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Mechanical Stress Assessment and Physical Model

Development in Strained MOSFETSs

Student: Chen-Yu Hsiech ~ Advisor: Dr. Ming-Jer Chen

Department of Electronics Engineering and Institute of Electronics

National Chiao-Tung University

Abstract in English
Recently, mechanical stress in MOSFETs has gained much attention due to significant
changes in electrical performance (mobility, drive capability, leakage etc.) and process issues
(dopant diffusion, gate oxide integrity ete.). Therefore, this dissertation is aimed at
demonstrating how to measure stress quantities in each-part of the devices and address the
induced changes. Based on the proposed methods, the inderlying physical framework can be

established while meeting the above issues.

We first measure the conduction-band electron direct tunneling current through 1.27-nm
gate oxide of n-MOSFETs that undergo longitudinal stress via a layout technique. With
known process parameters and published deformation potential constants as input, fitting of
the measured direct tunneling current versus gate voltage leads to channel stress. To examine
the accuracy of the method, a link with the mobility measurement on the same device is
conducted. The resulting piezoresistance coefficient is shown to be in good agreement with

literature values. The layout technique used is validated as well.

Then, gate direct tunneling current under STI compressive stress is measured in a wide
range of the drawn gate width W (= 0.11, 0.24, 0.6, 1.0 and 10 um). The apparent gate current

per unit width exhibits an increasing trend with decreasing W. In this narrowing direction, two
il



fundamentally different effects are encountered: One of the delta width (AW) near the STI
edge and one of the enhanced STI stress in the channel. To distinguish between the two
effects, a new analytical width-dependent direct tunneling model is developed and applied.
Reasonable agreement with data is achieved. The resulting delta width effect is found to
dominate over the stress effect especially in the narrow devices, while for the wide ones, they
will be comparable. The extracted AW and the underlying channel stress (with the
uncertainties identified) straightforwardly produce a good fitting of the drain current variation
counterpart. Specifically, it is justified that the delta width and STI stress are co-operative in

constituting gate current variation but both have opposite effects on the drain current one.

Third, drain subthreshold current is measured as a function of the gate edge to STI spacing
and is transformed into the source/drain extension corner stress. The extracted local stress is
quantitatively reasonable with those.of the ,channel as created by the gate direct tunneling
measurement in inversion, and the mobility measurement: In addition, its dependencies on the
gate edge to STI spacing confirm the validity of the layout technique in controlling the stress.
The gate edge direct tunneling (EDT) measurement in accumulation straightforwardly leads
to the quantified gate-to-source/drain-extension overlap length. Particularly, a retarded
diffusion length and the resulting strain-induced activation energy both are in satisfactory
agreement with those of the process simulation. A physically oriented analytic model is

therefore reached, expressing the lateral diffusion length as a function of the corner stress.

Finally, low-frequency noise measurement on p-channel MOSFETs yields the density of
the gate-oxide interface states, exhibiting a decreasing trend with increasing STI tensile stress
in the channel width direction. Two plausible physical origins of the interface-state density
suppression in narrow devices are proposed: relaxed interface strain and reduced excess

silicon per unit area during the thermal oxidation.
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Chapter 1

Introduction

1.1 Overview and Motivation

During the quest for increasing device density in integrated circuits, many problems are
encountered and need to be solved. As some problems are alleviated, new issues emerge. One
of the problems gaining importance in silicon fabrication is process-induced mechanical stress.
Many of the processes used in silicon IC fabrication individually and cooperatively contribute
to the development of stress in the silicon active areas. Of prime interest is the mechanical
stress generated in the isolation process flow..Shallow Trench Isolation (STI) is steadily
becoming the predominant isolation téchnology and is continually challenged as design rules
are scaled further [1.1]. One practical topic associated with this trend is that the STI induced
mechanical stress in the active region can be controlled with the layout design. This drives the

study forward.

Effects of mechanical stress can be divided into two categories: (1) energy band shift and
(2) physical behavior modification during the manufacturing process. For the first issue, it is
well known that stress can alter the energy structure, which in turn, affects the electrical
performance such as the mobility [1.2]-[1.4], the threshold voltage [1.5], and the gate direct
tunneling current [1.6]—[1.8]. These properties are strongly related to strain-induced band
distortion and warping which actually change the energy level, population, effective mass,
and scattering time in each valley. As for the second part, stressed or strained regions have
also been shown to influence the physical behaviors like the hot carrier immunity [1.9], the

diffusion of dopants [1.10]-[1.12], and the gate oxide integrity [1.13]-[1.15]. Such



phenomena were closely contributed by point defects migration and bonding relaxation under
different stress conditions. All of above are the major concerns either during manufacturing or
in operation. Thus, systematic connection and clarification between the status or magnitude of

stress and its physical characteristics in a certain device are urgent and crucial.

1.2 Goal

Mechanical stress influences the physical mechanisms in the fabrication process as well as
device operation. Such areas may include point defect diffusion kinetics, extended interfacial
defect interactions, and band structure modification. Thus, an accurate stress evaluation is
necessary for further investigation of its effects. The goal of this work is primarily to develop
a technique where stress can be obtained from the.clectrical measurement. Once the STI stress
in the system is understood, stress or strain dependent-models can be established to clarify
contradictory issues. Stress evaluation also 1s helpful m the development and analysis of

isolation process technologies.

Dopant diffusion changes have become more prominent recently as a result of increasing
mechanical stress in magnitude as the dimensions of the MOSFET are scaled down.
Traditionally, the final doping profile prediction is utilized by technology aided-computer
design (TCAD) and it may consume a lot of time due to the complexity of transistor structure.
However, an approach to immediately reflecting the control of diffusion was still lacking.
Thus, another goal of this research is to construct a stress or strain induced diffusion model to

trace back the degree of dopant migration with the help of edge direct tunneling.

One of the goals is to clarify the influence of tensile and compressive stress on gate oxide
integrity. Such results can relate to reliability issues. All of these would give useful insight

into the next generation transistor design involved with the stress effects.



1.3 Dissertation Organization

The purpose of this work focuses on the assessment of the STI stress quantities as well as
the physical model establishment. Based on the extracted values and status of stress, we can
extend the issues to modeling of strain-induced dopant diffusion and gate oxide integrity. At

this point, this dissertation is organized into seven chapters.

Chapter 2 begins with the mechanics of materials. The definitions of stress and strain are
first reviewed. Their dependencies on each other are associated with the elasticity. Meanwhile,
the theory of strain-induced energy band shift both on conduction and valence bands is

introduced and will be used in later chapters,

As for the main parts of the dissertation, first of"all, we present a simple method to
electrically assess the average meéchanical streéss in channel region using the gate direct
tunneling current changes. In this study, shallow trench isolation-induced mechanical stress
can serve as the dominant source in the channel due to the thermal expansion and the layout
technique will be utilized to produce a variety of stress. The different approaches to
determining stresses in longitudinal and transverse directions were detailed in Chapter 3 and 4,
respectively. Confirmative evidence is verified by piezoresistance coefficient. Especially, in
the narrowing direction, the delta width effect together with the stress effect is adopted to

clarify the anomalous trend of gate tunneling current.

Second, in Chapter 5, we show how to transform the drain subthreshold current change to
the source/drain corner stress. With the modeling of edge direct tunneling current, it leads to
the underlying gate-to-source/drain extension overlap length. Therefore, a physically-oriented
analytic model is successfully established, expressing the lateral diffusion as a function of

corner stress.



In Chapter 6, low-frequency noise measurement will be conducted to extract the oxide
integrity in the channel narrowing direction in Chapter 6. Using the stress extraction
technique built in previous chapters, the effect of stress on interface states during the

oxidation will be demonstrated.

Finally, Chapter 7 delivers a conclusion to the research work, and also addresses the future

work as extension of this dissertation.
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Chapter 2

Strain Effect on Electronic Band Structure

2.1 Review of Mechanics of Materials

The property of solid materials to deform under the application of an external force and to
regain their original shape after the force is removed is referred to as its elasticity. The
external force applied on a specified area is known as stress, while the amount of deformation
is called the strain. In this section, the theory of stress, strain and their interdependence is

briefly discussed.

2.1.1 Stress and Strain

Stress - Stress is the distribution: of. internal.body forces of varying intensity due to
externally applied forces [2.1], [2.2]. Consider a general body subjected to forces acting on its
surface: Passing a plane through the body cutting it along surface 4 and letting the force,
which is transmitted through an incremental area A4 of 4 by the part on positive side Q, be
denoted by AF. The force AF may be resolved into components AFy and AFf, as illustrated in
Fig. 2.1(a), along unit normal N and unit tangent S, respectively, to the plane Q. The force
AFy is called normal (perpendicular) stress and AF is shear (tangential) stress on area AA.
The magnitude of the average forces per unit area is AF/AA. The concept of stress at a point is
obtained by letting A4 become an infinitesimal. The limiting ratio AF/AA4 as AA goes to zero

defines the stress vector as given by

o = lim — (2.1)



Similarly, the limiting ratios of AFy/AA and AFs/AA define the normal stress vector oy and
the shear stress vector oy that act on a point in the plane Q. These vectors are described by the

relations

g

. AF
, oy = lim —3

AA. >0 A4 M50 A4 (2.2)

Three stress vectors acting on three mutually orthogonal planes intersecting at that point can
then determine the stress state as shown in Fig. 2.1(b). The stress tensor is composed of the
three stress vectors and is sufficient to define the stress state in any element in a body. To
illustrate the tensor nature of stress present at point in the continuous body, consider a cubic
element of infinitesimal dimensions. For simplicity of notation, let the cube be aligned
perpendicular with the system axis. The stress vector Txacting on the plane normal to the

x-direction is the following:
Te=0g Xk Ty Yot T3 2 (2.3)

The nine stress components relative-to rectangular coordinate axes may tabulated in array

form as follows:

Gxx Xy T Xz
o,=|7, 0, T, (2.4)
T X T zy Gzz

where o represents the stress array called stress tensor, oj; are the normal stress components
acting on the faces perpendicular to i-direction and 7; are the shear stress components
oriented in the j-direction on the face with normal in the i-direction. At mechanical

equilibrium, it can be shown that three pairs of shear stresses are equal that lead to the result

T.=7. (2.5)

Hence, a column vector of six independent components can then describe the state of stress at

a point:



T _
o = I:O-x_x O-yy Gzz 2-xy 7'-yz sz ] (2 6)

Strain — The application of stress to a body in equilibrium causes it to undergo
deformation or strain. It is the geometrical measure of deformation representing the relative
displacement between particles in the material body. Normal strain is defined as the amount
of stretch or compression along a material line element while shear strain is a degree of

distortion associated with the sliding of plane layers over each other within a deforming body.

Consider a two-dimensional deformation of an infinitesimal rectangular material element

with dimensions as shown in Fig. 2.2. From the geometry, we can write

— ou 2 (ou, Y
A'B'= || dx+—=dx | +| —=dx (2.7)
ox ox

Under the assumption of small displacement;-whiech means Vu <<I, the length of A4'B' can

reduce dx+(0u, / &x)dx . The normal strain in x --direction of the element is defined as

. ABAB i,

E — P =
AB Ox

XX

(2.8)

The shear strain is the change of the angle between two originally orthogonal axes. For small

rotation (i.e. @, f<<l) and infinitesimal approximation, we get

auy aux d
76)(; dx au , ay 'y ou
a~tang=—L——~— fBrtanf=—"———~—= (2.9)
ou Ox ou 0
dx +—=dx dy+—=dy y
ox oy

Thus, the shear strain can be written as

—a+ — Y 4+ —x = 2 1 0
7xy a ﬂ Ox Gy j/yx ( )

By expanding this definition in three dimensions, the strain can be related to the

displacements by the following strain components:

10



xx ax 2 xy X 2 ay ax 2 Xy 2 ]/ X
by =2, epmey=o DX |ny Ly @1
G Yo2loz ooy ) 277 277
ow 1(814 GWJ 1 1
g7z=_’ gxzz‘gzx:_ ~—t+t :_yzx:_yxz
T 0z 2\0z ox) 2 2

where u, v, and w are the displacements in the x, y, and z directions, respectively. The results
analogous to those of stress theory hold, and therefore the symmetric array of strain tensor (&)

can be arranged as:

(2.12)

Similar to stress, only six independent components are required to then define the state of

strain at a certain point:

& =[€m B LR B gﬂl (2.13)

2.1.2 Stress-Strain Relationship

The relationship between the stress tensor and the deformation is known as a constitutive
relation. All structural materials possess the property of elasticity. When the force is removed,
the body will return to its original shape if it is an ideal elastic body and it had not reached its
yield stress. For an elastic solid, the stress tensor is linearly proportional to the strain tensor

over a specific range of deformation:

— (2.14)

y

where cijk 1s the tensor of stiffness constants. In order to relate each of the nine elements of
the second rank strain tensor to each of the nine elements of the second rank stress tensor, ciji

consists of a fourth rank tensor of 81 elements. However, due to the symmetries involved for
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the stress and strain tensors under equilibrium, cik can reduce a tensor of 36 elements. Crystal
silicon has diamond cubic crystal geometry resulting from its strong directional covalent

bonds. For such crystals, c;y; has the following form due to their cubic symmetry:

¢, ¢, ¢, 0 0 O
¢, ¢, ¢, 0 0 O
Cip = C(l)z C(l)z C(l)l Ci 8 8 (2.15)
0 0 0 0 ¢, O
10 0 0 0 0 ¢y

Thus, for silicon the tensor of elastic stiffness constants reduces to the three independent
components: ¢, ¢z, and cy4y. Of practical interest is the strain arising from a certain stress
condition. The strain components can be obtained by inverting Hook's law and utilizing the

compliance coefficients,

& =810 (2.16)

i
The stiffness and compliance tensors are linked through the above relation. Consequently, the
three independent compliance coefficients canbe calculated as [2.3],[2.4]

Cll +Cl2

2 2
¢ 66, — 6

C
_ 12
S = — (2.17)
€ +HC6, — 0
1
Sag =
Cu

The compliance coefficients for Si, together with the stiffness coefficients, are listed in

Table 2.1 [2.5].

2.2 Strain-induced Energy Splitting
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The effect of stress on the resistivity of Si was first investigated by Smith [2.6]. This
finding was contributed to the modification of the electronic band structure. Microscopically,
stress breaks the symmetry of lattice which can then cause the energy shift and band

distortion. In the following these effects are discussed in detail.

Deformation potential theory originally developed by Bardeen and Shockley [2.7] was
used to investigate the interaction of electrons with acoustic phonons. It was later generalized
to include different scattering modes by Herring and Vogt [2.8]. The technique was applied to

strained systems by Bir and Pikus [2.9].

Within the framework of this theory, the energy shift of a band extremum / is expanded in

terms of the components of the strain tensor &;;.

aEBA S0 (2.18)
i

The coefficients of this expansion are called the deformation potential tensor. This tensor is
characteristic of a given non-degenerate bandin-the solid. The symmetry of the strain tensor

is also reflected in that of the deformation‘potential tensor, giving
g0 == (2.19)

The maximum number of independent components of this tensor is six which can reduce two
or three for a cubic lattice. They are usually denoted by 5, the uniaxial deformation potential
constant, and &, the dilatation deformation potential constant. The deformation potential
constants can be calculated using theoretical techniques such as density functional
theory [2.10], the non-local empirical pseudo-potential method [2.11], or ab-initio calculations.
However, a final adjustment of the potentials is obtained only after comparing the calculated
values with those obtained from measurement techniques [2.12]-[2.14]. The deformation

potential constants used in this work are listed in Table 2.1 [2.15].
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The general form of the strain-induced energy shifts of the conduction band valleys for an

arbitrary strain tensor can be written as

where a; is a unit vector of the ith valley minimum for the jth valley type. The first term in Eq.
(2.20) shifts the energy level of all the valleys equally and is proportional to the hydrostatic
strain. The difference in the energy levels of the valleys arises from the second term in Eq.
(2.20). In this method, strain effect only shifts the band edge while it does not cause the band
warping. In this study, the stress along <110> direction on (001) surface can first be
transformed into strain. Then, by applying Eq. (2.20), the quantities of band shift for A, and

A4 valley can be expressed as

c

AE A T (Z, +?)(S11 +25p,)0 + (?)(SIZ -Sio
(2.21)

c

AE, , =(Ey +%)(S“ +2S12)O'—(%)(S12 -S,,)o

It is noteworthy that the approximation:is reasonable under moderate stress [2.16] while it
may need to include the effect band warping for large stress because of the strong influence of

effective mass change.
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Table 2.1 Compliance and stiffness coefficients, Luttinger parameters, deformation potential

constants, and split-off energy for silicon.

Stiffness Coefficients
11 (10" dyne/em’) 1.657
12 (10" dyne/em?) 0.639
c (10" dyne/em’) 0.796
Compliance Coefficients

;1 (1072 m?/Ni) 7.68
s12 (107°m*/Nt) 2.14
44 (107°m’/Nt) 12.6

Deformation Potential Constants
Ey(el) 1.13
=, (eV) 9.16
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Fig. 2.1 (a) Schematic of an arbitrary force AF acting on an infinitesimal area A4, along with
the resolved components: normal AFy and shear terms AFs. (b) A cubic element located

within a continuous body with stress tensor components shown.
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Fig. 2.2 Two-dimensional geometric deformation of an infinitesimal material element.
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Chapter 3
Measurement of Channel Stress Using Gate Direct
Tunneling  Current in  Uniaxially  Stressed

n-MOSFETs

3.1 Introduction

It is well recognized that the mechanical stress in MOSFETs can significantly affect many
electrical properties such as the mobility [3.1]-[3.3], the hot carrier immunity [3.4], the
threshold voltage [3.5], and the gate direct tunneling eurrent [3.6]—[3.8]. Thus, the ability to
quantitatively determine the magnitude of the underlying mechanical stress, as well as its
status (compressive or tensile), is essential. Fhreerfundamentally different methods have been
introduced in this direction: (i) wafer bendingjig [3.9]; (i) sophisticated stress simulation
[3.10]; and (ii1)) Raman spectroscopy [3.11]. Obviously, the electrical approach to the
mechanical stress was lacking to date. However, it is noteworthy that the gate direct tunneling
current has been well studied under externally applied mechanical stress [3.6]-[3.8].
Particularly in the citation [3.8], the deformation potential constants [3.12]-[3.14] have been
experimentally determined with the values consistent with theoretical works [3.15]. Therefore,
with known deformation potential constants, it is plausible to measure mechanical stress by

means of the gate direct tunneling current.

In this chapter, we show how to transform the gate direct tunneling current in stressed
devices into the value of the stress, achieved without adjusting any parameters. Confirmative

evidence is presented in terms of the piezoresistance coefficient electrically created on the
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same device.

3.2 Experiment

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. 3.1. Also plotted in the Fig. 3.2 are the
schematic cross section and topside view of the test device. Three key process parameters
were obtained by capacitance-voltage (C—V) fitting: n" poly-silicon doping concentration = 1
x 10 2° cm™, gate oxide thickness = 1.27 nm, and substrate doping concentration = 4 x 10
cm”. In this process, the STI induced compressive stress was applied. The gate length along
the <110> direction is 1 um large enoughthat the following effects can be effectively
eliminated: external series resistange and-short channel or drain induced barrier lowering
(DIBL). The gate width is wide (10 pm), indicating that the transverse stress is relatively
negligible. Layout technique was utilized .to produce a variety of stress in terms of the gate
edge to STI sidewall spacing, designated a, with four values of 10, 2.4, 0.495, and 0.21 um. A
decrease in ¢ means increased magnitude of longitudinal stress. A considerable number 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 work. It has been reported that silicide can introduce stress into channel
and its effect can be eliminated by well controlling the silicide formation [3.10]. 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 the mobility on the same device

at V; =25 mV. The change of the conduction-band electron direct tunneling current at V, = 1
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V and the mobility at V, = 0.5 V, all with respect to @ = 10 um, are plotted in Fig. 3.3 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 while degrading the mobility.

3.3 Stress Extraction

Existing direct tunneling models [3.16], [3.17] on the basis of the triangular potential
approximation [3.18] in the channel, taking into account the poly-silicon depletion, can
readily apply with some slight modifications such as incorporating stress dependencies of the
subbands. The electrons in inversion primarily populate the two lowest subbands [3.8]: one of
the two-fold valley A, and one of the,.four-fold valley A4. The corresponding stress

dependencies are well defined in the diterature [3.8];.[3.12]-[3.14]:

E‘ff A2\3 o Eu E‘u
E, (o0)= ( ) +(:'-‘d+T)(S11+2S12)O'+(?)(S12_Sn)o' (3.1)

164/2m,,

Eeff A4 N3 — Eu Eu
E,  (o)= ( ) +(&, +?)(S11 +2S]2)O'—(?)(S12 -8,)o 3.2)

164/2m;,

where the quantization effective masses m*Ag =0.92 my and m*M = 0.19 my; and the elastic
compliance constants S;; = 7.68 x 102 m? /N and S;,= —2.14 x 102 m*N. The hydrostatic
and shear deformation potential constants =;= 1.13 eV and &,=9.16 eV [3.5], close to those
of Ref. [3.8], were cited here. Stress along <110> direction can be resolved into two different
components: normal and shear stress terms in <100> 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
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electric field E.;can be found elsewhere [3.8]. With the aforementioned process parameters as
input, the two lowest subband levels with respect to the Fermi level Ercan be determined. The
stress dependencies of the lowest subbands under different gate voltages were found to be

consistent with those in earlier works [3.8]. The inversion-layer carrier density per unit area

can further be calculated by N, =(k,T/zh*)gm,In(1+exp((E, - E,)/k,T)) [3.16]-[3.18],

where the subscript i denotes A, or Ay, kgT is the thermal energy, g; is the degeneracy of the
valley, and my; is the density of state effective mass. It is then a straightforward task to
calculate the WKB tunneling probability, taking into account the corrections for reflections
from the potential discontinuities [3.19]. Here the electron effective mass in the oxide for the
parabolic type dispersion relationship was used with m,, ~ 0.50 m,, which is equivalent to m,,
= 0.61 my for the tunneling electrons in the oxide using the Franz type dispersion relationship
[3.20]. The oxide can be thought of as an amorphous material. The irregular arrangement of
oxide atoms makes its band structure ‘and the electron ttinneling effective mass in this layer
difficult to be determined, especially for the strain condition. The theoretical calculation or
experimental extraction of tunneling mass considering stress effect was still lacking. Thus, in
this work, we assume that the electron effective mass in the oxide remains unchanged with
stress varying. This assumption works well in predicting the strain-induced gate tunneling
current [3.8]. The SiO,/Si interface barrier height in the absence of stress is 3.15 eV.
Consequently, without adjusting any parameters, the conduction-band electron direct

tunneling current density can be calculated as a function of the stress o [3.8]:

_gN,,(0) gN,, (o)
fito)= 75,(0) ’ 754(0) G3)

The tunneling lifetime in Eq.(3.3) can be related to the transmission probability 7: 74(0) =

ﬁh/(TAg(O')EAg(O')) and 2'44(0? = ﬂh/(TA4(O')EA4(O'))
With the above approach, we found that the uniaxial channel stress of around 0, ~0, -120,
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and -280 MPa for gate to STI spacing of 10, 2.4, 0.495, and 0.21 pum, respectively, can
reproduce gate direct tunneling current versus gate voltage characteristics. The corresponding
gate current change is plotted in Fig. 3.4 versus 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, consistent with those published elsewhere [3.8]. Again in agreement with the
citation [3.8], the slope of the straight line in Fig. 3.4 increases with decreasing gate voltage.
This trend also points out that the accuracy of the proposed method can be considerably

improved by lowering gate voltages.

3.4 Confirmative Evidence

The measured mobility change percentage versus extracted stress is shown in Fig. 3.5.
The straight line through the data-points yields the slope or piezoresistance coefficient of

-33.5 x 10 "> dyne™ cm?, close to that (-31.5 % 10 dyne™' cm?) in the literature [3.21].

To testify to the layout technique mentioned above, we quote existing relationship
between the effective channel stress and the gate to STI spacing, which was derived from the

stress simulation [3.10]:

o(a)=o0(a

min

Y1+, L Cniny (3.4)
a

where amin represents a minimum gate to STI spacing and V, is the maximum ofa)
variations (i.e. when a — o) with respect to o{amiy). The extracted stress can be adequately
described by Eq. (3.4) with V,,, = -1.05, as demonstrated in Fig. 3.6. Indeed, the projected
stress for a = 10 um, the reference point mentioned above, approaches zero. Therefore, the

layout technique holds true in this work.

Finally, the electrical method accompanied with the layout technique was also applied to
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other devices (with a sample size of 10) on the same wafer. The corresponding stress-induced

variations in gate direct tunneling current were found to be comparable with those in Fig. 3.4.

3.5 Conclusion

With known process parameters and published deformation potential constants as input,
fitting of gate direct tunneling current versus gate voltage data has led to the value of the
underlying channel stress. A link with the mobility measurement on the same device has been
conducted. The resulting piezoresistance coefficient has been in good agreement with

literature values. The layout technique has also been validated.
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Chapter 4

Distinguishing Between STI Stress and Delta Width
in Gate Direct Tunneling Current of Narrow
Nn-MOSFETS

4.1. Introduction

The significance of the shallow trench isolation (STI) induced mechanical stress in highly
scaled MOSFETs has been widely recognized [4.1]. The linkage between layout design and
the underlying STI stress has also been well constructed [4.2]-[4.4]. Further applications
pertaining to the layout dependencies-of the STT stress-altered dopant diffusion [4.5],[4.6],
gate direct tunneling [4.6],[4.7], threshold veltage-[4.6]-[4.8], subthreshold leakage [4.6],[4.8],
and mobility [4.2],[4.4],[4.6],[4.7], have all-been successfully demonstrated. However, care
must be taken especially in the narrowing direction. The reasons are that on the one hand, the
STI channel stress can be enhanced; however, on the other hand, the delta width AW due to
STI corner rounding as schematically shown in Fig. 4.1 is of increasing importance. Thus, the
ability to distinguish the delta width effect from the STI stress effect is essential. Two such
examples on the drain current variation have recently been published [4.9],[4.10]. However,
so far, effects on the gate direct tunneling current counterpart were not yet addressed in the
open literature. In this work, we elaborate on how to unambiguously elucidate the STI stress

altered gate direct tunneling current measured in the presence of n-MOSFET narrowing.
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4.2 Experiment

The n" poly-silicon gate n-MOSFETs on (001) wafer were fabricated in a state-of-the-art
manufacturing process. Three key process parameters were obtained by a capacitance-voltage
(C—V) fitting: n* poly-silicon doping concentration = 1 x 10 ** cm™, gate oxide thickness =
1.27 nm, and channel doping concentration = 3 x 10 '” cm™. In this process, STI induced
compressive stress was applied. The gate length L, the gate edge to STI spacing in source
diffusion, and the gate edge to STI spacing in drain diffusion, all in the channel length
direction <110>, were fixed at the same value of 0.5 um. The gate edge to STI spacing in the
source diffusion is equal to that of the drain: The cross-sectional view of the test device is
schematically shown in Fig. 4.1. The gate width  spanned in a wide range of 0.11, 0.24, 0.6,
1.0 and 10 pm. The gate direct tunneling current was.measured in inversion with the source,
drain, and substrate all tied to the ground. The change percentage of the apparent gate current
per unit width, namely the actual gate current.divided by corresponding W, with respect to W

=10 pm, 1s plotted in Fig. 4.2 for V, =1 V.versus W.

4.3 Data Fitting and Parameter Extraction

As illustrated in Fig. 4.1, the actual channel width designated W, is the drawn gate width
plus the delta width: W.y= W + AW. The corresponding stress altered gate tunneling current
density can be expressed as a linear function of both the average longitudinal channel stress
o: and the average transverse channel stress o; , which was obtained via a triangular potential
based quantum simulation while incorporating the longitudinal and transverse stress

dependencies of the subbands [4.11]:
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L(o) 1,00
W+AW W, +AW
1,(0)

W, +AW

=a.0,+a,0, 4.1)

Here the proportionality constants a, and a, both are equal to -2.9 X 10" m*Nt. The
same proportionality constant value was also utilized in our previous work concerning the
longitudinal channel stress [4.6],[4.7]. On the basis of the two-dimensional STI stress
distributions [4.3],[4.10], a certain relationship can be found: oy= k log(W/W,.), where k is
constant. Since only for sufficiently small /¥ can the gate current variation be significantly
noticed, the transverse channel stress at reference W,.(=10 pm) can be reasonably ignored.

By substituting the above logarithm form into (4.1), a new analytic model for the

apparent gate tunneling current change can be straightforwardly derived:

I,(0) I,(o
@_M 1+axo-x+ayk10gl
A, o) W ¥ = Wy W+AW Wy

g.app.
Jg,app(o-rgf) M 1+ax0x Vme + AW W

(4.2)

Here, the reference stress ;. corresponds:to. a fixed longitudinal stress under which the data
were measured. First of all, according to the previous work [4.6],[4.7], o, under the same gate
to STI spacing (= 0.5 um, taking into account the effect of the source/drain diffusion regions)
was estimated to be -107 MPa. Then, least-squares fitting using (4.2) produced £ = 130 MPa
and AW = 58 nm. The fitting quality is excellent in a wide range of W, as shown in Fig. 4.2.
The extracted AW is close to that of the existing simulated device structure in the same
manufacturing process (see Fig. 5 of Ref. [4.3]). Therefore, in our work the logarithmic form
is a good approximation for # down to 0.11 um, comparable with that (0.15 pm in the drain
current fitting) of the citation [4.10]. Further calculations were conducted for the two cases: (i)
stress only, namely Eq.(4.2) with AW = 0 and (ii) delta width only or Eq.(4.2) with o; = 0 and
k = 0. The results are together plotted in Fig. 4.2 for comparison. It can be seen that the delta

width effect dominates over the stress effect in the narrow devices, while for the wide ones,
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they are comparable. Note that both effects are co-operative in constituting gate current

variation.

Obviously, AW is the principal factor in the data fitting. Thus, under constraint of AW = 58
nm, we performed additional calculations for different values of k. The results are given in Fig.
4.3. Here, the uncertainty range of k& between 70 and 200 MPa appears to ensure reasonable
fitting. On the other hand, we changed o; to those between -70 and -200 MPa; however, no
noticeable change in the calculation results (directly from (4.2)) can be found (not shown
here). Note that if o; is much larger in magnitude than o;, Eq.(4.2) reduces to the case of
delta width only. Further calculation was conducted concerning the possibility that the
narrowing action in the transverse direction may affect o although the STI-to-STI spacing in
the channel length direction has been fixed. The corresponding calculated gate current change
for oy at W= 0.11 pm relative to oy (=-107 MPa).at W = 10 pm is given in Fig. 4.4. Fig. 4.4
reveals that the effect of varying -g;"due to the marrowing action on the fitting quality is

considerably weak.

4.4 Confirmative Evidence and Discussion

Extra measurement of drain current was carried out on the same devices. The change
percentage of the apparent drain current per unit width at V; =1V and V, = 1V is inserted to
Fig. 4.2. The existing piezoresistance coefficients were cited for the fractional mobility
change [4.12]: Au(c)u@©) = m.o. + m0, where = -3.16 x 10 '* and 7z, = -1.76 x 10 "
m?/Nt. The measured threshold voltage shift was less than 5 mV, indicating that the gate
voltage minus the threshold voltage Vj; remains unchanged. Thus, according to the
long-channel saturation drain current expression: Iy, = pCin(W+AW)(V,- Vth)Z/ZL where C;,,

is the gate capacitance in inversion, another analytic model, having the same expression as
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(4.2) but with a, and a, replaced by 7, and 7, respectively, can be created for the apparent
drain current variation. Although the mobility in near-equilibrium may be not the same as that
in the saturation regime of operation, the same piezoresistance coefficients can essentially
apply to the relative mobility change due to the applied mechanical stress. This argument
remains reasonable for the long-channel devices as used in this work. The calculated results
agree with data as shown in the Fig. 4.5. Analogous to gate current case, the measured drain
current was separated into the delta width only and the channel stress only. However, these
two distinct effects exhibit opposite trends. Again, the effect of varying o due to the

narrowing action appears to be weak, as demonstrated in Fig. 4.4.

4.5 Conclusion

We have systematically examined the delta width®and channel stress effects on gate
direct tunneling current of narrow n=MOSFETs under STI compressive stress. Both effects
have been decoupled using a new analytic direct tunneling model. The validity of the
extracted transverse channel stress and delta width has been confirmed. The effect of varying
longitudinal channel stress due to the narrowing action has also been addressed. The

corroborating evidence in terms of the drain current variation has further been established.

39



References

[4.1]

[4.2]

[4.3]

[4.4]

[4.5]

[4.6]

[4.7]

G. Scott, J. Lutze, M. Rubin, F. Nouri, and M. Manley, “NMOS drive current
reduction caused by transistor layout and trench isolation induced stress,” in IJEDM

Tech. Dig., 1999, pp. 827-830.

R. A. Bianchi, G. Bouche, and O. Roux-dit-Buisson, “Accurate modeling of trench
isolation induced mechanical stress effects on MOSFET electrical performance,” in

IEDM Tech. Dig., 2002, pp. 117-120.

Y. M. Sheu, C. S. Chang, H. C. Lin, S. S. Lin, C. H. Lee, C. C. Wu, M. J. Chen, and
C. H. Diaz, “Impact of STI mechanical stress in highly scaled MOSFETs,” in Int.

Symp. VLSI-TSA, 2003, pp. 76-79.

C. Gallon, G. Reimbold, G. Ghibaudo, R..A. Bianchi, R. Gwoziecki, S. Orain, E.
Robilliart, C. Raynaud, and H. Dansas, “Electrical analysis of mechanical stress
induced by STI in short MOSFETs using.externally applied stress,” IEEE Trans.

Electron Devices, vol. 51, pp. 1254-1261, Aug. 2004.

Y. M. Sheu, S. J. Yang, C. C. Wang, C. S. Chang, L. P. Huang, T. Y. Huang, M. J.
Chen, and C. H. Diaz, “Modeling mechanical stress effect on dopant diffusion in

scaled MOSFETs,” IEEE Trans. Electron Devices, vol. 52, pp. 30-38, Jan. 2005.

C. Y. Hsich and M. J. Chen, “Electrical measurement of local stress and lateral
diffusion near source/drain extension corner of uniaxially stressed n-MOSFETs,”

IEEFE Trans. Electron Devices, vol.55, pp. 844-849, Mar. 2008.

C. Y. Hsieh and M. J. Chen, “Measurement of channel stress using gate direct
tunneling current in uniaxially stressed nMOSFETs,” IEEE Electron Device Lett., vol.

28, pp. 818-820, Sep. 2007.

40



[4.8]

[4.9]

[4.10]

[4.11]

[4.12]

C. Pacha, M. Bach, K. von Arnim, R. Brederlow, D. Schmitt-Landsiedel, P.
Seegebrecht, J. Berthold, and R. Thewes, “Impact of STI-induced stress, inverse

narrow width effect, and statistical Vg variations on leakage currents in 120 nm

CMOS,” in Proc. Eur. Solid-State Device Res. Conf., 2004, pp. 397-400.

P. B. Y. Tan, A. V. Kordesch, and O. Sidek, “Analysis of deep submicron CMOS
transistor Vtlin and Idsat versus channel width,” in Proc. Asia-Pacific Microwave

Conf., 2005, pp. 1569-1572.

R. Li, L. Yu, H. Xin, Y. Dong, K. Tao, and C. Wang “A comprehensive study of
reducing the STI mechanical stress effect on channel-width-dependent /lyg:,”

Semicond. Sci. Technol., vol. 22, pp. 1292-1297, Nov. 2007.

Y. T. Lin, Strained Silicon Physies in Nanoscale MOSFETs, Master Thesis, National

Chiao-Tung University, 2008.

S. E. Thompson, G. Sun,=Y. S. Choi, and T.:Nishida, “Uniaxial-process-induced
strained-Si: extending the CMOS. roadmap,” /EEE Trans. Electron Devices, vol. 53,

pp. 10101020, May 2006.

41



| Wer = W + AW

Yy

Polysilicon

STI Si STI

Fig. 4.1 The cross-sectional view of the device in the channel width direction, which can be
schematically drawn from the existing simulated device structure in a state-of-the-art
manufacturing process [4.3]. The effective channel width designated W,y is the drawn width

W plus the delta width AW.
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Fig. 4.2 The relative change of the apparent gate current per unit width at V,= 1V versus
drawn gate width. The lines represent the calculated results. It is worth noting that for the
narrowest case W = 0.11 um, the delta width effect contributes 52% while the remaining
(7.3%) stems from the stress induced SiO,/Si barrier lowering. The combination of both
effects produces a 63% change in the apparent gate current density. For sufficiently large W,

however, the delta width and channel stress effects become comparable. AW = 58 nm, o, =

-107 MPa, and k£ = 130 MPa.
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used are inserted. AW =58 nm and k= 130 MPa.
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Fig. 4.5 The relative change of the apparent drain current per unit width at V; =1V and V, =
1V versus drawn gate width, along with the calculated results. Note that the piezoresistance
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ones of state-of-the-art strained n-MOSFETs [4.12], valid only for the channel <110>

direction on (001) wafer as studied in this work.
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Chapter 5

Electrical Measurement of Local Stress and Lateral
Diffusion Near Source/Drain Extension Corner of

Uniaxially Stressed n-MOSFETSs

5.1 Introduction

Mechanical stress has been widely recognized to be one of the key issues in the area of
highly scaled MOSFETs. So far, there have been two distinct directions concerning the
significance of the mechanical stress. On the oneihand, the mechanical stress experienced
during the manufacturing process can enhance or retard the dopant diffusion, thereby
influencing the final doping profile ‘of the'device. There have been significant studies with
emphasis on the material aspect covering a wide range of experimental findings and
confirmations [5.1]-[5.8], as well as the atomistic calculations and physical models [5.1],
[5.9]-[5.12]. Extension to the actual devices has been achieved by means of the sophisticated
device/process coupled simulation, namely the technology computer-aided design (TCAD)
[5.10], [5.13], [5.14]. On the other hand, the presence of the mechanical stress can also alter
the band structure of the formed device, which in turn can significantly affect properties such
as mobility [5.15]-[5.17], hot carrier immunity [5.18], threshold voltage [5.19], and gate
direct tunneling [5.20]-[5.23]. Besides the mentioned TCAD technique [5.10], [5.13], [5.14],
there have been several methods applied on the formed devices with which the magnitude of
the underlying stress and its status both can be determined: 1) wafer bending jig [5.24]; 2)
stress/strain simulation and modeling [5.25]; 3) Raman spectroscopy [5.26]; and 4) gate direct
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tunneling [5.23].

Indeed, the ability of tracing the electrical measurements on the formed devices back to
the stress related dopant diffusion in the manufacturing process is essential. Traditionally, this
was done with the TCAD method [5.10], [5.13], [5.14], as mentioned above. In this paper, we
present the electrical approach to the local mechanical stress around the source/drain
extension corner of uniaxially stressed n-MOSFETs, which can straightforwardly determine
the underlying lateral diffusion. The validity of the proposed method will be addressed in

detail.

5.2 Experiment

The detail of the test devices involving the fabrication process flow, key process

parameters, and schematic cross section and topside view-can all be found in Chapter 3.

5.3 Corner Stress Extraction and Validation

Measurement of the subthreshold current is adopted to quantify the mechanical stress
around the source/drain extension diffusion corner. The measured subthreshold current
change with respect to the reference device, namely a = 10 um, is shown in Fig. 5.1, revealing
a decreasing trend with decreasing gate-to-STI spacing. The subthreshold characteristics can

be expressed as

B w kT ’ q(VG_V;h) -4V
Imb‘ —,quf(m—l)(7j exp[Wj[l—exp( T j\J (51)

where 4 is the mobility, C,, is the gate oxide capacitance per unit area, I/ and L represent the

channel width and length, respectively, V3 is the threshold voltage, kT is the thermal energy,
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and m is the body effect coefficient with a value between 1.3 and 1.4. Under same gate bias

and large drain voltage, the difference of subthreshold current can be rearranged as follow

1n(1+Mj=1n(1+A”(G)J—AV”’(G) (5.2)

L, (0) ,u(O) mkT

Thus, with the measured subthreshold current change and threshold voltage shift as shown in
Fig. 5.2 can the mobility variations be directly resulted. By means of piezoresistance
coefficient, the corresponding corner stress can be obtained as demonstrated in Fig. 5.3. Since
the subthreshold current is mainly affected by the source to channel barrier, it is inferred that

the calculated stress must be located around the source/drain corner.

The extracted corner stress is found to be comparable with those of the channel as created
by other electrical measurements on the' same”device. First, by incorporating the stress
dependencies of quantized energies: [5.22], [5.23],4[5.27]-[5.29] into a triangular potential
method [5.30] in the channel, a WKB tunneling approach [5.31] was adopted to quantify the
conduction-band electron direct tunneling current. As"a consequence, the uniaxial channel
stress of 0, ~0, -120, and -280 MPa was extracted for gate to STI spacing of 10, 2.4, 0.495,
and 0.21 um, respectively, each of which can reproduce experimental gate direct tunneling
current versus gate voltage characteristics. The detailed extraction process can be found in
Chapter 3. The corresponding gate current change is plotted in Fig. 3.4 versus extracted
channel stress with gate voltage as a parameter. It was found that 2-fold subband A; lies a few
kT below four-fold subband A4 at high gate voltages and therefore electrons primarily
populate A, whereas for low gate voltages, electrons populate both A, and A4. Hence, at low
gate voltages, stress not only gives rise to a change in barrier height but also an increased
population in A4. This effect becomes weakened for high gate voltages due to the dominating
A, electrons. As a result, the gate current change due to the stress increases with decreasing

gate voltage (refer to [5.22] for the detailed interpretations). Second, the mobility at Vp = 25
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mV was characterized. The measured mobility change percentage versus extracted stress is
shown in Fig. 3.5. A straight line used to fit the data points yields the slope or piezoresistance
coefficient of -33.5 x 10 > dyne™ cm?, close to that (-31.5 x 10 "'* dyne cm?) in the literature
[5.2]. The inset depicts the corresponding mobility change as a function of the gate edge to

STI spacing.

Finally, to testify to the validity of the layout technique, we quote existing relationship
between the effective stress and the gate to STI spacing, which was derived from the stress

simulation [5.25]:

o(a)=0o(a

min

Y1+, L Cniny (5.3)
a

where anmin represents the minimum gate to STI spacing and V,,, is the maximum ofa)
variations (i.e. when a — ©0) with respect to ofamin):.Evidently, as displayed in Fig. 5.4, the
extracted channel stress and corner stress for a given gate to STI spacing are close to each
other, indicating that the stress distribution-benecath the gate oxide is considerably uniform. In
addition, the corner stress follows the"same trend as the channel counterpart. The resulting
Vme values are comparable as well: -1.05 for the channel stress and -1.02 for the corner stress.
Good fitting quality in both stress cases confirms the validity of the layout technique in

controlling the stress.

5.4 Lateral Diffusion Extraction and Confirmation

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. 5-5 that the resulting substrate

current, which essentially is equal to the electron gate to substrate tunneling current, increases
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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. 5.5. To determine the underlying gate-to-source/drain-extension overlap length where the
EDT prevails, the existing edge direct tunneling models [5.33]-[5.35] on the basis of the
triangular potential approximation [5.30] 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 E,, at the gate edge is determined through the following

expression:

Voo = Vig =V T E + Ve (54)

poly ox"ox

where Vpg is the applied source/drain. to. gate voltage; Vg is the flatband voltage, 7, is the
gate oxide thickness, and V)., and Vpg are the potential drops in the nt poly-silicon and
source/drain extension region, respectively. The accumulated electrons mainly populate in the
first subband E; 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:

nm
q(E/n _El) ﬂhg = 8anox = Q (5'5)

where Ej, is the quasi-Fermi level in n” poly gate, 7 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 [5.22], [5.23], [5.27]-[5.29]:
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Ey(0) = (9hq‘9“xE“x Y HE + IS, 42505+ (S, -5, )0 (5.6)

16£4+/2m,

where the elastic compliance constants S;; = 7.68 x 102 m? /N and Sip=-2.14 x 102 m#/N.
The hydrostatic and shear deformation potential constants =;= 1.13 eV and &,= 9.16 eV
[5.19], close to those of Ref. [5.22], 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. 5.6, the following

expressions can therefore be derived:

E. 2
Vo~ = e B, 5 (5.7)
q qnm, (¢
e
Yy meeo (5.8)
2q84N pp

where Npg is the dopant concentration of source/drain extension. Here, the quantization
effective masses m, = 0.98 my and mz = 0:19 m,, and'n = 2 were adopted to approximate the
band structure for <100> oriented poly-silicon grain [5.31]. Then, it is a straightforward task
to calculate the WKB tunneling probability, taking into account the corrections for reflections
from the potential discontinuities [5.31]. Here the electron effective mass in the oxide for the
Franz type dispersion relationship was used with m,, = 0.61 m,. The SiO,/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 o :

Ly (0)=WL,y q(Q) (5.9)

where ¢ is the elementary charge, W 1is the channel width, and Lzy is the
gate-to-source/drain-extension overlap length. The tunneling lifetime in above equation can

be connected with the transmission probability T: 7;(c) = #h/(T(0)E(0)).
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Then with known process parameters and published deformation potential constants [5.19]
as input, the measured EDT was reproduced well as displayed in Fig. 5.7. Electron tunneling
onto the forbidden silicon energy gap 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 more negatively biased gate voltages where the EDT dominates can the effect
of the traps be alleviated. In addition, it was found 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 Lzy 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 pum, respectively as
demonstrated in Fig. 5.8. The Lpy values are found to be comparable with those in the
literature [5.33]-[5.35]. The shift of around 1.1 nm, caused by dopant retarded lateral
diffusion for stress change from 0 to 440 MPa, is reasonable with respective to the process
simulation [5.13]. In the cited work [5.13], a device/process coupled simulation was carried
out to produce the lateral doping profile fronithe source through the channel to the drain, with
and without the strain dependencies:The resulting doping profiles reveal the diffusion
retardation of about 1.8 nm as caused by a stress change from -10 to -500 MPa. It is therefore
inferred that the extracted local stress and lateral diffusion shift are in satisfactory agreement

with those of the process simulation published elsewhere [5.13].

The gate-to-source/drain-extension overlap length designated Lry is essentially
proportional to the square root of dopant diffusivity D. The stress dependent dopant

diffusivity can be expressed as [5.1], [5.4], [5.12]:

D(&) = D(0) exp(‘kQTg) (5.10)

where Q is the strain induced activation energy and ¢ is the uniaxial strain. ¢ can be related to
the uniaxial stress o with the Young’s modulus Y: o =Ye. Then the effect of the stress on the

extension overlap length can be derived as
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Ly (o) _ exp(_QO-

L, (0) 2kTY) -1

The extracted extension overlap length is plotted in Fig. 5.9 versus the uniaxial corner stress.
Fitting of the data yields a value of —Q/kT = 129. Assuming a typical temperature of 7= 1300
K for the manufacturing process, the activation energy Q of -15.7 eV results, which is
reasonable relative to those (-14 eV for arsenic and -30 eV for phosphorus) of the process
simulation [5.13]. Therefore, a physically oriented analytic model is reached, expressing the

lateral diffusion length as a function of the corner stress.

5.5 Conclusion

With the aid of the layout technique, the source/drain extension corner stress has been for
the first time extracted by using- the subthreshold current measurement, and has been
compared with the channel stress obtained by the additional measurements on the gate direct
tunneling in inversion and mobility. The validity of the layout technique has been confirmed
as well. With known process parameters and published deformation potential constants as
input, fitting of the gate edge direct tunneling data has led to the value of the underlying
lateral diffusion. The retarded lateral diffusion length and the strain induced activation energy
both have been quantitatively consistent with those of the process simulation. A physically
oriented analytic model has been reached, expressing the lateral diffusion as a function of the

corner stress.

54



References

[5.1]

[5.2]

[5.3]

[5.4]

[5.5]

[5.6]

[5.7]

[5.8]

M. J. Aziz, Y. Zhao, H.-J Gossmann, S. Mitha, S. P. Smith, and D. Schiferl,
“Pressure and stress effects on the diffusion of B and Sb in Si and Si-Ge alloys,”

Phys. Rev. B, vol. 73, p. 054101, Feb. 2006.

N. Moriya, L. C. Feldman, H. S. Luftman, C. A. King, J. Bevk, and B. Freer, “Boron
diffusion in strained Si,.xGey epitaxial layers,” Phys. Rev. Lett., vol. 71, pp. 883-886,

Aug. 1993.

P. Kuo, J. L. Hoyt, J. F. Gibbons, J. E. Turner, R. D. Jacowitz, and T. I. Kamins,
“Comparison of boron diffusion in Si and strained Si;—Gey epitaxial layers,” Appl.

Phys. Lett., vol. 62, pp. 612-614, Feb.;1993.

N. E. B. Cowern, P. C. Zalm, P. van:der Sluis, D. J. Gravesteijn, and W. B. de Boer,

“Diffusion in strained Si(Ge),” Phys.Rev. Lett., vol. 72, pp. 2585-2588, Apr. 1994.

F. H. Baumann, J. H. Huang, J. A. Rentschler, T. Y. Chang, and A. Ourmazd,
“Multilayers as microlabs for point defects: Effect of strain on diffusion in

semiconductors,” Phys. Rev. Lett., vol. 73, pp. 448-451, Jul. 1994.

P. Kuo, J. L. Hoyt, J. F. Gibbons, J. E. Turner, and D. Lefforge, “Effects of strain on
boron diffusion in Si and Si;Gey,” Appl. Phys. Lett., vol. 66, pp. 580-582, Jan.

1995.

P. Kringhoj, A. N. Larsen, and S. Y. Shirayev, “Diffusion of Sb in strained and

relaxed Si and SiGe,” Phys. Rev. Lett., vol. 76, pp. 3372-3375, Apr. 1996.

N. R. Zangenberg, J. Fage-Pedersen, J. L. Hansen, and A. N. Larsen, “Boron and
phosphorus diffusion in strained and relaxed Si and SiGe,” J. Appl. Phys., vol. 94, pp.
3883-3890, Sep. 2003.

55



[5.9]

[5.10]

[5.11]

[5.12]

[5.13]

[5.14]

[5.15]

[5.16]

M. S. Daw, W. Windl, N. N. Carlson, M. Laudon, and M. P. Masquelier, “Effect of
stress on dopant and defect diffusion in Si: A general treatment,” Phys. Rev. B, vol.

64, p. 045205, Jun. 2001.

M. Laudon, N. N. Carlson, M. P. Masquelier, M. S. Daw, and W. Windl, “Multiscale
modeling of stress-mediated diffusion in silicon: Ab initio to continuum,” Appl. Phys.

Lett., vol. 78, pp. 201-203, Jan. 2001.

S. T. Dunham, M. Diebel, C. Ahn, and C. L. Shih, “Calculations of effect of
anisotropic stress/strain on dopant diffusion in silicon under equilibrium and
nonequilibrium conditions,” J. Vac. Sci. Technol. B, vol. 24, pp. 456-461, Jan./Feb.

2006.

M. J. Chen and Y. M. Sheu, ;‘Effect of uniaxial strain on anisotropic diffusion in

silicon,” Appl. Phys. Lett., yol. 89, p.-161908, Oct. 2006.

Y. M. Sheu, S. J. Yang, C; C. Wang, C. S. Chang, L. P. Huang, T. Y. Huang, M. J.
Chen, and C. H. Diaz, “Modeling mechanical stress effect on dopant diffusion in

scaled MOSFETSs,” IEEE Trans. Electron Devices, vol. 52, pp. 30-38, Jan. 2005.

H. Tsuno, K. Anzai, M. Matsumura, S. Minami, A. Honjo, H. Koike, Y. Hiura, A.
Takeo, W. Fu, Y. Fukuzaki, M. Kanno, H. Ansai, and N. Nagashima, “Advanced
analysis and modeling of MOSFET characteristic fluctuation caused by layout

variation,” in Symp. on VLSI Tech., 2007, pp. 204-205.

J. Welser, J. L. Hoyt, and J. F. Gibbons, “NMOS and PMOS transistors fabricated in
strained silicon/relaxed silicon-germanium structures,” in /JEDM Tech. Dig., 1992, pp.

1000-1002.

S. E. Thompson, M. Armstrong, C. Auth, M. Alavi, M. Buehler, R. Chau, S. Cea, T.
Ghani, G. Glass, T. Hoffman, C. H. Jan, C. Kenyon, J. Klaus, K. Kuhn, Z. Ma, B.

56



[5.17]

[5.18]

[5.19]

[5.20]

[5.21]

[5.22]

Mcintyre, K. Mistry, A. Murthy, B. Obradovic, R. Nagisetty, P. Nguyen, S.
Sivakumar, R. Shaheed, L. Shifren, B. Tufts, S. Tyagi, M. Bohr, and Y. El-Mansy,
“A 90-nm logic technology featuring strained-silicon,” IEEE Trans. Electron

Devices, vol. 51, pp. 1790-1797, Nov. 2004.

C. H. Ge, C. C. Lin, C. H. Ko, C. C. Huang, Y. C. Huang, B. W. Chan, B. C. Perng,
C. C. Sheu, P. Y. Tsai, L. G. Yao, C. L. Wu, T. L. Lee, C. J. Chen, C. T. Wang, S. C.
Lin, Y. C. Yeo, and C. Hu, “Process-strained Si (PSS) CMOS technology featuring

3D strain engineering,” in I[EDM Tech. Dig., 2003, pp. 73-76.

A. Hamada, T. Furusawa, N. Saito, and E. Takeda, “A new aspect of mechanical
stress effects in scaled MOS devices,” IEEE Trans. Electron Devices, vol. 38, pp.

895-900, Apr. 1991.

J. S. Lim, S. E. Thompson, and J.-G: Eossum, “Comparison of threshold-voltage
shifts for uniaxial and biaxial tensile-stressed n=MOSFETSs,” IEEE Electron Device

Lett., vol. 25, pp. 731-733, Nowv. 2004.

W. Zhao, A. Seabaugh, V. Adams, D. Jovanovic, and B. Winstead, “Opposing
dependence of the electron and hole gate currents in SOl MOSFETSs under uniaxial

strain,” IEEE Electron Device Lett., vol. 26, pp. 410—412, Jun. 2005.

X. Yang, J. Lim, G. Sun, K. Wu, T. Nishida, and S. E. Thompson, “Strain-induced
changes in the gate tunneling currents in p-channel metal-oxide—semiconductor

field-effect transistors,” Appl. Phys. Lett., vol. 88, p. 052108, Jan. 2006.

J. S. Lim, X. Yang, T. Nishida, and S. E. Thompson, “Measurement of conduction
band deformation potential constants using gate direct tunneling current in n-type
metal oxide semiconductor field effect transistors under mechanical stress,” Appl.

Phys. Lett., vol. 89, p. 073509, Aug. 2006.

57



[5.23]

[5.24]

[5.25]

[5.26]

[5.27]

[5.28]

[5.29]

[5.30]

[5.31]

C. Y. Hsieh and M. J. Chen, “Measurement of channel stress using gate direct
tunneling current in uniaxially stressed n-MOSFETSs,” IEEE Electron Device Lett.,

vol. 28, pp. 818-820, Sep. 2007.

C. Gallon, G. Reimbold, G. Ghibaudo, R. A. Bianchi, R. Gwoziecki, S. Orain, E.
Robilliart, C. Raynaud, and H. Dansas, “Electrical analysis of mechanical stress
induced by STI in short MOSFETs using externally applied stress,” IEEE Trans.

Electron Devices, vol. 51, pp. 1254-1261, Aug. 2004.

R. A. Bianchi, G. Bouche, and O. Roux-dit-Buisson, “Accurate modeling of trench
isolation induced mechanical stress effects on MOSFET electrical performance,” in

IEDM Tech. Dig., 2002, pp. 117-120.

I. D. Wolf, “Micro-Raman speetroscopy to, study local mechanical stress in silicon

integrated circuits,” Semicond. Sci. Technol:, vol. 11, pp. 139154, 1996.

C. Herring and E. Vogt, “Transport and® deformation-potential theory for
many-valley semiconductors with anisotrepic scattering,” Phys. Rev., vol. 101, pp.

944-961, Feb. 1956.

I. Balslev, “Influence of uniaxial stress on the indirect absorption edge in silicon and

germanium,” Phys. Rev., vol. 143, pp. 636—-647, Mar. 1966.

C. G. Van de Walle and R. M. Martin, “Theoretical calculations of heterojunction
discontinuities in the Si/Ge system,” Phys. Rev. B, vol. 34, pp. 5621-5634, Oct.

1986.

H. H. Mueller and M. J. Schulz, “Simplified method to calculate the band bending
and the subband energies in MOS capacitors,” IEEE Trans. Electron Devices, vol. 44,

pp- 1539-1543, Sep. 1997.

L. F. Register, E. Rosenbaum, and K. Yang, “Analytic model for direct tunneling
58



[5.32]

[5.33]

[5.34]

[5.35]

current in polycrystalline silicon-gate metal-oxide-semiconductor devices,” Appl.

Phys. Lett., vol. 74, pp. 457-459, Jan. 1999.

S. Suthram, J. C. Ziegert, T. Nishida, and S. E. Thompson, “Piezoresistance
coefficients of (100) silicon nMOSFETs measured at low and high (~1.5 GPa)

channel stress,” IEEE Electron Device Lett., vol. 28, pp. 58—61, Jan. 2007.

K. N. Yang, H. T. Huang, M. J. Chen, Y. M. Lin, M. C. Yu, S. M. Jang, C. H. Yu, M.
S. Liang, “Edge hole direct tunneling in off-state ultrathin gate oxide p-channel

MOSFETSs,” in IEDM Tech. Dig., 2000, pp. 679-682.

K. N. Yang, H. T. Huang, M. J. Chen, Y. M. Lin, M. C. Yu, S. M. Jang, D. C. H. Yu,
and M. S. Liang, “Characterization and modeling of edge direct tunneling (EDT)
leakage in ultrathin gate oxide MOSFETSs,” IEEE Trans. Electron Devices, vol. 48,

pp. 1159-1164, Jun. 2001.

K. N. Yang, H. T. Huang, M. J. Chen, ¥. M. Lin; M. C. Yu, S. M. Jang, D. C. H. Yu,
and M. S. Liang, “Edge hole:direct tunneling leakage in ultrathin gate oxide
p-channel MOSFETSs,” IEEE Trans. Electron Devices, vol. 48, pp. 2790-2795, Dec.

2001.

59



a A
o o
L L |
1

0
AID(sub.)lID(sub.) ( /o)
8

&

o
—
1

&

(3]
——
[

VoS0V, V. =0V,V =06V

A
o
T
1

1 " 1 I 1 " ! " 1 1 |

0 2 4 6 8 10
Gate to STI Spacing (um)

Fig. 5.1 The measured subthreshold current change versus gate to STI spacing.
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Chapter 6
Effect of STI Mechanical Stress on p-Channel Gate
Oxide Integrity

6.1 Introduction

Strained silicon has currently been adopted in the high-performance nanotechnologies.
There have been two fundamentally different approaches used to achieve this goal: (i) strained
silicon on a relaxed buffer layer; and (ii) process strained silicon through the shallow trench
isolation (STI), capping layer, silicide,or an embedded source/drain stressor [6.1],[6.2].
Examination of the interfacial properties of gate oxide integrity associated with strained
devices is essentially crucial. Recently, la-low-frequency noise measurement on strained
n-MOSFETs has revealed underlying+gate oxide integrity [6.3],[6.4]. In this work, the noise
measurement is conducted on p-channel counterparts with the varying STI mechanical stress

in the channel width direction.

6.2 Experiment

Devices under test were p-MOSFETs fabricated in a state-of-the-art manufacturing
process. In this process, strain engineering was implemented using the shallow trench
isolation (STI) technique. The STI mechanical stress under study was applied in the width
direction as drawn in Fig. 1, achieved with the channel length fixed at 0.5um while varying

channel widths (0.11, 0.24, 0.6, 1, and 10 pm). Reduction in channel width means more
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tensile stress in that direction. This argument was experimentally corroborated in terms of the
enhanced drain current per unit width in Fig. 6.1 versus channel width. Technique concerning
delta width and STI effects can be quoted in Chapter 4 to clarify the status of stress (tensile or
compressive). The threshold voltage and low-field mobility of the devices were extracted
from the linear regime of operation [6.5]. The low-frequency noise measurement setup
detailed elsewhere [6.6] was employed. The measurement frequency ranged from 3 Hz to 100
kHz. Noise measurements were conducted under quasi-equilibrium conditions (Vp= —0.05V)

with the gate overdrive (Voy) as a parameter.

6.3 Results

As seen in Fig. 6.2, it is clear that Si/Ip* o 1/(Vgs-Vr), indicating that the mobility
fluctuations or the Coulomb scattering part -cannot be: ignored. Therefore, the following
so-called correlated mobility-number. fluctuation-approach was utilized for the input-referred

voltage noise power spectral density [6.7]:
2
Sye =[ 1+ atty Cror (Vos =V ) | (ks TAN, / Cp ' WL ) (6.1)

where « is the effective scattering coefficient, 4 1s the low-field effective mobility, Cror 1s
the gate oxide capacitance per unit area, g is the elementary charge, kp is Boltzmann’s
constant, 7 is the absolute temperature, A is the tunneling distance (~0.1nm), /¥ is the channel
width, L is the channel length, and A, is the interface-state density. Based on (1) and Sy, data
in Fig. 6.3, both N, and o were determined from the Sy, 3 versus -(Vs-Vr) characteristics.
The results are shown in Fig. 6.4 and 6.5. It can be seen that on the average, for decreasing
channel widths from 10 um down to 0.11 pum, the interface-state density decreases whereas

the scattering coefficient undergoes a relatively small change.
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6.4 Physical Origins

Analogous to the ESR on (100) Si/SiO; interface [6.8], the interface defects investigated
here can be attributed to the group of P centers as a result of the mismatch between the Si
substrate and SiO, network. The network/lattice mismatch primarily originates from the
volume expansion upon oxidation of Si. Obviously, with an enhanced tensile stress to relax
the intrinsic interface strain, the network/lattice mismatch is diminished, leading to a

reduction in P, centers.

Another physical interpretation can be established by directly quoting the earlier works by
Deal, et al. [6.9], as illustrated in Fig. 6.6. More tensile strain produces augmented lattice
spacing or equivalently reduced excess silicon density per unit area, which in turn gives rise

to decreased interface-state density.

6.5 Conclusion

The noise measurement on p-MOSFETs has revealed that an enhanced tensile stress in the
channel narrowing direction can improve the gate oxide integrity. Its physical origins were
related to relaxed interface strain and reduced excess silicon per unit area during the

oxidation.
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Fig. 6.1 Measured drain saturation current enhancement factor versus channel width. The

inset shows the schematic illustration of STI mechanical stress in the width direction.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

This dissertation concerns the assessment of mechanical stress and modeling of physical

behaviors in strained MOSFETs. Brief summaries of this work are listed as follows:

First of all, with known process parameters and published deformation potential constants
as input, fitting of gate direct tunneling current versus gate voltage data has led to the value of
the underlying channel stress. A link with the mobility measurement on the same device has
been conducted. The resulting piezoresistance.coefficient has been in good agreement with

literature values. The layout technique'has also been validated.

Second, we have systematically ‘examined-the delta width and channel stress effects on
gate direct tunneling current of narrow n-MOSFETs under STI compressive stress. Both
effects have been decoupled using a new analytic direct tunneling model. The validity of the
extracted transverse channel stress and delta width has been confirmed. The effect of varying
longitudinal channel stress due to the narrowing action has also been addressed. The

corroborating evidence in terms of the drain current variation has further been established.

Then, with the aid of the layout technique, the source/drain extension corner stress has
been for the first time extracted by using the subthreshold current measurement, and has been
compared with the channel stress obtained by the additional measurements on the gate direct
tunneling in inversion and mobility. The validity of the layout technique has been confirmed
as well. With known process parameters and published deformation potential constants as

input, fitting of the gate edge direct tunneling data has led to the value of the underlying
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lateral diffusion. The retarded lateral diffusion length and the strain induced activation energy
both have been quantitatively consistent with those of the process simulation. A physically
oriented analytic model has been reached, expressing the lateral diffusion as a function of the

corner stress.

Finally, the noise measurement on p-MOSFETs has revealed that an enhanced tensile
stress in the channel narrowing direction can improve the gate oxide integrity. Its physical
origins were related to relaxed interface strain and reduced excess silicon per unit area during

the oxidation.

7.2 Recommendation for Future Work

In this work, uniaxial stress along lengitudinal or transverse direction has been
successfully extracted. Here, the dimension length-in one-direction is larger than the other one.
However, when the device dimenston shrinksSidrastically in both, the uniaxial hypothesis

would not work properly. Thus, a study extending to 2D or 3D case is needed.

Intentional strain technology such as SiGe stressor, contact etch stop layer has also widely
applied in the industry. Usually, the magnitude of stress will exceed 1GPa and may reach
3GPa. Hence, the shear term in k * p method incorporating with deformation potential theory
must be adopted for calculating the conduction bands considering the band distortion which is

neglected under moderate stress in this research.

In this work, the isotropic stress-dependent diffusion model for uniaxial stress case has
been developed and is sufficient to explain the experimental data. However, even stronger
anisotropic stress can be expected in future technologies, and therefore a generalized

anisotropic stress-dependent diffusion model for arbitrary stress conditions is necessary.

The impact of stress on interface states has been discussed. However, a quantitatively
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analytical model has not been well established yet. It has been reported that the defects
strongly depends on the stress states during the oxidation and passivated processes. With
well-developed model, the oxide integrity can be controlled by carefully selecting process

steps.
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