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摘要 

 

 

本篇論文主要是著重於探討二氧化鉿奈米晶體快閃式記憶元件中電荷流失

的機制，並建立一個資料保存模型(retention model)。在這個研究當中，我們在大

面積的元件中量測電荷流失導致閘極漏電流對溫度及時間的關係，結果發現電荷

流失的過程符合阿瑞尼士圖(Arrehenius plot)的溫度關係，跟在 SONOS 快閃式記

憶元件中的 Frenkel-Poole 模型有所不同。一個經由熱活化的穿隧模型(thermally 

activated tunneling front model)被提出來解釋二氧化鉿奈米晶體快閃式記憶元件

中電荷流失的行為。 

在小面積的元件中，我們藉由量測次啟始電流(subthreshold current)對時間

的暫態行為來監控二氧化鉿奈米晶體快閃式記憶元件中電荷流失的行為。溫度的

關係圖也被量測。一個兩階段變化的行為被觀察到，我們推論第一階段的行為與

電荷流失導致閘極漏電流的行為互相呼應，而第二階段的行為的研究仍在進行當

中。最後我們經過理論計算將大小面積的元件之行為做連結。 
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Abstract 

The main concern of this dissertation will focus on the charge loss mechanism of HfO2 

nanocrystal flash memory cells and develop a retention model. In this study, we measure the 

temperature and time dependence of a charge loss induced 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 HfO2 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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Figure Captions 

Fig. 2.1 Schematic diagram of storage charges in storage layer and equivalent 

circuit of capacitor part. 

Fig. 2.2(a) Distribution of storage charges while the trapped position is near the 

bottom oxide. 

Fig. 2.2(b) Transient behavior of charge loss. The storage charges escape 

through the bottom oxide. 

Fig. 2.3(a) Distribution of storage charges while the trapped position is near the 

top oxide. 

Fig. 2.4  Schematic representation of the HfO2 nanocrystal flash memory cell 

structure. 

Fig. 2.5   Measured gate leakage current at Vg =0V versus time in a HfO2 dot 

flash memory cell (500µm×500µm ). The temperature is form 25。C 

to 125。C.  

The device is programmed to a threshold window of 3V. 

Fig. 2.6 Measured gate current at Vg =0V versus time in SONOS flash 

memory cell (500µm×500µm ). The temperature is form 35。C to 

80。C.  

The device is programmed to a threshold window of 3V. 

Fig. 2.7 Temperature dependence of the gate current in a  HfO2 dot flash 

memory cell at t=3sec. 

Fig. 2.8 Temperature dependence of the gate current in a  SONOS flash 

memory cell at t=3sec. 

Fig. 2.9  Illustration of the stored charge loss process limited by FP emission 

in a SONOS cell. 
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Fig. 2.10   Arrehenius plot of the gate leakage current in a HfO2 dot flash 

memory cell. 

The retention time is 0.5sec and 5sec.  

The extracted activation energy is 0.19eV. 

Fig. 2.11(a) Illustration of charge loss through a top oxide trap in a HfO2 dot 

flash memory cell. 

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

charge. 

Fig. 2.12 Schematic representation of the possible charge distribution in the 

vertical direction of the HfO2 dots after positive/negative FN 

programming.  

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. 

Fig. 4.1 Illustration of linear Vt shift will result in log Id variation when 

device biased in subthreshold region. 

Fig. 4.2 Subthreshold current transient measured at T=100℃. The device is 

programmed by positive uniform FN injection. 

Fig. 4.3 Subthreshold current transient measured at T=100℃. The device is 

programmed by negative uniform FN injection. 

Fig. 4.4 Normalized subthreshold current transients with respect to positive 

and negative uniform FN programming.  

Fig. 4.5 Threshold voltage shift of  HfO2 nanocrystal flash memory 

measured at T=85℃, T=100℃ and T=115℃. 

Fig. 4.6 Subthreshold current transients measured at T=85℃, T=100℃, and 
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Fig. 4.7 Normalized subthreshold current transients measured at T=85℃, 

T=100℃, and T=115℃. 

Fig. 4.8  Theoretical value and measured data of subthreshold current 

transient slope at T=85℃, T=100℃ and T=115℃. 

 

 



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 between 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 improve 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 charge 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 HfO2 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 
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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 HfO2 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. Compagnoni 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. In this chapter, we will explore the charge retention loss mechanism in a 

HfO2 dielectric dot cell. We fabricate a large area cell to measure a charge loss 

induced gate leakage current directly. The temperature and the retention time 

dependence of the gate leakage current is characterized. In addition, we measure a 

high-voltage stress induced gate leakage current in a SONOS cell for comparison. A 

thermally activated tunneling front model is developed for charge retention loss in a 

HfO2 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.  
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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  

 

1
1 2

1 2 1 2

 and image storage image storage
CQ Q Q

C C C C
= =

+ +
2C Q

)

                       (1) 

 

If some storage charges  escape through the bottom oxide, the remaining 

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

and . The arrowheads shown in Fig. 2.2 (b) represent the direction which 

charges escape. Current flows, including

( lossQΔ

1imageQ

2imageQ

lossI , 1lossI  and 2lossI , result from these 

charge loss mentioned above (Fig. 2.2 (b)). Their relationships are expressed as 

follows: 

 

 1 2
1 2
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Inspection of charge loss directions presented in Fig. 2.2(b) shows that 

                              (2) 

 

1lossI  is the 

only current flow we can sense from gate terminal, i.e. 
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+
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 is negative because it flows out gate terminal. Based on the 

explanation above, the total charge loss from storage layer is 

( )transientgI
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0

1

transient
t
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C CQ Ig

C
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Δ = ⋅∫                                   (4) 
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 The similar behavior can be observed if the charges escape through the top oxide 

as shown in Fig 2.3. The only difference is  

 

( ) 2
1

1 2

transientg loss loss loss
CI I I I

C C
= − =

+
                               (5) 

 

he measured gate current is positive since the net current flows into the gate 

ement Results 

memory used in this work has a 8nm top oxide, a 

10nm 2 

g

t

g

served. First, 

the gate leakage current is positive in a HfO2

2

2

T

terminal. 

2.3 Measur

The HfO2 nanocrystal flash 

 intermediate oxide layer with embedded HfO dots, and a 6nm bottom oxide. 

The dot size is 5~8nm. The device area is 500×500μm2 (Fig. 2.4). The fabrication 

process and device characteristics were published in [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 current in a SONOS cell 

(Fig. 2.6). The SONOS cell used for comparison has a 9 nm top oxide, a 6 nm silicon 

nitride, and a 6 nm bottom oxide. The capacitor area is also 500×500 μm2. 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 ob

 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, 

 5



we compare the temperature dependence of the gate current in HfO2 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, Ig ∝ 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 HfO2 cell, 

however, deviates from a linear relationship apparently. In Fig. 2.10, we replot the 

temperature dependence of the gate current in the HfO2 cell in Arrehenius coordinates 

at t=0.5s and 5s. An Arrehenius relationship is obtained with activation energy of 

0.19eV. The Arrehenius dependence excludes the possibility of the FP emission. 

Instead, the observed temperature and the time dependence in the HfO2 cell can be 

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

 

2.4 Thermally Activated Tunneling Front Model 

 HfO2 cell. Based on the 

WKB

           (6) 

and 

 Fig. 2.11 illustrates the stored charge loss process in a

 approximation, the tunneling time for an electron from a HfO2 trap to a top 

oxide trap (assumed to be a limiting step in a charge loss process) can be formulated 

as 

)exp(1 xNt oxtht ασν −=−

be
ox

qm φ
α

22
=     

where Nt is the trap density in the top oxide, x is the distance between a HfO2 trap and 
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a top oxide trap, σ 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, Nt 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, 

  
dtkT

AQI a
sg )exp(=  dxE−

)exp(
EAQ as

kTtox

−
=                                  
α

              (7) 

ere Qsexp(-Ea/kT) represents the activated charge density in HfO2 for tunneling. Ea 

is the activation energy o

As mentioned in section 2.3, the gate leakage current is positive in a HfO2 dot 

 when positive FN 

programm

In this section, we investigate the charge loss mechanism in a HfO2 dot flash cell 

 charge loss induced gate leakage current. The Frenkel-Poole 

emission model is not suitable for char a

wh

f trapped charges and A is the cell area. 

 

2.5 Discussion on Different Programming Condition 

flash. On the other hand, a negative gate leakage is measured

ing is performed. One deduces that the different leakage direction may 

depend on what kind of programming approach is applied. The most likely 

explanation is that negative 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 

by characterizing a

ge loss in the cell. A therm lly activated 
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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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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 Fig. 3.1. Fig. 3.1(a) shows a structure of a 

nonvolatile flash memory 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 solid 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]： 

 

 ( )(0 expd gsI I S V V= − )fb                                           (1)                

 

where fbV  is flat-band voltage and  is the slope of the subthreshold current. The 

relationship between  and temperature is approximated by [16] 

S

S
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qS
nkT

=                                                        (2) 

 

where the parameter  can be evaluated directly from the n ds gsI V−  in a measured 

device. 

 The programmed storage charges are assumed to have a distribution  in 

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

time-constant is 

( )sQ x

( )xτ . x  is the distance from the storage charge to the interface 

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

 

 ( ) ( )
( )

, ,S SdQ x t Q x t
dt xτ

= −                                             (3) 

and 

 ( ) ( ) ( )
, ,0 expS S

tQ x t Q x
xτ

⎛ ⎞−
= ⎜⎜

⎝ ⎠
⎟⎟                                      (4) 

 

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

 

 ( ) ( ) ( ) ( )0
0 ,0 1 exs

S
TOX S

t OX
fb fb S

S

t t x
tV t V Q x dx
x

p

ε
ε

ε τ

+ − ⎛ ⎞⎛ ⎞−
= + × −⎜ ⎜ ⎟⎜ ⎟⎜ ⎝ ⎠⎝ ⎠

∫ ⎟⎟          (5) 

 

where  is the top oxide thickness,  is the storage layer thickness, TOXt St OXε  is the 

permittivity of oxide and Sε  is the permittivity of the storage layer. Substituting (2) 

and (5) into (1), we arrive at 
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( )( ) ( )( )

( ) ( )

0
ln ln 0

                   ,0 1 exp

S

S
TOX S

t
OX

d d
S

s

t t
qI t I

nkT

tQ x dx
x

xε
ε

ε

τ

+ −
= −

⎛ ⎞⎛ ⎞−
× −⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

∫
                        (6) 

  

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

formulated as [17] 

 

 ( ) ( ) ( )0 exp expOX BOX Sx tτ τ α α= x                                    (7)  

with 

 
( )* *2 2 2 2

 ;  OX t B S t
OX S

m E m E
α α

+Φ
= =                     

 

where 0τ  is the tunneling characteristic time,  is the electron trap energy 

measured from the conduction band of the storage layer, 

tE

BΦ  is the conduction band 

difference between storage layer and oxide, and other variables have their usual 

definitions. Then, Eq. (6) becomes 

 

 
( )( ) ( )( )

( ) ( ) ( )

0

0

ln ln 0

                   ,0 1 exp exp exp

S

S
TOX S

t OX
d d

S

s OX BOX

t t x
qI t I

nkT

tQ x t x dxS

ε
ε

ε

α α
τ

+ −
= −

⎛ ⎞⎛ ⎞−
× − − −⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

∫
         (8) 

 

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

around (1

0

ln expS O
tx α α
τ

− ⎛ ⎞
= −⎜

⎝ ⎠
)X BOXt ⎟ , it can be reasonably approximated by a 

step-function as follows： 
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 ( ) (
0

  exp exp expOX BOX S
t tα

τ
⎛ ⎞−

− −⎜
⎝ ⎠

)xα ⎟                                 

            ( )1

0

0      for  ln expS OX BOX
tx tα α
τ

− ⎛ ⎞
≤ −⎜ ⎟

⎝ ⎠

=                                                          (9)                

             ( )1

0

1   for   ln expS OX BOX
tx tα α
τ

− ⎛ ⎞
≥ −⎜ ⎟

⎝ ⎠

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

[13], [18]. Therefore, (8) can be further simplified 

 

( )( ) ( )( ) ( ) ( )

( )( )

( ) ( )

1

0

1

0

ln exp
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ln exp
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t tqI
nkT

t t x
Q x dx

t t

α α
τ

α α
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dx

ε
ε

ε

ε ε
ε
ε
ε
ε

−

−

⎛ ⎞
−⎜ ⎟

⎝ ⎠
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⎝ ⎠

+ −
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⎛ ⎞
= − +⎜ ⎟

⎝ ⎠

+ −
×

+

∫

∫

 (10)                

 

By neglecting the term 

S
BOX S

OX

S
BOX S

OX

t t

t t

xε
ε
ε
ε

+ −

+
 and assuming a uniform storage charge 

distribution, then 

 

 ( )( ) ( )( ) (1

0

ln ln 0 ln expBOX S
d d S S OX B

OX S

t tq tI t I Q t
nkT

α α
ε ε τ

−⎛ ⎞ ⎛
= − + −⎜ ⎟ ⎜

⎝ ⎠ ⎝
)OX

⎞
⎟
⎠

     (11)  

 

Finally, a power-law dependence of the subthreshold current transient is readily 
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obtained, i.e., 

 

 ( )  p
dI t t∝                                                     (12) 

with S BOX S

S OX S

Q t tqp
nkT α ε ε

⎛ ⎞
= − +⎜

⎝ ⎠
⎟          

 

The power factor p  is positive for electron detrapping.  

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

the other hand, if the stored charges escape through top oxide, a similar derivation is 

performed. A power-law dependence is also obtained. The only difference is the slope 

of the subthreshold current transient. 

    
α ε

⎛ ⎞
= − ⎜

⎝ ⎠
S TOX

S OX

Q tqp
nkT ⎟                                             (13) 

Therefore, the time-dependent of a subthreshold current transient on a log-log scale is 

a straight line without respect to the direction that stored charges escape.  
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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 flash memory. However, threshold voltage is only linearly dependent 

on storage charge and thus may not be sufficiently sensitive 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 curve shift which is corresponding to threshold voltage shift. 

Fig. 4.1 also demonstrates that as threshold voltage decreases linearly, subthreshold 

current increases exponentially when the device is biased at a fixed gate voltage in 

subthreshold region. Therefore, we can have a better measurement resolution by 

monitoring the temporal evolution of subthreshold current. 

 

 

 

 

 27



4.2 Time-Dependent of a Subthreshold Transient  

4.2.1 Experimental 

 The devices used in this work are HfO2 nanocrystal flash memories which have a 

8nm top oxide, a 10nm intermediate oxide layer with embedded HfO2 dots, and a 6nm 

bottom oxide. Detail fabrication process and device characteristics can be found in [9]. 

The device area is 10 1 ( )m m W Lμ μ× × . 

 The device is first subjected to an either uniform positive or negative injection 

for programming. The program Vt 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 

Vd=0.1V, the drain current can be determined in the subthreshold region.  

 

 4.2.2 Measurement Results 

 The subthreshold current transient in a device (10 1 )m mμ μ×  is measured at 

T=100οC after uniform positive FN programming. The measured 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 (10 1 )m mμ μ×  

which is programmed by uniform negative FN injection at T=100οC. 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. 4.5 illustrates the threshold voltage shift over time of a device 

(10 1 )m mμ μ×  which is programmed by uniform negative FN injection at various 

temperatures including 85℃, 100℃ and 115℃. At the temperature at 115℃, we 

observed a more significant charge loss than that at 85℃ and 100℃. This result 

indicates the retention characteristic of HfO2 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.
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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]. 

 ( )(0 expd gsI I S V V= − )fb                                           (1) 

where S is the slope of the subthreshold current which can be evaluated directly from 

the ds gsI V−  curve in a measured device. Charge loss will result in the change of 

flat-band voltage: 

 

 ( ) ( ) 0

1

0

t

g
fb fb

I dt
V t V

C
= + ∫                                            (2) 

where  is defined in Fig. 2.1 and a analytical equation of Ig is developed in 
Chapter 2: 

1C

 

 exp( )s a
g

ox

AQ EI
t kTα

−
=                                               (3)  

 

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

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

 ( )( ) ( ) ( )0
1

ln ln exp ln
α

′ −⎛ ⎞= + ⋅ ⋅⎜ ⎟
⎝ ⎠

S a
d d

OX

AQ ESI t I
C kT

t                        (4) 

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

 
1

exp
α

′ −⎛= ⋅ ⎜
⎝ ⎠

S

OX

AQ ESSlope
C k

⎞
⎟

a

T
                                       (5) 

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. 4.2 Subthreshold current transient measured at T=100℃. The device
is programmed by positive uniform FN injection.
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Chapter 5 

Conclusions 

 In this thesis, the data retention model of a HfO2 dot flash memory cell is 

reported for the first time. The charge loss mechanism in a HfO2 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 HfO2 dot flash memory cell. Next, 

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

a log-log scale. Finally, a two-stage behavior is observed in a HfO2 dot flash memory 

cell by monitoring the temporal evolution of subthreshold current. 
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