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Abstract.

This thesis will focus on the discussion-of-localized trapped charge distribution in nitride
film and read current instability issue im'a SONOS type flash memory cell, which include
program charge lateral spread, program disturb effect, and read current noise. In this study, the
flash memory cell is made of a n-channel MOSFET with an oxide-nitride-oxide gate
structure.

For two-bit storage, the control of programmed charge lateral distribution is particularly
important since stored electrons at the first bit will affect the threshold voltage of the second
bit in reverse read. We use a charge pumping method to explore the programmed charge
distribution of each bit. In addition, a micro-second transient measurement circuit is set up to

investigate the program disturb effect. Furthermore, program/erase cycling induced random



telegraph noise in read current noise is observed. The amplitude of current fluctuation
increases with P/E cycle number and with decreasing gate length. Non-uniform charge storage
by CHE programming can further enhance read current fluctuation. The improvement of

bottom oxide reliability can significantly reduce this effect.
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Chapter 1

| ntroduction

Currently, two major research thrusts in nonvolatile semiconductor memory are
underway. One has data stored in a multi-layer gate structure in afield effect transistor
and the other takes advantage of electrical polarization of ferroelectric materia in a
ferroelectric capacitor/transistor [1]. With respect to charge storage devices, there are
two kinds of them. () Charge Trapping Devices. Charge is stored in traps at the
interface of a multi-layer gate structure and/or in the bulk of insulator, such as the
metal nitride oxide silicon (MNOS) structure [2], [3]. (b) Floating Gate Devices:
Charge is stored in a thin conducting or semiconductor layer or conducting particles
sandwiched between insulators [4], [5]-

However, since its invention in 1967, the nitride-based nonvolatile memory
structures, both MNOS and polysilicon oxide-nitride-oxide silicon (SONOS) [6]-[10],
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).

Recently, the new SONOS flash EEPROM cell has soon gained great attention
for their smaller size per bit (2.5F/bit in Flash, where F is the feature size of the
process) [11], [12], less fabrication complexity [13], no drain turn-on and better
charge retentivity [14] This SONOS cell is made of a n-channel MOSFET with an
oxide-nitride-oxide gate dielectric structure, as shown in Fig.1.1. The major difference
between NROM and the conventional SONOS devices [15] is that the bottom oxide is
about 60A [11], which is much thicker than that of SONOS (~20 A), where direct
tunneling is involved for charge transport.

By taking advantage of localized charge storage in the nitride layer above the n*



source and drain junctions, two-bit per cell operation can be achieved. Channel hot
electron injection and band-to-band hot hole injection are utilized for programming
and erasing, respectively. Table.1.1 shows the operation bias of program, erase, and
read [16]. The I4-V s Of program state and erase state are shown in Fig.1.2 by using a
reverse read method [17], which can be used to “read through” the first bit to obtain
the information of the second bit. The sub-threshold swing deterioration in program
state is due to a narrow charge trapping region, typically tens of nano-meter.

Because of athicker bottom oxide and the non-uniformity of charge stored in the
nitride layer, the reliability issues in the two-bit storage SONOS cell are quit different
from that in the conventional SONOS cells. Charge loss characteristics and cycling
endurance of these kind of cells have been discussed, and the models have been
proposed [16], [18]-[22].

Following the introduction, the'programmed charge lateral spread in the nitride
layer will be discussed in chapter two: In"chapter three, we will demonstrate a
micro-second transient measurement circuit to investigate program disturb effect.
Random telegraph noise induced read-current fluctuation will be discussed in chapter

four. Finally, we will make a conclusionof thisthesis.
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Table.1.1

Suggested bias conditions for MXVAND cell operation.

Program | Erase Read
Vg 11V -3V 2.5V
Bit 1| Vd 5V 8V )Y,
Vs 0)Y; oV >1.5V
Vg 11V -3V 2.5V
Bit2| vd WY, WY, >1.5V
Vs 5V 8V )Y,
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Chapter 2
Programmed Charge Lateral Spread

2.1 Introduction

NROM flash cells have received much interest recently due to their smaller bit
size, smpler fabrication process and absence of drain induced turn-on. By taking
advantage of localized charge trapping in nitride above the source and the drain
junctions, two-bit storage of a nitride cell can be achieved by utilizing hot electron
program and band-to-band hot hole erase with a reverse read scheme.

For two-bit storage, the control of programmed charge lateral distribution is
particularly important. This is because that in 2-bit operation, the stored electrons at
the first bit will affect the threshold voltage of the.second bit in reverse read and vice
versa [23]. Furthermore, the lateral spread. of. programnmed charge will cause a
mismatch between programmed: €l ectron-distribution-and injected hole distribution in
erase operation, thus resulting in. the degradation-of erase capability or ease speed
[24].

In this work, we will use a modified charge pumping technique to explore the
progranmed electron distribution in the nitride layer. Moreover, we find that the
progranmed charge distribution spreads further into channel with program/erase
cycle number. Finally, by using this profiling technique, the lateral spread of the first
and secondly programmed bits can be characterized, and the cycling induced charge

distribution broadening will be investigated.

2.2 Charge Pumping M easur ement
The voltage waveforms in our charge pumping (CP) measurement are illustrated
in Fig 2.1. We use trapezoidal gate pulses with a fixed Vgh and varying Vgl. The

substrate current (called “ charge pumping current (Icp)”) versus Vgl is measured. The



fixed Vgh is sufficiently high to ensure that the entire channel is inverted [26]- [29].
By varying Vgl, only the part of channel where V't islower than Vgh can contribute to
Icp (Fig 2.2). When the entire channel contributes to the charge pumping current, Icp
reaches its maximum value. Vd is adjusted to modulate the drain (or source) depletion
width while Vsisfloating. The gate pulses have afrequency of 2.5 Mhz and 50% duty
cycle. Rising and falling times are 2ns. The samples used in this work have a gate

width of 0.35um and a gate length of 0.5um.

2.3 Programmed Charge Distribution
2.3.1Firsthitlcp

Fig 2.3 shows Icp versus Vgl with Vd=0V and source isfloating in afresh cell, in
program state and in erase state, respectively. Only the first bit (drain side) is PIE
cycled. The threshold voltage window (AVt):is:2V. Here, Vt is defined as the gate
voltage when the drain current is 1uA at a reverse read voltage of 1.6V. Note that Icp
in afresh cell and in erase state are almost identical.- The negative charge trapping is
reflected by an Icp bump in program ‘state: The maximum Icp (Icp,max) bump is
195pA at Vgl=0V in Fig 2.3. The interface trap density (Nit) can be extracted by Eq.
(2.).

l - quitVVLg (2.1)

cp, max

where q is the elementary charge, f the gate pulse frequency, W the effective channel
width, and Lg is the gate length. The program state Icp bump increases with the Vt
window because of more injected chargesin the ONO layer (Fig 2.4).

The dependence of the program state Icp bump on applied drain bias in charge
pumping measurement is shown in Fig 2.5. When a low drain bias is applied, traps
underneath the programmed charge are partly masked by the drain depletion region.
At asufficiently large Vd, for example 1.8V, the program state Icp bump is completely

suppressed. In contrast, when aVsis applied in charge pumping measurement, the Icp
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bump is not affected at al (Fig 2.6). The drain pulse is 180° phase-shifted with respect
to Vg that the drain bias is applied only during the trapped electron emission cycle
[29]. This indicates that the programmed charge is highly localized near the drain
edge.
2.3.2 Two hit storage I cp

The Icp of four two-bit storage states, “11”, “10”, “01”, and “00” isshown in Fig
2.7. "00” denotes both bits in program state and have the same threshold voltage
window of 2V. “01”"&” 10" represents one bit in erase state and the other in program
state. “00” means both bits in erase state. Fig 2.8 compares the Icp of the first
progranmed bit and the secondly programmed bit. The Icp of the secondly
programmed bit is measured with the first bit erased. Notably, a cross-over in Fig 2.8
is observed. This cross-over suggests that the secondly programmed bit has a wider
trapped charge distribution but a_smaller peak. density. By using a charge spatial
profiling technique (Eg. 2.2 & 2.3) smilar:to {27], the nitride charge spatial

distribution can be obtained;

Qu(X) = C(aNO gl Vi) (2.2)
Lo Vg
X = W)y, (23)

where Qu(X) is the nitride charge density, Lg is the gate length and V't is the threshold
voltage of a fresh device. Here Icp,max denotes the saturated CP current at Vgl=0.
X=0 is at the drain or source junction edge. The extracted charge distribution of the

first programmed bit and the secondly programmed bit is shown in Fig 2.9.

2.4 Simulation of the Channel Field Distribution
To estimate lateral spread of the secondly programmed bit, we perform a 2-D
simulation [30] to calculate the channel field distribution. The drain side is

programmed with a 2.5V threshold voltage window and the program bias condition is
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Vg=11V and Vs=6.5V. The broader distribution of the secondly programmed bit
(source side) is because a large channel field exists in the drain side during second bit
programming (Fig 2.10). Such a large drain field arises from the stored electrons of
the first programmed bit and will cause channel electrons to inject into the nitride
earlier. It should be remarked that the above equation is derived from the 1D Vt model.
For anarrow programmed charge distribution in a nitride flash cell, it only serves as a
first-order approximation. Accurate profiling of a programmed charge distribution
requires 2D device simulation by using MEDICI [30].

The programmed charge lateral extent can be also probed by varying Vd (or Vs)
in CP measurement. The decrease of the program-state Icp bump with Vd (or Vs) is
shown in Fig 2.11. The secondly programmed bit needs a larger junction bias to
“mask” the programmed charge. In other words, the second bit has a broader charge

distribution

2.5 Cycling Dependence

The P/E cycling stress effect on“programmed charge distribution is shown in Fig
2.12. In order to eliminate interface trap creation effect during P/E cycling, the Icp
bump is normalized to its value at Vd=0V. As cycling number increases, alarge Vd in

CP measurement is required to screen the programmed charge.

15



100p

lcp (Amp)

Vgl (Volts)

Fig. 2.7 Thelcp of the four states of two-bit storage. “11”
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Chapter 3
Program Disturb Induced Erase State Vt Shift

3.1 Introduction

Erase state threshold voltage instability in nitride-based localized trapping
storage memory cells is investigated and reported in our previous study [16], [21].
The responsible mechanisms, room temperature Vt drift and read disturb, show that
positive oxide charge plays a major role [31]. In this chapter, we will identify a gate
disturb mechanism, causing erase state threshold voltage shift during program
operation. A model of positive oxide charge assisted tunneling into a nitride layer is
adopted to explain this mechanism [32].

A general representation of a 2-bit nitride storage flash memory array is shown in
Fig. 3.1. The programming of cell P involves high veltage on the gate (word line) and
drain (bit line). Un-addressed cells neighboring cell: P (cell N) experiencing a high
voltage (10~12V) on the word line 'suffer-from gate stress induced program disturb
[33]. The gate voltage stress time for one bitis thus proportional to the number of P/E
cycles, thus causing reliability concerns during array structure programming. The
programming time for a single bit is typically about a few micro seconds. In order to
explore the program disturb, a micro-second transient measurement circuit was
employed. Extra electrical anneal step reducing this disturb effect will be discussed

[34].

3.2 Micro-second Transient Measurement

Fig.3.2(a) illustrates the circuit diagram of the micro-second measurement
system. This circuit was composed of high speed analog switches and a low noise
amplifier. Its output signal was displayed at an excellent resolution, high speed digital

oscilloscope (Tektronix TDS5054). The operating biases and connections were shown
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in Fig 3.2(b). Computer-controlled system monitors the threshold voltage shift
immediately after stress. Fig. 3.3 shows the photography of our micro-second

transient measurement circuit.

3.3 PCAT Model

Hole trap creation in the bottom oxide is generally believed to be the major cause
of RT threshold voltage drift. Besides RT drift, the program disturb is also enhanced
by positive oxide charges created during P/E cycling. The columbic potential caused
by positive oxide trapped charge is incorporated in the electron tunneling barrier.
When a positive Vg is applied at an cycling-stressed cell, the channel is inverted and a
current component flowing from the gate to the source and the drain (Isd) arises due
to positive oxide charge assisted electron tunneling (Fig. 3.4). If Vg is large, Isd
becomes dominant and has a t? time dependenece with p~0.7 [35]. The gate-disturb

induced AVt should follow a power law: time dependence with the power factor of

n=0.2~0.3 (Eq. 3.1).

AV, oc [1,(e)dt =1 oc " with n=0.2~0.3 (3.1)
P 0708

3.4 Program Disturb Behavior
3.4.1 Measurement setup

In order to measure the Vt shift caused by program disturb, the appropriate
word-line (gate) and bit-line (source & drain) waveform patterns were designed, as
shown in Fig.3.5. The patterns were generated by Agilent 8110A pulse generators.
There are two phases in the pattern, P/E phase and M/D (measurement & disturb)
phase. In the P/E phase, an appropriate bias was applied for program and erase. In the

M/D phase, the disturb gate bias is the same as the program gate bias depending on

23
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programming D-bit of Cell P, program disturb occurs in

Cell N sharing the same WL voltage (11V).
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operation conditions and Vd=Vs=0V. The measurement gate bias was applied near the
threshold voltage and Vd=0.1V.
3.4.2 Program-disturb characteristics

The devices have a gate length of 0.35um and a gate width of 0.5um. Fig. 3.6
shows the disturb characteristics of a 10K P/E cycled cell in two different disturb
conditions. The program disturb bias is Vg=11V. It is found that Vt shift (solid square)
exhibits a power-law time dependence t", i.e., a linear plot in a log-log scale with
n~0.3, which is consistent with the PCAT model [32]. The open square shows the read
disturb effect measured by Agilent 4155C and exhibits the same time dependence. Fig.
3.7 shows the Vt shift versus the wait time after erase. Here, we see no Vt shift if we
wait 100ms after erase and then have a 20ms disturb at Vg=11V.
3.4.3 Cycling Dependence

In a P/E stressed cell, the Vtshift induced by program disturb is found to be
larger than that in a fresh cell. Fig.3.8 shows the threshold voltage shift versus P/E
cycle number. The dependence of the Vt shift implies: that the charge gain behavior in
low Vt state is due to positive oxide ‘charge detrapping. At low P/E stress, oxide trap
creation is minimal and thus Vt shift 15‘small!
3.4.5 Summary

Based on this work, we realize that erase state Vt drift measured by Agilent
4155C is underestimated since charge tunneling starts immediately after erase. From
the above measurement results, micro-second time scale Vt shift can be probed. The
Vt shift is much more severe in an array because of accumulated gate stress time

during programming.

3.5 Modified Erase Scheme
Except for room-temperature drift and read disturb, our study showed that
program disturb is also a reliability concern in the low Vt state. Some ways to prevent

disturb such as isolated sector structure was proposed [36]. An alternative approach is
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to use an appropriate voltage pulse to reduce this stress effect. After BTBT hot hole
erase, an extra electrical anneal is reported to be effective [34]. As positive charges
are accumulated during erase, subsequent anneal step will remove the cycling induced
positive charges in the bottom oxide. An electrical pulse at Vg=10V and Vd=4V can

significantly reduce program disturb effect (Fig. 3.9).
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Chapter 4
P/E Cycling Induced Read Current Noise

4.1 Introduction

In this chapter, we investigate P/E cycling induced random telegraph noise (RTN)
in non-uniform charge storage nitride flash cells for the first time. The amplitude of
RTN increases with P/E cycle number and with decreasing gate length. Non-uniform
charge storage by channel hot electron programming can further enhance read current
fluctuation. The large amplitude of read current fluctuation implies we must allow for
more margins in cell operation and needs careful attention especially in Multi-level
cell (MLC) application.

Therefore, to probe the RTN phenomenon.and to find the solutions will be an
important issue in SONOS typeitwo-bit'storage flash memory cells. According to our
investigation, read current noise can be significantly-reduced by the improvement of

bottom oxide reliability.

4.2 Random Telegraph Noise M easurement

The charge transport through a MOSFET device characterized by discrete
switching events of the drain current, has often been observed and attributed to the
trapping/detrapping of conduction carriers by a single defect near Si/SiO, interface
[37]-[39]. Different names exist for the phenomenon, like burst noise or Random
Telegraph Noise (RTN). Micro-second Transient measurement system we mentioned
at chapter 3 for measuring read current noise is shown in Fig. 4.1. This setup can
monitor the drain current noise in fixed read bias. The sampling rate in our
experiments is 10khz, which enables the observation of fast transitions of read current
with time constant down to 0.1ms, which corresponds to 10° reading in each

measurement of 10 seconds. The devices used in this work have a gate length of
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0.35um and a gate with from 0.5um to 0.3um.

4.3 P/E Cycling Stress

In a P/E cycled cell, the read current fluctuation induced by oxide trap is found to
be larger than that in a fresh cell. Fig. 4.2 shows read current fluctuation at program
state in a fresh cell, after 1k P/E cycles and after 100k P/E cycles. The cell biased in
weak inversion and the read current is near 1uA. Apparent random telegraph noise
patterns are observed in a 100k P/E cycled cell while it is undetected in a fresh cell.
The RTN rises from the charging/discharging of single oxide trap or multiple oxide
traps created by P/E cycling stress [40]. At a low cycle number the RTN exhibits
two-level transitions (Fig. 4.2(b)) while at alarge cycle number multi-level transitions
(4-level) are occasionally observed (Fig. 4.2(c)). These multi-level transitions,
superimposed by several independent two-level'RTN waveforms, may exhibit a large
Ald and result in aread failure.

The dependence of noise amplitude on read current level is shown in Fig. 4.3. In
this measurement, a NROM cell'is programmed to-different Vt and the reverse read
bias is at |[Vds=1.5V and Vgs=4V. The 'cycle number is 100 that only two-level
transitions are obtained. As shown in Fig. 4.3(a), Ald is found to increase from
0.04pA in a high-Vt cell (1uA read current) to 0.18uA in a low-Vt cell (30uA read

current).

4.4 Length Dependence & Non-uniform Vt Effect

The gate length effect on RTN is shown in Fig. 4.4. The read current level is
about 1pA. The RTN amplitude with two-level transitions is shown in Fig. 4.4(a), a
noticeable increases of Alg with decreasing gate length [41]. A two-dimensional
device simulation is performed to calculate the gate length dependence. A similar
trend is obtained (Fig. 4.5). Moreover, RTN is found to be further enhanced by

localized charge storage. Fig. 4.6 shows the current fluctuations by FN injection and
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CHE injection, respectively. The two cells experience the same cycling procedure but
have different injection conditions in the last programming. In the uniform FN
injection cell (Fig. 4.6(a)), RTN is very small or undetectable in a measurement span
of 4 seconds. The ssimulated result in Fig 4.5 also shows that uniform injection yields
smaller RTN. Our result here is consistent with earlier work in [42] that non-uniform
channel Vt-distribution can increase 1/f noise. Fig 4.7 shows the maximum read
current fluctuation and corresponding number of levelsin read current in a 0.3um cell.
The read current is about 30pA. At 100k P/E cycles, 5-level transitions in read
current is noticed and maximum 4ld is ~0.74A in a sampling space of 10° reading.

RTN with more levels and alarge Ald is still expected as more reading are taken [43].

4.5 Oxide Process Effect

To evaluate bottom oxide process effect on RTN, two different oxide process
conditions with a 0.5um gate length (device A and:device B) are used. Device B is
known to have better oxide endurance from a charge pumping measurement result
(Fig. 4.8(a)) RTN traces in device A and B are shown in Fig. 4.8. Note that device B
exhibits smaller amplitude in read current fluctuation. This is because device B has

less oxide traps creation and thus the probability of multi-level RTN is much reduced.
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Chapter 5

Conclusion

Programmed charge distribution in the ONO layer and the effects of read current
noise in alocalized trapping storage cell have been discussed in this thesis. The lateral
distribution of programmed charge is investigated by using a charge pumping
technique. The secondly programmed bit has a broader trapped charge distribution
than the first programmed bit. The relationship between trapped charge and P/E cycle
stress can be realized.

By using our micro-second transient measurement circuit, word-line disturb
induced threshold voltage shift is investigated and is found to be a serious reliability
issue in this cell. Oxide charge trapping/detrapping induced read current fluctuation is
discussed. Read current noise is increased in localized charge storage cells due to
non-uniform Vt distribution. tAs the cycle number increases, the read current
instability caused by RTN will ©become more severe. The improvement of bottom

oxide reliability can significantly reducethis effect.
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