
ABSTRACT 

ZHAO, WENJUN.  Reliable Local Strain Characterization in Si/SiGe Based Electronic 

Materials System. (Under the direction of Dr. Gerd Duscher and Dr. George Rozgonyi). 

 

In this research we first developed a procedure to determine the strain in a TEM 

sample. This procedure includes HOLZ line detection from a Convergent beam electron 

diffraction (CBED) pattern, kinematic calculation of high order Laue zone (HOLZ) line 

position and searching lattice parameters by χ2 minimization. With only CBED technique, 

strain measurement on the strained Si layer is not possible in a blanket strained Si/SiGe 

structure due to HOLZ line splitting (deformation). For sub-100nm short channel SiGe 

CMOS device structures strain could be determined in the center of the channel. We 

demonstrated the CBED strain measurement can be implemented in new generation short 

channel technology node with a nano meter spatial resolution and high accurate. 

For the first time, we developed a new approach combined with CBED and finite 

element (FE) modeling and quantitatively investigated the correlation of the strain in a thin 

TEM sample with that in the bulk. The new method successfully determined the strain in the 

strained Si layer on a blanket strained Si/SiGe wafer, in a good agreement with other 

measurements. The new results also gave some insight in strain relaxation in a TEM sample. 

We found the [-1,-1,0] strain component which is perpendicular to the TEM sample thinning 

direction stays the same in the TEM sample and in the bulk, while the [001]) strain 



ii

 

component is relaxed because it is along the same direction as the TEM sample thinning 

direction. This relaxation causes the deformation of the TEM foil and HOLZ line splitting. 

Therefore a clear CBED pattern can not be obtained from a TEM sample with a biaxial stain 

state. Our findings from a recessed SiGe PMOS test structure with a uniaxial compressive 

strain showed a different strain redistribution behavior. The data showed that the εx [-1,1,0] 

strain is actually more than 20% higher in a TEM sample than in the bulk. The εy [-1,-1,0] 

strain which is parallel to the TEM sample thinning direction turns to tensile in the TEM 

sample due to the loss of constraints, while it is zero in the bulk. The new results can 

explain our experimental data and others’ (which could not be explained before.) and are 

consistent with UV Raman measurements.  
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CHAPTER 1: INTRODUCTION 

1.1. Motivation 

With the increasing challenges associated with following Moore's Law, the physical 

dimensional shrinkage no longer provides the performance improvements of prior process 

nodes. As a result, the Si industry is looking for new methods and/or materials to achieve 

performance improvements as a complement to traditional scaling techniques. Since late 

1990s researchers have showed device performance enhancement by strained Si would work 

with leading-edge, sub-100nm short-channel transistors by been identified by the 

International Technology Roadmap for Semiconductors (ITRS) as being essential to the 

continuation of classical scaling. Strain with different forms can be introduced in a transistor 

channel by strain engineering for optimal carrier mobility boost. 

To obtain a better control of strain engineering, a reliable experimental method is 

required to measure the strain distribution with a suitable spatial resolution for sub-100nm 

technology nodes. Although strain has been used to increase carrier mobility for the past 

several years its measurement and control have proven difficult. Despite numerous 

theoretical simulations and calculations, the direct experimental strain verification has been a 

big issue especially since the device channel length is reaching below 100nm. Conventional 

strain measurement techniques, such as Raman spectroscopy and high resolution x-ray 

diffraction are no longer suitable due to poor spatial resolution. Convergent beam electron 

diffraction (CBED) on a modern scanning transmission electron microscope (STEM) is the 

only method that has sufficient spatial resolution and sensitivity for direct local lattice 
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parameter determination. However as observed, strain relaxation always happens in a TEM 

sample, especially near the interface or in the channel region where the strain is mostly of 

interest. The correlation of the strain in a TEM sample and in the bulk is unknown.  

1.2. Scope and Organization of Thesis 

Chapter 1—“Introduction”, introduces the motivation of my research and the scope of 

this dissertation. 

Chapter 2—“Literature Review”, starts with the development of ITRS. Then the basics 

of strained Si/SiGe is talked about, followed by strain engineering with the cutting edge 

strained silicon technology. Strain measurement methods including Raman, high resolution 

X-ray diffraction and CBED on strained Si/SiGe on reviewed. 

Chapter 3—“Methodology”, first addresses the principles of Z-contrast imaging and 

CBED in a scanning transmission electron microscope. The procedure of lattice parameter 

determination from a clean CBED pattern is discussed includes acquisition of a CBED 

pattern, HOLZ line detection with Hough transform, kinematic calculation for HOLZ line 

position and searching the lattice parameters with the χ2 minimization. Some special 

considerations including TEM sample thickness and ambiguity effect during lattice 

parameter determination are pointed out. Finite element modeling of strain distribution on 

ANSYS® is covered. Finally a new procedure of the initial strain in the bulk is outlined. 

Chapter 4—“Results and Discussions”, first presents the residual strain determination 

in a TEM sample for different channel length device structures. Then the mechanism of 

HOLZ line splitting is explored. The correlations of the strain distribution in a TEM sample 
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and in the bulk structure are explored both for blanket strained Si/SiGe structures and device 

structures.  

The summary concludes the obtained results and points out the future directions. 
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CHAPTER 2: LITERATURE REVIEW 

2. 1. International Technology Roadmap for Semiconductors (ITRS) 

In 19651 and 19752, Gordon Moore projected that a semi-log graph of the number of 

components on a computer chip versus the date of initial availability was a straight line. 

Moore’s law is predicated on shrinking the critical features of the planer process: the smaller 

these critical features, the higher density of bits that can be packed into a unit area and the 

lower of the costs3. For the past four decades, geometric scaling has been achieved by simply 

reducing the feature size. The microelectronics industry has driven transistor feature size 

scaling from 10 µm to below 100 nm4,5. With such small feature sizes in high volume 

production and under development, Si complementary metal-oxide-semiconductor field 

effect transistor (CMOSFET) technologies are now leading the field of nanotechnology and 

will continue to do so.  

As the transistor gate length drops to 35 nm and below and the gate oxide thickness 

drops to ∼1 nm, physical limitations, such as off-state leakage current and power density, 

make geometric scaling an increasingly challenging task6,7. Its believed that conventional 

CMOS is reaching its scaling limits and Moore’s law comes to its end. To continue CMOS 

device historical performance improvement and extend Moore’s law to the field of 

nanotechnology, new materials and/or new innovations on CMOS structures are needed. One 

approach is to increase the free carrier mobility in the active region of the device by 

introducing strained Si. 
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Starting with the 90-nm technology generation, mobility enhancement through 

uniaxial process-induced-strained Si has emerged as the next scaling vector being widely 

adopted in logic technologies8. Presently with the 65nm logic technology in volume 

production and 45 nm and 32 nm under development9,10, 10, all featuring strained Si state-of-

the-art technologies, Moore’s law is found to still be valid in the nanotechnology era for the 

foreseeable future11. 

 

2. 2. Strained Si/ Si1-xGex 

Back in the 1950s people started to study the various effects of strain on Si and Si 

technology and recognize that when the band structure of a material is changed, many 

material properties, such as band gap, effective mass, and mobility are also altered12. 

However it was in the 1980s that strain in silicon were explored in an effort to boost carrier 

mobility and improve CMOS device performance13,14. Let’s start with the basics of strained 

Si and the physics of carrier mobility enhancement due to strain.  

 

2.2.1 Background of Stress and Strain 

The nominal or engineering stress σ is determined by dividing the applied load P by 

the specimen’s original cross-sectional area A0: 

0A
P

=σ  (2- 1) 
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As shown in Figure 2-1, since each point P in the body is under static equilibrium, 

only nine stress components from three planes are needed to describe the stress state at a 

point P. These nine components can be organized into the matrix: 

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛

=

zxzyzx

yzyyyx

xzxyxx

ij

σσσ
σσσ
σσσ

σ  (2- 2) 

 

 

Figure 2- 1 General state of stress with 9 components. 
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Figure 2- 2 Definition of shear strain and engineer shear strain. 

 
 

The nominal or engineering strain ε is defined by dividing the change δ in the 

specimen’s length L0 by the length: 

0L
δε =  (2- 3) 

A positive strain (tensile) means the material is stretched, while a negative strain 

(compressive) means the materials is shortened. Similar in form to the 3D stress matrix, the 9 

strain measures can be organized into a matrix: 

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛

=

zxzyzx

yzyyyx

xzxyxx

ij

εεε
εεε
εεε

ε   (2- 4) 

Figure 2-2 shows the definition of shear stress and engineering shear stress, which 

can be rewritten as: 

yxxyxy y
u

x
εενγ +=

∂
∂

+
∂
∂

=  (2- 5) 
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In a CMOS transistor device structure, we mainly deal with biaxial strain and uniaxial 

strain. Biaxial strain occurs when the stressor applies the force in a plane with the two 

orthogonal directions having the same magnitude of force and stress of nature. Uniaxial 

strain occurs when the stressor applies the force along one direction (channel or current 

direction) with dominant magnitude.  

 

2.2.2 Basics of Strained Si/ Si1-xGex 

Silicon and germanium form a completely miscible alloy system15. Therefore Si1-xGex 

films of any composition (0≤x≤1) can be grown, without phase segregation, with a lattice 

constant that varies linearly between aSi (5.4309Å) – aGe (5.6575Å) according to Vegard’s 

law16: 

xaxaa GeSiSiGe *)1(* +−=   (2- 6) 

 
This gives us an advantage that Si1-xGex can be used as a template for depositing Si-

rich layers in a state of biaxial tensile strain and Ge-rich layers in a state of biaxial 

compressive strain. Since the lattice constant of Si is smaller than that of Ge (Figure 2-3 (a))., 

when silicon is grown on top of a layer of Si1-xGex, the atoms in the silicon layer align with 

those in the slightly larger crystalline lattice of the Si1-xGex (Figure 2-33 (b)). This change in 

the interatomic spacing causes the changes in band structure and density of states and is the 

fundamental force to move electrons and holes faster. 
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(a) (b) 

Figure 2-3 (a) Bulk Si and relaxed SiGe before growth; (b) after growth in the initial stage 
(“coherent interface”) 

 
 
 

At the early state of the growth, the interface of Si and Si1-xGex is fully coherent, 

known as “pseudomorphic growth”17. The in-plane lattice of Si is matched exactly to that of 

the underlying Si1-xGex layer. The lattice mismatch between unstrained Si and Si1-xGex layer 

is accommodated by elastic distortion of Si lattice. The thin Si layer is considered to be fully 

strained in a biaxial tensile state at the interface plane. 

With more Si layers deposited on the Si1-xGex template layer, it is energetically 

favorable to form dislocations to accommodate the increasing areal strain energy density 

associated with the Si layer thickness h18,19. This thickness at which the first dislocation is 

generated is called “critical thickness”, hc, given by: 

Bulk SiGe
(Relaxed)

Bulk Si

Strain

Strained Si

Bulk SiGe 
(Relaxed) 
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where ν is Poisson’s ratio (~0.27 for Si and Ge), b is Burger’s vector of a dislocation, a(x) is 

5.6575 Å for pure Ge, and f  is the mismatch (4.2%) between Si and Ge. The appearance of 

dislocations, the so-called 600 or 900 “misfit dislocations”, at the interface, relaxes part of the 

total misfit fmis. The remaining strain ε, which is accommodated by elastic deformation of Si 

lattice, is then given by: 

δε −= misf     (2- 8) 

 
where δ corresponds to the plastic strain that has been released by misfit dislocations. 

 

2.2.3 Physics of Strained Si for Mobility Enhancement 

The carried velocity is determined by carrier mobility µ, which is given by20 

*m
qτµ =  (2- 9) 

where q is elementary charge, τ is the scattering time (1/τ is the scattering rate) and m∗ is the 

conductivity effective mass. Therefore two factors, τ and m∗, can effect the carrier mobility. 

The mechanism of mobility enhancement due to strain is simpler for electron than for hole. 

For electrons, both effective mass and scattering changes are generally considered to be 

important for mobility enhancement21. In bulk Si, the conduction band is comprised of six 

equivalent elliptical valleys (degenerate valleys) located on the 3 <100> planes, as shown in 

Figure 2-4 (a). These valleys are of equal energy, connoted as ∆6. The effective mass, defined 
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as the reciprocal of the curvature of the electron energy function in one direction is 

anisotropic.  The transverse mass (perpendicular to the axis Z=[001]) given by mt = 0.19me  

is significantly smaller than the longitudinal mass (parallel to the axis Z=[001]) given by ml = 

0.98me
22, where me is the free electron mass. The contributions of the six degenerate valleys 

can be added to obtain the conductivity effective mass of electrons, m*:20 

1* ]2)1(
3
1[ −+=

tl mm
m   (2- 10) 

Under a biaxial tensile strain, the degeneracy between the four in-plane valleys (∆4) 

and the two out-of-plane valleys (∆2) is broken, as shown in Figure 2-4 (b) and the energy 

level of the two (∆2) valleys (perpendicular to the growth plane) is lowered with respect to 

the energy level of the four in-plane (∆4) valleys, as shown in Figure 2-4 (c). This conduction 

band splitting leads to the reduction in the rate of intervalley phonon scattering (1/τ). On the 

other hand, the lower energy of the ∆2 valleys means that they are preferentially occupied by 

electrons. Electrons occupying the ∆2 valleys experience the transverse effective mass mt 

(=0.19me) for in-plane transport, as opposed to the mixed conductivity mass expressed in 

Equation (2.10). Thus for electrons, if the optimum strain is applied, both reduction in 

scattering rate and in effective mass will contribute to the electron mobility enhancement, as 

verified with experiments21,23. 

The hole mobility enhancement mechanism was less well understood until recently24. 

It is believed that only the effective mass change due to band warping and repopulation plays 

a significant role at today’s manufacturable stress level (<1GPa) since strain induced valence 

band splitting is smaller than that for the conduction band. The complex hole valence band 
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structure as well as band warping under strain lead to much bigger mobility enhancement for 

hole than for electron. These two reasons make strained p-MOSFETs a key focus in 

advanced logic technologies25. 

 

 

Figure 2-4 Conduction band of silicon consists of three sets of equivalent valleys: (a) under 
no stress; and (b) a biaxial tensile strain. Application of a biaxial tensile strain breaks the 
degeneracy, splitting the energy ∆6 into two sets of energy levels: ∆2 and ∆4, as shown in (c).25 

 

 

2. 3. State-of-the-Art Strained Si CMOS Technology 

There are four types of strain/stress that can be introduced in CMOS technologies for 

carrier mobility enhancement, as show in Figure 2-5: uniaxial compressive, biaxial 

compressive, uniaxial tensile and biaxial tensile. Different types of strain have distinct effects 

on electron and hole motilities. Therefore to achieve the optimal mobility enhancement, 

(a) (b)

(c) 

Z=[001] 
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various methods for strain application have been studied for both NMOS and PMOS 

technologies. 

 

 

 
 

 

Figure 2-5 Different types of strain that can be introduced for carrier mobility enhancement. 

 

Two basic approaches for applying strain have been extensively implemented in a 

CMOS channel. The first approach is a global strain technology through substrate 

engineering, where stress is introduced across the entire substrate from the bottom by either 

SiGe epitaxial processes or layer transfer processes including Si on insulator (SOI) and SiGe 

on insulator (SGOI). The second approach is a local strain technology, where stress is 

Uniaxial Tensile 
Uniaxial Compressive

Biaxial Tensile 

Biaxial Compressive 
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engineered into the device from the side by means of either epitaxial layers (embedded SiGe 

source and drain) or process-induced high-stress nitride capping layers. 

The following sections present recent developments in local and global strained 

silicon engineering technologies, and discuss their effective insertion into today’s cutting-

edge CMOS technologies. 

 

2.3.1. Global Strain Approach 

Most of the pioneering work on strained Si has focused on biaxial global stress using 

a wafer-based approach of a thin strained Si layer epitaxially grown on a thick relaxed SiGe 

virtual substrate26,27. Heteroepitaxy is the process of growing a film with equilibrium lattice 

constant that is different from that of the substrate. Given the difficulty in creating Si1-xGex 

single crystal substrates28, the strained-Si top layer, upon which the transistor will be built, is 

grown on the relaxed-SiGe layer, so-called “virtual substrate”, which is formed through 

epitaxial growth of Si1-xGex buffers on Si wafers29. Due to the smaller lattice constant of Si 

than that of Si1-xGex, the Si layer is tensily stretched in the x- and y-directions at the interface 

plane. Therefore, this type of epitaxially strained films is referred to as biaxial strained films.  

Figure 2-6 schematically shows the most common implementation of a CMOS device 

structure. About 2 times electron mobility enhancements have been obtained at all vertical 

effective fields, Eeff, in the strained Si channel grown on relaxed Si1-xGex template30,31,32. For 

hole mobilities, about the same amount of enhancement can be achieved at low Eff
33,34. 

However, most work showing near zero hole mobility improvement at large vertical electric 
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fields26,27,30 ,35 (typical operating region for high-performance nanoscale CMOS transistors). 

Though higher Ge contents, which results in larger lattice mismatch therefore larger 

magnitudes of biaxial tensile strain in the strained Si layer, yield finite mobility 

enhancements in high Eeff, there are practical challenges associated with strained Si on 

relaxed SiGe virtual substrate for Ge concentration over 35%36. Recent developments on 

strained Si on insulator (SSOI) show solutions to such limitations37. 

 

 

Figure 2-6 Schematic of a CMOS transistor build on a globally strained Si/Si1-xGex 
Heterstructure38.  

 

The strained Si on insulator (SSOI) structure has a number of advantages. It 

eliminates issues associated with SiGe during MOSFET processing, such as Ge updiffusion 

and enhanced diffusions of n-type dopants in SiGe. As shown in Figure 2-7, to produce SSOI, 
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first strained Si on relaxed SiGe template heterostructure is formed by the usual methods. 

Then this structure is transferred to a handle wafer by wafer bonding (so called “smart cut”). 

The final SSOI structure is obtained by etching back the constant SiGe layer. 

 

 

 

 

 

 

 

 

Figure 2-7 Fabrication methodology for SSOI using bond and etch-back technology. 

 

Although biaxial tensile stress has potential technological importance to CMOS logic 

technologies since it introduces advantageous strain for both n-type and p-type MOSFET 

simultaneously, it has not been introduced to fabricate commercial CMOS microprocessor 

due to integration challenges, process complexity, and cost8. As mentioned earlier, for most 

PMOSMETs, biaxially stressed Si demonstrates near-zero hole mobility improvement at 

large vertical electric fields where commercial MOSFETs operate. Uniaxially stressed 

PMOSMETs, however, does not suffer from this performance problem.  

Si Substrate 

Graded SiGe 

Constant SiGe 
Strained Si 

Si Substrate 

SiO2 

Si Substrate 
Si Substrate 

SiO2 SiO2 

Strained Si
Constant SiGe

Strained Si 
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2.3.2. Local Strain Approach 

Several standard processing steps can be used to introduce uniaxial local strain in a Si 

channel for CMOS strain engineering. For first- and second-generation strained Si MOSFETs, 

the industry is adopting process-induced uniaxial stress39,40. Uniaxial process induced stress 

(as opposed to biaxial) is being pursued because larger hole mobility enhancement can be 

achieved at both low strain and high vertical electric field24. Due to these and other 

differences between uniaxial and biaxial stress, the highest drive current enhancement on 

short channel devices for uniaxial stress7 has already significantly surpassed biaxial stress41. 

The state-of-the-art techniques are being pursed in today’s sub-100nm technology nodes for 

stress induction: embedded (or recessed) SiGe at source and drain, highly stressed nitrides 

and silicide films, and oxides in shallow trench isolation (STI). 

In 2000, Gannavaram et al.42 proposed SiGe in the source and drain area for higher 

boron activation and reduced external resistance. Since then embedded SiGe at source and 

drain has been recognized as one of the options offering the best potential to enhance 

performance in sub-100nm technologies43,44. In this approach, as shown in Figure 2-9 (a) an 

Si recess is created by etching away the Si source and drain, then SiGe is epitaxially grown in 

the source and drain for p-channel. This forms a uniaxial compressive stress. Figure 2-

8Error! Reference source not found. (b) shows a cross section TEM image of a PMOS test 

structure featuring embedded SiGe source and drain. For 20% Ge, compressive channel 

stresses on the order of ~1GPa are induced depending on the proximity of the SiGe to the 

channel. The process induced uniaxial compressive stress leads to drive-current 

improvements of up to 35% for PMOS transistors, which offers greater device performance 
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than alternative Si device enhancement concepts, such as high-K dielectrics. Similar 

processes to the embedded SiGe technology is the introduction of embedded SiC at source 

and drain to induce uniaxial tensile strain in the n-channel MOSFET43.  

 

 

 

Figure 2-8 (a) Processing flow of a strained Si PMOS; (b) Cross section TEM view (adapted 
from N. Mohta et. al.25) 

 

 

A second, less complex technique for introducing strain in the MOSFET is the use of 

a tensile and/or compressive capping layer45,46. Nitride films were among the first to be 

adapted for this application. By controlling the growth conditions, such as pressure, SiN 

layers with more than 2GPa of tensile stress and more than 2.5GPa of compressive stress 

have recently been developed by Applied Materials, simultaneously improving NMOS and 

PMOS transistor performance with the so-called “dual stress liner” (DSL) technique. In this 
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approach a Si3N4 layer in a highly tensile stress state is uniformly deposited over the entire 

wafer, followed by patterning and etching the film off p-channel transistors. Next, a highly 

compressive SiN layer is deposited selectively on p-channel regions. Figure 2-9 shows the 

process schematic for NMOS and PMOS respectively25. With this DSL method, a 

longitudinal (the channel direction) compressive stress in created, while keeping the stress in 

the transverse or width direction under tension, while for  NMOS, tension in both channel 

and width direction are introduced. 

 

 

Figure 2-9 Dual stress liner (DSL) process schematic with tensile and compressive Si nitride 
capping layer over NMOS and PMOS respectively25. 

 
 
 

High-stress compressive films can induce channel stress comparable in magnitude to 

the first-generation embedded SiGe in the source and drain. The advantages of DSL 

technique over epitaxial SiGe over embedded SiGe technique are reduced process 

complexity and integration issues. At 2004 International Electron Devices Meeting (IEDM), 

IBM and AMD announced that the DLS approach results in effective drive current 
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enhancement of 15% in NMOS and 32% in PMOS, and saturated drive current enhancement 

of 11% and 20%, respectively47. 

Other techniques for process induced stress include tensile shallow trench oxide48,49, 

silicidation50,51, and stress memorization52. Process induced stress requires different stress 

types (compressive and tensile for n- and p-channel, respectively) to simultaneously improve 

both n- and p-channel devices. Combining different strain-engineering techniques is a 

promising prospect to maximize the benefit as it has been found a lot of the different sources 

of process-induced stress can be additive, such as compressive nitrides for CMOS53. The 

challenge is to understand and optimize how the stresses from these various films interact. 

 

2. 4. Strain Measurements 

To better control strain engineering in the channel in a sub-100nm CMOS transistor, a 

good knowledge of strain distribution is needed. This requires a reliable technique to directly 

measurement the strain tensor with a desired accuracy and spatial resolution suitable for a 

short channel transistor. There are many techniques for strain measurements: micro-Raman54, 

UV-Raman55, high resolution X-ray diffraction (XRD)56,57 and convergent beam electron 

diffraction (CBED)58,59 on a transmission electron microscope (TEM). These methods have 

been attempted to measure the channel strain in a destructive or nondestructive way. 

However due to the limitations and disadvantages of each method, such as spatial resolution 

or sample preparation, the actual reliable strain information in the bulk device is still on 

debate. For example Raman spectroscopy has been widely used for strain measurements on 
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blanket strained Si wafers. However for buried layers and short channels (<100nm) Raman 

spectroscopy are facing detection and spatial resolution problems. With specially grown 

samples, good estimates can be available from Raman strain measurements. For CBED 

technique, a thin TEM sample has to be prepared. This might cause strain the discrepancy of 

the strain in the TEM sample and in the bulk. Blow these experimental measurement 

methods are briefly described. 

 

2.4.1. Raman Spectroscopy 

Raman spectroscopy is one of the most widely used strain measurement technique. It 

was first applied to integrated circuit processing in late 1980s60. Since then this technique has 

rapidly adopted for strain measurements in semiconductor materials due to the fact that it is 

relatively simple and offers fast qualitative information. 

Raman spectroscopy measures the shift in the wavelength of the silicon optical 

phonons caused by strain. The shift can be related to stress through the elastic equations (will 

be discussed in the following). Two modes of Raman are normally employed: micro-Raman 

and UV Raman. Micro-Raman uses a larger laser line while UV Raman uses 325 or 244 nm-1. 

The laser illumination area is typically 1µm in diameter. For strongly absorbing materials 

such as many semiconductors, the Raman signal originates from a volume defined by the 

penetration depth and the diameter of the laser beam. A shorter laser wavelength gives rise to 

lower penetration and therefore provides information on the strain from the region closer to 

the surface. Different penetration depths in silicon and germanium are given for different 
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wavelengths in the Table I below. For Si1-xGex, the penetration depth can be estimated with a 

linear combination for Si and Ge in terms of their content ratio. 

Raman spectroscopy has been extensively used for the determination of Ge 

composition and in-plane component of epitaxial stress in strained Si/SiGe heterostructure61 

because it is nondestructive  and fast62,63. The position of a peak is determined by the Ge 

composition of the sample if there is no strain. The shift of the peak is due to the strain within 

the probing laser’s sample penetration depth. With appropriate choice of laser wavelength, 

layers at different depths from the surface can be selectively probed. Therefore strain from 

buried layers can be measured. From Raman peak positions, one can determine the 

composition, x, and the residual in plain strain, ε, of SiGe alloys based on the work done by 

J.C. Tsang et al.64: 

ωSiSi= 520.2-62x+ ∆Si* ε*0.0417  (2- 11) 

ωGeSi= 400.5+14.2x+ ∆GS* ε*0.0417  (2- 12) 

ωGeGe= 282.5+16x+ ∆Ge* ε*0.0417  (2- 13) 

 
where ωSi, ωGS and ωGe are the phonon frequencies for Si-Si band, Si-Ge band and Ge-Ge 

band from the SiGe layer.  ∆Si, ∆GS and ∆Ge describe the linear shift of the phonon 

energies with normalized strain (ε/0.0417) and are determined to be 34cm-1, 24cm-1 and 

16cm-1 respectively3. These coefficients were determined experimentally and calibrated 

with other techniques such as HRXRD and secondary ion mass spectrometer (SIMS) 

measurements61,64. 
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If there is a strained cap layer on top of the SiGe layer, a new method will be 

provided to calculate Ge concentration: 

x=(ωc- ωSi)/34+68x`/34  (2- 14) 

 
and the strain in the cap layer can be calculated by: 

ε= (ωc-520.2)*0.0417/∆Si  (2- 15) 

 
where ωc is the Si-Si band phonon frequency from the Si cap layer, ωSi is the Si-Si band 

phonon frequency from the SiGe buffer layer and x` is the Ge concentration in the Si cap 

layer due to any unintentional alloying. Different methods are provided by these equations to 

calculate Ge concentration and the strain. The accuracy of each method mainly depends on 

what shape the peak takes and how well the position of the peak can be determined.   

 

Table 2- 1 Penetration depths in Si and Ge for different excitation wavelengths. 
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The shorter wavelength of a UV laser looks mostly at the first 10nm, which is ideal 

for blanket strained Si/SiGe heterostructures and thin SOI layers65,66. Same as micro-Raman, 

UV Raman also gives a spatial resolution in micrometer which is hardly suitable for local 

strain analysis in a sub-100nm strained channel. 

Besides the limitation of the spatial resolution on the order of 1µm, one has to start 

from analytical or finite element models if the different strain tensor components have to be 

obtained. Recently a new technique with the combination of scanning near field microscopy 

and Raman, known as nano-Raman is under development to greatly improve spatial 

resolution67,68. The method seems easily applied to strained Si substrates. Measurement of 

test areas in scribe lines is also possible, but the only way to apply this approach to stress 

measurement for areas covered with amorphous Si3N4 is to measure stress in the silicon 

underneath the film. In the future, nano-Raman systems based on near field optical 

microscopes is expected to push the spatial resolution to <200nm. 

 

2.4.2. High Resolution X-ray Diffraction (HRXRD) 

X-ray diffraction (XRD) has been used to measure lattice constants for more than 100 

years. High-resolution XRD enables the measurement of small changes in lattice constant. 

XRD measurement area is typically 0.3mm2. Measurement of patterned wafers requires large 

test areas. XRD can also supply information about deformation of a crystalline sample. 

Deformation (also referred to as strain) of a crystal lattice will result in a change in the inter-

atomic distances. The effect on a diffraction pattern depends on whether the deformation 
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occurs on a local (microscopic) or on a global (macroscopic) scale. Microscopic deformation, 

i.e. local variation of the interatomic distances in a sample, is referred to as micro-strain. In 

this case, XRD analysis of an entire sample will display a range of deviations from the 

expected interatomic distances. This leads to peak broadening. The width of a diffraction 

peak is also influenced by the crystallite size: a large crystallite size causes sharp reflections, 

whereas a small size leads to broad reflections. Although size and strain both result in peak 

broadening, their effects can be separated since their angular dependence is different. 

HRXRD is a fast and non-destructive technique with minimal sample preparation. 

But same with Raman techniques, HRXRD suffers from poor spatial resolution for sub-

100nm short channel strain characterization. 

 

2.4.4. Convergent Beam Electron Diffraction on a Transmission Electron Microscope 

(CBED/TEM) 

With the gate length shrinking down to sub-100nm, direct experimental strain 

measurement becomes more challenging since the area of most interest is only tens of 

nanometers wide and a few nanometers down below the gate. Among all of the strain 

measurement techniques, convergent beam electron diffraction (CBED) is the only method 

that can offer a spatial resolution on a nanometer scale58,59.   

The convergent beam electron diffraction technique is a point-to-point method for 

local strain analysis of thin crystals in the transmission electron microscope. The availability 

in modern instruments of scanning attachments coupled with high-angle annular dark-field 
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detectors (STEM/HAADF) has recently enabled the automatic acquisition of diffraction 

patterns in a large number of points, selected by digitally raftering the probe in a two 

dimensional region of the sample. As the components of the strain tensor can be calculated at 

each point, 2D strain mapping has thus become possible.  

In 1977 Jones et al.69 reported that the lattice parameters can be determined from the 

intersections of HOLZ lines. They also stated that the dynamic effect should be taken into 

consideration for accurate measurements. Zuo70 determined the lattice parameters of 

YBa2Cu3O7-δ by the kinematical diffraction theory corrected by the effective accelerating 

voltage. Toh et al.71 analyzed the strain under uniaxial and biaxial strain. They reported the 

effect of a thin buffer layer of SiOxNy incorporated below the Si3N4 overlay film in an n-

channel MOSFET. Huang et al.72 and Peng et al.73 reported the direct CBED strain 

measurements on a sub-100nm p-type MOS transistor. They demonstrated the strain on the 

order of 10-3 could be obtained in advanced Si MOSFET and CBED technique can be serve 

as a strain metrology method for the development of new generation strained Si technology.  

A TEM sample is required to be cross-sectioned and thinned to a few hundred 

nanometers or less for electron transparency. The use of focused ion beam milling allows for 

better control of the thickness and site-specific analysis, especially for nanoscale devices. 

The TEM sample thinning tends to alter the original strain state74. Therefore, accurate 

experimental confirmation of channel strain is not yet available, nor is the relationship 

between strain in these samples and strain in an IC. 

CBED has proved to be useful for strain determinations75,76,77. However, it has been 

believed that the lattice parameters determined from a CBED pattern do not coincide with 
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those in the bulk due to the fact that strain relaxation always happens in a TEM Sample. 

Clement et al.78 examined a NiSi layer in a n-MOS transistor and showed the broadening of 

HOLZ lines is mainly due to the atomic plane bending that occurs as a result of the stress 

relaxation during the TEM sample preparation. For (001) heterostructures, Maher proposed79 

that the tetragonal distortion can be deduced from the CBED analysis from the measured 

lattice parameters. However, this holds only in the fully relaxed case, a value somewhat 

larger and yet of limited accuracy being more appropriate for the typical thickness of the 

areas of the sample where a good-quality CBED pattern can be obtained (Armigliato et al. 

1994, 1995). As an alternative approach, Duan80 has investigated the relaxation problem by 

large-angle CBED (LACBED) but, aiming at the validation of a relaxation model through the 

determination of both thickness and relaxation, he could not achieve a high accuracy. 
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CHAPTER 3: METHODOLOGY 

3.1. Z-contrast on a Scanning Transmission Electron Microscopy (STEM) 

By using a field emission electron sours (FEG), Crewe et al.1 succeeded in detecting 

individual atoms and atomic clusters on a scanning transmission electron microscope (STEM) 

in early 1970s. Basically, a Z-contrast image is obtained by the detection of elastically and 

quasi-elastically scattered electrons using a high-angle annular dark-field (ADF) detector2,3,4, 

as shown in Figure 3-1. Scattering in the angular range 40-100mrad is dominated by 

Rutherford (elastic) scattering and thermal diffuse (quasi-elastic) scattering5. Such high angle 

scattering is very sensitive to the atomic number Z of the scattering atoms. Simultaneously 

electrons without scattering and scattered at low angles go through the energy filter and can 

be collected a slow scanning CCD camera, where a convergent beam electron diffraction 

pattern can be captured. This provides a big convenience for site specific strain measurement 

with CBED in a short channel. 

A crystalline sample is tilted to a low-order zone axis (for Si, <110>) and scanned by 

the focused electron probe so that the electrons could “look” along columns of atoms with 

the maximizing “empty” space between the columns. Detecting the scattered intensity at 

high-angles and integrating over a large angular range effectively averages coherence effects 

between neighboring atomic columns in the specimen. This allows each atom to be 

considered as an independent scatter object. Scattering factors may be replaced by cross-

sections, and these approach a Z2 dependence on atomic number. 
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Figure 3- 1 A STEM schematic shows that a Z-contrast image can be collected by a high-
angle annular dark field (HAADF) detector and a CBED pattern can be captured by a CCD 
camera.4 

 

The most important feature of Z-contrast imaging is that it can be described as being 

"incoherent", which has many advantages at atomic resolution6. An incoherent image can be 

described by a convolution between the probe intensity and an object function with sharp 

peaks at the atom position, as illustrated in Figure 3-2. The small width of the object function 

(0.02nm) means that the spatial resolution is limited only by the probe size. For a crystalline 

material in a zone axis orientation, where the atomic spacing is greater than the probe size, 

Z-contrast Image 

CBED 
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the atomic columns are illuminated sequentially as probe is scanned over the specimen. A 

directly interpretable, atomic resolution compositional map is thus generated in which the 

intensity depends on the average atomic number Z of the atoms in the columns.  

 

 

Figure 3- 2 Schematic representation of the experimental probe and the object function 
convolution5. 

 

Due to Z2 dependence heavier atoms appear brighter because more scattered electrons 

are collected by the HAADF detector while lighter atoms appear darker. In vacuum, all the 

incident electrons pass through the center hole of HAADF detector without scattering. 

Vacuum shows the darkest because no electrons are scattered then detected. Therefore Z-

contrast imaging is considered to be dark field imaging.  

 When convergent beam electron diffraction is performed, the thickness of a TEM 

sample is desired to be between 200nm-400nm (the explanation will be discussed in Section 

3.4.1).  This is much thicker than an optimal thickness for Z-contrast imaging (normally less 

than tens of nanometers). The thicker of a TEM sample, the more electrons can be scattered. 

      Object   Object Function
O(R) 

Image   
I(R)=O (R) ⊗ P 2 (R) 

(a)   (b) (c)   
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In thin specimens, the dominant contribution to the intensity of a column is always its 

composition. Due to the higher absorption of the heavy strings the contrast does decrease 

with increasing specimen thickness and in very thick crystals there is no longer a high 

resolution image. In CBED measurements, a Z-contrast image at low or medium 

magnification is normally captured for location recognition along with a CBED pattern. 

Therefore a high resolution Z-contrast image is not necessarily needed for strain 

determination.  

  

3.2. Basic Theory of Convergent Beam Electron Diffraction (CBED)  

CBED is one of the most powerful techniques for the determination of crystal 

structure in the field of TEM and is the only available method suitable for strain 

determination in a short channel of today’s CMOS transistors on a nanometer scale. The 

technique of CBED was first used by Kossel & Mollenstedt7. The subsequent development of 

STEM units made it possible to obtain finer probes with larger angles of convergence, 

making CBED more popular. Development of coherent electron sources like the LaB6, field 

emission and field ion guns8, improved design of lens systems with less aberration, imaging 

using energy filtering devices9 have made this technique very powerful.  

 

3.2.1. Introduction 

We start to introduce CBED by comparing it with a conventionally used and well-

known diffraction technique called selected area diffraction (SAD). In SAD, the electron 
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beam incident on the specimen is parallel and the beam size is normally about 1-10µm in 

diameter large (Figure 3-3 (a)). In CBED, the beam is focused to a very small beam size, 

down to a few nanometers (Figure 3-3 (b)). A wide rang of incident beam corresponding to 

various k vectors gives the unique characteristics of CBED with useful crystallographic 

information.  

  

(a) (b) 

Figure 3- 3 Ray diagrams show: (a) parallel beams form a spot pattern (SAD) and (b) 
convergent beams form disks (CBED).  

 

In SAD, the area from which the diffraction information is collected is selected by 

introducing a mechanical aperture in the image plane. The demagnetized size of the aperture 

on the specimen plane defines the area from which diffraction information is collected. The 

smallest area from which diffraction information can be obtained using SAD is limited to 

500nm due to the spherical aberration of the objective lens and of the aperture. In CBED, the 

area for diffraction is chosen by focusing the incident beam into a very fine spot (2nm) on the 
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region of interest. The angle of convergence is altered by changing the size of the condenser 

aperture. In both the cases, the diffraction pattern is formed at the back focal plane (i.e.) of 

the objective lens, which is further magnified by a set of projector lenses. It is clearly seen 

that SAD consists of a set of spots, while the CBED pattern consists of a set of discs with a 

higher angular range. It is observed from the geometry of diffraction that SAD and CBED 

patterns are obtained by interchanging the natures of the incident and the diffracted beams. 

As shown in Figure 3-3 (a) and (b), the incident beam in the case of SAD is a parallel beam, 

a disc of electron beams incident on the thin foil and all the diffracted beams are spots. In 

CBED, the incident beam is a spot on the surface of the thin foil, by virtue of the 

convergence introduced, and the diffracted beams are discs.  

 

3.2.2. Kikuchi Lines and High Order Laue Zone (HOLZ) Lines (Kinematic Approximation) 

The formation of Kikuchi lines is explained in Figure 3-4 (a) and (b). When high 

energy electrons interact with matter, both elastic and inelastic scattering takes place. 

Elastically scattered electrons form diffracted spots when they satisfy Bragg’s conditions:  

λθ =Bd sin2   (3- 1) 

 
where d is the spacing of diffracted planes, θB is Bragg’s angle and λ is electron wavelength. 

Inelastically scattered electrons are scattered in all directions (the small yellow oval in Figure 

3-4 (a)). Some of the inelastically scattered electrons can also meet Bragg’s condition: one 

set occurs at +θB and the other set at -θB. These two sets of electrons form 2 cones (Figure 3-4 
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(b)) because they are scattered in all directions. They intersect the focal plane as two lines 

(arcs more precisely, not spots). One line appears bright (excess line) because more electrons 

are scattered in the direction A. Note that because of the convergent beam, a portion of the 

incident electrons will always satisfy Bragg’s law. Therefore, they are not from inelastic 

scattering; the other line appears dark (deficit, deficiency or defect line). The spacing of these 

two lines also meets Bragg’s law. 

 

  

(a) (b) 

Figure 3- 4 (a) Formation of Kikuchi lines by zero order Laue zone (ZOLZ) planes (dark 
lines through the transmitted spot and bright lines through the diffracted spots; and (b) Elastic 
scattering cones of the inelastic scattering electrons form excess and deficiency lines on a 
Laue zone plane. 

 

Bθ
π
−

2  

+θB-θB 
B 
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The formation of Kikuchi lines we just talked about is due to the zero order Laue 

zone (ZOLE) planes. When Ewald sphere intercepts with higher order Laue zone (HOLZ) 

planes, such as first order Laue zone (FOLZ) planes (Figure 3-5(a)), Bragg’s law is satisfied 

and HOLZ lines can form. By analogy with the formation of Kikuchi lines, we can imagine 

that the lines arise when electrons within the incident beam at the correct Bragg angle for 

diffraction by a HOLZ plane are scattered out to high angles, creating a bright line through 

the HOLZ disk and leaving a dark line in the 000 disk as shown in Figure 3-5 (b). Actually 

the theory for the origin of HOLZ lines is much more complicated than this10,11. 
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(a)  

 

(b)  

Figure 3- 5 (a) Ewald sphere construction from a HOLZ plane (hkl) with a Bragg angle θhkl. k 
is incident wave vector, λ is the wavelength of incident electrons, H is the reciprocal lattice 
layer distance, and ZOLZ and FOLZ refer to the zero and first order Laue zones respectively. 
(b) Top down view of projection plane showing HOLZ dark lines in the central disk and their 
bright line pairs in the diffracted disks.  

 
 

Bright lines 

Dark lines 
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For a diffraction vector g  we have:  

d
g 1
=  (3- 2) 

2d
dg ∆

=∆  (3- 3) 

 

where d is the spacing of diffraction planes. From Equation (3-3) we can see that, for the 

same amount of strain ∆d (planar spacing change due to strain), the smaller d, the larger g∆ . 

Therefore, the position of these lines is very sensitive, among other parameters, to the lattice 

parameters (strain). 

 

3.2.3. Dynamic Diffraction Theory 

The kinematic theory about the HOLZ line position is based on the simple Bragg law. 

The intensity of the diffracted beam, Ig, is calculated under two-beam conditions: 

222

22222
)(sin

gg

gg
n

g

g
USK

USK
K

tU
I

+

+
=

π

  (3- 4) 

with 
 

gII −=10   (3- 5) 

Here Ug is structure factor, t is sample thickness, K is the incident wave vector of the 

electron beam, Sg is excitation error for the diffracted beam g, and I0 is the intensity of the 

incident beam. In reality this ideal two beam assumption is not the case as there are always 



 45

weak beams present. One way to include these weak-beams effects is to use the perturbation 

method of Bethe: 
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 (3- 6) 

where eff
gU , the effective structure factor, first introduced by Bethe, incorporates weak-beam 

effects within the two beam approximation. Therefore the Bragg law no longer strictly 

applies. The precise position of the intensity maximum near the Bragg angle thus depends on 

the values of the other structure factors and the extinction distance also depends on crystal 

orientation. This discrepancy of diffraction intensity due to dynamical effects has been 

studied by many authors12,13. Detailed information about dynamic electron diffraction can be 

found in Hirsch et al.14,15. 

 

3.3. Lattice Parameter Determination from a CBED Pattern 

The procedure of extracting lattice parameter from a CBED pattern has been talked 

about extensively16,17. There are commercial software packages available. However there are 

some the limitations of using these commercial packages. Most requires a high quality of 

CBED patterns with low ability of HOLZ line detection. Some can only select a limited 

number of HOLZ lines.  In this work, we programmed our own codes on MATLAB® so that 

we can better understand the potential problems therefore have more power to improve 

accuracy of lattice parameter measurements.  
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 The analysis is consisted of a series of tasks:  high order Laue zone (HOLZ) line 

detection by the Hough transform, HOLZ line position simulation with the kinematic theory 

and lattice parameter refinement. By using the Hough transform to detect HOLZ lines, 

human errors can be avoided at maximum and the accuracy can be improved. Due to time 

consuming of dynamic simulation of HOLZ line positions, kinematic approximation is used 

at some specific zone axis where no or small dynamic effects. A final set of lattice 

parameters can be determined when a reasonable χ2 value is reached. 

 

3.3.1. Line Detection with the Hough Transform 

The Hough transform is widely used to detect straight lines, circles or any 

parameterized curve18. Its main advantages are that it is relatively unaffected by noise or 

missing portions of the boundaries of objects of interest. The line detection program in this 

paper is based on the work by R. C Gonzalez et al.19. The underlying principle of the Hough 

transform is explained briefly in the following. 

Figure 3-6 shows a schematic example of the Hough transform of a straight line in 

image space into a point in Hough space. Assume there is a straight line in image space to be 

detected (Figure 3-6 (a)). Any point, for example (x1,y1), along this line corresponds to a 

straight line in Hough space based on the following linear equation transform:  

1111 yaxbbaxy +−=⇒+=   (3- 7) 
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also shown in Figure 3-6 (b). Transforming all of the points along this straight line results in 

an accumulation of counts (intensity) at a specific point (a`, b`) in Hough space.  

 

Figure 3- 6  Schematic example of the Hough transform of a straight line in image space into 
a point in Hough space. Any point, for example (x1,y1), along a straight line in image space 
a), can be simply represented by a equation: y1=a*x1+b; By the equation transform, the point 
(x1,y1) can be represented by a straight line with a slope of –x1 and an intercept of y1 in 
Hough space b).  

 

The limitation with this parameterization in Cartesian coordinate is the divergence of 

the slope for vertical lines20,21. To avoid this divergence problem, a parameterization (θ,ρ) in 

Polar coordinate is used. A line therefore can be represented by: 

ρθθ =+ sincos yx   (3- 8) 

 
where θ is the angle between the line normal to the x axis and ρ is the distance from the 

origin (center of the image in a CBED pattern) to the straight line, as shown in Figure 3-7 (a). 

A point along a straight line will be Hough transformed into a sinusoidal curve, as shown in 

Figure 3-7 (b), instead of a straight line.  

a) Image space b) Hough space 

(x1,y1) 

y 

x 
(x2,y2) 

b=-x1a+y1

b

a

y1=ax1+b b=-x1a+y1

b=-x2a+y2 

a`

b` 
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Figure 3- 7  Schematic representation of Hough transform in Polar coordinate. Any point, for 
example (x1,y1), along a straight line in image space a), can be simply represented by a 
equation: x1*cosθ+y*sinθ=ρ; By the equation transform, the point (x1,y1) can be represented 
by a sinusoidal curve, instead of a straight line, and the straight line in image space can be 
transformed in a specific point (θ`,ρ`) in Hough space b). 

 

In the line detection program, each pixel in the image is transformed into Hough 

space and contributes a count to each element (θ,ρ) along the sinusoidal curve. Points along a 

straight line, xi*cosθi+yi*sinθi=ρi, give more counts to the element (θi,ρi) than any other 

elements since the sinusoidal curves all pass through the element (θi,ρi). Therefore the peaks 

can be found by voting with respect to counts. Elements of (θ,ρ) with counts above a 

threshold value are treated to correspond to straight lines in image space. 

a) Image space b) Hough space 

(x1,y1) 

y 

x 
(x2,y2) 

ρ 

θ 

x*cosθ+y*sinθ=ρ
θ 

ρ

ρ`

θ` 

x2*cosθ+y2*sinθ=ρ

x1*cosθ+y1*sinθ=ρ 
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(a) (b)  

(c)    

Figure 3- 8 Illustration of HOLZ line detection with the Hough transform programmed on 
MATLAB: (a) is a typical CBED pattern on [023] zone axis; (b) shows the detected HOLZ 
lines (in red) superimposed on the CBED pattern; (c) is the corresponding Hough transform 
of the image in a) in (θ,ρ) parameterization. Each marked spot corresponds to a HOLZ line in 
the CBED pattern in (b).  

 

Images in Figure 3-8 show the HOLZ line detection with the Hough transform 

programmed on MATLAB. Figure 3-8 (a) is a typical CBED pattern on [023] zone axis; the 
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red lines superimposed on the CBED pattern in (b) indicate the line positions measured with 

the Hough transform; and (c) is the corresponding Hough transform of (a) in (θ,ρ) 

parameterization. Each bright point marked with a number is treated to correspond to a 

HOLZ line in (b). The precision of θ is set to be 0.5 degree and that of ρ is 0.5 pixel.  

 

3.3.2. HOLZ Line Position with Kinematic Simulation 

Kinematic simulation is adopted for HOLZ line position calculation because it takes 

no time to calculate while dynamic theory normally takes hours to calculate one CBED 

pattern. The following program is based on the simple geometry of kinematic theory. 

Figure 3-9 (a) shows the geometric construction for HOLZ line position calculation. 

As discussed in Section 3.2.2, two cones satisfying the Bragg law forming dark lines in the 

central disk and bright lines in the diffracted disks. These lines can be assumed to be straight 

because the length of the side of the cone is very large compared to the length of a g vector. 

For high energy electron diffraction this approximation is excellent for angles less than ~100. 

The position of the HOLZ dark line is defined by the angle between the incident beam and 

the zone axis, α: 

βθθα −=−−= BB )90(90 00  (3- 9) 

 

where θB is the Brag angle, given by: 

)
2

(sin 1 λθ g
B

−=  (3- 10) 
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(a) 

 

 

 

 
 
 
 
 
 

(b) 

 

Figure 3- 9 (a) Two cones shown define the locus of incident and diffracted beams which can 
satisfy the Bragg law for a given HOLZ reflection. A portion of these cones intersects the 
film plane, giving a nearly straight line. (b) Projection of a HOLZ line in the central disk. The 
HOLZ line position is characterized by OP which is α. 
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and β is the projection angle the diffracted vector g on x axis and , and is given by: 
 

)(sin 1

g
g z−=β   (3- 11) 

 
The HOLZ line position in the central disk is determined by OP, the distance of the 

HOLZ line from the center of the disk (Figure 3-9 (b)). OP is given by: 

OP = -α (3- 12) 

 

3.3.3. Finding Lattice Parameters with χ2 

The finding of lattice parameters is performed by comparing the calculated CBED 

patterns (as described in the last section) with the experimental ones for the best fit. 

Conventionally either the distances between the HOLZ line intersections22,23 or the areas 

enclosed by these intersections24 are chosen to minimize a χ2 function:  

2 2( )Theory Exp
i i

n

e c eχ = − ×∑  (3- 13) 

 

where e is the chosen element, n is the number of chosen elements, and c is a variable 

magnification factor for fine-tuning the camera length L. In our work we use the Hough 

space information of HOLZ lines (θ, ρ) to calculate χ2. One of the advantages of this method 

is that we can choose all of the detected HOLZ lines. 
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3.4. TEM Sample Preparation for CBED Measurements 

The sample preparation is very important for CBED strain measurements. A TEM 

sample with a uniform thickness not only makes it much easier for sample titling than a non-

uniform sample in thickness, but also has an effect on HOLZ line sharpness. We will also 

show that different thickness of a TEM sample can result in strain relaxation to different 

extend. Therefore the thickness of a TEM sample is also critically important when we 

perform FEM to calculate the initial strain state. In this section, we first examine the 

thickness effect on HOLZ lines, followed by the experimental sample preparation both with 

focused ion beam (FIB) technique and conventional cross-section sample preparation. Last 

the experimental thickness determination method is presented. 

 

3.4.1. Effect of TEM Sample Thickness 

The expression for the kinematic diffracted intensity Ig in the two beam 

approximation, with I0 = 1 is given by16,25: 

2

2
2

)(
)(sin

)(
eff

eff

g

M

g ts
tseI

π
π

ξ
π −

=  (3- 14) 

 
where t is the sample thickness. The term s is the excitation error or deviation parameter. The 

term ξg is the extinction distance from the reflection g. The term e-M is the Debye-Waller 

absorption factor: 

><= 2224 ugM π  (3- 15) 
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where <u2> is the mean square atomic displacement due to thermal vibrations. The angular 

width ∆Ω over which the diffracted intensity results appreciable can be derived as the 

following: 

g

M

g
e
ξ

−

=∆Ω
2

,  for t >> M
g

e−

ξ
  (3- 16) 

gt
2

=∆Ω ,  for t << M
g

e−

ξ
  (3- 17) 

For a HOLZ line reflection M
g

e−

ξ
 is about 2µm. The sharpness of a HOLZ line 

therefore is strongly dependent of a sample thickness. With the thickness increasing, a 

sharper HOLZ line (smaller ∆Ω) can be obtained. It seems the thicker sample is always 

desired. However as the sample gets thicker, the multiple inelastic scattering will increase 

resulting in noisier background in a CBED pattern (poor contrast). This effect can in turn 

cause a broadening a HOLZ line and a shift of the intensity minimum since the intensity 

minimum occurs at Sg given by: 

2

2

22

2
2

)( K

U

K
Kt

ns g

n

g −=   (3- 18) 

 
where n is the number of the intensity minimum, K is the wave vector, Kn is the incident 

wave vector for the nth intensity minimum, and gU  is the crystal potential. 
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(a)    (b)    (c) 

Figure 3- 10 Thickness effect on HOLZ line sharpness at: (a) 250nm; (b) 300nm; and (c) 
350nm. 

 

Figure 3-10 shows the thickness effect on HOLZ line sharpness at three different 

thickness values: (a) 250nm, (b) 300nm, and (c) 350nm. The top 3 CBED patterns were 

obtained by block wave dynamic simulation on JEMS software. The bottom 3 intensity 

profiles show the width of the (-1,1,11) HOLZ line. With the sample thickness changing 

from 250nm, 300nm to 350nm, the width of the (-1,1,11) HOLZ line becomes sharper. 

23pix 17pix 13pix 



 56

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3- 11 Thickness effect on available area of investigation and spatial resolution. 

 

Another effect of a TEM sample thickness is tilt effect. To perform CBED strain 

measurement, the sample needs to be tilted a certain degree off the [011] zone axis. For [230] 

zone axis, the tilt angle is 8.20 while for [340] the tilt angle is 11.20. Figure 3-11 shows the 
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tilt effect for a 100nm long channel structure. The sample is tilted 80 degree off [110]. The 

electron beam is penetrating through the 300nm thick sample within the channel region. 

However the available area for investigation is decreased 42nm according to the following 

calculation: 

nmnmx 42)8tan(*300 0 ==   (3- 19) 

 
The tilt of the sample also increases the travel distance of the transmission beam 

though which results in more possibility of inelastic scattering. In experiments, the optimal 

TEM sample thickness is 200-400nm. 

 

3.4.2. TEM Sample Preparation 

As stated in the previous section, a TEM sample thickness is very important for 

CBED quality (sharpness and contrast). The best way so far to obtain a TEM sample with a 

controlled thickness is focused ion beam (FIB) technique. Focused ion beam milling of TEM 

sections has been exploited within the semiconductor industry over the last 10 years, 

primarily to ensure quality control by TEM examination of silicon wafers26,27,28. The 

introduction of FIB has been proven to be a significant step in analyzing defects and 

identifying at which process the defects are introduced. Because of the computer-controlled 

stage, navigation software and its in-situ high resolution (about 10nm) imaging capability, 

FIB system can drive the wafer to the desired location with the accuracy of um range and 

mill micron even to sub-micron scale features at the a specific site.  
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The optics of the FIB instrument bear strong similarities to those of a scanning 

electron microscope. Rather than utilizing an electron source, FIB instruments typically 

employ a reservoir of liquid Ga, which is ionized and accelerated through 30 kV. Because the 

momentum of the Ga+ ions is approximately 350 times that of electrons in an SEM, 

electrostatic rather than electromagnetic lenses are required to focus the ion beam. The 

resulting primary beam can be manipulated with nanometer precision at a target material to 

excavate the region surrounding a feature of interest. 

 

 

Figure 3- 12 Process flow of FIB sample preparation at a specific site29. 
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Figure 3-12 shows the sketch of the sample during FIB milling on a Hitachi FB-2100 

focused ion beam system. This FIB system is equipped with built-in scanning ion microscope 

(SIM) imaging capabilities with resolution less than or equal to 6nm to allow high-resolution 

real time imaging of the ion milling process. The samples were first manually polished to 

about 30µm in the cross section way then glued onto a half copper grid.  The sample surface 

is deposited a thin gold film for protection and imaged with the FIB before cutting to 

determine the area of interest. The ion source is gallium liquid metal with an energy of 30 

keV. A thin area of 20µm×5µm is created with the expected thickness about 300nm for 

CBED measurement.  

 

3.4.3. TEM Sample Thickness Determination 

The sample investigated in this paper is a MOSFET structure with SiGe source and 

drain regions. The aim of our work is to map the local strain along and across the Si channel. 

The TEM sample was prepared to be 300nm with focused ion beam (FIB) technique. The 

advantage of this technique is that the sample thickness can be well controlled resulting in a 

uniform thickness over a large area. This makes it easier to obtain good quality CBED 

patterns.  

The CBED images were taken on a JEOL 2010F scanning transmission electron 

microscope equipped with a Gatan GIF 200 energy filter, scanning unit (STEM mode) and a 

slow scan rate 1024×1024 CCD camera. The microscope was operated on 200keV. An 

energy-selecting slit with a width of 10eV was inserted and centered around the zero-loss 
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peak. The microscope was set up in scanning TEM mode where a fine probe of a few 

Angstroms was obtained. CBED images were taken in two different modes: spot mode and 

scanning mode. In spot mode, the electron probe was held stationary at a point and CBED 

patterns were acquired like in conventional TEM mode. In scanning mode, a series of CBED 

images were consecutively captured while the probe was scanning across the sample, 

simultaneously a Z-contrast image was acquired. This method allows for a high confidence in 

strain mapping because we know exactly where the CBED patterns were taken. 

First the thickness of the TEM sample was determined in (004) two beam condition 

based on the following equation25:    

2
222 1)1()1()(

tnn
S

gii

i =+
ξ

 (3- 20) 

 

with Si the excitation error at the ith minimum, t the effective specimen thickness along the 

beam direction, ξg the extinction distance, and ni the nth intensity fringe. Figure 3-13 a) 

shows the (004) two beam condition and b) shows the contrast profile used for intensity 

fringe determination. The thickness of the TEM sample was found to be around 319.4nm 

from the plot in Figure 3-13 (c), within the thickness range for good quality CBED HOLZ 

line images. 
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Thickness Determination with 2 Beam (n=3)
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Figure 3- 13 Thickness determination with two beam theory: a) is (004) two beam condition; 
b) is contrast scan along (004) beam rocking curve; c) is the graph of (Si/ni)2 against (1/ni)2 
for thickness determination. 
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3.5. Uniqueness of Lattice Parameters from CBED Measurements: 

The ambiguity comes from the question that if a unique set of lattice parameters (a, b, 

c, α, β, and γ) can be determined from a CBED pattern. If the answer is no, then what are the 

constraints or requirements for obtained unique lattice parameters from a CBED pattern. 

 

3.5.1. Ambiguity Effect 

C. J. Humphreys first indicated the possibility of definite strain determination30. It 

was the work of Maier et. al31 that clearly pointed out that a solution from a CBED pattern 

can not be unique because “most CBED patterns can be simulated by a number of different 

lattice parameters”. Wittmann et. al. also demonstrated that the solutions are not unique, but 

instead belong to a manifold of equivalent lattice parameter sets of dimension two or higher32. 

Some methods were proposed to eliminate the ambiguity by limiting the number of variable 

parameters33.  A. Morawiec showed that the ambiguity in determination of complete elastic 

strain tensor by CBED can be overcome if at least three patterns are used34,35. 
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3.5.2. Choice of Zone Axis 

Due to strong dynamic effects and lack of sufficient HOLZ lines, the conventional 

low index zone axes, such as [110] are not suitable for CBED lattice parameter determination. 

The sample needs to be tilt to a high index zone axes instead. If we tilt the sample off of [110] 

along (004) band, we will get the following high index zone axes, as shown in Table 3-1: 

Table 3- 1 Different zone axis and the tilt angle with respect to [110] 

UVW θ (0) 

560 5.2 

340 8.1 

230 11.3 

120 18.4 
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(a) (b)  

(c) (d)  

Figure 3- 14 (a) Overlap of dynamic and kinematic calculation for HOLZ line position at 
[560] zone axis; (b) Experimental CBED pattern at [560] zone axis showing third order 
HOLZ lines with weak contrast; Overlaps of dynamic and kinematic calculation at (c) [340] 
and (d) [230] respectively. The color lines are from kinematic simulation.  

 

 

[560] 
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One of the considerations for choosing a zone axis is to check if there are any 

appreciable dynamic effects. Due to the time consuming of calculation, it is not practical to 

use dynamic theory for quantitative comparison in search of best fit lattice parameters. Figure 

3-14 (a) shows an overlap of dynamic and kinematic calculations (color lines) of HOLZ line 

positions at [560]. Two HOLZ lines with strong contrast, (-1,1,7) and (-1,1,-7), in the central 

of the CBED pattern show some dynamic effects. Figure 3-14 (b) is a experimental CBED 

pattern at [560]. Apart from the two very strong first order HOLZ lines (-1,1,7) and (-1,1,-7), 

most of the other third order HOLZ lines are very weak to recognize since they are from third 

order Laue zone. Another consideration is that project effect due to tilting. The smaller tilt 

angle of the zone axis off of [110], the more region in a channel for investigation and the less 

travel distance for the electron beam through the sample. For most of TEMs, the tilting 

ability of a double tilt sample holder is limited to around ±100. Figure 3-14 show the 

overlapping of dynamic and kinematic calculation of HOLZ line positions for [340] and [230] 

zone axis. Both cases show a very good match of dynamic and kinematic indicating the 

dynamic effect can be negligible. Therefore we can choose [340] and [230] and use 

kinematic calculations for lattice parameter determination with sufficient accuracy.  

 

3.5.3. Uniaxial Stress Assumption 

Choosing two zone axes is not sufficient to eliminate ambiguity. However it has been 

indicated that if the geometries investigated are well defined and consequently the symmetry 

of the resulting deformation remain tetragonal, a unique set of lattice parameters can be 
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obtained without choosing 2 or 3 zone axes32,36,37,38. Theoretically there are 6 independent 

unknown lattice parameters. Under some conditions, the number of unknown lattice 

parameters can be reduced by making some reasonable assumptions. For a CMOS device 

channel featuring process-induced local strain (either with embedded SiGe source and drain 

for a PMOS or with a highly stressed thin film for a NMOS), a uniaxial strain approximation 

can be made reducing the 6 lattice parameters to 3 independent to be determined39,40.  

In semiconductor industry, strain and stress are normally interchangeable therefore 

can be confusing. Uniaxial strain or stress does not necessarily mean the strain or stress is 

zero in the other two normal directions, as in mechanically background. Uniaxial strain or 

stress is considered to be with a dominant magnitude compared to other strain or stress 

tensors. 

Due to the crystal symmetry of Si, the mobility of carriers is dependent on the 

direction of the applied electric field. The performance of a CMOS device fabricated on Si 

depends on the crystal orientation of the substrate and the direction of the channel. For n type 

CMOS, Si (100) substrate provides the highest electron mobility. For p type CMOS, the 

highest hole mobility is found on Si (110) substrate. The channel directions of <110> are 

both desired for fastest electrons and holes. In our experiments, all of the samples are on Si 

(100) substrate as the majority of MOSFETs are fabricated on this type of substrates, even 

though it is not the mostly desired for PMOS devices. The channel direction is along [110]. 
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Figure 3- 15 Correlation between the crystallographic coordinate and the device coordinate. 

 

Figure 3-15 shows the correlation between the crystallographic coordinate and the 

device coordinate. The device coordinate is rotated 1350 degree along Z[001] axis with 

respect to the crystallographic coordinate. The axes for the crystallographic coordinate are 

X[100], Y[010] and Z[001]. The axes for the device coordinate are chosen as x[-1,1,0], x[-1,-

1,0] and z[001] such that the zone axis of a cross section TEM sample is [110], antiparallel to 

the beam direction [-1,-1,0]. The shaded area represents the [110] cross section of a device 

structure. 

 The features in a CMOS are gown along the <110> direction. It can be easily proven 

that the same amount of distortion will be induced along the X[100] and Y[010] 

crystallographic directions. The following is obtained: 
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YX aa =  (3- 21) 

 
When SiGe is grown at source and drain or a highly stressed thin silicide film is 

deposited over the source and drain, a uniaxial stress is applied along [-1,1,0] channel 

direction. Under uniaxial stress conditions, plane strain approximation in which only strain in 

the x-z plane (the shaded plane in Figure 3-15)41is non-zero, is assumed and the following 

conditions can be derived: 

βα −= 0180   (3- 22) 

2
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3.5.4. Residual Strain Calculation 

With the above constraints, the independent 6 lattice parameters are reduced to 3. The 

strain tensor components in the crystallographic coordinate can be calculated as follows: 

Si

Sii
ii a

aa −
=ε , with i=X, Y, and Z (3- 24) 
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In convention, a positive sign of strain value means tensile and a negative sign means 

compressive. The strain tensor components in the device coordinate can be calculated 

through the strain transformation: 

XYYYXXx εεεε −+=
2
1

2
1  (3- 28) 

0
2
1

2
1

=++= XYYYXXy εεεε  (3- 29) 

YYXXxy εεε −=   (3- 30) 

YZyz εε =   (3- 31) 

ZXzx εε =   (3- 32) 

ZZz εε =   (3- 33) 

 
The stress tensor can be calculated according to generalized Hook’s law for 

anisotropic materials42: 
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3.6. Finite Element Simulation 

Finite element modeling can be used to help understand the strain state. The 

preliminary FE simulation on a strained Si/SiGe heterostructure illustrates that FE modeling 

will enable us to quantify the strain state within a device. ANSYS is a general purpose finite 

element modeling package for numerically solving a wide variety of mechanical problems. 

These problems include: static/dynamic structural analysis (both linear and non-linear), heat 

transfer and fluid problems, as well as acoustic and electromagnetic problems. The isotropic 

approximation was used in the calculations of stress and strain. The FE simulation was 

performed in with LAUNCHER90 in ANSYS43. 

The FE simulation starts with specifying element types. The same element type is 

used for the whole model. For a 2 dimensional FE model, PLANE42 is chosen. This element 

is defined by four nodes having two degrees of freedom at each node: translations in the 

nodal x and y directions. The element behavior is selected to be plane strain since the 

dimension along the third axis is considered to be infinitely large. For a 3 dimensional FE 

model, SOLID185 element type is chosen. It is defined by 8 nodes with three degrees of 

freedom at each node: translations in the nodal x, y and z directions. The calculation was 

done in the framework of thermoelasticity44,45. 

After an element type is defined for the model, material properties, including Young’s 

modulus, Poisson’s ratio, and thermal expansion coefficient, are specified. The material 

properties for pure Si and Ge are adopted from Li et al.46 and listed in Table 3-2. The 

Young's modulus for Si and Ge are 150GPa and 102GPa respectively. The Young's modulus 
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E for Si1-xGex can be calculated from those of Si and Ge by linear interpolation in terms of 

their contents.  

 

Table 3- 2 Properties of each material used in the finite element simulation: Young’s modulus 
(E), Poisson’s ratio (ν) and scaled thermal expansion coefficient (α). 

 
 Young’s Modulus E 

(GPa) 

Poisson’s ratio 

ν 

Thermal expansion coefficient α 

(10-6 /0 C) 

Si 150 0.27 8.2 

Ge 102 0.27 0 

SiGe0.2 140.4 0.27 0 

SiGe0.5 126 0.27 0 

 

Next the geometry of a FE model is set up. Figure 3-16 show examples for a 2 

dimensional FE model (a) and a 3 dimensional Fe model (b). The 2-D model is consisted of a 

30nm strained Si on top of a 3µm constant Si00.8Ge00.2 layer. The choice of the thickness 

would be considered such that the thickness ratio for the film and the substrate is sufficiently 

representative of the substrate behavior as an infinitely thick layer47 with a decent calculation. 

The coordinate system is also shown in Figure 3-16, with x horizontal along <1,1,0> 

direction and y along <001> for the 2-D model and with x horizontal along [-1,1,0], y along 

[-1,-1,0] and z pointing [001] for the 3-D model.  
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(a) (b)  

Figure 3- 16 (a) Two dimensional FE model; and (b) 3 dimensional FE model of strained 
Si/SiGe structures. 

 

Once the solid model has been built with established element attributes, we can set 

meshing controls and generate the FE mesh. A nonuniform grid is normally used with a finer 

grid size as small as 5nm in the region with a high strain field gradient, such as interfaces, to 

achieve accurate results than the area far away from the interfaces.  

Next the boundary conditions are applied, namely, the displacement constraints and 

loads. Tractions at free surfaces are zero. The bottom of the substrate is always rigid. For 

bulk structure calculations, periodic boundary conditions are applied. The ANSYS FE 

simulation is based on the assumption that the strain due to lattice mismatch is equal to 
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thermal strain between the film and the substrate. The strain due to lattice mismatch between 

Si and Ge was simulated by applying a uniform temperature change to the structure46,48,49:  

LatticeThermal T εαε =∆×=   (3- 35) 

 
where α is the effective coefficient of thermal expansion. Note that ∆T is introduced here just 

for generation of lattice mismatch strain in the heterostructure. Therefore choosing different 

∆T is equivalent to changing the Ge content. 

After a solution from ANSYS is obtained it is very important to check the validity of 

the solution. The simple check includes if the deformed shape looks reasonable and agree 

with the applied boundary conditions. The results obtained from FE analysis depend on the 

mesh. An important step in the analysis is to make sure that the mesh resolution is adequate 

for the desired level of accuracy. This is done by refining the mesh and comparing results 

obtained with different levels of mesh resolution.  

  

3.7. Initial Strain Determination Procedure: 

As the lattice parameters are determined from a clean CBED pattern with sharp 

HOLZ lines, strain preserved in the TEM sample can be calculated based on the relaxed state. 

As we stated before, strain relaxation always happens during a TEM sample preparation. The 

strain in the bulk structure can not be fully maintained in a thin sample (about 300nm thin). 

Therefore, we call the strain in a TEM sample is the residual strain. However most of people 
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do ignore the strain relaxation problem and think the strain from a TEM sample the same as 

in the bulk. In contrast we call the strain in the bulk the initial strain. 

As it is stated in 2005 IRTS50, measurement of stress in strained silicon surface layers 

is possible. Direct measurement of stress in a nano-sized, buried area such as the stressed 

channel is not presently possible. Often, one must measure a film or structure property at the 

surface and use modeling to determine the resultant property of a buried layer. The expected 

trend is the combined use of modeling with measurement of features at the wafer surface. 

Here we are presenting a new method to determination the initial strain in bulk and 

quantify the relationship between the residual strain state in a TEM sample and that in the 

bulk. The new procedure will be applied to blanket strained Si/SiGe heterostructures first, 

followed by sub-100nm CMOS test device structures. Figure 4-7 shows the procedure flow: 

First we measure the deformation field of a TEM sample by measuring the HOLZ 

line splitting from a CBED pattern at different positions. For a blanket strained Si/SiGe 

heterostructure, the relaxation effect near the interface is so pronounced such that a clean 

CBED pattern can not be obtained therefore the residual strain can not be determined. The 

only information we can measure is the deformation field from HOLZ line splitting. For a 

CMOS device structure, it’s been found (both by this work and by other people’s work)51,52 

that clean CBED patterns can be achieved from some specific locations, such as near the 

center of the device channel. 

Next we use finite element modeling (FEM) to simulate the deformation field and the 

strain field if the examined TEM sample by CBED. A few parameters about the material 

properties and the experimental conditions are needed for input. The variables are Ge 
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contents. The deformation field from the FEM calculation is quantified and compared with 

that from the CBED measurements. In the case that the residual strain is available from clean 

CBED patterns, the residual strain field will also be compared with that from FEM. An 

“effective” Ge content is found when the best match is obtained. This “effective” Ge content 

includes all of the effects from defects, irregular geometries, and material properties on the 

strain distribution. 

Finally the bulk boundary conditions are applied to the finite element model so that 

an infinitely large bulk is represented. With all the parameters determined, the calculation 

will give the initial strain field in the bulk. 
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Figure 3- 17 Block diagram of the new methodology used for initial strain determination 
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CHAPTER 4: RESULTS AND DISCUSSIONS 

In this chapter we apply the CBED technique for local strain characterization on sub-

100nm CMOS device structures. In the first part, we start with residual strain measurements 

on blanket strained Si/SiGe heterostructures and cutting edge PMOS device structures in the 

conventional way (extracting the strain information from clean CBED patterns). Some 

material issues in PMOS device strain engineering are discussed. In the second part, we 

apply the new method proposed in the previous chapter on blanket strained Si/SiGe 

heterostructures and a sub-100nm short channel PMOS device structure to investigate the 

correlation of the strain in a TEM sample and in the bulk. With the new mythology, we 

proved that the strain state in a TEM sample is not the same as in the bulk. We determined 

the initial strain in a strained Si layer on a strained Si/SiGe heterostructure and explained 

why strain may not be possibly determined only with CBED technique. Combined with 

CBED and FE modeling, for the first time we have quantified the correlation of the residual 

strain in a TEM sample and the initial strain in the bulk. Results of a sub-100nm short 

channel PMOS device structure showed the strain field is very complicated. 

 

 4.1. Residual Strain Determination 

In this section we apply conventional CBED technique to measure the strain in a 

TEM sample. Most of people think the strain in a TEM sample is the same as in the bulk. 

Here we differentiate the strain in a TEM sample as “residual strain” which is determined 
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directly from a clean CBED pattern with sharp HOLZ lines. In contrast, we can the strain in 

the bulk as the initial strain which is more important for strain engineering. 

 

4.1.1. Blanket Strained Si/SiGe  

Figure 4-1 (a) and (b) show the TEM images of the blanket strained Si/SiGe 

heterostructure. A 300nm SiGe band is first formed on the Si substrate, followed by a graded 

layer. The Ge content is deposited at a rate of 10% per µm. On top of the graded layer, a 1µm 

constant Si0.7Ge0.3 buffer is created before chemical mechanical polishing (CMP) process to 

reduce the surface roughness caused by the misfit dislocations from the graded layer. After 

CMP process a 260nm thin constant Si0.7Ge0.3 virtual substrate is deposited, followed by a 

20nm thin strained Si layer. 

The CBED measurements were performed at different layers: (c) in the Si substrate, 

(d) in middle of the SiGe band, (e) deep in the constant SiGe layer, and (f) near the interface 

of the strained Si and constant SiGe layer, as shown in Figure 4-1 (c)-(f).  

At first the CBED patterns were collected from the Si substrate to calibrate the so 

called “effective accelerating voltage” since the HOLZ lines are also very sensitive to the 

accelerating voltage. With a lattice constant of 5.4310Å for bulk silicon, the CBED pattern 

(Figure 4-1 (c)) was fitted with the only one fitting parameter, the effective accelerating 

voltage, which was found to be. It was found to be 198.70 ± 0.05keV (the nominal voltage 

was 200keV) and was assumed to be constant for the whole sample throughout the session. 
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Figure 4- 1 The TEM images of a strained Si/Si0.7Ge0.3 heterostructure: (a) showing the 20nm 
strained Si layer and 260nm Si0.7Ge0.3 constant layer; (b) showing the SiGe graded layer, 
SiGe band and Si substrate. Clean CBED patterns were taken from (c) right below the 
interface of strained Si and Si0.7Ge0.3 constant layer; (d) Si0.7Ge0.3 constant layer; (e) the 
middle of SiGe band; and (f) 1µm deep in the Si substrate. 
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Figure 4- 2 Dislocation loops at the interface of SiGe bank and the Si substrate. 
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Figure 4- 3 Lattice parameter fitting is performed at two different zone axes, (a) <340> and 
(b) <230> to eliminate the ambiguity. 

 

<340> <230> 

 

 

Si Substrate 

Dislocation Loops 



 85

At the SiGe band layer, a clean CBED pattern with sharp HOLZ lines was obtained in 

the middle of the layer (Figure 4-1 (d)). As we can see from Figure 4-2, there are dislocation 

loops at the interface with the substrate, which could have a collective strain field. With the 

approximation of a cubic structure (a=b=c), the lattice parameters were found to be 5.461 Å 

± 0.002Å, equivalent to 13% ± 1% Ge content.  

Figure 4-1 (e) is the CBED pattern taken in the middle of the thick constant Si0.7Ge0.3 

layer. With an assumption of a orthorhombic structure (α=β=γ), the lattice parameters were 

found to be a=b=c=5.499± 0.002Å, equivalent to 30% ± 1% Ge content. This results shows 

that the constant Si0.7Ge0.3 layer is fully relaxed. To eliminate the ambiguity, lattice 

parameter fitting was carried out on two different zone axes, <340> and <230>, as shown in 

Figure 4-3. The good match of kinematic simulation (color lines in Figure 4-3) and the 

experimental CBED patterns for each zone axes indicates a unique set of lattice parameters. 

 

Table 4- 1 Concentration and strained obtained with different methods*: 

Method I [(1)+(2)] II[(4)+(5)] 

Ge % 33.0% 30.9% 
Strain in capping layer -- 1.25% (fully strained) 

Strain in constant SiGe layer -0.0316% (fully relaxed) -- 

* Method I uses equations (2-11) and (2-12). method II uses equations (2-14) and (2-15) 
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Figure 4- 4 (a) The first-order of Raman spectrum of a 30% Ge sample composed of 20nm 
strained Si on 4µm SiGe buffer layer; (b), (c) and (d) the derivatives of this spectrum near 
Ge-Ge peak (287cm-1), Ge-Si peak (405cm-1), Si-Si peak from SiGe layer (500cm-1) and Si-
Si peak from strained Si layer (510cm-1).  
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Raman spectroscopy was also performed for this blanket structure with an excitation 

source of 514.5nm. The penetration depths for pure Si and pure Ge are 340nm and 8nm. 

Therefore, the penetration for a 30% Ge sample is around 240nm assuming a linear relation 

which means we will get the Raman scattering information from the 20nm thick cap layer 

and the 260nm thick constant SiGe layer.  

Figure 4-3 shows (a) the first-order of Raman spectrum of a 30% Ge sample 

composed of 20nm strained Si on 4µm SiGe buffer layer; (b), (c) and (d) the derivatives of 

this spectrum near Ge-Ge peak (287cm-1), Ge-Si peak (405cm-1), Si-Si peak from SiGe 

layer (500cm-1) and Si-Si peak from strained Si layer (510cm-1). With the combination of 

equations (2-11) to (2-15), the Ge concentration, the strain in the strained layer and the strain 

in SiGe layer were calculated and in Table 4-1. It was found that the capping strained Si layer 

is fully strained with a tensile strain of 1.25%; while the constant SiGe layer is nearly fully 

relaxed with a compressive strain of -0.0316%. Considering the error from the equations and 

the accuracy of the micro-Raman measurement, we can believe the constant SiGe layer is 

fully relaxed. Therefore both CBED and micro-Raman measurements are consistent. The 

fully relaxed constant SiGe layer is desired since it provides a template with larger in-plane 

lattice constants for the capping strained Si layer. Close to its critical thickness, the strained 

Si layer is fully strained. 

 It needs to be emphasized that the accuracy for lattice parameter determination 

mostly depends on the sharpness of the HOLZ lines. When clean CBED patterns can be 

captured, the accuracy is as high as 4×10-4, as shown above. When the HOLZ lines get blurry, 

the accuracy will be degraded. 
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With the beam probing closer to the strained Si interface, CBED patterns experience 

strain relaxation problem. The HOLZ lines are splitting as a pair (Figure 4-1 (f)), making it 

impossible to determine the lattice parameter with a decent accuracy. This splitting 

phenomenon has been observed for a long time. There is no effective way so far to get over 

this problem. Therefore strain in the strained Si layer and near the interface can not be 

determined by solely using CBED technique. In the section 4.2, we will apply the new 

approach described in the previous chapter to determine the strain both in blanket strained 

Si/SiGe structures and sub-100nm strained Si CMOS device structures. Here we present the 

residual strain determination from PMOS device structures as the strain determination has 

always been a big challenge for the state-of-the-art short channel technology nodes. 

 

4.1.2. Recessed Si0.5Ge0.5 PMOS Test Structure 

The process-induced uniaxial strain in a strained Si channel in a PMOS transistor can 

be introduced by epitaxial deposition of SiGe into the recessed source and drain. As Ge 

content increases, the strain in the channel will also increase. The large strain state in a 

PMOS transistor is always desired for big hole mobility enhancement, in contrast with the 

saturation behavior of electron mobility enhancement with strain1,2. However depositing high 

Ge contents can be challenge during the fabrication. Here we examine the residual strain 

distribution in a PMOS device structure with Ge content of 50%. 

Figure 4-4 (a) shows a TEM image of a PMOS test structure with a 100nm long 

strained Si channel. The embedded SiGe with Ge content of 50% was deposited in the 
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recessed source and drain. A good quality interface between the SiGe trench and the Si 

substrate (Figure 4-4 (b)) indicates a good deposition. However in the SiGe trench near the 

sidewall from where the stressor applies a large strain field, stacking faults are generated, as 

shown in Figure 4-4 (c). Stacking faults have been found to be an efficient way to relieve the 

large strain/stress in process-induced strained CMOS transistors3,4. Therefore they are not 

desired for strain engineering. It is thus important to quantify the strain field in the channel. 
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Figure 4- 5 (a) TEM image shows the PMOS structure; (b) High resolution TEM (HRTEM) 
image shows the good quality interface of SiGe trench with Si substrate; and (c) HRTEM 
shows a stacking fault appearing inside SiGe trench near the sidewall. 
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Table 4- 2 Lattice parameters were determined from the strained Si channel for different 
locations. Strain tensor components εx  along the longitudinal direction [-1,1,0] and εz along  
[001], were calculated: 

Distance (nm) a (Å) c (Å) γ (degree) x_strain (%) z_strain (%)

1 (9am) 5.402 5.409 89.39 -1.06 -0.40 

2 (14nm) 5.414 5.419 89.64 -0.62 -0.22 

3* (20nm) 5.415 5.421 89.66 -0.58 -0.18 

3 (22nm) 5.416 5.422 89.69 -0.55 -0.16 

4 (32nm) 5.420 5.426 89.77 -0.40 -0.09 

5 (42nm) 5.422 5.429 89.81 -0.33 -0.03 
* The data was measured from a [230] CBED pattern. All the other data were measured from 
[340] CBED patterns. 
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Figure 4- 6 The residual strain component εx (along [-1,1,0] direction) distribution vs. 
distance below the gate. All components are compressive. The “-” sign is ignored. 

 
 

The CBED measurements were performed in the channel region. In most regions, 

such as in the proximity of the sidewall, strain relaxation was so pronounced that either 
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HOLZ lines were splitting or too blurry to recognize. Therefore lattice parameters were not 

possible to be extracted. Surprisingly clean CBED patterns with sharp HOLZ lines could be 

obtained near the center of the channel. A few were taken at different locations from 9nm to 

42nm below the gate. From these clean CBED patterns the lattice parameters were 

determined with a uniaxial strain assumption. As introduced in Section 3.5.3, the uniaxial 

strain assumption reduces the 6 independent lattice parameters to 3: a, c and α. The strain 

tensor components were calculated according to Equations (3-24) to (3-33). The results are 

summarized in Table 4-2. 

From Table 4-2 we can see theεxx strain components are all dominant compared 

toεzz (εyy components are zero because of plane strain approximation) indicating that the 

strain near the channel region is predominantly uniaxial along the [-1,1,0] longitudinal 

current flow direction. Theεxx strain components are plotted in Figure 4-5 against locations. 

It is shown that the strain field drops very quickly from -1.05% to -0.61% at the first 15nm, 

corresponding to approximately 40% decrease. The strain field then drops gradually over the 

next 30nm. From the TEM image in Figure 4-4 (a), we can see the geometry of the trench 

plays a strong effect of on the strain distribution in the channel.  

This PMOS test structure was also examined by UV-Raman spectroscope. Figure 4-6 

is the spectrum showing the Si-Si bond from the Si substrate at 520.6cm-1 (blue curve) and 

from the strained Si channel at 521.4cm-1 (dark curve). The bond position to the right side 

shift indicates a compressive strain. From Equation 2-15, the in-plane strain was found to be 

1.0%. With the scanning step of 0.45cm-1, the error can be estimated to be 0.5%.  
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Figure 4- 7 UV-Raman spectrum of the PMOS structure. The blue peak comes from Si-Si 
bond in Si substrate. The dark peak comes from Si-Si bond in the strained Si channel. 

 
 

The 325cm-1 laser line used in this measurement had the penetration depth was about 

10nm, from Table 2-1. The beam size was about 1µm. Therefore the UV-Raman result gives 

an average value of the strain field in the channel. The strain value from Raman measurement 

is comparable to that from CBED (1.05% at 9nm below the gate). In contrast that Raman 

spectroscope gives average strain information with a larger error, the CBED results are more 

accurate on a nano-meter spatial resolution. Therefore we have demonstrated that the CBED 

technique can serve as a powerful tool for residual strain characterization suitable for sub-

100nm strained Si channel.  
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4.1.3. 65nm PMOS Technology Node  

The first structure that we measured residual strain with CBED was a test structure. In 

this section, we are going to investigate a 65nm PMOS technology node with a 45nm long 

gate and metallization films on top. In this case, UV-Raman can not be applied to detect the 

information from the buried layers. 

Figure 4-7 (a) shows a Z-contrast image of the structure of a 65nm PMOS node with 

a 45nm long gate and embedded Si0.8Ge00.2 at source and drain. Similar to the measurements 

on the recessed Si0.5Ge0.5 PMOS test device structure, clean CBED patterns were only 

possible near the center region of the channel, not near the sidewalls. The numbered white 

spots show the positions where the clean CBED patterns were taken from. The corresponding 

CBED patterns are shown in (b)-(f) with the white and black arrows indicating the HOLZ 

line shifts. 

The strain tensor components are determined from the clean CBED patterns and 

summarized in Table 4-3. The longitudinal strainεx ([-1,1,0]) are found to be compressive 

and dominant in the channel. The biggest residualεx is -0.61% at 21nm below the gate. With 

the distance further away from the gate, the residualεx strain component decreases gradually. 
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Figure 4- 8 (a) A Z-contrast image shows the structure of a 65nm PMOS node with a 45nm 
long gate and embedded SiGe at source and drain. The numbered white spots show the 
positions that the clean CBED patterns were taken from. The corresponding CBED patterns 
are shown in (b)-(f) with the white and black arrows indicating the HOLZ line shifts. 
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Table 4- 3 Strain tensor components for PMOS device structure 

 

 

 

 

 

 

 

 

 

Clean CBED patterns were also collected inside the recessed SiGe trench (point 4 in 

Figure 4-7 (a)) and at the position of 9nm right below the SiGe trench (point 5 in Figure 4-7 

(a)). It was found that the Si under the SiGe trench experienced a tensile strain of 0.33% 

along [-1,1,0] direction while a compressive strain of -0.39% along [001] direction. This is 

due to the fact that the recessed Si0.8Ge0.2 trench with larger lattice constants stretch the Si 

underneath along [-1,1,0] during epitaxial deposition therefore applies a tensile strain. In 

return, the Si underneath will resist the stretching from the recessed Si0.8Ge0.2 trench 

therefore applies a compressive strain on it. This is confirmed by our measurements at point 

5. The lattice parameters of the recessed Si0.8Ge0.2 were determined to be: a=b=5.416Å and 

c=5.461Å. If we assume a fully relaxed Si0.8Ge0.2 with lattice parameters of a=5.4762Å 

Distance (nm) a (Å) c (Å) γ (degree) x_strain (%) z_strain (%)

21 5.414 5.417 89.64 -0.62 -0.26 

45 5.419 5.422 89.75 -0.44 -0.16 

67 5.424 5.428 89.85 -0.25 -0.05 

9 5.44 5.41 90.19 0.34 -0.38 

70 5.416 5.461 90 -1.1 -0.27 
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according to Vegard’s law, the recessed Si0.8Ge0.2 trench experiences a very large 

compressive strain of -1.1% along [-1,1,0] direction. 

It should be pointed out that both the longitudinal strainεx ([-1,1,0]) and out of plane 

strainεz ([001]) are compressive in the transistor channel. This is the case both for the 

recessed Si0.5Ge0.5 PMOS test structure and for the 65nm PMOS technology node. The 

similar results were also obtained by other people’s work5,6. S. E. Thompson et. al. calculated 

that the optimal stress configuration for enhanced carrier mobility for pMOSFETs is 

dominant longitudinal compressive stress with small tensile stresses in other two orthogonal 

directions7,8. This strain configuration is not quite the same as our findings. One of the reason 

for this discrepancy is that the stress field for the theoretical calculation is only valid for low 

and media stress (less than approximately 250-500 MPa). However the stress is much larger 

than 1GPa from our measurements, indicating of a more complex stress field. It also needs to 

be noted that the strain in the channel not only comes from the recessed SiGe trench, but also 

from the gate and the Metallization films. 

We have successfully demonstrated that the CBED technique can be applied to 

residual strain characterization on a 65nm technology node. The results show a very complex 

strain field with a dominant stress σx over 1GPa. The discrepancy of the stress configuration 

from measurements with that from the theoretical calculation also motivates us to find out the 

initial strain state in the bulk and quantify the residual strain in the TEM sample and that in 

the bulk. 
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4.2. Initial Strain Determination: 

As we already describe in Chapter 3, the new procedure for the initial strain 

determination combines the CBED experimental measurements and FE calculations. The 

deformation field is measured by CBED. Then a FE model is set up to represent a TEM 

sample. From the FE model, a deformation field can be calculated and compared with that 

from CBED measurements. The modeling parameters including Ge contents and material 

properties are adjusted until a good match will be found. For device structures, the residual 

strain can also be used for the matching. When a good match is obtained, bulk periodic 

boundary conditions are applied to the original FE model so that the new FE model now can 

represent an infinitely large bulk structure. The initial strain is determined from the FE 

calculation in the new model.  

We first start to determine the initial strain state with a simple structure: a fully 

strained Si layer on a constant SiGe virtual substrate. Then we apply this new procedure on a 

more complex structure: the embedded SiGe test structure. 

 

4.2.1. Blanket Structures 

The experiments were taken on a JEOL 2010F scanning transmission electron 

microscope equipped with a Gatan GIF 200 energy filter, scanning unit (STEM mode) and a 

slow scan rate 1024×1024 CCD camera. The microscope was operated on 200keV. An 

energy-selecting slit with a width of 10eV was inserted and centered around the zero-loss 

peak so that inelastic scattered electrons can be filtered out. The sample investigated was a 
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planet structure of a 30nm Si on SiGe0.2 substrate, same as the one used in Section 4.1.1. The 

thickness was determined to be around 300nm with (400) fringes under 2 beam conditions. 

CBED measurements were performed near the interface of the strained Si layer and 

constant Si/Si0.7Ge0.3 layer, as shown in a Z-contrast TEM image in Figure 4-8 (a). CBED 

measurements were performed at different locations near the interface of strained Si and 

constant SiGe layer. At locations closer to the interface, HOLZ lines are splitting (Figure 4-8 

(b), (c) and (d)) while at locations far away form the interface HOLZ line splitting fades 

away (Figure 4-8 (d)). The splitting of HOLZ lines are a measure of the deformation of a 

TEM sample9. The (119) HOLZ lines were chosen to measure the deformation angle, as 

indicated in Figure 4-8 (b), since they are the most parallel to (004) Kikuchi band (dark 

dashed lines). For each CBED pattern, the splitting was normalized and converted to a tilt 

angle. 

For example, the splitting of (119) HOLZ line in Figure 4-8 (b) was measured to be 

77pixel wide. The spacing between (004) Kikuchi band was measured to be 696pixel in 

diameter, which corresponds to a Brag angle θ of 0.530. Therefore the deformation angle for 

the splitting of (119) HOLZ line was calculated to be about 0.120. The deformation field 

profile is then plotted with the deformation angle against the distance away from the interface, 

as show in Figure 4-9 (a) (blue curve). 

Next a two dimensional finite element model is set up to represent a 300nm thick 

TEM sample. The geometry of the model is shown in Figure 4-9. The model is consisted of a 

30nm strained Si on top of a 3µm constant Si0.8Ge0.2 layer. This thickness ratio would be 

sufficiently representative of the substrate behavior as an infinitely thick layer10. The 
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coordinate system is also shown in Figure 4-9, with x horizontal, y vertical, and z pointing 

out of the plane. The x dimension of the model is 300nm, corresponding to the thickness of a 

TEM sample.  

The material properties are listed in Table 4-4. The Young’s modulus for Si and Ge 

are 150GPa and 102GPa respectively [Ref]. The Young’s modulus E for Si0.7Ge0.3 can be 

calculated by assuming a line summation of Young’s modulus for Si and Ge. The Poisson’s 

ratio ν is 0.27 for both Si and Ge. The thermal expansion coefficient α for Si is 8.2E-6 /0C 

and for Ge 0. 
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Figure 4- 9 CBED patterns show the HOLZ splitting at different positions near the interface 
of the strained Si layer and the constant Si0.7Ge0.3 layer in a blanket strained Si/ Si0.7Ge0.3 
heterostructure. 
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Table 4- 4 Properties of each material used in the finite element simulation: Young’s modulus 
(E), Poisson’s ratio (ν) and scaled thermal expansion coefficient (α). 

 E (GPa) ν α (10-6 /0 C) 

Si 150 0.27 8.2 

Ge 102 0.27 0 

SiGe0.2 140.4 0.27 0 

 

 

The FE simulation was performed on ANSYS11. In finite element simulation, the 

lattice mismatch between the strained Si and the constant SiGe layer can be introduced by 

applying a temperature to the structure12,13,14:, i.e. the lattice match is equal to the thermal 

mismatch: 

LatticeThermal T εαε =∆×=  (4- 1) 

 
where α is the effective coefficient of thermal expansion. Note that ∆T is introduced here just 

for generation of lattice mismatch strain in the heterostructure. For example for Si/Si0.8Ge0.2, 

the lattice mismatch strain can be calculated to be 0.83% according to Equation (3-24): 

εLattice=
Si

SiSiGe

a
aa −

 (4- 2) 
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Therefore the temperature ∆T to apply on the model to introduce the lattice mismatch 

of 0.83% can be determined from Equation (3-35) to be 10180C. There is no boundary 

condition applied to the model. The isotropic approximation was used in the calculation of 

strain15. The calculation was done under the plane strain assumption in the framework of 

thermo elasticity16,17. 

The meshing grid for the strained Si layer was 10nm×10nm. A nonuniform finite 

element grid was used for the constant SiGe layer such that the meshing grid size is getting 

finer enough near the interface, where the strain comes from, to match that of the strained Si 

layer while the meshing grid is much coarser, as shown in Figure 4-9. 

Figure 4-10 (a) shows the finite element calculation for the 300nm thin TEM sample 

with 20nm Si on top of 2µm SiGe0.2 substrate. The dashed grid structure represents the 

sample without the initial strain. The solid grid structure represents the sample with an initial 

biaxial tensile strain. Note the deformation is magnified by 10 times for better view. The 

calculation indicates that, with an initial biaxial tensile strain in the bulk, the elastic 

deformation happens near the interface when the sample is thinned down to 300nm. The 

deformation causes the HOLZ line splitting18,19,20,. Therefore the splitting of HOLZ lines can 

be used as a measure of the deformation field. 
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Figure 4- 10 A two dimensional finite element model represents a 20nm strained Si on a 2µm 
constant Si0.8Ge0.2 heterostructure with a thickness of 300nm, corresponding to a TEM 
sample thickness. 

 

(a) 

Figure 4- 11 (a) Deformation of a 300nm thin TEM sample with 20nm Si on top of 2µm 
SiGe0.2 substrate. The dashed grid structure represents the sample without the initial strain. 
Note the deformation is magnified by 10 times for better view. (b) The deformation angle 
was calculated according to the simple geometry.  
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To quantify the deformation, we used beam column approximation21 and averaged the 

displacement of each node in y direction at the same distance from the interface (See Figure 

4-10 (b)). A deformation angle was then calculated according to the simple geometry: 

2/

1

)tan(
x

y
n n

i∑
=θ , (4- 3) 

 
where θ is the deformation angle, x is the TEM sample thickness, yi is the displacement in y 

direction for the ith node and n is the number of the nodes for a specific distance from the 

interface. A plot of deformation angle against the distance from the interface was made and 

compared with the experimental deformation field. The modeling parameter was adjusted 

such that a good match for the deformation field curves from the FE calculation and from the 

experimental is obtained, as shown in Figure 4-11 (a). In this case, the temperature ∆T was 

found to be 9150C. 

Figure 4-12 (a) shows the FE calculated contour of εx strain component for the TEM 

sample. Besides the deformation, we can also see that the strain distribution is not uniform 

along the electron beam direction (the straight arrow line). For the TEM model, the two 

surfaces are free to deform as the sample is 300nm thin compared to infinitely thick in Z 

direction. Now we apply constrains on these free surfaces so that they are only allowed to 

move in Y-direction (so called “periodic boundary conditions”). The effect of the periodic 

boundary conditions is that the dimension of the new model in X direction is infinitely large 

now, which means the new model now represent the bulk.  
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Figure 4- 12 Comparison of deformation field between CBED measurements and finite 
element modeling (a) for strained Si/Si0.8Ge0.2 and (b) for strained Si/Si0.7Ge0.3 blanket 
structures. 
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Figure 4-12 (b) shows the FE calculated contour of εx strain component for the bulk. 

We can see a uniform εx strain distribution in the strained Si layer. The εx is 0.75%. The 

strain in the SiGe layer is 0, corresponding to a fully relaxed template. The bulk model 

behaves exactly the same as a big blanket wafer. This was proven by the UV-Raman 

measurements. As shown in Figure 4-13 (a), the UV-Raman measurements were performed 

at 5 different positions on the whole wafer. The in-plane strain (εx) values were determined 

and plotted in Figure 4-13 (b). We can see in reality the strain distribution is not perfectly 

uniform with the average of 0.75%, in good agreement with the FE calculation result. 

Therefore we demonstrated the new procedure for the initial strain determination for a 

blanket strained Si/Si0.8Ge0.2 heterostructure. The same result was also obtained for a blanket 

structure with a different Ge content, as shown in Figure 4-11 (b). 
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Figure 4- 13 Contours of εx strain components of a strained Si/Si0.8Ge0.2 heterostructure in 
different conditions:  (a) a 300nm thin TEM sample and (b) for the bulk. 

(a) 

(b) 

Electron Beam Direction

Free SurfaceFree Surface

Constrained Surface
Constrained Surface



 109

(a) 

4500nm Si0.80Ge0.20 Buffer 15nm SSi Layer

0

500

1000

1500

2000

2500

490 500 510 520 530 540

Raman shift (cm-1)

In
te

ns
ity

 (a
.u

.)
2-12      514.1
2-3        514.0
2-6        513.9
2-9        514.3
2cent    513.9

 

(b) 

UV Raman for NCSU_2

0.6

0.65

0.7

0.75

0.8

0 3 6 9 12
Test Position

St
ra

in
 %

Fitting

 

Figure 4- 14 (a) UV-Raman spectra taken at different locations in the whole blanket wafer of 
strained Si/Si0.8Ge0.2; (b) In-plane strain values determined from the UV-Raman spectra in (a). 
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Figure 4- 15 Strain (εx) relaxation percentage on the interface on the strained Si layer and 
Si0.8Ge0.2 layer. 

 

As we can see, the x strain component is uniformly 0.75% in the strained Si in the 

bulk (Figure 4-12 (b)). During the TEM sample preparation, the sample is thinned along X 

direction to 300nm. The loss of the constraint in X direction allows the two surfaces free to 

deform under the tensile strain εx. Therefore the εx strain relaxes. Figure 4-14 shows the 

degree of the εx strain relaxation on the interface of the strained Si layer and the Si0.8Ge0.2 

layer. At the TEM sample surface, about 70% of the initial εx strain has relaxed. Along x 

direction, the εx strain relaxation decreases. In the middle of the sample at the interface, about 

40% of the initial εx strain has relaxed. This nonuniformity of the residual εx strain is the 



 111

main reason for the poor quality of the CBED (and the deformation causes the HOLZ 

splitting). 

Since the thinning does not happen in Z direction, the constraint in Z direction still 

holds for the 300nm thin TEM sample. Therefore the εz strain component should not be 

affected. This is confirmed by the FE calculation. Figure 4-15 show the contours of εz strain 

components for (a) a TEM sample and for (b) the bulk. The FE calculation results tell that the 

εz strain component is 0.75% both in the bulk and in the TEM sample, regardless of the 

deformation in the TEM sample. The εz strain component is the same as εx in the bulk, 

indicating a tensile strain state in the blanket structure.  

Due to Poisson effect, the εy strain component in the biaxial tensile strained Si layer is 

compressive, as shown in Figure 4-16 (a) for the TEM sample and (b) for the bulk. For the 

bulk, εy is -0.55%. For the TEM sample, the deformation of the sample has a small effect on 

the relaxation of the εy strain component. As we can see from Figure 4-16 (b) εy is about -

0.44% for most of the region. 

In summary, we used the new procedure to determine the initial strain for a blanket 

strained Si/SiGe structure. Our results show that the z component strain, which is 

perpendicular to the TEM sample thinning direction, does not relax in the TEM sample while 

the x component strain, which is parallel to the TEM sample thinning direction, relaxes. This 

relaxation causes the deformation of the TEM foil. We correlated the x component residual 

strain in the TEM sample with the initial strain in the bulk. The comparison shows that the εx 

strain distribution relaxation is not uniform, causing HOLZ splitting and poor quality of 

CBED patterns.  
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(a)  

(b)  

Figure 4- 16 Contours of εz strain components of a strained Si/Si0.8Ge0.2 heterostructure in 
different conditions:  (a) a 300nm thin TEM sample and (b) for the bulk. 
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(a)  

(b)  

Figure 4- 17 Contours of εz strain components of a strained Si/Si0.8Ge0.2 heterostructure in 
different conditions:  (a) a 300nm thin TEM sample and (b) for the bulk. 
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4.2.2. Recessed PMOSFET Test Structures 

The strain distribution along the channel in a recessed PMOSFET can be very 

complicated compared to a blanket strained Si/SiGe structure. The strain field is strongly 

dependent on the geometries of the SiGe trenches, Ge content, defects in the SiGe trenches, 

and gate materials and metallization layers, if any. 

When we determined the initial strain in a blanket strained Si/SiGe structure, we only 

compared deformation field. As we discussed, the strain relaxation along the sample thinning 

direction (X direction) causes the HOLZ line splitting and large strain field gradient, causing 

it impossible to determine the residual strain in the TEM sample. The sample in this study 

was the recessed Si0.5Ge0.5 PMOS test structure, as examined in Section 4.1.2 The dominant 

uniaxial strain along the channel is perpendicular to the TEM sample thinning direction 

therefore does not experience much strain relaxation. And the deformation fields from the 

SiGe trenches cancels out each other. Therefore we could determine the residual strain at 

locations along the center of the channel in the TEM sample, together with the deformation 

field from the bottom of the trench. We can use both of the information to match the FE 

model.  
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(a) 

(b)  

Figure 4- 18 (a) A 3 dimensional finite element model to represent a 300nm thin TEM sample 
for the recessed Si0.5Ge0.5 PMOS test structure; (b) Fine meshing in Si0.5Ge0.5 trenches and 
strained Si channel. 
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Now we set up the FE model to represent a TEM sample. Figure 4-18 (a) shows the 

geometry of the 3-D FE model with 2.32µm×4µm×0.32µm. The dimension 0.32µm along y 

direction was chosen in agreement with the real TEM sample thickness. The electron beam 

transmits through y [-1,-1,0] direction thus the zone axis is along [110] . The channel length 

is 100nm, along x [-1,1,0] direction. The SiGe trenches are simplified as half cylinder with a 

radius of 160nm. Figure 4-18 (b) shows the FE mesh of the region around the channel and 

the trenches where a nonuniform grid is used with a finer grid size as small as 5nm because 

of a high strain gradient distribution. 

The matching of the experimental measurements and the FE simulation starts with the 

x component residual strain. The temperature, ∆T, was adjusted in the FE model for a good 

match. As shown in Figure 4-19 three different temperatures, 5000, 5500, and 6000 were tried. 

The curve for 5500 agrees very well with the experimental data in the low strain field region 

(after 15nm). In the high strain field region, the experimental measurements were higher than 

the calculated data. This is mainly due to the discrepancy of the geometry. From the TEM 

image in Figure 4-5 (a), we can see the sidewalls of the trenches close to the surface are 

much steeper than the circular shape assumed in the FE model. This steeper sidewalls result 

in a high strain field, equivalent to a shorter channel effect.  

From experiments, the deformation field was measured right below the bottom of the 

SiGe trenches. This deformation field was compared with the FE calculation at 5500, as 

shown in Figure 4-20.  In the far region from the bottom of the trench (> 100nm), the trends 

of both experimental curve and FE simulated curve are the same. In the near region (below 

100nm), the deformation fields do not match up. This is mainly caused by geometry 
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difference. The bottom of the actual sample has a much more flat shape compared to the 

circular shape of the FE model. Therefore the experimental deformation field is more similar 

to that in a blanket strained Si/SiGe structure.  
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Figure 4- 19 Matching of x component residual strain fields from experimental 
measurements and FE calculations with different Ge contents. 
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Figure 4- 20 Comparison of deformation fields from experimental measurements and FE 
calculations. 

 

 

Since the good best match was obtained, the new FE model was set up to find the 

strain distribution in the bulk. Three different models were adopted as shown in Figure 4-19. 

Model one is based on the thin TEM sample model with the periodic boundary conditions. 

Model two has a very large thickness (1µm) compared to the 320nm thin TEM sample. 

Model three is based on a 2 dimensional structure.  
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(a)    (b) (c)  
 

Figure 4- 21 Three different models were set up for strain determination in the bulk: (a) 
Model 1 is based for the TEM sample model with periodic boundary conditions; (b) Model 2 
is from a thicker sample model compared to the 320nm thin TEM sample; and (c) Model 3 is 
based on a 2-D structure. 

 

The FE calculations were performed for each of the new models. The x-component 

strain from each model is compared and shown in Figure 4-22. The black curve is for model 

1, blue curve for model 2 and green curve for model 3. The experimental data determined 

from CBED patterns is shown (yellow curve). The FE calculation for the TEM sample is 

shown as a red dashed line. By comparison we can see model 1 and model 3 give the same 

results, both showing that the initial strain in the bulk is about 20% lower than the residual 

strain in the TEM sample. From model 2 we can conclude that with the sample thickness of 

increasing, the x component strain decreases until it reaches the level in the bulk (infinitely 

thick). All the FE calculation curves show the same trend of the strain distribution along the 

vertical direction to the surface, indicating the validity of the models.  
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Figure 4- 22 Comparison of the residual strain in the TEM sample with the initial strain from 
different models: model 1 for thin sample model with periodic boundary conditions; model 2 
for much thick sample; and model 3 for 2D. Red dashed line is for FE calculation for the 
strain in a TEM sample. Yellow line is for experimental CBED data. 

 

For a blanket strained Si/SiGe structure a biaxial strain is exerted by the interface of 

Si and SiGe on a flat plane. As we discussed in section 4.2.1 for a blanket strained Si/SiGe 

structure with a biaxial tension, the x-component strain decreases due to relaxation in a TEM 

sample compared to the bulk since the x-component strain is along the TEM sample thinning 

direction. The z-component strain does not change in a TEM sample as it is perpendicular to 

the sample thinning direction. For a recessed SiGe CMOS structure the strain comes from 

both of SiGe trenches whose interfaces with Si are not a flat plane, but cylinder shape. This 

results in a more complicated strain field than a blanket strained Si/SiGe structure. 
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 To further explore the correlation of strain in a TEM sample and in the bulk, we 

examined all of the three normal strain components: x, y and z (in the device coordinate). 

Figure 4-23 (a) shows the FE calculation of strain for a TEM sample with blue curve for εx, 

purple for εy and yellow for εz. The compressive εx is dominant in the channel (near the 

surface). The εz strain is tensile and decrease gradually in the channel but it turns to be 

compressive at 120nm. As shown in Section 4.1.1 the εz strain determined from experimental 

CBED measurements also shows compressive both for the recessed SiGe0.5 PMOS test 

structure and the 65nm CMOS transistor, but at closer distances to the surface. This 

discrepancy again can be caused by the geometry effect. An independent work from P. Zhang 

et al.5 on the same 65nm CMOS device structure did show a tensile εz strain at 25nm below 

the gate and a compressive εz strain at 40nm and 45nm, supporting our calculations. 

Figure 4-23 (b) shows the three different normal strain profiles from FE calculation 

the bulk. The colors represent the same type of strain component as (b). The εy strain is 

almost zero in the bulk while it becomes tensile as high as 0.22% in the TEM sample. Since 

the εy strain is along the TEM sample thinning direction, we can attribute this strain increase 

to the TEM sample preparation. The εz strain in the TEM sample almost stays the same at 

region close to the surface but decreases then turns to compressive with the distance away 

from the surface. Correspondingly the εz strain increases up to 20% in the TEM sample. 

Therefore the TEM sample thinning causes the strain redistribution in a TEM sample. 
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Figure 4- 23 FE simulation comparison of strain components from a TEM sample (a) and 
from the bulk (b). The device coordinate is chosen. 
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 SUMMARY 

In this research we first developed a procedure to determine the strain in a TEM 

sample. This procedure includes HOLZ line detection from a CBED pattern, kinematic 

calculation of HOLZ line position and searching lattice parameters by χ2 minimization. With 

only CBED technique, strain measurement on the strained Si layer is not possible in a blanket 

strained Si/SiGe structure due to HOLZ line splitting (strain relaxation). For recessed SiGe 

PMOS device structures εx strain component strain along [-1,1,0] direction were determined 

in the center of the channel. We demonstrated the CBED strain measurement can be 

implemented in new generation short channel technology node with a nano meter spatial 

resolution and high accurate. 

For the first time, we developed a new approach combined with CBED and FE 

modeling and quantitatively investigated the correlation of the strain in a thin TEM sample 

with that in the bulk. The new method successfully determined the strain in the strained Si 

layer on a blanket strained Si/SiGe wafer, in a good agreement with other measurements. The 

new results also gave some insight in strain relaxation in a TEM sample. We found the [-1,-

1,0] strain component which is perpendicular to the TEM sample thinning direction stays the 

same in the TEM sample and in the bulk, while the [001]) strain component is relaxed 

because it is along the same direction as the TEM sample thinning direction. This relaxation 

causes the deformation of the TEM foil and HOLZ line splitting. Therefore a clear CBED 

pattern can not be obtained from a TEM sample with a biaxial stain state. Our findings from 
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a recessed SiGe PMOS test structure with a uniaxial compressive strain showed a different 

strain redistribution behavior. The data showed that the x [-1,1,0] strain is actually more than 

20% higher in a TEM sample than in the bulk. The y [-1,-1,0] strain which is parallel to the 

TEM sample thinning direction turns to tensile in the TEM sample due to the loss of 

constraints, while it is zero in the bulk. The new results can explain our experimental data 

and others' (which could not be explained before.) and are consistent with UV Raman 

measurements. 

For the future directions, a more precise model is needed to eliminate geometry effect 

and to differentiate the geometry effect and the anisotropic effect. If the anisotropic effect is 

found to be pronounced, the new model should also consider anisotropy effect of Si. The 

investigation of strain distribution will be done on a new generation CMOS transistor and 

correlate with the electrical properties. 

  

 


