss process. The parameters used in our model are
given in Table I. To simulate the retention behavior, the total
amount of stored electrons in the nitride is determined by
measured threshold voltage (V) shift after programming. The
initial electron distribution in the nitride layer is obtained as
the injected charges attain the dynamic balancing between the
nitride conduction band and the trap states by setting all leakage
paths equal to zero. Once the initial condition is determined, the
conduction-band-electron and trapped electron densities at the
subsequent instant can be evaluated step by step.

III. RESULTS AND DISCUSSION
A. Bottom-Oxide Blocking Effect

To investigate the T}, effect, the precycling-retention char-
acteristics of four SONOS devices with different T,, (1.8,
2.5, 3, and 5 nm) are compared in Fig. 3. All the devices
are programmed to have an identical threshold-voltage win-
dow of 1 V. Good agreement between the measured (solid
lines) and simulated data (symbols) confirms the validity of
our simulation model. The program state V; (for example, the
3-nm oxide cell) remains almost unchanged for a certain
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Fig. 4. Prestress and poststress V4 loss for T}, = 2.5 and 5 nm. T' = 25 °C.
FN stress was performed at Eox = —11 MV/cm for 100 s.

period of time and, then, decreases with a log(¢) dependence.
The charge loss is retarded with increasing T,,. This feature
can be well explained by a tunneling front model [26]. The
corner time (Tcor) in Fig. 3 corresponds to trapped electron
direct-tunneling time [Fig. 1, path (c)]. The role of high-voltage
stress created oxide traps in charge retention is examined in
Fig. 4 for T},, = 5 and 2.5 nm. The two devices are subjected to
a negative FN stress. As opposed to the thinner oxide (2.5 nm)
device, the 5-nm oxide cell exhibits an apparent stress effect.
The poststress V; loss in the 5-nm oxide device exhibits an
initial delay and, then, declines with a log(¢) time dependence.
Our calculation in the next section will show that the dominant
retention-loss mechanism in the poststress 5-nm oxide cell is
the FP emission followed by PCAT.

B. Poststress Two-Stage Retention Loss

To explain the above poststress retention-loss behavior in
the 5-nm oxide device, we measure the stress-induced leakage
current [i.e., (9)] in a large-area device (500 x 500 pm) directly
at T'=25 °C. The programming window is 3 V, and the
measurement gate voltage is 0 V. The stress-induced leakage
current (gate current) and the evolution of the retention V; are
shown in Fig. 5(a) and (b). One of the samples in Fig. 5(a)
is stressed lightly, and the other is stressed more heavily. The
symbols in Fig. 5 denote measured data, and the solid lines rep-
resent simulation result. In the simulation, we use the positive
trapped-charge (hole trap) density as a fitting parameter. The
hole-trap density is 4.5 x 10’7 cm™ for the lightly stressed
sample and 3 x 10*® cm~ for the heavily stressed sample. The
temperature dependence of V; retention loss is shown in Fig. 6
for T =25 °C and 85 °C. The higher bake temperature yields
a larger V; loss, which is in agreement with the FP model. Trap
anneal effect should be considered as bake temperature further
increases. It should be noted that the nitride-charge leakage cur-
rent exhibits two stages (Fig. 5). In the first stage (¢ < Tcor),
a dc-like characteristic, termed as current-blocking effect, is
observed. The current-blocking effect persists for a longer time
in the lightly stressed sample. After 7cor, a 1/t transient
decay in the leakage current is observed, which accounts for
the log(t) dependence of the V; loss in Fig. 5(b). The evolution
of nitride conduction-band-electron density (n.) with retention
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Fig. 5. (a) Measured stress-induced leakage current (gate current) in a large-
area device (500 x 500 pm) at Vy; =0 V and T =25 °C. The lightly
and heavily stressed conditions are at Eox = —11 MV/cm for 1 s and
1000 s, respectively. Both devices are programmed to an identical threshold-
voltage window of 3 V. (b) Corresponding V4 retention loss for the two
stressed cells.
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Fig. 6. Measured and simulated V% loss versus retention time in the heavily
stressed sample at 7" = 25 °C and 85 °C.

time is plotted in Fig. 7. The prestress one is also shown as
a reference. In the first stage, n. remains almost the same as
the prestress value, because the oxide leakage current is limited
by the amount of stress-created oxide traps. The conduction-
band-electron density begins to have an apparent decrease in
the second stage. The simulated nitride-trap electron occupation
factor (f:) versus trap energy at different retention times are
shown in Fig. 8. The FP emission front (¢f, ), defined as the
trap energy with f; = 0.5, is displayed in Fig. 9 as a function
of retention time. In the first stage, since the nitride-charge
leakage current is limited by oxide trap-assisted tunneling, the
FP emission front stays around 0.8 eV. In the second stage, the
oxide trap-assisted tunneling is no longer a limiting mechanism,
and the leakage current is dictated by the FP emission. As
a consequence, the FP emission front moves downward in
the nitride bandgap with a constant speed in a log(t) scale.
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Fig. 8. Simulated electron occupation factor of nitride traps versus trap energy
at different retention times. (a) Lightly stressed device. (b) Heavily stressed
device.

For the heavily stressed sample, the oxide leakage current is
higher in the first stage and the corner time 7cog is shorter.
To further elaborate on the Tcor, we use a simplified picture
by assuming that the nitride-charge transitions mainly occur
between conduction band and the states in the vicinity of the
FP emission front (in an energy range of ~kT), as illustrated in
Fig. 10. 7¢(¢t0) and 7.(¢so) represent electron emission time
and capture time between the conduction band and the emission
front. It should be pointed out that in our measurement period,
Tpoat is much longer than 7.(¢g) that the conduction-band-
electron density is mainly determined by 7., 7., and the trapped-
charge density at the emission front n¢(¢s,). Therefore, the
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Fig. 10. Tllustration of electron emission and capture between the conduction
band and trap states around the FP emission front in an energy range of kT.

nitride-charge leakage current in the second stage can be readily
obtained in the following [24]:

Ne n (Qbfro) Tc(¢fro) nt(¢fro)
J . —
= TPCAT = TPCAT  Te(Dtro) + Te(Dro) Teff an
and
Toff = Te(gbfr;_)c)(;f:)(gbfro) - TPCAT (12)

where 7. is the effective time for nitride-trapped charge at the
emission front to escape from the ONO film. Fig. 11 shows
our calculated 7.g versus retention time. Three points are worth
noting: 1) Since n:(¢) has a pretty uniform distribution in our
measurement period, J [Fig. 5(a)] and 7.g (Fig. 11) have an
inverse time-dependence from (11). 2) The corner time Tcor
in Figs. 4 and 5 is equal to TpcaT multiplied by a factor (7. +
Tc)/Te, which is determined by the initial FP emission front.
Fig. 12 shows the calculated 7cor and Tpcat versus Nox. For
a larger program-state V;, the initial ¢y, is smaller and so is
the factor (7. + 7.) /7. Thus, the Tcor becomes shorter as the
program V; window increases. This feature is consistent with
our measurement result. It also should be mentioned that the
neglect of conduction-band-electron recapture (i.e., 7. = 00)
would lead to (7, + 7.)/7. = 1 and an erroneous interpretation
of Tcor = Tpcar- 3) At a sufficiently long retention time,
Fig. 11 shows that 7. is actually equal to retention time ¢. Thus,
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Fig. 11. Calculated effective time for nitride-trapped charge at the FP
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Fig. 12. Corner time (Tcogr) and positive oxide charge-assisted electron
tunneling time (TpcaT) versus positively charged oxide trap density (Nox).

(11) becomes J o n;/t without regard to stress condition. This
result is confirmed by our measurement in Fig. 5(a) that both
samples (heavily stressed and lightly stressed) have the same
leakage current in the second stage. A similar expression for the
nitride leakage current in the second stage was published in [4].

C. Leakage Component Separation

As aforementioned, the role of PCAT in charge loss has
been substantiated for 7},, = 5 nm. On the other side, charge
direct tunneling from nitride-trap states has been shown to
be the dominant loss mechanism for ultrathin oxides at room
temperature [8]. It is interesting to investigate the transition
between these two mechanisms with respect to oxide thick-
ness. Since they are difficult to be separated experimentally, a
numerical approach is performed. Positive oxide charges are
placed at the most efficient PCAT position for different oxide
thickness. Fig. 13 shows the percentage of the V; loss from
the two components versus oxide thickness at 7' =25 °C.
For thinner oxides (< 3 nm), nitride-charge loss is mainly
via trapped-charge direct tunneling [Fig. 13, process (c)]. The
PCAT becomes dominant for oxide thickness exceeding 3.7 nm.

IV. CONCLUSION

A numerical method to simulate the retention characteristics
in SONOS Flash memories has been developed. The dominant

1111 S p—— !
DT \3 /CAT

80} 4
60 | .
40F 1
20F 1

Laee” N

20 25 30 35 4.I] 4.5 5.0
Bottom oxide thickness (nm)

Percentile percentage (%)

Fig. 13. Percentage of PCAT [process (d)] and DT [process (c)] caused
retention V4 loss as a function of T3,, at T' = 25 °C. Positively charged oxide
traps with a density of 3 x 108 cm™3 are placed at the most favorable position
of PCAT. The dominant charge-loss mechanism changes from DT to PCAT as
oxide thickness increases.

Vi loss mechanism is identified for different oxide thickness.
The V; loss in a SONOS Flash exhibits two stages. For a
thinner bottom oxide, the transition time between the two stages
is equal to the trapped-charge direct-tunneling time. For a
thicker oxide, the transition time is related to hole-trap-assisted
tunneling time but is prolonged by a factor. No matter of
thinner or thicker oxides, the V, retention loss in the second
stage obeys a log(t) dependence. The dominant mechanism is
trapped-charge direct tunneling for thinner oxides and the FP
emission followed by positive oxide charge-assisted tunneling
can well explain the observed retention characteristics in thicker
oxide cells.
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