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製程引起機械應力 N 型通道金氧半電晶體中之穿隧漏電流

的特性量測與模型化 
 

 

研究生：陳以東                               指導教授：陳明哲博士 

國立交通大學 

電機學院產業研發碩士班 

 

摘  要 

 

在本文中，一個新的程序被應用來調查在機械應力下截止狀態的 N 型

通道金氧半場效電晶體的穿隧漏電流。藉由一個建立在三角位能井的量子

模擬器以及運用已知的製程參數和文獻發表變形位能常數為輸入，以此來

擬合測量出來對應於閘極電壓的直接穿隧電流，並連至通道應力引起的數

量經由一個閘極對淺溝槽絕緣側邊間隔技術。再者，漏電流被分成邊緣直

接和表面能階對能階的穿隧電流。為了確認模型的可行性，達成了與量測

資料相符的模擬數據，並且萃取出來的參數互相有一致性。 
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Abstract 
 

In this thesis, a new procedure is adopted to investigate the tunneling leakage 

currents in off-state n-channel MOSFET under mechanical stress. By means of a 

triangular potential based quantum simulator and with known process 

parameters and published deformation potential constants as input, fitting of the  

measured direct tunneling current versus gate voltage leads to the quantities of 

the channel stress via a gate-to-STI (shallow trench isolation) sidewall spacing 

technique. Then leakage currents are separated into the edge direct tunneling 

and surface band-to-band tunneling currents. Good agreements with the 

measurement data are achieved and the extracted parameters are consistent with 

each other, confirming the validity of the model. 
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Chapter 1 

Introduction 
 

Section 1.1 General Introduction 
 

In order to shrink MOSFET devices into the deep sub-micrometer regime, the level 

of channel dopants will increase inevitably and the gate dielectric thickness must 

decrease. This leads to a significant increase of the normal electric field, imposing 

high demands on the advanced technology and on the understanding of the device 

physics involved. Thus, accurate characterization and modeling of ultra thin oxides in 

the leakage current in the high field conditions is essential and crucial [1]. A series of 

models including the tunneling regime have recently been published concerning the 

electron direct tunneling in n+ poly-gate nMOSFETs and the electron tunneling from 

the valence band into the conduction band in the gate-to-drain overlap region.  

 

Recently, the mechanical stress induced by shallow trench isolation (STI) attracts a 

lot of attention [2]. Both the experimental work and numerical simulation have 

demonstrated that the STI stress magnitude is rather high in scaled MOSFETs [3, 4]. 

The effect of the STI-induced stress on the carrier mobility has been discussed in [5]. 

The enhancement or suppression of dopant diffusion due to STI-induced stress is also 

reported in [6]. 

 

Moreover, the leakage currents at high electric field are not only the single factor 

induced by the only one mechanism [1], but also have the mechanical stress induced 

variation [2]. In this thesis, the mechanical stress induced by shallow trench isolation 

(STI) significantly affects the device behavior in the advanced CMOS technology. 
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The thesis presents that the stress induced from the STI spacing sidewall can be 

extracted by the basis of the triangular potential approximation [7].  

 

The electrical approach to the local mechanical stress around the source/drain 

extension corner of uniaxially stressed nMOSFETs is also presented later. With the 

proper measurement, we can separate correctly the dominated leakage current 

mechanism in the off-state regime. Therefore, the edge direct tunneling current in the 

n+ poly-gate and the gate-induced drain leakage at high electrical field in the 

gate-to-drain overlapped region can be simulated from the triangular potential 

simulator. Thus, the parameters from the current mechanism can be extracted 

reasonably.  

 

Section 1.2 Organization of The Thesis 
 

In this thesis, it is organized based on the following arrangement. Chapter 2 

discusses the techniques of the stress extracted from the gate-to-STI (shallow trench 

isolation) spacing sidewall for ultrathin gate oxide nMOSFETs. Through the TRP 

(triangular potential) simulator, the STI-induced stress can be extracted and the 

quantum confinement phenomenon is depicted in the subbands in nMOSFETs. 

 

In Chapter 3, on the one hand, the stress-induced leakage current variation is 

investigated, and the edge direct tunneling (EDT) currents reflect the STI-induced 

stress. On the other hand, the EDT of electrons from n+ plysilicon to underlying 

n-type drain extension in off-state nMOSFETs can be simulated via TRP. Moreover, it 

is in agreement with the measured data under the stress condition resulted from the 

STI. Applying the correct model, the EDT under the stress condition can reveal the 

effective tunneling path of EDT with the doping concentration of drain extension 
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taken into account. 

 

In Chapter 4, under off-state situation, the drain leakage results from the edge 

direct tunneling (EDT) rather than conventionally gate-induced drain leakage (GIDL) 

or bulk band-to-band tunneling (BTBT). However, the conventional GIDL (or 

surface BTBT) is recognized as the major drain leakage in off-state, but from our 

experiment, the leakage current is dominated by the different magnitude of the drain 

to gate voltage. They can be separated through this experiment, and fitted by the 

proper model. Especially, in high electric field, the dominated leakage is the GIDL 

and it is influenced by the stress. Thus, the energy gap and band bending voltage 

vary and are not always constant. In addition, using the TRP, the simulated data can 

be calculated in the adequate model. The parameters can be extracted subsequently. 

 

Finally, conclusions are given in Chapter 5, where the major contribution of the 

work is proposed. 
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Chapter 2 

Stress Extraction 
 

Section 2.1 Device Under Study 

 

The n+ poly-silicon gate n-MOSFETs were fabricated in a state-of-the-art 

manufacturing process. The device process flow is depicted in Fig. 2.1. Three key 

process parameters obtained by the capacitance-voltage (C-V) fitting are as follows: 

n+ poly-silicon doping concentration = 20 31 10 cm−× , gate oxide thickness = 1.27  nm , 

and substrate doping concentration = 17 34 10 cm−× . In this chapter, the devices was 

characterized, for gate length L of 1 mμ , and gate width W of 10 mμ . For the devices, 

the gate length along the 110  direction was 1 mμ  large enough that the following 

effects can be effectively eliminated: external series resistance and short channel or 

drain induced barrier lowering (DIBL), whereas the gate width was 10 mμ , indicating 

that the transverse stress is relatively negligible. The layout technique was utilized in 

terms of gate edge to STI (Shallow Trench Isolation) sidewall spacing, which is 

designated as a , with four values of 10, 2.4, 0.495, and 0.21 mμ . A decrease in a  

means increased magnitude of longitudinal stress. The schematic cross section and the 

topside view of the test device are depicted in Fig. 2.2(a) and (b).  

 

A considerable number of contacts were formed on the source/drain diffusion along 

the gate width direction, far away from the STI in 110  direction. The spacing 

between the gated edge is fixed in this work. It has been reported that silicide can 

introduce stress into channel and its effect can be eliminated by well controlling the 
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silicide formation [5]. Thus, the silicide process was fine tuned for the device under 

study to minimize its effect as compared with STI stress. 

 

The gate direct tunneling current was measured in inversion conditions with the 

source, drain, and substrate all tied to ground. Also characterized was mobility on the 

same device at VD = 25mV. The change of the conduction-band electron direct 

tunneling current at VG=1V and the mobility at VG=0.5V, all with respect to A = 10 

μm , are plotted in Fig. 2.3 versus gate to STI spacing. It can be seen that a decrease 

in the gate to STI spacing can produce an increase in both the gate current and 

threshold voltage while degrading the mobility [9]. 

 

Section 2.2  The TRP simulator 

 

The TRP simulator was constructed to quantify the direct tunneling current density 

on the basis of the triangular potential approximation in the channel, taking into 

account the poly-silicon depletion [7]. A good starting point to understand the band 

splitting induced by strain or stress is from the aspect of broken symmetry. Due to the 

commutation between operations and crystal Hamiltonian, symmetry plays a vital role 

in determining the band structure. Compressive stress causes the repopulation of the 

electrons, decreasing the electron density and 2/ SiOSi barrier height in the 2Δ valley, 

while increasing the electron density and 2/ SiOSi barrier height in the 4Δ valley [10]. 

Note from the expression listed above that the change in the conduction band energy 

may cause the strain altered gate leakage (Fig. 2.4). 

 

Sketched in Fig. 2.5 (a) and (b) is the band’s structure for silicon, which are 
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ellipsoids of constant electron energy in reciprocal space, each corresponding to one 

of the degenerate conduction band valleys. In this thesis, quantum confinement and 

stress both enhance the degeneracy between the four in-plane valleys ( 4Δ ) and the 

two out-of- plane valleys ( 2Δ ) owing to energy splitting. Compressive stress 

decreases the electron population in the 2Δ valley due to a higher out-of-plane mass 

and a significantly longer lifetime compared to the 4Δ valley, resulting in an increased 

electron tunneling current [11]. 

 

The electron direct tunneling current density can be modeled by the TRP simulator. 

First of all, the potential drop due to poly depletion is determined through the 

following expression [9]: polysioxox NqF εε 2V 22
poly = , and the substrate band bending 

can be written as oxpolyFBGs VVVV −−−=V , where GV is the applied gate 

voltage, FBV the flat band voltage , oxV the oxide potential drop, and polyV  the 

potential drop in the n+ poly-silicon region. The reference point of this model is the 

conduction band edge of the 4Δ  subband. Therefore, the tunneling barrier at the 

cathode-side interface and the relative positions of the 2Δ  and 4Δ subbands can be 

defined as [12]: 

 

4BCBC )((stressed) dEunstressed −= φφ                                 (2.1) 

4222 )()( dd EEunstressedEstressedE −+= ΔΔ                           (2.2) 

)()( 44 unstressedEstressedE ΔΔ =                                     (2.3) 

 

where 

3.15eV)(BC =unstressedφ                                          (2.4) 
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( )( ) ( )( )2 11 12 12 112
3 3

u u
d dE S S S Sσ σΞ Ξ⎛ ⎞ ⎛ ⎞= Ξ + + + −⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠
                     (2.5) 

( )( ) ( )( )4 11 12 12 112
3 6

u u
d dE S S S Sσ σΞ Ξ⎛ ⎞ ⎛ ⎞= Ξ + + − −⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠
                   (2.6) 

The change in the energy bandgap is then considered: 

 

( ) 1 4( )g g V dE stressed E unstressed E E= +Δ +Δ                           (2.7) 

 

Fig. 2.6 presents the band diagram when the cathode side is stressed, whereas no 

stress is applied on the cathode-side. Taking into consideration that the n+ poly-silicon 

region is also stressed, as depicted in Fig. 2.7, the electron group velocity normal to 

the interface in the anode-side should also be modified. By modeling the energy band 

as parabolic one, we can compare the relative energy shifts on both sides of the silicon 

oxide to derive electron group velocity normal to the interface on both the anode and 

cathode sides. The modifications in the following expressions alter the correction 

factors in our TRP simulator and thus change the transmission probability [12]. 

 

The normal components of electron group velocity on both the anode and cathode 

sides are listed below: 

 

( ) ( )
Z

su

m
cathE

cath
2

VSi = , ( ) ( )
Z

su

m
AnE

An
2

VSi =                         (2.8) 

where ( ) ( )( )422 )(E ddsi EEunstressedECath Δ−Δ−= Δ                    (2.9) 

( ) ( )( ) oxddddsi qVEEEEunstressedEAn +⎟
⎠
⎞⎜

⎝
⎛ ′Δ−Δ+Δ−Δ−= Δ 22422 )(E   (2.10) 

091.0 mmZ =  for 2Δ valley  (2.11) 
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( ) ( ))(E 4 unstressedECathsi Δ=    (2.12) 

( ) ( ) oxddsi qVEEunstressedEAn +⎟
⎠
⎞⎜

⎝
⎛ ′Δ−Δ+= Δ 444 )(E    (2.13) 

019.0 mmZ =  for 4Δ valley   (2.14) 

the primed and unprimed symbols represent the energy shift in the n+ poly-silicon 

region and the underlying substrate region, respectively.  

 

It is now a straightforward task to calculate the electron direct tunneling current 

density. If all the subband energy levels are determined, then the inversion-layer 

carrier density per unit area can be expressed as [9, 12-15]  

( )( )( )TKEEmgTKN Bifdii
B

i −+⎟
⎠
⎞

⎜
⎝
⎛= exp1ln2hπ

, where the subscript 

i denotes 2Δ and 4Δ , TKB is the thermal energy, ig is the degeneracy of the valley, 

and dim is the density of state effect mass. Then, by relating the boundary conditions 

between the oxide and silicon surface, the charge conservation relationship 

( ) oxoxdeplS FNNq ε≈+ [7, 9] can be established. From now on, it is the TRP simulator 

that employs an iteration procedure to select the appropriate oxide field value to meet 

the above expression. The flowchart of the TRP simulator is drawn in Fig. 2.8. 

 

Section 2.3 Stress Extraction via TRP simulator 

 

Existing direct tunneling models [16, 17] on the basis of the triangular potential 

approximation [7] in the channel, which takes into account the poly-silicon depletion, 

can be readily applied with some slight modifications such as incorporating stress 

dependencies of the subbands. The electrons in inversion primarily populate the two 
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lowest subbands [15]: one of the twofold valley Δ2 and one of the fourfold valley 

Δ4.The corresponding stress dependencies are well defined in the literature [15, 

18-19]. 

 

( )( ) ( )( )

2
3

, 2
2 11 12 12 11*

2

9
2

3 316 2
eff u u

d

hqE
E S S S S

m
σ σΔ

Δ

Δ

⎛ ⎞ Ξ Ξ⎛ ⎞ ⎛ ⎞⎜ ⎟= + Ξ + + + −⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎝ ⎠ ⎝ ⎠⎝ ⎠
  (2.15) 

( )( ) ( ) ( )

2
3

, 4
4 11 12 12 11*

4

9
2

3 616 2
eff u u

d

hqE
E S S S S

m
σ σΔ

Δ

Δ

⎛ ⎞ Ξ Ξ⎛ ⎞ ⎛ ⎞⎜ ⎟= + Ξ + + − −⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎝ ⎠ ⎝ ⎠⎝ ⎠

  (2.16) 

where 2E Δ and 4E Δ denote the energy levels for the 2Δ and 4Δ valley respectively, the 

quantization effective masses are omm 92.0*
2 =Δ  and omm 19.0*

4 =Δ , and the elastic 

compliance constants are ( )NmS 212
11 1068.7 −×= and ( )NmS 212

12 1014.2 −×−= . 

The hydrostatic and shear deformation potential constants eVd 13.1=Ξ and 

eVu 16.9=Ξ , which are close to those of Ref.[15], [20] were cited here. Stress along 

110  direction can be resolved into two different components normal and shear 

stress terms in 110 coordination. Shear terms can cause the band distortion, which 

in turn influences the effective mass. This effect becomes significant when applied 

strain approaches 1% and beyond, whose magnitude is much greater than that in our 

study case. Thus, it is reasonable to assume that effective mass change can be 

neglected under moderate stress in the subsequent calculation. One of the expressions 

for the effective electric field Eeff  can be found elsewhere [15]. With the 

aforementioned process parameters as input, the two lowest subband levels with 

respect to the Fermi level Ef  can be determined. The stress dependencies of the 

lowest subbands under different gate voltages were found to be consistent with those 
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in earlier works [15]. The inversion-layer carrier density per unit area can further be 

calculated by ( )( )( )TKEEmgTKN Bifdii
B

i −+⎟
⎠
⎞

⎜
⎝
⎛= exp1ln2hπ

  [7], [16], where the 

subscript i denotes Δ2 or Δ4, kBT is the thermal energy, ig is the degeneracy of the 

valley, and mdi is the density of state effective mass. It is then a straightforward task to 

calculate the Wentzel–Kramers–Brillouin tunneling probability, taking into account 

the corrections for reflections from the potential discontinuities [12]. Here, the 

electron effective mass in the oxide for the parabolic-type dispersion relationship was 

used with mox ∼ 0.50 m0, which is equivalent to mox = 0.53m0 for the tunneling 

electrons in the oxide using the Franz-type dispersion relationship [21]. The SiO2/Si 

interface barrier height in the absence of stress is 3.15 eV. 

 

Consequently, without adjusting any parameter, the conduction band electron direct 

tunneling current density can be calculated as a function of stress σ [15] as 

( ) ( )
( )

( )
( )

2 4

2 4
g

qN qN
J

σ σ
σ

τ σ τ σ
Δ Δ

Δ Δ

= +    (2.17) 

The tunneling lifetime in (3) can be related to the transmission probability T as 

2 2 2( ) /( ( ) ( ))T Eτ σ π σ σΔ Δ Δ= h  and 4 4 4( ) /( ( ) ( ))T Eτ σ π σ σΔ Δ Δ= h . 

 

With the above approach, we found that the uniaxial channel stress of around 0, −20, 

−125, and −320 MPa for a gate-to-STI spacing of 10, 2.4, 0.495, and 0.21 mμ , 

respectively, can reproduce gate direct tunneling current versus gate voltage 

characteristics. The corresponding gate current change is plotted in Fig. 2.3 versus the 

extracted channel stress with gate voltage as a parameter. It can be seen that the 

magnitude of the gate current change increases linearly with the stress, which is 
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consistent with those published elsewhere [15]. Again, in agreement with the citation 

[15], the slope of the straight line in Fig. 2.3 increases with decreasing gate voltage. 

This trend clearly points out that the accuracy of the proposed method can be 

enhanced by lowering gate voltages. 
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Chapter 3 

Edge Direct Tunneling Leakage Current Simulated 

with TRP 
 
Section 3.1 Introduction 
 

The off-state drain leakage is one of the big issues for aggressively shrunk 

MOSFET’s. The well recognized mechanisms are the gate-induced-drain-leakage 

(GIDL or surface band-to-band tunneling) [22], [23], the bulk band-to-band tunneling 

(BTBT) [24], and the drain-induced-barrier-lowering (DIBL) enhanced subthreshold 

conduction. In the case of reverse substrate bias for suppression of DIBL or 

subthreshold leakage, the bulk BTBT dominates [25]. On the other hand, the gate 

leakage due to direct tunneling (DT) [26] was measured per unit oxide area and a 

certain criterion of 1 A/cm set the ultimate limit of scalable oxide thicknesses [27], 

[28]. Recently, Yang et al. [29] have originally explored a dominant off-state leakage 

component via edge direct tunneling (EDT) of electron from n poly-silicon to 

underlying n-type drain extension. Also carried out in [29] is the I-V modeling 

obtained by following the procedure in [12], [16]. However, some parameters of great 

relevance were not clarified yet, such as the tunneling path area and the doping 

concentration of drain extension. In particular, the oxide field is an essential input 

parameter to the DT I-V model in [12]. We report that as scaled gate oxide thickness 

approaches the DT regime, the EDT of electron from n poly-silicon to underlying 

n-type drain not only dominates the gate leakage, but also can prevail over the 

conventional GIDL (Fig. 3.1), in agreement with [29]. This phenomenon is more 

pronounced for thinner oxide thicknesses, and EDT can even compete over the bulk 
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BTBT in the case of reverse substrate bias not mentioned in [29]. It is clarified that 

the gate leakage in stand-by mode indeed originates from the edge part rather than the 

whole gate oxide, and thus should be measured per unit gate width rather than per unit 

oxide area as in [27], [28]. Also presented is a physical model for the first time 

derived for the oxide field at the gate edge by accounting for electron subband in the 

quantized accumulation poly-silicon surface and its band diagram can be seen in Fig. 

3.2. This model is valuable in enabling consistently the reproduction of EDT I–V, the 

extraction of EDT path size (Fig. 3.3), and doping concentration of drain extension. 

 

Section 3.2 Experiment and Characterization 
 

The test device was an n+ poly-silicon gate n-MOSFET as fabricated in a 

state-of-the-art manufacturing process. The device process flow is depicted in Fig. 2.1. 

Also plotted in the figure is the schematic topside view of the test device. Three key 

process parameters were obtained by capacitance–voltage (C–V) fitting: n+ 

poly-silicon doping concentration = 20 31 10 cm−× , gate oxide thickness =1.27  nm , and 

substrate doping concentration= 17 34 10 cm−×  . In this process, the shallow-trench 

isolation (STI)-induced compressive stress was applied. A layout technique was 

utilized to produce a variety of stress in terms of the gate edge to STI sidewall spacing, 

designated as a, with four values of 10, 2.4, 0.495, and 0.21 μm. A decrease in a 

means increased magnitude of longitudinal stress. Considerable numbers of contacts 

were formed on the source/drain diffusion along the gate width direction, far away 

from the STI in the 110  direction. The spacing between the diffusion contact and 

the gate edge is fixed in this paper. With the source, drain, and substrate all tied to 

ground (in Table. 1 Bias condition (2)), the measured valence-band electron tunneling 

current in inversion (for the gate voltage VG larger than the threshold voltage Vth ) or 
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equivalently the substrate hole current was found to be unchanged, regardless of the 

stress. This indicates that the gate oxide thickness under study remains constant. The 

I-V curves are shown in the following Fig. 3.4 and 3.5. 

 

Section 3.3 Physical Model for EDT 

 

The electron direct tunneling from the accumulated poly-silicon surface down to 

the underlying silicon was measured versus negatively biased gate voltage with the 

source, drain, and substrate all tied to the ground. It can be seen in Fig. 3.4 that the 

resulting substrate hole current, which essentially is equal to the electron 

gate-to-substrate tunneling current, increases with decreasing a. Such dependency 

reflects the increasing magnitude of lateral compressive stress in the poly-silicon. The 

confirmative evidence of this origin is that for a given gate-to-STI spacing, the corner 

stress and channel stress both are comparable, and since the tunnel oxide is rather thin, 

the lateral compressive stress at the surface of the poly-silicon is reasonably close to 

that of the underlying silicon. In contrast, the simultaneously measured source/drain 

or edge direct tunneling (EDT) current decreases with decreasing a, as shown in Fig. 

3.5 and Fig. 3.6. To determine the underlying gate-to-source/drain extension overlap 

length where the EDT prevails, the existing edge direct tunneling models [1], [15], 

[17] on the basis of the triangular potential approximation [7] (Fig. 3.6) can readily 

apply with some slight modifications such as incorporating stress dependencies of the 

subbands in the accumulated poly-silicon surface. First of all, the oxide field Eox at the 

gate edge is determined through the following expression: 

DEoxpolyFBDG VVVVV ++=−           (3.1) 
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where DGV is the applied gate voltage, FBV the flat band voltage, and oxV the oxide 

potential drop, tox is the gate oxide thickness, and Vpoly and VDE are the potential drops 

in the n+ poly-silicon and source/drain extension region, respectively. The 

accumulated electrons mainly populate in the first subband E1 due to the lowest 

quantized energy dominating. Then, relating the sheet charge density to the number of 

occupied subband states can establish the charge conservation relationship 

1 2( ) d
fn ox ox

mq E E E Qη ε
π

− = =
h

 (3.2) 

 

where Efn is the quasi-Fermi level in n+ poly-gate, η is the degeneracy factor, and Q is 

the available charge for tunnel process. The corresponding stress dependency of the 

quantized energy is well defined in the literature [9], [15]. 

( ) ( ) ( )( )
2
3

1 11 12 12 11
9( ) 2

3 316 2
ox ox u u

d
Si z

hq EE S S S S
m

εσ σ σ
ε

⎛ ⎞ Ξ Ξ⎛ ⎞ ⎛ ⎞= + Ξ + + + −⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎝ ⎠ ⎝ ⎠⎝ ⎠
  (3.3) 

 

where the elastic compliance constants ( )NmS 212
11 1068.7 −×=  

and ( )NmS 212
12 1014.2 −×−= . The hydrostatic and shear deformation potential 

constants  eVd 13.1=Ξ   and eVu 16.9=Ξ , [20], close to those of [15], were cited 

here. With the aforementioned parameters as input, the lowest subband level with 

respect to the Fermi level can be quantified. Employing the lowest subband 

approximation to the accumulated n+ poly-gate and the deep depletion 

approximation to the source/drain extension region, as drawn in Fig. 3.6, the 

following expressions can, therefore, be derived: 

2
1

2/poly FN ox ox
d

EV E q E
q m q
πε
η

≈ = +
h   (3.4) 
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2 2

2
ox ox

DE
Si DE

EV
q N
ε
ε

=   (3.5) 

 

where NDE is the doping concentration of the source/drain extension. Here, the 

quantization effective masses mz = 0.98 m0 and md = 0.19m0, and η = 2 were adopted 

to approximate the band structure for 110  oriented poly-silicon grain [12]. Then, it 

is a straightforward task to calculate the WKB tunneling probability, taking into 

account the corrections for reflections from the potential discontinuities [12]. Here, 

the electron effective mass in the oxide for the Franz-type dispersion relationship was 

used with mox = 0.53 m0. The SiO2 /Si interface barrier height in the absence of stress 

is 3.15 eV. Consequently, the edge electron direct tunneling current density can be 

calculated as a function of the stress σ 

( ) ( )EDT
1

TN
QI WLσ

τ σ
=   (3.6) 

where W is the channel width, and LTN is the gate-to source/drain-extension overlap 

length. The tunneling lifetime in this equation can be connected with the transmission 

probability T : ( ) ( )( )1 1 1T Eτ π σ σ= h . 

 

Then, with known process parameters and published deformation potential 

constants [20] as input, the measured EDT was reproduced well, as displayed in Fig. 

3.5. Electron tunneling onto the forbidden silicon bandgap occurs in −0.1 V < VG < 0 

V; however, an appreciable gate current was measured there. This indicates the 

existence of the oxide traps or interface states. Only at a more negatively biased gate 

voltage where the EDT dominates can the effect of the traps be alleviated. In addition, 

it was found experimentally that the gate edge direct tunneling current is several 

orders of magnitude larger than the gate-to-substrate current, and hence is dominant 

over the gate voltage range of interest. The extracted gate-to-source/drain overlap LTN 
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spans a range of 6.1, 6.0, 5.7, and 5.0 nm for a of 10, 2.4, 0.495, and 0.21 μm, 

respectively, as demonstrated in Fig. 3.7. The LTN values are found to be comparable 

with those in the literature [1], [14], [17]. The shift of around 1.1 nm, caused by 

retarded doping lateral diffusion for stress change from 0 to −320 MPa, is reasonable 

with respect to the process simulation [6]. In the cited work [6], a 

device/process-coupled simulation was carried out to produce the lateral doping 

profile from the source through the channel to the drain, with and without the strain 

dependencies. 
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Chapter 4 

Gate Induced Drain Leakage Current Simulated 

under STI-Induced Stress 

 
Section 4.1 Introduction 
 

This drain leakage current is caused by the gate-induced high electric field in the 

gate-to-drain overlap region. Many researchers have attributed the leakage current to 

the band-to-band tunneling occurring in the overlap region and named the 

phenomenon gate-induced drain leakage current (GIDL). The extracted oxide 

thickness, potential, and doping profiles in the gate-to-drain overlap region are found 

to play important roles in the GIDL current. The GIDL and its degradation have 

restricted the scaling of oxide thickness and power supply voltage. In addition, the 

band-to-band tunneling induced hot-electron injection is proposed to be a 

programming method for flash memory cells [30] and an erase operation for 

EEPROM memory cells [31]. 

 

Some band-to-band tunneling current models for the GIDL have been proposed 

[23], [32-35]. These models show well-accepted physical dependence. However, the 

model in [23] and [32] ignores two physical parameters dependence. The most 

noticeable parameter is the lateral electrical field near the drain-to-gate overlap region. 

The other parameter that should be considered is the dependence of the band bending 

on the drain doping concentration. The model in [34] considers the built-in lateral 

field caused by the lateral gradient of the drain doping concentration, but it neglects 

the contribution of the external drain voltage to the lateral field. The model in [35] 

considers the dependence of the band bending on drain doping profile, vertical field 
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and lateral field, but the model is a complex integral-form equation. However, the 

mechanical stress induced by shallow trench isolation (STI) influences the electrical 

characteristics of the device, including the EDT and GIDL tunneling currents in Fig. 

4.1. 

 

Section 4.2 GIDL Dependence on STI-Induced Mechanical Stress 

 

In this chapter, we concentrate on the STI stress effect on gate-induced drain 

leakage (GIDL) current [22], [23]. The physical mechanisms for enhancing the GIDL 

due to the STI-induced stress are investigated. As design rules or layout dimensions 

are scaled down, the high-stress region encroaches further into the channel region. 

The GIDL dependence on layout parameters will also be discussed. 

 

This work focuses on the residual STI-stress after processing. Fig. 4.1 

schematically shows the top view of simulated n-MOSFET device as well as its cross 

section along the channel direction. Three key layout parameters are defined: channel 

width W, gate length L, and active-area lengths a (the length from the gate center to 

the STI inner edges as illustrated in Fig. 4.l (b)).The symmetry between the source 

and drain will be discussed to treat the EDT and GIDL under the STI-induced stress 

condition. In simulations the channel width is chosen as 10 mμ to avoid narrow width 

effects. The gate drain overlap is kept at 0.05 mμ . The other important bias 

parameters are summarized in Table 1. 

 

Previous experiment and numerical simulation have proved that STI-stress has a 

peak around the STI inner edges and rapidly decays from the edges to the channel 

region [2]. When approaching to the channel region, the stress variation is not drastic. 
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Since the GIDL takes place in this region, the stress in the simulation could be treated 

as constant value for simplicity. Based on the data in [2], the uniform STI-stress is 

implemented according to the changes of a. 

 

In order to physically analyze the stress effect on GIDL current, it is desirable to 

distinguish their contributions to the GIDL current separately. In Fig. 3.1, the leakage 

current components can be found from Yang, et al. [1]: 

 

IG=Igb + IEDT  

ID= IEDT + IGIDL+ Ibulk-BTBT  

IB= Igb + IGIDL + Ibulk-BTBT  

 

where IG, ID, and IB are the gate current, drain current, and bulk current, respectively, 

and then Igb is the gate-to-substrate tunneling current, IEDT is the edge direct tunneling 

current, IGIDL is the gate-induced drain leakage current, and Ibulk-BTBT is the bulk 

band-to-band tunneling current.  

 

Direct tunneling current from the gate overlap region into the underlying 

source/drain extension region (also identified in current literature as edge direct 

tunneling or EDT) has been recognized as the principal source of off-state power 

dissipation in state-of-the-art VLSI chips and the measured data versus the simulated 

line from the TRP in Fig. 4.2-4.5. Yang, et al. [1] have also shown that the 

components of gate leakage exceeds even band-to-band tunneling (BTBT) or 

gate-induced drain leakage (GIDL) for ultrathin gate oxide n-MOSFETs in Fig. 

4.6-4.11 and their bias conditions are different as shown in Table. 1.  
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Section 4.3 Experiment and Characterization 
 

The method for the stress-dependent GIDL simulation is as follows: Fig. 4.1(b) 

illustrates the tunneling leakage paths and related band diagrams (Fig. 4.16(a),(b)). 

With source open and under VG= -VD [1], the measured drain current, gate current, 

and bulk current are plotted in Fig. 4.6 and Fig. 4.7 for two different gate widths. Fig. 

4.8-4.11 all reveal that the drain current primarily comprises the GIDL, the bulk 

BTBT, and the gate current, implying the EDT as the origin of the latter component. It 

can be observed that the EDT dominates the gate leakage, and there exists a certain 

range where the EDT prevails over the conventional GIDL and bulk BTBT. This 

phenomenon is more pronounced for thinner oxide thicknesses. And then the GIDL 

can be separated adequately from the IB, bulk current by the measured method. In Fig. 

4.8 for 1.27 nm thin oxide and STI a=10μm, the polarity of the bulk current is 

reversed due to gate-to-substrate tunneling. Besides, we found experimentally that the 

EDT leakage is indeed proportional to the gate width, regardless of the aspect ratio 

(W/L). This means that the gate leakage in stand-by mode (i.e., only source and gate 

tied to ground) should be adequately measured per unit gate width in Fig. 4.2-4.5. 

 

In Fig. 4.12, we found the GIDL (or surface BTBT), gate-to-substrate tunneling, 

and bulk BTBT in the substrate hole current from the corner. Thus, the GIDL can be 

shown in the high electric field region and the current model can be adapted in the 

proper regime in Fig. 4.13. 

 

Section 4.4 Band-to-Band Tunneling Current Model 
 

  In this section, the concept of the previous model is explained and the inadequacy 

of this model is demonstrated. A number of have attributed subbreakdown to the 
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band-to-band tunneling process in silicon in the gate-to-drain overlap region, as 

illustrated in Fig. 4.16. The cross section shown in Fig. 4.16 is simply a gated-diode 

configuration. When high voltage is applied to the drain with the gate grounded, a 

deep-depletion region is formed underneath the gate-to-drain overlap region. 

Electron-hole pairs are generated by the tunneling of valence band electrons into the 

conduction band and are collected by the drain and substrate separately. Since all the 

minority carriers generated thermally or by band-to-band tunneling in the drain region 

flow to the substrate due to the lateral field, the deep-depletion region is always 

present and the band-to-band tunneling process can continue without creating an 

inversion layer. Band-to-band tunneling is possible only in the presence of a high 

electric field and when the band bending is larger than the energy band gap, Eg. 

 

The conventional model has assumed that (a) the value of band bending in the 

depletion layer in the drain-to-gate overlap region is fixed at Eg=1.12 eV, which is the 

minimum value necessary for a tunneling process to occur, and that (b) band-to-band 

tunneling occurs only at a point of the Si-SiO2 interface, as shown in Fig. 4.16. 

 

A simple expression for the surface field ([23], [32]) at the dominant tunneling 

point is:  

1.12
3

DG
Si

OX

VE
T
−

=  (4.1) 

where ESi is the vertical electrical field at the silicon surface, 3 is the ratio of silicon 

permittivity to oxide permittivity, and Tox, is the oxide thickness in the overlap region. 

The theory for tunneling current predicts [32] that 

exp( )BTBT Si
Si

BI AE
E
−

=  (4.2) 

where A is a pre-exponential constant and B = 21.3 MV/cm. The dependence of the 
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subbreakdown current on both the oxide thickness and the impurity distribution plays 

an important role in the subbreakdown phenomenon. Although the previous model 

took into account the effect of oxide thickness, the dependence on the impurity 

distribution was neglected. But, the calculated results do not agree with the 

experimental results, especially under the stressed condition. The simplified model is, 

therefore, totally inadequate for the subbreakdown phenomenon. 

 

Fig. 4.16(c) shows a cross-sectional view of an n-MOSFET device. When the drain 

is connected to a positive bias and the gate is connected in the vicinity of zero bias or 

even to a negative bias, a depletion region is formed underneath the drain-to-gate 

overlap region and a high field is created in the depletion region. Electron-hole pairs 

are generated by the tunneling of valence band electrons into the conduction band and 

collected by the drain and substrate separately. In Fig. 4.14(a), a vertical and lateral 

energy band diagram is presented near the point, as shown in Fig. 4.14(b). In Fig. 

4.14(b), the electrons tunnel into the drain due to the vertical field ESi is shown. For 

the band-to-band tunneling process, because the tunneling electrons in the drain 

dominate the GIDL, the vertical field in the drain is the dominant field for the leakage 

and is an important parameter in the tunneling current model [36] in Fig. 4.15. In 

addition, the vertical field depends on the band bending Vbend, as shown in Fig. 

4.16(b), and the Vbend is strongly related to the drain doping concentration. Therefore, 

the drain doping concentration is also an important parameter in the tunneling current 

model. Thus, the vertical field in the overlap region could be estimated using 

depletion approximation. 

 

When the VDG is a constant, the vertical fields in the gate-to-drain overlap region 

are nearly equal regardless of what drain and gate voltage are applied. However, if the 
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gate voltage is more negative, the drain voltage must be more positive. The GIDL 

would not be equal under constant drain-to-gate voltage VDG. The GIDL is dependent 

on both the drain-to-gate voltage VDG and drain voltage VD [33], [34]. 

 

In this section, the concept of the new accurate model is explained, and the new 

model is introduced in detail. The concept underlying the new model has four aspects: 

(a) a deep-depletion layer is created in silicon in the drain-to-gate overlap region and 

the value of band bending increases monotonically over 1.12 eV as a function of drain 

voltage. 

(b) The dependence of subbreakdown on the impurity distribution is considered. 

(c) Both the electric field of the deep-depletion layer and the tunneling region are 

calculated by depletion approximation.  

(d) The band-to-band tunneling rate is calculated by the two-band theory. 

 

The concept for this model is given as follows. Holes are generated by 

band-to-band tunneling. However, an inversion layer is not formed in the 

drain-to-gate overlap region, because the generated holes flow into the substrate due 

to the lateral electric field. Therefore, the band bending value and the electric field 

increases monotonically as drain voltage increases in Fig. 4.17-4.20. The width of the 

depletion region where electron tunneling occurs also increases as the drain voltage 

increases. Both the electric field and the band bending value can be estimated by 

depletion approximation, as functions of the drain voltage, the distribution of impurity 

density in the drain, and the oxide thickness. 

 

When the impurity distribution in the drain-to-gate overlap region is uniform, for 

example, the electric field in the depletion region becomes [33] 
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2 (1 )
2

Si bendD D
Si

Si D Si bend

VqN qNE X
qN V
ε

ε ε
= −   (4.3) 

where Esi is the electric field in the depletion region, Vbend is the band bending value, 

ND is the impurity density in the drain region, q is the electron charge, Siε  is 

dielectric constant of the silicon, and X is a coordinate normal to the Si-SiO2 interface. 

The silicon surface is represented by the plane at X = 0 and the bulk by a positive 

value of X. From the Gaussian law, the continuity equation for electric displacement 

at the Si-SiO2 interface becomes 

( 0) ( ) /Si Si ox ox ox DG bend oxE X E V V Tε ε ε= = = −   (4.4)  

where EOX is the electric field in the SiO2  layer, and oxε  is the dielectric constant of 

the oxide. Substituting (3) into (4), the band bending value is given as a function of 

drain voltage as follows: 

2 2
2 2

2 2( ) ( )D ox Si D ox Si
bend DG FB DG DG FB

ox ox

qN T qN TV V V V V Vε ε
ε ε

= − + − + − −   (4.5) 

 

When the gate electrode is biased negatively, the gate overlap region over the 

source/drain extension region immediately goes into accumulation given the fact that 

the flat band voltage between the heavily doped n+ poly-Si region and the 

source/drain extension region is almost zero. 

2 2
2 2

2 2( )D ox Si D ox Si
bend DG DG DG

ox ox

qN T qN TV V V Vε ε
ε ε

= + − + −    (4.6) 

Full-overlap LDD is used to study this tunneling leakage because the lateral field is 

suppressed while the drain concentration is high enough so that the dominant 

tunneling point has a band bending of 1.2 eV (Fig. 4.16(a), (b)). However, the energy 

gap decreases as the STI spacing wall a decreasing in Fig. 4.21. The proper and 

simple current model for GIDL (or surface BTBT) ([34], [36-38]) can be expressed as 
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follows: 

2
1 exp( )BTBT Si

Si

I E
E
ββ −

=    (4.7) 

2

1 3

1
2

r g bend
eff

q m E V
Area

π
β

β
= × ×

h
   (4.8) 

1 3
2 2

2 2 2
r gm E

q
π

β =
h

   (4.9) 

where 
( )

2 D bend
Si Si vertical

Si

qN VE E ε= = ; mr=0.2m0 is the effective mass[33], m0 is the 

electron rest mass, h  is the Plank’s constant divided by 2π, and effArea  is the 

effective tunneling area. Therefore, using this simplified model, we can fit the 

measured GIDL under the stressed condition well. 

 

Section 4.5 Results with Calculation and Simulation via TRP 

 

In comparison with the conventional model, the energy gap and the band bending 

voltage that can be seen in the Fig. 4.19-4.21 are not always constant under the 

stressed condition. When a crystal is deformed by mechanical stress, the crystal 

symmetry and lattice spacing are altered and hence the energy bands change. The 

reasons to explain strain-induced band structure changes are the deformation potential 

theory proposed by Bardeen and Shockley [39]. The band shifts due to crystal 

deformations could be described by a perturbation of the local crystal potential. They 

concluded that the stress would narrow the silicon band gap. 

 

The early experiment and simulation have proven that STI processing would induce 

compressive stress due to the swell of the STI wall volume [2]. So the induced 

negative strain tensor causes the energy gap Eg narrowing (Fig. 4.21). In Eqs.(4.6), 
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(4.7) and (4.8), except of Eg, the other parameters are kept constant under the 

compressive stress. Thus GIDL is inevitably enhanced, which is verified by our 

experimental results as shown in Fig. 4.12 in the high electric field. 

 

The energy gap decreases as the stress increasing from the TRP simulator, 

especially under the stressed condition, and the band bending voltage increases as the 

drain to gate voltage increasing. With calculation of the Esi and Vbend, the proper 

region is chosen essentially, and then we define the GIDL region as the drain-to-gate 

voltage that is 2~3 volts [1] (Fig. 4.13). In addition, the leakage current in off-state 

cannot be in agreement with the GIDL current model, especially in the low electric 

field (Fig. 4.22 and 4.23). However, using the conventional model of GIDL captures 

the measured data well in Fig. 4.27. The electric field, energy gap, and band bending 

voltage of the calculation results compare well with the simulation of the TRP and 

they are very close in Fig. 4.15, 4.17, and 4.18. From this, the fitted line can be in 

agreement with the GIDL in the separated region under the stressed condition well in 

Fig. 4.24. Therefore, the parameters can be extracted from the fitted line in the Table. 

2, and the effective tunneling area (Fig. 4.26) can also be extracted as well. The 

calculation flow chart is described as follows: Fig. 4.25. In addition, the extracted 

parameters, 1β  and 2β , decrease as the STI-induced stress increases. Moreover, the 

effective tunneling areas extracted from the different STI spacing sidewall decrease 

with increasing drain to gate voltage.  
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Chapter 5 

Conclusion 
 

The EDT (Edge Direct Tunneling) current decreases as the gate-to-STI spacing 

sidewall decreases. The Gate-Induced Drain Leakage (GIDL or surface BTBT) 

current increases as the gate-to-STI spacing sidewall decreases. The energy gap and 

the band bending voltage of the conventional model do not change as the stress 

increasing, and the GIDL (or surface BTBT) fitting lines do not agree with the 

measurement data well. The tunneling area decrease as the stress increasing, and the 

energy gap also decrease when the STI-wall decreases.  Using the BTBT current 

model to fit the conventional GIDL, the fitting line cannot agree with the ideal 

condition, so the proper region has to be chosen essentially. With the measured 

method from Yang’s et. al, the reasonable region can be separated clearly. So the 

current model can be agreement with the measured data, the region is chosen well.  

 

Until now we have analyzed the STI-stress effects on GIDL from the weak to 

strong electric field. It is clear that the STI-stress reduction could ameliorate the GIDL 

enhancement. There are two methods to reduce the STI-stress magnitude. Although 

the new STI process such as STI-wall-oxide nitridation could reduce stress via the 

decreasing STI wall volume, this method is not maturated. Another effective method 

is the adoption of asymmetric layout. The STI-stress decreases rapidly with increasing 

active area lengths, i.e., a1 or a2, in a critical value (~ 2 mμ  in Ref [3]). 
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Fig. 2.1 
 

 Device formation process flow 
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Fig. 2.2 
 

(a) Schematic cross section and (b) topside view of the device under study. The gate 
edge to STI sidewall, i.e., a, is highlighted. The stress condition is compressive due to 
the lower thermal expansion rate of STI oxide compared to silicon. 
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Fig. 2.3 
Experimental gate current change percentage versus uniaxial channel stress with both 

gate-to-STI spacing and gate voltage as parameters. 
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Fig. 2.4 

Schematic diagram of the electron direct tunneling process and subband splitting for 
n-MOSFET. 

 

 

Fig. 2.5 
(a) Schematic diagram of the conduction band structure of silicon in the unstressed 

case. 

(b) Schematic diagram of conduction band structure of silicon in compressive stressed 

condition. 
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F
ig. 2.6 

Energy levels drawn along n+ poly-gate/SiO2/diffusion extension with no stress 

applied. 

 

 
 

Fig. 2.7 
Energy levels drawn along n+ poly-gate/SiO2/diffusion extension with compressive 

longitudinal and transverse stresses applied. 
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Fig. 2.8  
Flow chart of the electron direct tunneling model. 
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Fig. 3.1 
 

Schematic cross section near gate/drain overlap region under VG < 0 V, VB=0V, and 
VD = -VG. Different tunneling paths are shown. 
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(a) 
 

(b) 
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(c) 

 
Fig. 3.2 

 
(a) Band diagram located at channel region far from drain extension. Accumulation 
hole DT (I ) and accumulation electron DT current (I ) both contribute to 
gate-to-substrate tunneling current. 
 
(b) Band diagram located at gate/drain overlap region, showing GIDL under off-state 
condition. 
 
(b) Band diagram located at gate/drain overlap region, showing EDT under off-state 
condition. 
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Fig. 3.3 
 

Exhibiting the EDT path across the length LTN in the structure of NMOSFET. 
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Fig. 3.4 
Measured substrate hole current versus negative gate voltage. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.5 
Comparison of calculated and measured edge direct tunneling current versus negative 

gate voltage for effective mass mox=0.53m0. 
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Fig. 3.6 
Band diagram drawn along gate/SiO2 /drain extension. The accumulation potential 

bending, Vpoly , with two-dimensional electron gas (2-DEG) concept and the silicon 

surface potential bending, VDE , with the deep depletion approximations all are 

adopted in the procedure of Eox extraction. 
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Fig. 3.7 
 
Extracted gate-to-source/drain extension overlap length versus gate-to-STI spacing. 

The decreasing trend with decreasing a can be related to the retarded lateral diffusion 

under the influence of the compressive stress. 
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(b) 

 
Fig. 4.1 

(a) Topside view of the device under study. 

(b) Tunneling currents under STI-induced mechanical stress. The two mechanisms are 

EDT and GIDL (or surface band-to-band tunneling). 
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Fig. 4.2 
 

Edge direct tunneling current is shown in nMOSFETs for width W=10μm, and its 

fitted line from TRP agrees with the measurement data for effective mass mox=0.61m0 

under bias condition (1). 
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Fig. 4.3 
 

Edge direct tunneling current is shown in nMOSFETs for width W=0.6μm, and its 

fitted line from TRP agrees with the measurement data for effective mass mox=0.61m0 

under bias condition (1). 
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Fig. 4.4 

 
EDT is shown in nMOSFETs for width W=10μm, and its fitted line from TRP is in 

good agreement with the measurement data for effective mass mox=0.73m0 under bias 

condition (2). When 0.5V<VDG<2V EDT dominates the leakage current, the GIDL is 

shown in VDG>2V.  
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Fig. 4.5 
 

EDT is shown in nMOSFETs for width W=0.6μm, and its fitted line from TRP is 

good agreement with the measurement data for effective mass mox=0.73m0 under bias 

condition (2). When 0.5V<VDG<2V EDT dominates the leakage current, the GIDL is 

shown in VDG>2V.  
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Fig. 4.6 

 
Leakage currents in off-state for gate, drain, and bulk are shown and IB can be 

separated into the bulk-BTBT, gate-to-substrate tunneling, and GIDL under bias 

condition (2) and no stressed condition. 

 
 
 
 
 

0.0 -0.2 -0.4 -0.6 -0.8 -1.0 -1.2 -1.4 -1.6
1E-12

1E-10

1E-8

1E-6

1E-4

 

 

I (
A

)

VG (V)

 IG

 ID

 IB

W=10μm,L=1μm,A=10μm
VD= -VG, VS=open



‐ 55 ‐ 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.7 
 

Leakage currents in off-state for gate, drain, and bulk are shown and IB can be 

separated into the bulk-BTBT, gate-to-substrate tunneling, and GIDL under bias 

condition (2) and no stressed condition. 
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Fig. 4.8 
 

Leakage currents in off-state nMOSFETs for gate, drain, and bulk are shown, and the 

gate-to-STI spacing A=B=a=10μm for no stress. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.9 
 

Leakage currents in off-state nMOSFETs for gate, drain, and bulk are shown, and the 

gate-to-STI spacing A=B=a=2.4μm for stress about -20 MPa. 
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Fig. 4.10 
Leakage currents in off-state nMOSFETs for gate, drain, and bulk are shown, and the 

gate-to-STI spacing A=B=a=0.495μm for stress about -125 MPa. 
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Fig. 4.11 

Leakage currents in off-state nMOSFETs for gate, drain, and bulk are shown, and the 

gate-to-STI spacing A=B=a=0.21μm for stress about -320 MPa. 
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Fig. 4.12 
 
The substrate hole current under mechanical stress which can be found to be made up 

of the surface BTBT (band-to-band tunneling or GIDL), gate-to-substrate tunneling, 

and bulk BTBT in the different VDG. The GIDL is about in 2V< VDG<3V. 
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Fig. 4.13 
 
GIDL (or surface BTBT) current under different gate-to-STI sidewall spacing values. 
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Fig. 4.14 (a) 
 

The electric field is linearly distributed across the tunneling barrier in the X direction 

(See Fig. 4.14(b)) provided the lateral field is suppressed. 
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Fig. 4.14 (b) 
 

Device cross sections. The top one is a non-LDD device and the bottom one is a 

full-overlap LDD device. The lateral field is suppressed by increasing the phosphorus 

doping. The total field is the vector sum of the vertical field and the lateral field. 
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Fig. 4.15 
 
The electric field with model’s calculation and TRP. GIDL happened in 2V<VDG<3V. 
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(a)                       (b) 
 
 
Fig. 4.16 (a) Energy band diagram based on the previous model. The value of band 

bending is fixed at 1.2 V. The band-to-band tunneling occurs only at the Si-Si02 

interface. 

 

Fig. 4.16 (b) Energy band diagram based on the new model. The value of band 

bending (Vbend) creases over 1.2 V. The band-to-band tunneling occurs in the shaded 

area. 
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(c) 

 
Fig. 4.16 (c) Cross-sectional view of a planar nMOSFET, as indicated in the 

electric field direction. 
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Fig. 4.17 
The electric field in the oxide under different STI-induced stress. However, they are 

very close. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.18 
 
The electric field in silicon under different STI-induced stress can be transferred from 
the electric field in the oxide. 
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Fig. 4.19 
 

The band bending voltages are compared in the model’s calculation and TRP’s 

simulation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 4.20 

 
The band bending voltages under STI-induced mechanical stress. 

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0

0.0

0.5

1.0

1.5

2.0

2.5

 

 

B
an

d 
B

en
di

ng
 V

ol
ta

ge
 V

be
nd

 (V
)

VDG (V)

 Vbend (model's)
 Vbend (TRP)

ND=3e18cm-3

A=10μm
VD= -VG, VS=open, VB=0

2.0 2.2 2.4 2.6 2.8 3.0
1.4

1.6

1.8

2.0

2.2

2.4
 

 

B
an

d 
B

en
di

ng
 V

ol
ta

ge
 V

be
nd

 (V
)

VDG (V)

 A=B=10μm
 A=B=2.4μm
 A=B=0.495μm
 A=B=0.21μm

N
D
=3e18 cm-3

TRP simulator



‐ 67 ‐ 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.21 
 

Energy gap barrier versus gate-to-STI sidewall spacing. 
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Fig. 4.22 

 
Using conventional GIDL region in the new model calculation. 
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Fig. 4.23 
 

Conventional GIDL in off-state (VG<0V). 
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(a) 
 

Fig. 4.24 (a) Applying advanced current model to fit the measurement data 
(2V<VDG<3V). 
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(b) 
 
Fig. 4.24 (b) Using the TRP’s parameters to simulate the GIDL under mechanical 

stress (2V<VDG<3V). 
 
 
 
 
 
 
 

2.0 2.2 2.4 2.6 2.8 3.0
1E-9

1E-8

1E-7

1E-6

1E-5

 

 

 

VDG (V)

G
at

e-
In

du
ce

d-
D

ra
in

-L
ea

ka
ge

 C
ur

re
nt

 (A
) 

Symbol: measured
Line: simulated with TRP

 A=B=10 μm
 A=B=10 μm
 A=B=2.4 μm
 A=B=2.4 μm
 A=B=0.495 μm
 A=B=0.495 μm
 A=B=0.21 μm
 A=B=0.21 μm



‐ 71 ‐ 
 

 
 
 
 
 
 
 
 
 

  
 
 

Fig. 4.25 
 

Calculation flow chart 
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(a) 
Fig. 4.26 (a) 
The effective tunneling area under the GIDL dependence on STI-induced mechanical 

stress (a=10μm). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 
Fig. 4.26 (b) 
The effective tunneling area under the GIDL dependence on STI-induced mechanical 

stress (a=2.4μm). 
 

2.0 2.2 2.4 2.6 2.8 3.0
3E-9

3.5E-9

4E-9

4.5E-9

5E-9

5.5E-9

VDG (V)

 

 

A
re

a 
(c

m
2 )

 Area
A=B=10 μm
VD= -VG

V
S
=open,V

B
=0V

2.0 2.2 2.4 2.6 2.8 3.0

1.3E-9

1.4E-9

1.5E-9

1.6E-9

1.7E-9

1.8E-9
1.9E-9

2E-9
2.1E-9

VDG (V)

 

 

A
re

a 
(c

m
2 )

 Area
A=B=2.4 μm
VD= -VG

VS=open,VB=0V



‐ 73 ‐ 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) 
Fig. 4.26 (c) 
The effective tunneling area under the GIDL dependence on STI-induced mechanical 

stress (a=0.495μm). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(d) 
Fig. 4.26 (d) 
The effective tunneling area under the GIDL dependence on STI-induced mechanical 

stress (a=0.21μm). 
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(a) 
Fig. 4.27 (a) Conventional GIDL model in comparison with the advanced GIDL 

model via TRP (a=10μm). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 
 

Fig. 4.27 (b) Conventional GIDL model in comparison with the advanced GIDL 

model via TRP (a=0.21μm). 
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Bias 
condition 

VG VD VS VB 

(1) 1~ -2V Ground Ground Ground 
(2) 1~ -1.5V -VG Open Ground 

 
 

Table 1 Different bias conditions. 
 
 
 
 
 
  

  

 
 

Table 2 Extracted parameters from the current model. 
 

-3
1

2

18 3
D

10

8.16156 10 ( )

35.021( )

1.12( )

N 3 10 ( )
g

A B m
A cm

V
MV

cm
E eV

cm

μ

β

β

−

= =
−= ×

=

=

= ×

-3
1

2

18 3
D

2.4

3.26887 10 ( )

31.2611( )

1.11921( )

N 3 10 ( )
g

A B m
A cm

V
MV

cm
E eV

cm

μ

β

β

−

= =
−= ×

=

=

= ×

-4
1

2

18 3
D

0.495

3.38861 10 ( )

27.7738( )

1.11488( )

N 3 10 ( )
g

A B m
A cm

V
MV

cm
E eV

cm

μ

β

β

−

= =
−= ×

=

=

= ×

4
1

2

18 3
D

0.21

1.64816 10 ( )

26.6085( )

1.106146( )

N 3 10 ( )
g

A B m
A cm

V
MV

cm
E eV

cm

μ

β

β

−

−

= =
−= ×

=

=

= ×



自傳 
 

姓名:     陳以東  Yi-Dung Chen 

性別:     男 

出生日期: 中華民國六十九年 七月一日 

出生地:   高雄縣 

住址:     高雄縣梓官鄉茄苳村嘉展路四九六巷 12 號 

學歷:     國立暨南大學  電機工程學系 

          國立交通大學微電子奈米科技產專  碩士班 

 

論文題目: 製程引起機械應力 N型通道金氧半電晶體中之穿   

隧漏電流的特性量測與模型化 

Characterization and Modeling of Tunneling 

Leakage Currents in Process-Induced Mechanical 

Stress n-MOSFETs 

 

 


	論文封面.pdf
	論文前言.pdf
	論文本文.pdf
	論文本文-ch1.pdf
	論文本文-ch2.pdf
	論文本文-ch3.pdf
	論文本文-ch4.pdf
	論文本文-ch5.pdf

	Figures.pdf
	自傳.pdf

