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Physics, Characterization and Design of Oxide-Nitride-Oxide

Flash EEPROM Devices

Abstract

This project addresses the reliability issues of new SONOS Flash EEPROM cells, which
include program/erase cycling endurance, erase state threshold voltage drift, program state
charge retention loss, read-disturb and accelerating lifetime measurement methods. In this
study, the new type SONOS cell is made of a n-channel MOSFET with an oxide-nitride-oxide
gate structure. Unlike conventional SONOS cells, this cell has a relatively thick bottom oxide
to avoid charge direct tunneling and is operated by means of channel hot electron program
and band-to-band hot hole erase, respectively. Due to this operation mode, two bits per cell
will be realized.

With respect to the cell reliability, the threshold voltage window may shift upward as P/E
cycle number increases. The mechanism for this cycling endurance issue will be investigated.
In addition, erase-state data loss is explored. First, an erase-state threshold drift with storage
time is observed in a P/E cycled cell. This drift has insignificant temperature dependence and
has a peak around 1k P/E cycles. This peculiar cycle number dependence is strongly related to
creation of positive trapped charge in the bottom oxide. The temporal evolution of the

threshold voltage drift can be well described by the tunneling front model. Furthermore,
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significant read-disturb effect is noticed in two-bit operation. The threshold voltage shift
exhibits either t" or log(t) behavior, depending on read bitline voltage. Therefore, one must be
very cautious to use the V4 acceleration in read-disturb lifetime measurement. An analytical
model based on positive oxide charge assisted channel hot electron injection has been
developed to explain the read-disturb behavior.

Program-state retention loss due to nitride charge escape via oxide trap assisted tunneling
is also characterized. Frenkel-Poole emission is found to be the dominant mechanism. A
square root dependence of charge loss on nitride electric field is observed. We find that this
feature is unique in this cell since floating gate flash cells and conventional SONOS cells have
different charge loss mechanisms, i.e. trap-assisted tunneling (SILC) in floating gate flash
cells and charge direct tunneling in SONOS cells. Finally, a V, acceleration method for

retention lifetime measurement is proposed.

Keywords: SONOS Flash EEPROM, program/erase cycling endurance, erase state threshold
voltage drift, program state charge retention loss, read-disturb, accelerating lifetime
measurement methods, positive trapped charge, tunneling front model, positive oxide charge
assisted channel hot electron injection, oxide trap assisted tunneling, Frenkel-Poole emission,

V, acceleration method.
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Chapter 1
| ntroduction

The nonvolatility of semiconductor memory devices is usually achieved by charge
storage in the multilayer gate structure of a field effect transistor or by polarizing the
ferroelectric material in a ferroelectric capacitor/transistor. With respect to charge storage
devices, there are two kinds of them. (a) Charge Trapping Devices: Charge is stored in the
traps at the interfaces of a multilayer gate structure and/or in the insulator bulk, such as the
metal nitride oxide silicon (MNOS) structure, proposed first in [1], [2]. (b) Floating Gate
Devices: Charge is stored in a thin conducting or semiconductor layer or conducting particles
sandwiched between insulators [3], [4]. Since its invention in 1967, nitride-based nonvolatile
memory structures, both MNOS and polysilicon blocking oxide-nitride-oxide silicon (SONOS)
[5]-[9], have received limited commercial acceptance due to their employment of ultra-thin
dielectric (~20A) and their non-ideal charge retention characteristics.

In conventional SONOS cells, charges are stored uniformly in the nitride layer. This
SONOS concept has recently evolved into a two-bit storage cell (NROM) [10]. The NROM
flash EEPROM cells have soon received much interest for their small size per bit [10], [11]
less fabrication complexity [12], no drain turn-on and better charge retentivity [13]. The
NROM cell is made of a n-channel MOSFET with an oxide-nitride-oxide gate dielectric
structure, as depicted in Fig.1.1. The charge is stored locally in the nitride layer above the n
source and drain junctions. Unlike the SONOS cell, the bottom oxide in the NROM cell is

normally thicker than 40A [11] to avoid charge direct tunneling and to improve retention



characteristics. Channel hot electron injection and band-to-band hot hole injection are utilized
for programming and erasing, respectively. The 14-V,s of program state and erase state are
depicted in Fig.1.2. by using a reverse read scheme. The subthreshold swing deterioration in
program state is due to a narrow charge trapping region, typically tens of nano-meter. To
allow for two-bit operation, the applied bitline voltage in reverse-read must be sufficiently
large (>1.5V) to be able to “read-through” the trapped charge in the neighboring bit. Because
of a thicker bottom oxide and higher read bitline voltage, the reliability issues in a NROM cell
are quite different from the conventional SONOS cells. Thus, some new reliability concerns
arise in the NROM cells. In this thesis we will investigate program/erase cycling endurance,
erase-state threshold voltage drift, read-disturb, program-state charge retention loss, and
accelerating lifetime measurement methods.

There are four chapters in this report. Chapter 1 is Introduction and we will introduce the
evolution of the nitride based nonvolatile cells. In Chapter 2, the endurance failure of the
NROM cell is discussed and recommendations for improvement of endurance will be made.
In Chapter 3, data retention loss in erase-state is discussed. Room temperature threshold
voltage drift and read-disturb effects are studied. In Chapter 4, we will investigate the charge
loss mechanisms and characteristics in program state. A square-root electric field dependence
of charge loss is observed. The corresponding mechanism is explored. Finally, we will

propose an Vg-accelerated method to measure retention lifetime.



G

1

oxide

A nitride i

S
? oxide

>

bit 1 bit 2

Fig. 1.1 Schematic representation of a NROM cell and two-bit
storage. The shaded area in the nitride layer represents

stored charges.



§-10

-
11
-310

a 10- 13 1 N 1

- erase state
—e— programst at e

0O 2 4 6 8
Gate bi as(\Volts)
Fig. 1.2 Drain current versus gate bias in erase state and in

program state.



Chapter 2
Cycling Endurance of NROM Célls

2.1 Introduction

Endurance is an important issue in nonvolatile memory. It’s defined by the number of
data changes that can be performed in every cell of a given memory chip before one of the
cells fails to meet the data sheet specifications. It describes the reliability of a device in terms
of the number of program/erase (P/E) operations that can be performed on it without failure.
Today, most commercially available nonvolatile memory products are guaranteed to withstand,
at least 10,000 P/E cycles [14]. In a floating gate memory, electron trapping after numerous
P/E cycles in tunnel oxide builds up a permanent negative charge, thereby reducing the
electric field and injected tunneling current for the same applied terminal voltage. For a
constant program voltage and program time, this reduces the program-state threshold voltage
whereas increases the erase-state threshold voltage, resulting in a threshold voltage window
closure problem [15]. In NROM devices, the window closure is not observed (Fig. 2.1).
Instead, there appears an upward shift of both program-state and erase-state threshold voltages

after P/E stress. We will discuss the cause for this endurance degradation in NROM cells.

2.2 Endurance Failurein NROM Cdls

In conventional EEPROM memories, the degradation of the threshold voltage window



with P/E cycles is due to trap generation in the tunnel oxide. Threshold voltage window
opening in the initial tens of cycles is caused by positive charge trapping, whereas window
closing after 10*-10° cycles is caused by electron trapping in the oxide (Fig. 2.2)[16]. The
NROM cells apparently exhibit a different feature. Both program-state and erase-state
threshold voltages move upward in parallel (Fig. 2.1). This characteristic reveals that
programming and erasing speeds are not degraded after cycling stress and implies that the
failure of endurance may result from the aging of the tunnel oxide, including interface state
creation or oxide charge accumulation caused by cycling stress. Interface state creation can be
easily excluded since the subthreshold swing in a 100k-P/E-cycled device is similar to that of
the fresh one, no matter in program state or in erase state, as shown in Fig. 2.3. Based on the
above observation, it seems that oxide trap/oxide charge creation should be responsible for the

endurance failure.

2.3 Evidence of Negative Charge Creation

The subthreshold characteristics at program state and erase state in a fresh device and in
a cycled device are compared in Fig. 2.3. Although no significant swing degradation is
observed, we do observe a parallel shift of the I-V curve before and after P/E stress. The
parallel shift in Fig. 2.3 is usually attributed to negative trapped charge creation in the bottom
oxide. Thus, the ONO dielectric layers actually consist of two kinds of charge in program
state; negative trapped charge in the bottom oxide (Qgr) and negative charge in the nitride

(Qpm), as illustrated in Fig. 2.4. In erase state, the nitride charge (Qpm) can be neutralized by



band-to-band hot hole injection through either electron-hole recombination or compensation
while Qg is still present in the bottom oxide. Fig. 2.4 is a diagram illustrating the charge
distribution in the ONO in program state (Fig. 2.4(b)) and in erase state (Fig. 2.4(c)). Qris
negligible in a fresh device and increases with P/E stress. The build-up of the bottom oxide
charge Qgr, which cannot be removed by erase, explains the upward shift of the threshold
window with P/E cycles. The relative positions of Qr and Q,m depicted in Fig. 2.4 are
constructed by the following measurements. A fresh device and a 100k cycling stressed device
are used for this study. GIDL current and threshold voltage are measured. GIDL current is
used as a monitor for the charge in the ONO layers above the n+ drain region while threshold
voltage can be used to measure the ONO charge in the channel region (please refer to Fig.
2.5). First, we adjust the programming bias condition for each device to make sure that
program-state GIDL current is the same in each device. The measured program-state threshold
voltage is 3.75V in the fresh device and 4.27V in the 100k device. The same GIDL current
means the two devices have the same amount of charge above the n+ drain. The higher
threshold in the 100k cell is believed due to the additional stress created oxide charge Qg
Then, the erase characteristics of the two devices are measured. Fig. 2.6 shows the threshold
voltage shift with erase time in the two devices. It is interesting to note that the two curves in
Fig. 2.6 are almost identical. Two questions are brought about. First, why the two devices
have the same erasing speed? This can be understood because the two devices have the same
GIDL current. The readers should be reminded that GIDL reflects the strength of hot hole

erasing. Second, why the erasing in the 100k cell stops around 1millisecond and the threshold
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shift is the same as in the fresh cell although the program-state threshold in the 100k device is
about 0.5V higher ? This implies that part of the ONO charge in the 100k device, amounting
to 0.5V threshold voltage shift, cannot be erased. Why this charge cannot be erased ? What
kind of charge is it ? We believe the answer is oxide trapped charge Qg. From the above
arguments, the picture of the oxide charge and the nitride charge distributions in the 100k
device is constructed as in Fig. 2.6.

In the second experiment, both the devices are programmed to have the same threshold
voltage. The measured GIDL current in the 100k device is found to be smaller than that in the
fresh device. Fig. 2.7 shows the measured result and the corresponding charge distributions.
Again, the threshold voltage shift versus erase time in the devices are measured (Fig. 2.8).
Now, the fresh device has a larger threshold shift. Our explanation is as follows. Although the
total ONO charge in the channel region in the two devices are equal (i.e. the same
program-state threshold), the ONO charge in the fresh cell is completely the erasable nitride
charge and thus the threshold voltage shift in the fresh device during erase is larger.

Finally, we would like to compare the P/E stress effects in the conventional gate
MOSFET and in the NROM cell. Fig. 2.9 shows the threshold voltage shift in the MOSFET
and in the NROM cell. Since oxide charge creation is the only cause for the shift in the
NMOSFET, the similarity between the NMOSFET and the NROM in Fig. 2.9 indicates that
solely oxide charge creation can explain the observed endurance degradation in the NROM

cell.
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2.4 Improvement of Cycling Endurance

From the above study, we conclude that the shift of the threshold voltage window in the
NROM cell is attributed to bottom oxide charge creation. The endurance of the operation
window can be improved by increasing bottom oxide robustness. It has been well reported in
literature that thinner oxide has less charge creation [17]. The reduction of bottom oxide
thickness should be an effective approach to improving the endurance. Another approach is to
strengthen the erase bias condition. A stronger erase will result in accumulation of excess
holes in the nitride to compensate for the negative oxide charge or even increases the
possibility of recombination of injected hot holes and oxide trapped electrons.

Fig. 2.10 shows the threshold voltage window by using a stronger erase bias.

Endurance up to 10° cycles can be achieved.

15
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Chapter 3
Erase Sate Data Retention L 0ss

3.1 Introduction

As mentioned previously, the bottom oxide in the NROM cell is normally thicker than
40A to avoid charge direct tunneling. The charge trapping area is very narrow, typically tens
of nanometers. To allow for two-bit operation, the applied bitline voltage in reverse-read must
be sufficiently large (>1.5V) to be able to “read-through” the trapped charge in the
neighboring bit. Due to a thicker bottom oxide and higher read bitline voltage, some new
reliability issues concerning erase-state data retentivity arise in the NROM cells. In this
chapter, we will discuss two erase-state retention loss phenomena, room temperature (RT)
threshold voltage drift and read-disturb. The responsible physical mechanisms will be

investigated.

3.2 Room-Temper ature Threshold Voltage Drift

3.2.1 Mechanism of V; Drift

In a P/E stressed cell, the erase-state threshold is found to drift with storage time (Fig.
3.1). This retention loss exhibits logarithmic time-dependence but no temperature dependence
(Fig. 3.2). This is why the drift is referred to as RT drift. Unlike a SONOS cell, the bottom
oxide is sufficiently thick in the measured device and the drift cannot be explained by nitride

hole back tunneling. Furthermore, we find that the V. drift exhibits a peak around 1k P/E

20



cycles in Fig. 3.3. To understand this peculiar cycle number dependence, the readers should be
reminded that it is well published in literature that positive trapped charge creation is
dominant in tunnel oxide in the initial period of P/E stress. The appearance of the peak gives a
clue that the V; drift is related to positive charge creation in the bottom oxide. To explore the
origin of the RT drift, V; and GIDL techniques are used to monitor the charge variation in a
fresh cell and in a cycled device respectively. The result is shown in Fig.3.4 (a) and Fig.3.4 (b).
From the change of V; and GIDL, it can be deduced that after P/E stress the net ONO charge
above the n' region is positive and the net ONO charge above the channel region is negative.
More exactly speaking, the ONO charge in the channel region comprises positive oxide
charge (Qox) and negative nitride charge (Qsin). In storage, trapped holes in the bottom oxide
(Qox) can escape to the Si substrate with time. The total ONO charge in the channel region
therefore becomes more negative and thus threshold voltage increases with time. Based on the
above physical picture, RT drift can be reduced by either decreasing Qox or decreasing Qsin.
Fig. 3.5 shows the RT drift versus bottom oxide thickness. In Fig. 3.6, we varied the erase
time to study the dependence of the RT drift on Qsin. For a prolonged erase time, Qsin is less

and the RT drift is smaller.

3.2.2 Time Dependence of V; Drift

To explain the observed time-dependence of the RT drift, the tunneling front model [18] is
employed. In a P/E stressed device, the trapped hole in the bottom oxide can escape to the

substrate via tunneling. Based on the tunneling front model, the threshold voltage shift caused

21
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by valence band electron tunneling is illustrated by path A in Fig.3.7

AV, =23t N 0, 3.1)
Eovo 2¢/2m’ (@ +E,)

and the threshold voltage shift caused by conduction band electron tunneling is illustrated by

path B in Fig.3.7

Av, =23t AN o, (3.2)
Eono 2¢/2m’ ()

3.3 Read-Disturb Effectsin Erase Sate

Read-disturb effect is twofold in the NROM. The wordline voltage during read may
enhance the RT drift in the neighboring bit. On the other side, the relatively large read bitline
voltage may cause channel hot electron injection and result in a significant threshold voltage
shift of the neighboring bit. The hot electron injection caused V; shift follows either
power-law time-dependence or logarithmic time-dependence. An analytical model based on
positive oxide charge assisted channel hot electron injection is proposed to explain the

observed power law time-dependence.

3.3.1 Commonality between V; Drift and Read-Disturb

The RT drift and read-disturb have something in common. For example, the read-disturb
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caused V; shift is also smaller when the bottom oxide thickness is reduced (Fig. 3.8). Secondly,
we performed RT drift measurement and the read-disturb measurement in the same device
(1K P/E cycles) sequentially. No matter the RT drift or the read-disturb is measured first, the
subsequent read-disturb or RT drift is significantly reduced (Fig. 3.9). Fig. 3.9 gives strong
evidence that the mechanisms of RT drift and read-disturb should share the same physical
origin. From the study in the preceding section, we believe that read-disturb is also related to

positive trapped charge in the bottom oxide.

3.3.2 Drain Bias Dependence of Read-Disturb Behavior

In order to investigate the drain bias dependence of the read-disturb effect, two different
read bias conditions (V,=3.0V, V¢=2.5V and V,=2.75V, V4=1.6V) are applied.. We find that
the read-disturb behavior changes with the read bias condition. At V,=3.0V, V4=2.5V, the
read-disturb caused V, shift follows a power-law time dependence (t") (Fig. 3.10) while at
V,=2.75V, V4=1.6V the V, shift follows a logarithmic time dependence (log (t)) (Fig. 3.11),
respectively. The explanation is as follows; at a lower read drain bias, channel electric field
is small and channel electron energy is relatively low. Such low energy electrons cannot
surmount the barrier of the nitride conduction band, which is about 2eV above the Si
conduction band. In this case, the read-disturb mechanism is quite similar to the RT drift
process except for Vg acceleration. At a higher drain bias condition (Vg=3.0V, V4=2.5V),

channel electrons can gain sufficient energy from a large electric field to inject into the nitride
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conduction band and then get trapped in the nitride. In the next section, we will develop the
read-disturb model based on the channel hot electron injection into the SiN via positive

charge assisted tunneling (PCAT).

3.3.3 PCAT Model in Read-Disturb

Positive oxide charges are created in the bottom oxide by P/E stress. The columbic
potential of a positive oxide charge acts as a sequential tunneling center. The channel hot
electron injection into nitride via PCAT is illustrated in Fig.3.12. I, is positive charge assisted

electron tunneling current.

Ot™,P= (—zek )2 (3.3)
h

cat

The time dependence of the threshold voltage shift from I, injection is derived in the

following.

AV, O, (0dt= [t Pde =t =" (3.4)
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It is a general trend in literature to have m, 2m_ [19-21] and @ =@, [22, 18]. Thus
the power factor P in Eq.3.3 is expected to be smaller than 1 and the extracted value of P in
[23] is about 0.7. In other words, n is about 0.3, which is consistent with our measured result

in Fig.3.10.

Because of two-bit per cell operation, the read-disturb effect in the following four modes

should be assessed.

(A)One programmed bit and one erased bit (reading bit), as illustrated in Fig.3. 13(a)

(B) Two erased bits, as illustrated in Fig.3. 13 (b)

(C) Two programmed bits

(D)One erased bit and one programmed bit (reading bit)
The last two conditions are not our concern since the read current is low (<1JA).. The result
for mode A and mode B is shown in Fig. 3.13. The worst read-disturb case is mode A due to a
smaller initial read current. Read-disturb lifetime of about 3 x10* seconds is obtained for a

read failure defined as [x<15uA.
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Chapter 4

Program Sate Charge Loss

4.1 Introduction

One of the major advantages of the NROM cell, as compared with the floating gate flash
EEPROM, is the better retentivity due to localized charge trapping [24]. The retention loss
characteristics of the NROM are determined by two factors. (i) oxide charge detrapping (Qox)
[25], and (ii) nitride charge loss (Qsin) [26]. The amount of created oxide trapped charge is
dependent on P/E stress and oxide quality. The nitride charge loss mechanism in the NROM
structure is different from that in the SONOS. In a SONOS cell, nitride charge loss is through
direct tunneling to Si substrate. In the NROM cell, due to a thick bottom oxide, nitride charge
escape to the substrate has to go through a two-step process, i.e. electron emission from
nitride traps to the nitride conduction band and subsequently escape to the substrate via oxide
trap assisted tunneling. Thus, nitride charge loss is also dependent on trap creation in the
bottom oxide. Fig. 4.1 shows the retention loss versus P/E number. At low P/E stress, oxide

trap creation is minimal and thus charge retention loss is small.

4.2 Nitride Charge Retention L oss

4.2.1 Movement of Trapped Nitride Charge

The retention loss occurs either due to charge escape in the vertical direction (vertical
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retention loss [27]) or due to lateral redistribution of the trapped charge within nitride (lateral
retention). Recently, Eitan’s group makes efforts to investigate the cause of the charge loss in
NROM cells [11]. They claimed that the root cause of the threshold voltage lowering is lateral
spread of stored charges since vertical retention is guaranteed by adopting a thick bottom
oxide to avoid charge direct tunneling. Their argument is definitely correct in a fresh cell.
However, it’s not straightforward in a cycled cell due to the presence of oxide trap assisted

tunneling.

The lateral distribution of the trapped nitride charge can be deduced at least qualitatively
by the dispersion of the threshold voltage versus drain bias. As drain bias increases, the
junction depletion region extends further into the channel. The nitride charge above the
depletion region is “masked” and does not affect the threshold voltage. Fig. 4.2 shows the
measured threshold voltage versus drain bias in a fresh device. To enhance charge movement
in the nitride layer, the sample was baked at 85C for 2000 sec. The V-Vd after the bake is
shown in the figure for a comparison. No significant change is noticed. The result in Fig. 4.2
suggests that lateral movement of the nitride charge is insignificant. We also measured the
V-Vd in a 100k P/E device (Fig. 4.3). Similarly, lateral movement of the nitride charge is not
observed. However, we observe a slight threshold voltage reduction at 85C bake, an evidence
of charge loss in the vertical direction. Interestingly, if we applied a negative gate bias of 3V
during bake, a significant threshold voltage decrease is found in Fig. 4.3. From the above
findings, we believe that the data retention loss is caused by charge escape in the vertical

direction, since the application of a vertical field (Vg=-3V) apparently has a large influence
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on charge retention capability.

Next, we would like to investigate the influence of vertical field on charge retention loss
in program state. Three different gate biases are applied in the retention measurements.
Fig.4.4 shows the threshold voltage evolution with retention time in a fresh cell. No charge
loss is observed for all three gate biases. The reason is that the bottom oxide in the fresh
device is clean. As pointed out earlier, nitride charge loss is improbable without oxide trap
assisted tunneling. At low P/E cycles, the bottom oxide plays a blocking role for nitride
charge loss. In the 100k P/E device, apparent gate bias dependence of charge retention loss is
obtained in Fig.4.5. As a conclusion, vertical retention loss is a dominant mechanism in a P/E

cycled cell, which exhibits strong vertical field dependence.

The following measurement provides another evidence to exclude the possibility of
lateral movement in the retention loss. Here, we use uniform channel FN injection rather than
hot electron injection for programming. In this way, the injected nitride charge has a uniform
distribution. The possibility of lateral movement can be ruled out completely in this case.
Again, we use GIDL and GISL [28] to monitor the variation of charge in the two ends of the
channel during retention measurement. Fig. 4.6 shows the measured result in a fresh cell. The
GIDL/GISL are constant in the entire measurement period. In a P/E stressed device (stressed
at the drain side), the threshold voltage and GISL still keep unchanged during the
measurement, but GIDL decreases with time, as shown in Fig.4.7. The threshold voltage does
not change because only the drain side is damaged and charge loss takes place in the drain

side. The potential barrier in the channel region is mostly unaffected. Similarly, GISL does not
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change with time since GISL is affected only by the charge at the source end. This distinctly
different feature of GISL and GIDL in Fig. 4.7 implies that the retention loss is correlated
with oxide defects created by P/E stress. In summary, there are three factors affecting the
nitride charge loss; (1) temperature, (2) vertical field, and (3) the damage due to cycling stress.
Temperature will accelerate trapped charge emission rate but on the other side may cause
oxide trap annealing and reduce the retention loss [29]. To improve data retention lifetime, the
nitride internal electric field in program state should be lowered. The approach is to increase

the thickness of top oxide or to reduce device initial threshold voltage.

4.2.2 Data Retention Model

In this section, we will focus on the modeling of nitride charge detrapping processes in
a NROM device. In our discussion, it’s assumed that blocking oxide is thick enough to
prevent any charge loss. All four device terminals are grounded when devices are in the

retention mode. The nitride film is initially filled with injected electrons.

Fig.4.8 shows the retention characteristics at different P/E cycles. The cycling number
and temperature dependence in Fig.4.8 implies that the stored nitride charge loss is through
thermionic-field emission (Frenkel-Poole model [30]) and subsequently oxide trap assisted
tunneling [31]. These processes are illustrated in Fig.4.9. To confirm the field effect on the
nitride charge detrapping, we monitor the V; evolution with time for different applied gate

bias (Fig.4.10). Here, the P/E number is 100k and oxide trap assisted tunneling is assumed to
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be sufficiently fast. A square-root dependence of the V. loss on electric field is obtained

(Fig.4.11). This square-root dependence is consistent with the Frenkel-Poole emission.

One of the reasons to study the field dependence of nitride charge detrapping is to
establish an acceleration test method to predict long memory retention time. From Fig.4.11,
V, is apparently an effective acceleration factor for lifetime measurement. If we assume that
during the discharge time, t, all traps with time constants less than t will be completely
emptied while all other traps are unaffected, the memory retention time will be equal to the

nitride charge emission time. The nitride charge emission time can be expressed by Eq. (4.1).
Iy =T, exp((@ —q(qE/me)"” /KT) (4.1)

The retention lifetime versus the square-root of electric field is plotted in Fig. 4.12.
The symbols represent measured result and the fitting straight lines are derived from Eq. (4.1).
The extrapolated memory retention time (i.e. at V,=0V) is about 5x10°sec. for AV=1.5V
and is above 10 years for a reliability margin of AV=2V. Finally, the feasibility of temperature
acceleration is studied. Due to the significant oxide trap annealing at an elevated temperature
(=150C), temperature acceleration is not appropriate for lifetime measurement of the NROM

cell.
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Eaﬂdid.li:.[hrlhcﬂnhmcumyln:lmlnm:ﬂudm
retention itfues of this cell are studied and repored for the
first time, Frenbel-Poole emission mather than mimide chape
direct unmeling is identified to be o dominans charge loas
mechanism m programestate whilz pasitive trapped charge
creabion m the botiom oxide i the couse of the relizhiliny
BSOS i erase-slate.
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ABSTRALT o

Crate rotaniion boevs im & lossdiecd ttagpep shorapes fiesh ooy T
cell with & SONOS nepe encuee s nvesigened. Toth charge fuss
threaigh ithe Bidiom ouids and lsberal migration ol weppod changes in sk
the sicride kayer are consddered for the data reteeton lvss, Chargs: 5 — 1]
pumpleg and vhirge separieon methods wo used in this sy, Cair nitride
results revenl that in normal operstion condition de rolemlion ko 0F ooridic ]!-'h'lu
malrly var by vharge leakage vie PUF, sress crpeted oxide reps.

BN
INTRODUCTION ’
it Eit-1

Tarcicw in srdde-hased trapping sorege flesh memory cells ha
revived recoally for smaller ooll sipe. sinmpler Rhogafine petcsis, fi Frpdairaly
draim induced wm-on wd eller cyeling aidurands [1-3]. Aowag .
thess vells, amcntion i paiculacly puid 4 hene-sin stersae flash Fig. 1 Schomats roprttanseston 4f the cell sireciune and
memary bechnolagy (NROM (1] and MNVANT 4L Te coll losubiord vhamys porags.

sirmuie & depeckad n Fig) and iis opention ooodilions are
gumdsareed in Table 1. Channg] hod slecirs iijecine md basd-in:
herd hidl hole aspecmon are used for progremming amd enmeing
respectively. This mocage method enahles fen hile per cell sporitace

Tuhle 1. Ciperatinn conditions of ROV AND cells I4]1-

anid exhibins beter data retentiviy than 2 conventioosl SOMOE coll Pru-p'u:::l_ Eraze | HBead
with wedkonu chewpes siomge, Though the ¢ill demaribnoes excellenl T (ETBT HHI EvELRE
intrimsis charge mvieotivity [5] et sccnigoe o i sl o relisbalay Bit-1 Vi 1% AW 1.5W
corcern aler PE opviimg Figd sbows the spbal % rorcasion Ya T ﬁ-,'- l'EI."-I'
ohuarne feristice io a fSesh oed a P cycied celdl, ABer PVE oycling. the
progum sk Vi drgs wils G spd The cease sfais V1 has @ posiive s U ! =15V
sk, Diaia rtention loss meckamsm in thee ulicnl sevge ool Bit-2 | Vg LY -3V LW
ame il sunkpsersnl Varsis heneaes fave been propossd o wd (11 i =1 5%
expluin e data esteeckm s, Lateral mdgration off impped chargos | Tr_jlil_ BV aw
[0, T i ooniale popoassiened charge sweape trmsgh the bonom oxide
[£] Tuvs bren peopunol b caplan the progreoe state charge lnse
Turmel decopping of posilive wsde charpes crzalal dueing PiE —-
eycling has boow considored to be the ceis of erase dase Vidnf (4] = 0
The peperses off this wurk we o clarily Sew doeect il 0 perveds =
e experimeninl evidence In addten @ new relabilily conoom, 2__ i L
wegalive VI dill in w stoougly enoed coll, i pepored aed s 2 B g
Tiest i 5 el med, qF 4
: -] —o—fsh
. - =
DEVICE CHARALTERLS ATICHN - ;I. S

The: samiples uead in thes work ave made of 2 n-channel MOSFET E 1'
with an oxlde-nhirde-uxide (00 gate diclodnie simehas (Fig.dh e — ==
Vit thickness of mach (NG yar i 9mm {Lop oxids), St und Tasm g B
Uik a vonventipnal SONO5 el ahe bemam covde |5 sufficiendy i
thick o argidd charpe ditect uareling I P J .

T acllnds s ihilized so cnidy the loeral speend of iziec -
Gnriers. Assnnong (hat chctimns we trapped in g noedde h{?l' o' l'f o LU T
aeowe the clunesl agar e @ dedin Juncinn, & W werne Vd oo .
st i used W investigale the Jnersd oxment of e iegpped Feseresdm wirre: (e

electeours. Hose, W1 ds deflmed og 1he applisd goie voltage o ahich (e

drain vrrei 1s LA These trapped sloctens will s te posential Fig-2 The Lypicel ¥l rtention chacactaristics in & frech cad @

VE vycled ecdl. The shonage temperorome i 350,
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harrier ness the drgan sk, An increased VWL which @ proponional i
the rapped elostrom demity, will be mepared st o low drain bias
{e.g W=l 1Y) As 2 sfficienily high drim bins (e.g- Yd=13Y) 0

"Hzpllad, hawever, the druim depleizon regicn will exiend teward the
shmnnel, The trapped electnons will hove titcle affect on the mensaned
I-% characiensibcs wheon IHE:,- are hosaed wathio e deplelson negion

. 1 ke dewin [K]. The erapped slecmon density aad its laberal exscod can
b =it b this EsasurmTent, . :

A charge pumping method [%),-which is zble 1o probe the laterul -

- distribition of regrped charpes, (s also gsad. A rapesosdsd polae oain
with a fixed bagh Jevel {Vghh and soccessively decresing luw kevels
'i'l'lj.l e apesd w0 e gare of the device. Thi sub=arang aml te drain
are grounded and the sourve is floming. The charpe pumping cumment
lep (=li=lh) versus Wl js messured. The fived Vgh s sulficienly
high 1o ensure thal e entine dhannel i inveried. By varying Vg,
oely e paet of channel fhat andengoes im:hil'n'l-i.t!.u'l_llllul'l.‘ii'l-
imversion aver | pulse cyole coatmbules to Icp. Since the irapped
elecrrons (near-the drain side) chess an incresse of the bocal flatband
vodtage, an lep shifi along ohe Vgl axie will be ohserved dn a
programumed coll. Bl oo the measured Tep versus. ¥l curses of an
uz-programmed and = programmed cell, the irapped eloctron density
cim he exiraciod [9], The tmppad hole desily ces he groplilel oo
similar manner by 2 pulse emin wnth a ficed. base fevel and
successively tmcrensing high levels applied o dhe gole, The lateral
wnpratson of trapped charges in Bodh e program aid 1he eraze stae
can be characgerized by ihis technigue,

Witk sespoct w0 charge Wss throogh e l:l-:l.'lm copde. an (D)
capacitor ii"i:t:l[ljp.mj with wmiform stress and charge sboraps is
wsgad, Thus, the effect of laeral charge mégraiion con be excluded in
this dovice. The avolution of the fOatband wollapgs m e [ND
copucitar with fime is monicred to ‘shrdy che charge rentkm
bekavior. Furthesmsme, a chage sepasalion eckmique 15 emploved oo
explare the role of hole traps (pasitive tapped dhargesk in the befom
avile during the retention loss process of an crase sime ooll, As
shaown jn Fig 3. the bhale dwﬂwn:wnuq can nz crdlecied from ihe
subsmEe .

 RESULTS AND DISCUSSIONS
!'_;.rl:-'g-"ﬂrn' atute charge loss via vertical leakage pati

As we mentinned in the pl:évinl.u sectinn, the Wi wersos Wi
charsctersics pive-an indication of e rapped «lecion gEnsiy and
the lateral exient of the trapped elecirons in a programesed cell. Fig.d
shows the ¥r wemam Yo charseierisiics of a 100K B/E cyeled cell in

the propramt sate befione snd after 34 hours storape. The somgs |

" lemperange is B5C Tt can be seen thal the ¥ has dropped due b

- charpe fosa, however, thee dhape of W0 versus Vi curves by essentialky |

unchangsd and there i no crossover in- the Vi wversus W
chespeteris helore and wiler 230, 24 howrs sincage. This indicaes
that lsteral migrafion of elocirons bas not eccumed, We fuse also
appieed the charge pamping technigac to probe the ol clednon
exlent (Fig 51 I e ireppel -.-.l_u.-lu_mn. eprend Falerally desing the
simage period, 2 increased lop will be vhaerved due o the exiended
wrapped elecurm) ared, A pedicared in Fig 3, e lefraand shaft of the
Jep implies o decrease of the trapped clectron density, Bowever, ro
clear evidemce of laferal electron movement s shown in tee ﬂu.rg-t
prping chiracieristics,

In order to coerelare the W loss with charge escape through the
Bl oxide, e wemgeomal evolution of the Datand sollags in an
ONO capautior was messured (Figb) The 0RO capecitor had
undergone o negasive pog stress - 1A for 1000sec) and then wes
proprammed 1o @ high Vi sie by 4FN ingecion. Sinee the Smiure
hes uniform charge .'|Il.=|1.p|.' ch.r_uc limes throeagh the bottom anidi
shoubd be the cely cause for the flathand woltage shifi. The gate bias
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1 SO, -J-,IHJ!.'. A mepive Wi shifi & observad.
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Fig. 14 The measured bop versos ¥igh b s st et hide
eruse condition, The ETHT lus ok erase tmee is 100 g,
The ‘make: timne is 3 howrs and the baks \cuperanire 18 250
The evidences of cansiderahlc haole pile-ap and labcral beols
morve et e indicaed in the figore,



Fig. |4 shows the charge pumping characienedics. AR imilcangd s
1k fgure, & codmderable amount of boles is irapped wn g nitride
layer whove the channel close w the drain jusotion sfter strong e
It causes 2 befroand sbafi of the luw Veh podicn (fer VpkV) of the
Iop charaerisiee %], The cell is then baked 0 TS50 [ 3 hours, 4
eroeaver of the fep characterisiics before and afier hake is chasred
W cam see that the low Vgh portiom (for Vigh<- 1V of te ke carve
shilfts nphsward. Thes indicates ihat the irappsd hole density near the
drain sade decreases. In pddwion, lop indreases for WghodlV, This
inoreased lop i onnflict with inferface annealing effect. if any. We
hetieve thal the lefivard shifi of kep (for ¥VehedlV) s coused by the
lateral spreed of ke mapped bodes. b oresuls in cheapel shonening
ancd serions shor channe effect. This ceuses the oheerved pegitive
Wi shife. Meanwiale, e Rieral speead of holes alsn expleea he
abiony teHpetatu depeidates of this agalivg Vi shill. Fmally, we
oo il dral thad this pegative Vo skalt will sl in S0 incnkised

leakage currenl in the memdry ey, This will be a potenlial
mliskilily coniern

CONCLUSTONS

The cffects of lateral charge migratson and charge doss through
the badtom onkde in g localized repping stooage ocll have been
awsezsad. In a PVE eycled cell, charpe lsakege through the bonem
oxkke 15 fowd 0 bp the dominam doin nss mechenl=s In ous
prgram state. Positive polde charge veree| detrapping is responsilide
for the positive Ve diift in the srase swre alier POE cpcling, In
exirere: coiulitans of considesabls ke pele-up and high tempentun
o ge (25070, leseral bk wamspor i the sitfide |5 obaeroed and &
resullk i an ienead leakage currest in the momeny amay.
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