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Student: Chih-Hsiung Li Advisor: Dr. Tahui Wang

Institute of Electronics, National Chiao Tung University

Hsinchu, Taiwan, R.O.C.

Abstract

The main concern of this dissertation will.focus on the charge loss mechanism of HfO;
nanocrystal flash-memory cells and developra retention model. In this study, we measure the
temperature and time dependence of ascharge-losssinduced gate leakage current in a large area
cell directly. We find that the: stored charge emission. process exhibits an Arrehenius
relationship with temperature, as opposed to linear temperature dependence in a SONOS flash
memory. A thermally activated tunneling front model is proposed to account for the charge
loss behavior in a HfO, dot flash memory.

In a small area device, a subthreshold transient current technique is adopted to monitor
charge loss behavior. The temperature dependence is also investigated. A two-stage behavior
of subthreshold current transient is observed. The first-stage behavior might correspond to the
charge loss induced gate leakage current while the second-stage behavior remains under

further investigation. Finally, a connection between large and small area devices is made.
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Chapter 1

Introduction

Flash memory has become a kind of nonvolatile memory widely used in personal
computers and portable electronic products. It can be storing, reading and erasing data
for many times and the data will not lose even after the supplied power is cut off.
There are two kinds of charge storage devices: “Floating gate devices [1,2]” and
“Charge trapping devices”. The charges in floating gate devices are stored in a thin
conducting layer sandwiched betweeh insulators, while the charges in charge trapping
devices are stored in the traps at the interfaces of a multi-layer gate structure and/or in
the bulk of insulator.

Flash memory cells employing discrete charge storage nodes have received much
interest for their better cell scalability [3-10]. To tmprove program/erase (P/E) speed
and data retention properties in these cells, a.lot of efforts have been.made with regard
to charge storage media. For.instance, various trapping materials have been studied in
a SONOS-type flash memory. [4]: Another-category of discrete eharge storage flash
memories are to use nano-crystals as storage nodes. Many different types of
nano-crystals from semiconductors (Si, Ge) to metals (W, Au) have been proposed
[5-8]. The nano-crystal memories should have better reliability because the discrete
storage node will minimize the impact of weak spots in the tunnel oxide [11].
Therefore, the supplied voltage for programming and erasing can be lowered due to
reducing the tunnel oxide thickness. Recently, a HfO, dielectric dot flash memory was
presented with superior characteristics in terms of a large memory window, fast P/E
speed, and long charge retention time [9]. As compared to semiconductor/metal dots,
electrons in a dielectric dot are stored in trap states rather than conduction states.

Because trapped electrons have a very sharp wave-function distribution in space, size



quantization effect is not expected for the programmed electrons in a dielectric dot.
There are five chapters in this thesis. Chapter 1 is Introduction and we will
introduce the evolutions of the nanocrystal flash memory. In Chapter 2, the charge
loss induced gate leakage current of nanocrystal flash memory is measured and a
thermally activated tunneling front model is developed. In Chapter 3, we describe the
subthreshold current transient model. Next, the charge loss in nanocrystal flash
memory is investigated by using a subthreshold transient current technique in Chapter

4. Finally, summary and conclusion will be given in chapter 5.




Chapter 2

Charge Retention Loss in a HfO, Dot Flash Memory

2.1 Introduction

Nanocrystal flash memory has recently received much attention for the application
in the next-generation nonvolatile memories because their better data retention. Much
research with respect to quantum dot memory has been conduced to study the data
retention of nanocrystal flash. memories. Compagneni et al. analyzed the data
retention of Si nanocrystal flash memories [11]. Yang et al. reported that the retention
time of memory based. on Ge/Si hetero-nanocrystals increases @due to the stair-like
potential barrier [10]. All the above studies, 'however, are restricted to conductive
quantum dot flash memory. The dielectric dot flash memory has not been understood
clearly so far. Inthis chapter, we will explore the charge retention loss mechanism in a
HfO, dielectric“dot cell. We fabricatevarlarge=arearcell to measure a charge loss
induced gate leakage currentidirectly. The temperature and the retention time
dependence of the gate leakage current is characterized. In addition, we measure a
high-voltage stress induced gate ileakage current in'a SONOS cell for comparison. A
thermally activated tunneling front model is developed for charge retention loss in a

HfO, dot flash memory.

2.2 Charge Loss Induced Gate Leakage Current Characterization

In this chapter, charge loss induced leakage current is measured to monitor storage
charge loss in a flash memory because it is directly related to the charges escaped
from the storage layer. This section aims to investigate the correlation between gated

leakage current and escaped charges.



Fig. 2.1 shows the storage charges stored in the storage layer and equivalent
circuit of capacitor part. Two capacitors will form after a flash memory is
programmed. The transient behavior of stored charges is shown in Fig. 2.2. These two
capacitors are connected in parallel due to the small-signal variation. The charge
distribution is

G
C, +C,

C
Qstorage and Qimagez = C—2 Qstorage (1)

Qimagel =
1 + C2

If some storage charges (AQg)! escape through the bottom oxide, the remaining

charges will be redistributed. This redistribution induces charge loss both in Q.

and Q Thérarrowheads -shown in: Fige. 2.2 (b) represent the direction which

image2 *

charges escape.” Current flows, including |+ . and I,,, tesult from these

charge loss mentioned above (Fig. 2.27(b)). Their relationships.are expressed as

follows:

C C
IIossl = : IIoss and Ilossz = 2 IIoss (2)
C +C, C +C,
Inspection of charge loss directions presented  Fig. 2.2(b) shows that |, is the
only current flow we can sense from gate terminal, i.e.
. C
I, (transient) = I, :—Cl +1C2 s (3)

Ig(transient) 1s negative because it flows out gate terminal. Based on the

explanation above, the total charge loss from storage layer is

tC +C
AQloss :j %

0

-1g (transient ) dt 4)



The similar behavior can be observed if the charges escape through the top oxide

as shown in Fig 2.3. The only difference is

C

I _ 2
loss1 —
> C,+C,

I, (transient) = | L oss (5)

loss

The measured gate current is positive since the net current flows into the gate
terminal.
2.3 Measurement Results

The HfO, nanocrystal flash memory used insthis work has a 8nm top oxide, a
10nm intermediate oxide layer with embedded HfO; dots, and a 6nm bottom oxide.
The dot size is 5~8am. The device @real i§7500x500um’ (Figi*2.4). The fabrication
process and deyice characteristics' were published iin [9]. A'Fowler-Norheim (FN)
stress is performed at V,=-19V for 2000s. Uniform negative FN injection is employed
for programming. The program V; window is 3V. The program-state gate leakage
current versus retention time. at different temperatures is shown in Fig. 2.5 . On the
other side, we also'measure the program-state gate leakage currént in a SONOS cell
(Fig. 2.6). The SONGOS celliused for comparison has a 9 nmitop oxide, a 6 nm silicon
nitride, and a 6 nm bottom/oxide. The capacitor area is also 500x500 pm®. Uniform
FN programming is performed after a FN stress at V,=-20V for 2500s.

Some distinguished features in the gate current of the two cells are observed. First,
the gate leakage current is positive in a HfO, dot flash (flowing into the gate) but is
negative in a SONOS cell. The direction of the gate current flow indicates the escape
of programmed electrons through a top oxide in the HfO, cell. Second, the gate
current in both SONOS [12] and HfO, dot flash cells exhibits 1/t time dependence.
The 1/t characteristic can be derived either from a tunneling front model [13] or from

a Frenkel-Poole (FP) emission model [14]. In order to distinguish these two models,



we compare the temperature dependence of the gate current in HfO, dot flash (Fig.
2.7) and in SONOS cell (Fig. 2.8) . The charge detrapping current in the SONOS cell
obeys a linear dependence on temperature. As Gu noted that the nitride charge leakage
current exhibits two stage [12] : the leakage current of the first stage is limited by the
amount of stress created oxide traps while the leakage current of the second stage is
dictated by Frenkel-Poole emission. The measured result in Fig. 2.6 is obviously in
the second stage due to the heavily FN stress and which is expected from the FP
emission model, i.e, I, oc kT/t [14]. Fig. 2.9 Illustrates the stored charge loss process
limited by FP emission in a,SONOS cell. The gate leakage current in the HfO, cell,
however, deviates fromr a linear relationship apparently. In Eig. 2.10, we replot the
temperature dependence of the gatercurrent in the HfO5, cell in Artehenius coordinates
at t=0.5s and 58! An Arrehenius relationship ‘is obtained: with activation energy of
0.19¢V. The Arrehenius dependence excludes the possibility of the FP emission.
Instead, the observed temperature and the time dependence in the HfO, cell can be

well accounted for by thermally activated-tunneling-through traps in a top oxide.

2.4 Thermally Activated:Tunneling Front Model

Fig. 2.11 illustrates the stored charge loss process in a HfO, cell. Based on the
WKB approximation, the tunneling time for an electron from a HfO, trap to a top
oxide trap (assumed to be a limiting step in a charge loss process) can be formulated

as

t_l =N tVih O eXp(_aox X) (6)

and
o = 2 V 2meq¢b
0ox h
where N; is the trap density in the top oxide, x is the distance between a HfO, trap and

6



a top oxide trap, ¢ is a trap cross-section and other variables have their usual
definition. Since we do not observe significant dependence of the gate leakage current
on stress time, N; is suspected to be pre-existing traps. Assuming the stored charges
have a uniform distribution in X, we can derive the time and the temperature

dependence of the gate current based on a tunneling front model,

—E. dx
| =A ay —
o = AQ, exp( T )dt

_AQ o —Ea
o« texp( kT ) @

ox

where Q.exp(-Eo/kT) represents the dctivated charge density in HfO, for tunneling. E,

is the activation energy.of trapped charges and A is the cell area.

2.5 Discussion on Different Programming Condition

As mentioned in section 2.3, the gate leakage current is positive in a HfO, dot
flash. On the other hand, a negative gate leakage is measured when positive FN
programming 1s.petrformed:: One  deduces that the different leakage direction may
depend on whatskind. of ‘progcamming -approach is applied: The most likely
explanation is that négative.FN injection will fill the traps in the upper part of dots
that the stored charges will‘escape through the top oxide. In contrast, the traps in the
bottom part of dots will be programmed during positive FN injection. Therefore, the
leakage path of stored charges will pass through the bottom oxide due to the shorter

distance (Fig. 2.12).

2.6 Conclusion
In this section, we investigate the charge loss mechanism in a HfO, dot flash cell
by characterizing a charge loss induced gate leakage current. The Frenkel-Poole

emission model is not suitable for charge loss in the cell. A thermally activated



tunneling front model is proposed. Our model can well explain the measured

temperature and the retention time dependence of a gate leakage current.
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Fig. 2.4 Schematic representation of the HfO, nanocrystal flash memory cell
structure.
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Fig. 2.5 Measured gate leakage current at V=0V versus time in a HfO, dot

flash memory cell (500pumx500um ). The temperature is form 25 C
to 125 C.

The device is programmed to a threshold window of 3V.
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Fig. 2.11 (a) Illustration of charge loss through a top oxide trap in a HfO, dot flash
memory cell.

Fig. 2.11 (b) Energy band diagram and thermally assisted tunneling of a trapped
charge.
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Chapter 3

Model of Subthreshold Current Transient

3.1 Introduction

In this chapter, model of subthreshold current transient is developed.

Device instabilities resulting from oxide charge trapping/detrapping such as
subthreshold current [15] at a DC bias have been reported. Similarly, storage charge
loss in a flash memory also have the same effect on subthreshold current. The
principle of the mechanism is illustrated in Figh'3.1. Fig. 3.1(a) shows a structure of a
nonvolatile flash memaory cell. Negative charges are stored in the storage layer and the
charges may escape vertically through either the top or bottom ‘oxides. The potential
barrier in the channel direction will reduce from selid line to dashed line (Fig. 3.1(b))
due to the charge loss. As a result of the potential barrier lowering, subthreshold
current at the_same gate/drain bias increases. Consequently, the behavior of the
escaping stored. charge can ‘be deduced by monitoring the -evolution of the

subthreshold current with cumulative time.

3.2 Modeling of Subthreshold Current Transient
The dependence of subthreshold current on a gate bias is expressed as follows

[16] :
|, = |0exp(s(vgs —vfb)) 1)

where V,, is flat-band voltage and S is the slope of the subthreshold current. The

relationship between S and temperature is approximated by [16]

21



5=—— )

where the parameter n can be evaluated directly from the I, -V, in a measured

device.

The programmed storage charges are assumed to have a distribution Q, (x) in

the vertical direction in the storage layer (Fig. 2.1) and corresponding detrapping

time-constant is r(x). x is the distance from the storage charge to the interface

between storage layer and bottom oxide. The storage'charge detrapping rate is

dQs (xt) _ ,Qg(xt)
it ) ®)

and

Qs (x.1) =Qs (X’O)eXp(WJ (4)

As a result, the change of flat-band voltage due to storage charge.detrapping is

&
S
7tTOX +ts —X .

Vi (1) =V (0)+ J: Fox xQq (X, 0)[1— exp (—tn dx (5)

Es 7(X)

where t,,, is the top oxide thickness, t; is the storage layer thickness, &, is the
permittivity of oxide and & is the permittivity of the storage layer. Substituting (2)

and (5) into (1), we arrive at
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&
7StTox +ts —X

In(ld('t))=|n(|d(0))_].0ts nET o & (6)
xQS(X,O)El_eXPETEL)JJdX

According to the WKB approximation, the trapped charge emission time is

formulated as [17]

7(X) = 7, eXP( Aoy taox ) EXP (AsX) (7)

with

2\/2m;x (Et+(DB) . 2\/2m;Et
aOX = ! aS = [T
h h
where 7, isthe tunneling characteristic time; E, Is the electfon trap energy
measured from the conduction band ofthe storage layer, @ is the conduction band
difference between storage layer and=oxideyrand=other variables have their usual

definitions. Then, Eg. (6) becomes

&
s
T boxtly X

In(1, (£)=Mn(1,(0))-[; nET e
*Qu (% O)[l_exp(__te)(p(_aoxtsox )eXp(_“SX)Ddx

%o

& (8)

Since the double exponential function in the integrand changes abruptly from 0 to 1

t . .
around x:aslln(—exp(—aoxtaox )j it can be reasonably approximated by a
o

step-function as follows :
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—t
exp (— exp (—lox taox )exp(—asx)J

Ty

0 for x<ag' In[iexp(—oaoxtBOX )J

Ty

= (9)

1 for XZOcS‘lln[iexp(—ozoxtBOX )]

Ty

This step function approximation is actually.the same as the tunneling front model in

By neglecting the term box and assuming a uniform storage charge

distribution, then

In(1, (1)) =In(1, (o))-%(tﬂﬂiqua;l In(TLexp(—aoxtBox )J (11)

ox &5 0

Finally, a power-law dependence of the subthreshold current transient is readily

24



obtained, i.e.,

I (t)oct? (12)

nkT as 3ox 83

The power factor p is positive for electron detrapping.

The case mentioned above is that charges escape through the bottom oxide. On

oo 4R | (13)

Therefore, the tir . thresh - i n.a log-log scale is

25
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Fig. 3.1(a) Schematic representation of a nonvolatile flash memory cell
structure.

Fig. 3.1(b) Potential barrier lowering in the channel direction due to storage
charge loss.
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Chapter 4
Monitor Storage Charge Loss by Using a Subthreshold

Transient Current Technique

4.1 Introduction

Data retention is an important issue in non-volatile flash memory cells. Charge
loss through either the bottom or top oxides is considered for the data retention loss.
Threshold voltage shift measurement was widely adopted to monitor the storage
charge loss in a flashymemory.-However, threshold voltage 1s.only linearly dependent
on storage chargé and. thus maysnot be sufficiently sensitivé to storage charge
variation. In this chapter, we used- a"subthreshold transient! current technique to
monitor storage charge variation. Unlike threshold voltage, subthreshold current
exhibits an exponential dependence on storage charges. As shown in'Fig. 4.1, storage
charge loss results in I-V curveshiftwhichris'corresponding to threshold voltage shift.
Fig. 4.1 also demonstrates thatras threshold voltage decreases linearly, subthreshold
current increases exponentially. when the device is biased at a fixed gate voltage in
subthreshold region. Therefore,iwe can have| a better measurement resolution by

monitoring the temporal evolution of subthreshold current.
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4.2 Time-Dependent of a Subthreshold Transient
4.2.1 Experimental

The devices used in this work are HfO, nanocrystal flash memories which have a
&nm top oxide, a 10nm intermediate oxide layer with embedded HfO, dots, and a 6nm
bottom oxide. Detail fabrication process and device characteristics can be found in [9].
The device area is 10umx1um(W xL).

The device is first subjected to an either uniform positive or negative injection
for programming. The program V; window is about 3V. After programming, the
device is immediately biased to .‘“subthreshold current measurement phase”. In
subthreshold current measurement phase, as an appropriate gate voltage is chose at

V4=0.1V, the draid current ¢an be determined in the subthresholdfegion.

4.2.2 Measurement Results

The subthreshold current transient in a device (10xmxlum)’ is measured at
T=100°C after uniform positive FN=programming=Thermeasured result is plotted on
Fig. 3.2 with a log-log scale and the subthreshold transient increases with increasing
cumulative time due to storage charge loss. However, instead of a straight line, the
result shows a two-stage behavior with a corner time at about 100 seconds. The
two-stage behavior might imply that there are two kinds of charge loss mechanism
competing inside the storage layer. At beginning, the first kind of mechanism
dominates the loss, while the second kind of mechanism will show up at about 100
seconds. At the same time, slope of the subthreshold transient will change to a larger
value. We consider that the mechanism of first stage is thermally activated tunneling
front model as shown in Chapter 2. The mechanism of the second stage is still
unknown. This work is focused on the first stage behavior while the second stage

mechanism remains under further investigation.
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4.2.3 Comparison Between Positive and Negative FN Programming

Fig. 4.3 shows the subthreshold current transient of a device (10zmx1zm)
which is programmed by uniform negative FN injection at T=100°C. The two-stage
behavior is also observed in Fig. 4.3. Based on the gate leakage current direction in
chapter 2, the programmed electrons will escape through the top oxide if negative FN
programming is performed. On the other hand, the programmed electrons will escape
through the bottom oxide on condition that positive FN programming is applied. The
subthreshold current transients after normalized with respect to positive and negative
FN programming are replotted ‘on Fig. 4.4: As Fig. 4.4 shown, the charge loss

behaviors are the same through either top or bottom oxide:

4.3 Temperature-Dependent of a Subthreshold Transient

Fig. 4.5Willustrates the threshold voltage shift over time of a device
(10umx1um)Ewhich is programmed by uniform negative FN injection at various
temperatures including 85°C, 100 Grandwit5 GAtathe temperature at 115C, we
observed a more ‘significant charge loss than that at 85°C and 100°C. This result
indicates the retention'characteristic of HfO, nanocrystal flash memory has strong
temperature dependence which is consistent with: the model developed in chapter2.
However, Vt variation over time doesn’t present the two-stage behavior as clear as
subthreshold current transient. The subthreshold current behavior over time versus
temperature is plotted on Fig. 4.6 and normalized subthreshold current transients are
shown on Fig. 3.7. It is clear from Fig. 3.7 that the slope in first stage of measured
transients raises slightly with increasing temperature. The increasing slope supports

the fact that raising temperature will speed up the charge loss.

29



By introducing the gate leakage current results from Chapter 2, theoretical slope
values of subthreshold current transient can be worked out. The dependence of

subthreshold on a gate bias is expressed as follows [16].
1y =1yexp(S (Ve =V, ) (1)
where S is the slope of the subthreshold current which can be evaluated directly from

the 1, -V, curve in a measured device. Charge loss will result in the change of

gs

flat-band voltage:

[t
G

Vi, (1) =V, (0)+ (2)

where C, is defined in Hig.-2.1 jand-a analytical equation of I, is developed in
Chapter 2:

A 1d
|, = a—QtSexp(k—Ta) 3)

0Xx

Substituting (2)7and (3) into' (1) ‘and the integration of Ig is modified according to

Equation (4) in chapter2, then simplify the result, we arrive at

(1, (1) =in(1) + & 22 o[ 5 iy @

C oo

The slope of subthreshold current transient is obtained, i.e.,

Slope = S A exp(_Ea j (5)
C, ooy KT

Fig. 4.8 shows theoretical value and measured data of slope at different temperature.
The line bar represents the 20% variation based on theoretical value. The variation

between theoretical value and measured data might result from the device fluctuation

in small area devices [19].
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Fig. 4.1 Illustration of linear V, ,
biased in subthreshold region.
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Fig. 4.2 Subthreshold current transient measured at T=100°C. The device
is programmed by positive uniform FN injection.
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Fig. 4.3 Subthreshold current transient measured at T=100°C. The device
is programmed by negative uniform FN injection.

33



—~ o + FN programming

1k : -
St ¢ - N programming ]
o | :
Z o® :
© o e

- L8

= O e

— O o

[®] O ®

— [ ]

Olm P IPPYYY I

Ay | 2 o 2 2 aaaal a2 _ o
1 10 100 000

Time(s)

Fig. 4.4 Normalized subthreshold current transients of positive and negative uniform
FN programming.

34



OO0F = .
=
—
. ‘.
> .05} - SR
< = 115 .
* 100°C
85C
1.0 L NI
1 100 000

10
Time (s)

Fig. 4.5 Threshold voltage shift of HfO, nanocrystal flash memory measured at
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Chapter 5

Conclusions

In this thesis, the data retention model of a HfO, dot flash memory cell is
reported for the first time. The charge loss mechanism in a HfO, dot flash memory
cell is investigated by characterizing the charge loss induced gate leakage current. The
Frenkel-Poole emission model is not suitable for charge loss in the cell. A thermally
activated tunneling front model is developed for a HfO, dot flash memory cell. Next,

model of subthreshold current trans s developed and a straight line is obtained on

a log-log scale. Finall

cell by monitoring
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