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Figure Captions

Fig.1 Schematic diagram of the relative position of the longitudinal stress and transverse

stress acting on the siliconlattic

of transverse and longitudina

Fig.7 Energy with no stress
applied.

.32

Fig.8 Energy levels drawn along n* poly-gate/SiO,/diffusion extension with compressive

longitudinal and transverse stresses applied.
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Fig.9 Flow chart of the electron direct tunneling model.
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Fig.10 Calculated electromdire i sus longitudinal stress under

various SVE
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Fig.18 Edge direct tunneling curre S erent subbands with gate voltage

varying fromto -0to -1.4 V.
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Fig.19 Energy level of the lowest two subbands and Fermi energy level under various gate
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biases.
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Fig.20 Energy level of the lowest two subbands and Fermi energy level under various stress

conditions.
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Chapter 1 Introduction

Due to the aggressive downscaling of CMOS technology, shallow trench isolation

(STI) induced mechanical st an si : : electrical properties such

as hot carrier im ‘ 2C neling current

ermining the

c!Ton: 1) wa
N

Raman spectroscopy [25].

determination was lacking
I

[ € d stress

Smpbimgy

[ : ' s plausible to

| |
neling cuirént. Both

measure

)nducted to extract the

experiment work a
magnitude of the S

ﬁ’:usion acti\

thesis, we ‘consider stresses acting in parallel and per

-

electrical

measurements on t ed vant diffusion in the

manufacturing process Is also essential. Traditionally, this was done with the aid of

the TCAD method [20],[26]. In this thesis, we also present the electrical approach to

find the local mechanical stress around the source/drain extension of longitudinal and




transverse stress n-MOSFETSs. Straightforwardly, the underlying lateral diffusion can

be determined, following by the confirmative evidence through the extra extraction of

the activation energy.




Chapter 2 Stress Extraction

Section 2.1 Device Under Study

state-of-the-art

Three key process paramete ed b

||
evice, with|1 gate edge

e large values of both

m, the transverse (<IIO>

I

) and longitudinal stress (<110>)-.iﬁd

SIO f the
these devices 1€ e Stresse S considered. The
cross symbol means he S ‘ ) S reas for the circle

symbol the stress component need en into a

The relative orientation direction between the silicon lattice and the stress applied

3



by the STI is depicted in Fig. 1, with transverse stress applied normal to the channel
length direction and the longitudinal stress parallel to the channel length direction.

Considering the transverse and longitudinal stress individually, we are able to further

decompose the underlying ss into : comp ts acting on each of the

surface of t li

|
|
la'tH; transverse and longitudinal stress are appligu'a_

tt'|'c.e structure, causing &
ction a
|

¥
Ha
subsequently construct a se !
[
N\
|

a A

A mathe

and Fig. 4. The resu

on the faces

perpendicular to the x, y and z dire : tively, and 7, ,z ,,and z,are the

shear stress components oriented on the y, z, and x direction with normal to the x, y

and z direction, respectively. o, and o, are the applied longitudinal and

4



transverse stress, respectively.

Section 2.2 The TRP Simulator

The TRP simula S current density

laking into

stress break S sxmmetr

The conduction b

of a slight modific

Stress oy
| |

2700 ot G )= 2.922x10 (6 + 0

long

for [001]and [001| directio
Therefore, we can show that strain alters the subband levels in the 2D confinement

region by the following expressions [10-13]:



2

9hqE, s _ =, =,
EAZ = {ﬁj + (‘:‘d + ?](Sll + ZS12 )(O-Iong * Oran )+ [?)(812 - Sll )(O-Iong * Oran ) (4)

2
9hgE $
E = eff ,A4 +(E +
. {161/2m24 :

where E ,, an

-
:
) Hu

6 (812 - Sll )(O-Iong + Oyan ) (5)

spectively, the

nd-theselastic

tatic and shear deformat
i

ich are close to those in [1-

electron dir

tion Causes the

I repopulation of and Si/‘i!)2 barrier

height in the A, va

height in the alle

0]

degene CQ d-valleys. is the Jué ment and stress
both enhance the degeneracy be ane valleys(A,) and the two
out-of- plane valleys (A,) owing to energy splitting. Compressive stress decreases the
electron population in the A, valley due to a higher out-of-plane mass and a

significantly longer lifetime compared to the A, valley, resulting in an increased

6



electron tunneling current [5].

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

First of all, the potenti

determined through the

following_expressio G e band bending

~Veg| -V, —Vor » Where Vi

E. == +1
d4 —d
3

11

The change in the energy bandgap is then considered:



E, (stress) = E, (unstress) + AE,, + AE, (12)

Fig. 7 presents the band diagram when the cathode side is stressed, whereas no

stress is applied on the cathode-si aking deration that the n* poly-silicon

region isralso : . 8 elocity'normal to the

it
"o

||
n!, we can compare the relative energy shifts onboth side

factorsino

I-[I-H-

(18)
m, =0.19m, for A,valle (19)
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 c
KT

Ni=( : * 1 : S subscript

Section 2.3 Stress E

tunneling
electrons’in 0X nsequently, the
electron direct tu d as a function of stress
[10],[15].
qN A2 (O-Iong ! O-tran ) qN A4 (O-Iong ! O-tran )
‘] g (O-Iong ’ O-tran ) = +
TAZ (O.Iong ' O-tran ) 2-A4 (O-Iong ! O-tran )

(20)




where o,,, is a fixed value in our experiment, thez,,andz,, are the tunneling

lifetime for A, and A, valley , respectively.

The gate direct tun sion conditions, with the
source, drai d Itaneously measured

valance-b en urrent

id:ness under study re

s then meas

aring

. The

||
longitud 0 be extrac'aci. Fig. 10

shows the correspo ge versus longitudinal
n

stress under various tran

as iffusion length decreases, the S s closer to the

MOSFET core reg 3 SSIVE Stress.

Section 2.4 Confirmative Evidence for the Extracted Stress

10



The mobility reduction under compressive stress mainly comes from the citation
[5].[7]: Firstly, conductivity mass (the effective mass along (110)) increases due to

electrons repopulation fromA,to A, valleys. The electron mobility partly decreases

via a enhanced out of plane ma : or s of the A, valley,

which résults ane s ective. mass and

to the

increase. Finally, conductivi mass

inc

To furni

© stra

EHII-H-

stance €0 efficient,

I which has the bene cement on 'n!z basis of

the changes in con ance coefficients have

significantly

, where Au/u is  the fractio_ru'f

TyCy + 7,0,

\d o, are the longitudinal and transverse
- | |
La 4 eZ0re ents expressed

7, an

inPa™*, respecti

S.Suthram , et al. [18] has shown that the piezoresistance coefficient for short
devices only remains constant when a correction of the parasitic source/drain series

11



resistance (R, ) has been taken into consideration. Therefore, a constant-mobility
method to enable MOSFET series-resistance extraction was applied. D. W. Lin , et al.

[19] demonstrated that when different back- bias conditions are used on the same

MOSFET device, the-inver carrier. mobility conve to single curve when the

effective silicon g consequence,

e device operating in linear region with it back biases,

|
0.4V ,we are able to extract the parasitiEfQ

Vg = —

Dy comparing

With

W=10 gm,L=1 zm, anc a=10 zm is around
-300MPa. The longitudinal stress he V=1zm and L=0.08 zm is around O,
-50MPa, and -310Mpa for a gate-to-STI spacing of 10 zm,2.4 um, and 0.21 um,

respectively. The results are quantitatively consistent with each other. Therefore, the

12




validity of our methodology has been corroborated.

13



Chapter 3 Extraction of Activation Energy

Section 3.1 Srain Induced Dopant Diffusion

In the pre -MOSFETs are

in series

i enic_and phosphorus. Extraction of paras a/d

is to

ympressively

enius foTr[ZO]: |

Ds =D, exp(— (222

|
e_dopant_diffusivity withao

e o et e

where Dy is

- e

O-XX 2 ¢ long O-tran

oy | | Z Ey 2 (23)

2

o, =0 |= Eu = S,o = S Olong t Otran

T, 0 £y, 0 2 2

Ty, 0 Ep 0 0
Ty ]| |O €y | g & 0

L 2 _ L “ 4 _ S O-Iong + O-tran 14
] 44 4 J




Then, we divide our studies into two categories:

Casel:V~eg, +¢,

Case2:V ~¢,, +e, t&y,

omponents,
over; the

irecti
H N

||
Where each ¢ t he S and activa|i|n energy

(24)

of diffusion such a

of phosphorous apd

easonably
well with e eliable due to
anomalies [21].
The diffusivity of phosphorus is explained as a vacancy dominated diffusion, and in

high concentration region the extrinsic diffusivity of phosphorus is given by:

15



2
D, =D+ D;(E} 27)
n

where D7 is the neutral vacancy, D, is the doubly negatively charged vacancy, and

n. is the intrinsic carriersc@ncentration. e i insic diffusion region, such as
the MOSFETS” sou at the diffusivity of

As*V ~ being relatively rare

be written a E

(28)

c diffusion region. The

where D,

assumption is also

to the dopan en

experi al 1d tha i i . ) the change of
source/drain series resi e ess acting on the silicon lattice
not only alters the electron populatic he subbands, but alters the doping profile,
showing dopant diffusion retardation phenomenon. The result can be shown in Fig.

14.

16



Finally, the activation energy per strain is obtained. For case one, which neglects

the strain in the z direction, by comparing the differences in diffusivity under different

stress conditions, an a i an be ined thesfollowing formula.

KT
ESS

here ¢ and &’ denotes the ¢

stress. Subs entl& case t

17



Chapter 4

Confirmative Evidence for Edge Direct Tunneling

Section 4.1 Edge Direc

Jerlying

ain extensilrlregion is

e substrate remains in

The electron direct tunne ‘ lated poly-silicon surface down to

the underlying silicon was measured. To determine the underlying

gate-to-source/drain extension overlap length where the EDT prevails, the TRP

18



simulator has been modified to meet our requirements. Fig. 15 shows the flow chart of
the TRP simulator in case of EDT current. And the band diagram drawn along n*

poly-gate/SiO,/diffusion extension is shown in Fig. 16.

First of a ed through the

[22-23]: Ve = €2 F2 /296 N are the

Ox "~ 0ox

~ applied ni area'fouows that

i of modeling electre he charge conservation

relationship should: be 2 ilicon gate is nﬁ

operating at 0 sting. Anot!

TR B - A oL B

Vo /Ny )J for modeling electron direct tunne:Ii

[Eg_/?+(KT .

i_level becomesE, = q(V +VFB)(compareg _with

poly

for modeling ¢ eling current).

As a result, the gate-to-source/d overlap'L;, can be directly extracted [22]:

q N A4 (O-Iong ' O-tran )

z-A4 (O-Iong 'O-tran )

qN A2 (O-Iong ' O-tran )

TAZ (O-Iong ’ O.tran )

+WL,

I EDT (O-Iong ’ O-tran ) = WI-TN (31)

19



where W is the channel width, and N,,and N,, are the available charge inA,andA,
valley for tunneling process, respecticely. The tunneling lifetime in the following

equations can  be  connected with  the  transmission  probability:

Taz = ﬂ-h/(TAZ (O-Io g 1@ tra A2\ g n (32)

(33)

Tas =

I-EIEI-

where A‘]—‘]c be

subsequently obtained by comparing experimental data.

Fig. 18, shows the resulting edge direct tunneling current contributed by different
20



subbands with gate voltage varying from -0 to -1.4 V. Fig. 19 reveals the energy level
of the lowest two subbands and Fermi energy level under various gate biases. The

energy level of the lowest two subbands and Fermi energy level under various stress

conditions is shown ingFig. h indicates a nar in energy- level spacing

between the £S ). 2 ows simulation

compressive  stresses.  Finally,. |

™ IS

pre [y change ess_condition
| |

ons listed irls!ction 3.1

AL/L =A+D

the activation ener of the value of the

activation e ex
[ |

with the gate ¢ 1C : ially in case dicates that both the
longitudinal and transve : derable deformation in the Z

direction.

21



Chapter 5 Conclusion

With the known process parameters and published deformation potential constants

oltage data has led to the

as input, fitting of the gate eling curren ok

value of the erly 1S ity method, the

1se in_ series

22
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