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ABSTRACT 

Mis?t dislocations are selectively placed in layers formed 
over substrates. Thicknesses of layers may be used to de?ne 
distances betWeen mis?t dislocations and surfaces of layers 
formed over substrates, as Well as placement of mis?t 
dislocations and dislocation arrays With respect to devices 
subsequently formed on the layers. 
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SELECTIVE PLACEMENT OF DISLOCATION 
ARRAYS 

RELATED APPLICATIONS 

[0001] This application claims the bene?t of US. Provi 
sional Application Serial No. 60/399,171, ?led on Jul. 29, 
2002, and US. Provisional Application Serial No. 60/452, 
516, ?led on Mar. 6, 2003, the entire disclosures of Which 
are hereby incorporated by reference. 

FIELD OF THE INVENTION 

[0002] This invention relates generally to semiconductor 
substrates and particularly to semiconductor substrates With 
strained semiconductor layers. 

BACKGROUND 

[0003] Silicon-germanium (SiGe) virtual substrates are a 
platform for neW generations of very large scale integration 
(VLSI) devices that exhibit enhanced performance in com 
parison to devices fabricated on bulk Si substrates. An 
important component of a SiGe virtual substrate is a layer of 
SiGe that has been relaxed to its equilibrium lattice constant 
(i.e., one that is larger than that of Si). This relaxed SiGe 
layer may be formed directly on a Si substrate (e.g., by Wafer 
bonding or direct epitaxy) or atop a relaxed graded SiGe 
layer, in Which the lattice constant of the SiGe material has 
been increased gradually over the thickness of the layer. The 
SiGe virtual substrate can also incorporate buried insulating 
layers, echoing the structure of a semiconductor-on-insula 
tor (SOI) Wafer. In order to fabricate high performance 
devices on these platforms, thin strained semiconductor 
layers of Si, Ge, or SiGe are groWn on the relaxed SiGe 
virtual substrates. The resulting biaxial tensile or compres 
sive strain alters carrier mobilities in these layers, enabling 
the fabrication of high speed and/or loW poWer devices. 

[0004] Differences in lattice constants of various materials 
may result in mis?t dislocations forming at an interface 
betWeen the thin strained semiconductor layer, such as 
strained Si and an underlying layer, such as relaxed SiGe. 

[0005] Mis?t dislocations form When an upper strained 
semiconductor layer reaches a critical thickness Tom. This 
equilibrium critical thickness is a not a function of tempera 
ture, but at reduced temperatures, strained layers may be 
groWn in a metastable state. The metastable thickness of the 
strained layer may be thicker than Tom, but mis?t disloca 
tions may not have formed because of the absence of 
sufficient thermal energy for their formation. The metastable 
critical thickness of a strained layer is larger than Tom, and 
decreases With increasing temperature. At temperatures 
commonly used for complementary metal-oxide semicon 
ductor (CMOS) processing, the metastable critical thickness 
of a typical upper strained semiconductor layer is close to 
Tom. The critical thickness of a strained layer utiliZed in 
CMOS devices and processed at elevated temperatures may 
be therefore considered the equilibrium critical thickness 
Tcrit' 
[0006] One may avoid the formation of mis?t dislocations 
in, e.g., CMOS devices by keeping the thickness of the upper 
strained semiconductor layer much less than Tom. This 
approach, hoWever, places severe constraints on CMOS 
design rules. In addition, the close proximity of an under 
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lying semiconductor layer containing, for example, SiGe to 
a top surface of the Wafer creates a number of process 
optimiZation challenges, such as the de?nition of source and 
drain junctions, formation of metal silicides, and fabrication 
of shalloW-trench-isolation (STI) regions. OptimiZation of 
these design features is complicated by interaction With, e. g., 
both Si and Ge. 

[0007] Alternatively, one may distance mis?t dislocations 
from an upper strained semiconductor layer by, e.g., forming 
the upper strained semiconductor layer With a thickness 
much greater than a critical thickness for mis?t dislocation 
formation. Then, hoWever, the mis?t dislocations—even 
though concentrated aWay from the top surface of the 
strained layer—may cause problems in devices, such as 
MOSFETs, fabricated in this layer. Because the density of 
mis?t dislocations increases as layer thickness increases 
above Tom, this solution may create a high density of mis?t 
dislocations at an interface betWeen the strained layer and 
the underlying layer. Mis?t dislocations may act as diffusion 
pipes, facilitating migration of dopants betWeen sources and 
drains, thereby promoting leakage. Mis?t dislocations may 
also act as carrier recombination/generation centers in Which 
electrons and holes combine, thereby also promoting leak 
age. Further, non-uniform distribution of mis?t dislocations 
may introduce spatial variations in strain across the surface 
of the Wafer. Moreover, making the upper strained semicon 
ductor layer too thick may result in the relaxation of the 
layer, thereby negating the increase in carrier mobility 
provided by a strained layer. 

SUMMARY 

[0008] Mis?t dislocations may create problems in devices 
such as metal-oxide-semiconductor ?eld-effect transistors 
(MOSFETs). The mis?t dislocations may act as recombina 
tion centers in Which electrons and holes combine. Further, 
mis?t dislocations may create diffusion pipes for dopants, 
such as boron or arsenic, leading, e.g., to a short betWeen a 
source and a drain. In both instances, the mis?t dislocations 
may act as leakage paths, leading to poor device perfor 
mance, characteriZed, for example, by high off currents 
(Ices) 
[0009] The present invention facilitates selection of the 
location of mis?t dislocations betWeen semiconductor lay 
ers, including at least one strained layer, to improve perfor 
mance of devices fabricated on these layers. The mis?t 
dislocations may be placed at a depth deep enough not to 
signi?cantly affect device characteristics. The depth of the 
mis?t dislocations is also shalloW enough to avoid signi? 
cantly relaxing the strained layer, thereby maintaining the 
carrier mobility enhancement provided by the strained layer. 
In accordance With the invention, a WindoW is identi?ed in 
Which the thickness of the strained layer is thick enough so 
that the mis?t dislocations are substantially removed from a 
device channel but thin enough to avoid carrier mobility 
degradation. 

[0010] In an aspect, the invention features a method for 
selecting a placement of mis?t dislocations, the method 
including forming a ?rst layer over a substrate, the ?rst layer 
having a ?rst equilibrium lattice constant. A second layer is 
formed over the ?rst layer, the second layer having a 
second equilibrium lattice constant different from the ?rst 
equilibrium lattice constant, and (ii) a critical thickness at 
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Which a plurality of mis?t dislocations form at an interface 
proximate the second layer. A thickness of the second layer 
is selected to de?ne a distance betWeen a top surface of the 
second layer and the mis?t dislocations that form at the 
interface corresponding to the selected placement of mis?t 
dislocations When the thickness is equal to or greater than 
the critical thickness. 

[0011] One or more of the following features may be 
included. The ?rst layer may include a relaxed layer and/or 
a compressively strained layer and/or germanium. The sec 
ond layer may include a tensilely strained layer and/or a 
compressively strained layer and/or silicon. The thickness of 
the second layer may be selected to reduce carrier recom 
bination. A plurality of dopants may be introduced into a 
portion of the ?rst layer, With the thickness of the second 
layer selected to reduce lateral diffusion piping of the 
dopants along the interface betWeen the ?rst layer and 
second layers. 

[0012] At least one of a source and a drain region may be 
de?ned by introducing a plurality of dopants into a portion 
of the second layer, With a bottommost portion of the source 
or drain region being disposed at a preselected distance from 
the mis?t dislocations at the interface. The preselected 
distance may be selected so that the source or drain is 
substantially free of mis?t dislocations. The bottommost 
portion of the source or drain region may be disposed above 
the interface. The thickness of the second layer may be at 
least 1000 The at least one of the source and drain regions 
may include an extension, and the mis?t dislocations at the 
interface may be disposed beloW the extension and (ii) 
above the bottommost portion of the source or drain region. 
The thickness of the second layer may be selected from the 
range comprising approximately 400 angstroms to 500 ang 
stroms. De?ning the source or drain region may include the 
introduction of the plurality of dopants by a single implan 
tation step. The source and the drain regions cooperate to 
form a transistor. 

[0013] A semiconductor layer may be formed over a 
portion of the second layer, so that at least a portion of the 
semiconductor layer is disposed over the source or drain 
region. The semiconductor layer may include at least one of 
a group II, a group III, a group IV, a group V, a group VI 
element, and combinations thereof. The thickness of the 
semiconductor layer may be selected so that the bottommost 
portion of the source or drain region is disposed above the 
preselected distance from the interface. 

[0014] A metal layer may be formed over the semicon 
ductor layer, and the substrate may be heated to form a 
contact layer including metal-semiconductor alloy, With the 
contact layer including at least a portion of the semiconduc 
tor layer and at least a portion of the metal layer. Forming 
the contact layer may include consuming substantially all of 
the semiconductor layer. Forming the contact layer may 
include consuming at least a portion of the second layer 
and/or only a portion of the semiconductor layer. The 
semiconductor layer may have a third equilibrium constant, 
and the third equilibrium constant may be substantially 
equal to the ?rst equilibrium constant of the ?rst layer. 

[0015] In another aspect, the invention features a method 
for forming a semiconductor structure. The method includes 
the steps of forming a ?rst layer over a substrate, the ?rst 
layer having a ?rst equilibrium lattice constant, and forming 

Jun. 17, 2004 

a second layer over the ?rst layer, the second layer having 
(i) a second equilibrium lattice constant different from the 
?rst equilibrium lattice constant, and (ii) a critical thickness 
at Which a plurality of mis?t dislocations form at an interface 
proximate the second layer. A thickness of the second layer 
is selected to de?ne a distance betWeen a top surface of the 
second layer and the mis?t dislocations that form at the 
interface such that a device formed over the second layer has 
an off current less than approximately 10-8 Amperes/mi 
crometer and a strained channel. 

[0016] In another aspect, the invention features a method 
for placing mis?t dislocations at a desired location Within a 
semiconductor structure. A ?rst layer is formed over a 
substrate, the ?rst layer including a ?rst material having a 
?rst equilibrium lattice constant. A second layer is formed 
over the ?rst layer, the second layer including a second 
material having a second equilibrium lattice constant 
different from the ?rst equilibrium lattice constant, and (ii) 
a critical thickness at Which a plurality of mis?t dislocations 
form at an interface proximate the second layer. The ?rst 
material, the second material, and a second layer thickness 
are selected to place the mis?t dislocations at the desired 
location. 

[0017] In another aspect, the invention features a semi 
conductor structure having a selected placement of mis?t 
dislocations. The structure includes a ?rst layer disposed 
over a substrate, the ?rst layer having a ?rst equilibrium 
lattice constant; and a second layer disposed over the ?rst 
layer, the second layer having a second equilibrium lattice 
constant different from the ?rst equilibrium lattice constant, 
and (ii) a critical thickness at Which a plurality of mis?t 
dislocations form at an interface proximate the second layer. 
A thickness of the second layer is selected to de?ne a 
distance betWeen a top surface of the second layer and the 
mis?t dislocations that form at the interface corresponding 
to the selected placement When the thickness is equal to or 
greater than the critical thickness. 

[0018] One or more of the folloWing features may be 
included. The ?rst layer may include a relaxed layer and/or 
a compressively strained layer and/or germanium. The sec 
ond layer may include a tensilely strained layer and/or 
silicon. The thickness of the second layer may be selected to 
reduce carrier recombination. Aplurality of dopants may be 
disposed in a portion of the ?rst layer, With the thickness of 
the second layer selected to reduce diffusion piping of the 
dopants out of the portion of the ?rst layer. 

[0019] A transistor may be formed over the second layer, 
the transistor including a gate dielectric disposed over a 
portion of the second layer, (ii) a gate disposed over the gate 
dielectric, the gate comprising a conducting material, and 
(iii) a source and a drain disposed proximate the gate and 
extending into the second layer. The mis?t dislocations may 
be disposed at a preselected distance from an interface 
betWeen the gate dielectric and the second layer. The tran 
sistor may have an off current of less than 10'8 Amperes/ 
micrometer and a strained channel. 

[0020] At least one of a source and a drain region may be 
de?ned in a portion of the second layer and may include a 
plurality of dopants, With the second layer having a thick 
ness greater than the critical thickness and a bottommost 
portion of the source or drain region being disposed at a 
preselected distance from the mis?t dislocations at the 
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interface. The ?rst layer may include a relaxed layer and/or 
a compressively strained layer and/or germanium. The sec 
ond layer may include a tensilely strained layer and/or a 
compressively strained layer and/or silicon. The preselected 
distance may be selected so that the source or drain region 
is substantially free of mis?t dislocations. Substantially all 
of the bottommost portion of the source or drain region may 
be substantially equidistant from a topmost portion of the 
source or drain region disposed in the second layer. At least 
one source and one drain may be de?ned in the portion of the 
second layer, and the source and the drain regions may 
cooperate to form a transistor. 

[0021] A contact layer including a metal-semiconductor 
alloy may be disposed over a portion of the second layer. 
The contact layer may eXtend into the portion of the second 
layer. 
[0022] A semiconductor layer may be disposed over the 
portion of the second layer, and a portion of the source or 
drain region may be disposed in the semiconductor layer. 
The semiconductor layer may include at least one of a group 
II, a group III, a group IV, a group V, a group VI element, 
and combinations thereof. The semiconductor layer may 
have a third equilibrium lattice constant substantially equal 
to the ?rst equilibrium lattice constant. A contact layer 
including a metal-semiconductor alloy may be disposed over 
the semiconductor layer. 

[0023] In another aspect, the invention features a semi 
conductor structure including a ?rst layer disposed over a 
substrate, the ?rst layer having a ?rst equilibrium lattice 
constant; and a second layer disposed over the ?rst layer, the 
second layer having a second equilibrium lattice constant 
different from the ?rst equilibrium lattice constant, and (ii) 
a critical thickness at Which a plurality of mis?t dislocations 
form at an interface proXimate the second layer. A thickness 
of the second layer is selected to de?ne a distance betWeen 
a top surface of the second layer and the mis?t dislocations 
that form at the interface such that a device formed over the 
second layer has an off current less than approximately 10-8 
Amperes/micrometer and a strained channel. 

[0024] In another aspect, the invention features a method 
for selecting a placement of mis?t dislocations. A ?rst layer 
portion is formed over a substrate, the ?rst layer having a 
?rst equilibrium lattice constant, and a regroWth layer is 
formed over the ?rst layer portion, the regroWth layer having 
a regroWth equilibrium lattice constant different from the 
?rst equilibrium lattice constant. A plurality of mis?t dislo 
cations may form at an interface betWeen the ?rst layer 
portion and the regroWth layer. A second layer is formed 
over the regroWth layer. A thickness of the regroWth layer is 
selected to de?ne a distance betWeen a top surface of the 
second layer and the mis?t dislocations corresponding to the 
selected placement of the mis?t dislocations. 

[0025] One or more of the folloWing features may be 
included. The second layer may be strained. A lattice mis 
match betWeen the ?rst equilibrium lattice constant and the 
regroWth layer may be less than about 0.04%, and the 
thickness of the regroWth layer may be less than about 450 
nanometers The ?rst layer may include a ?rst germa 
nium content, the regroWth layer may include a second 
germanium content, and the difference betWeen the ?rst 
germanium content and the second germanium content is 
less than about 1%. 
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[0026] A lattice mismatch betWeen the ?rst equilibrium 
lattice constant and the regroWth layer may be less than 
about 0.08%, and the thickness of the regroWth layer may be 
less than about 210 nm. The ?rst layer may include a ?rst 
germanium content, the regroWth layer may include a sec 
ond germanium content, and the difference betWeen the ?rst 
germanium content and the second germanium content may 
be less than about 2%. 

[0027] A lattice mismatch betWeen the ?rst equilibrium 
lattice constant and the regroWth layer may be less than 
about 0.12%, and the thickness of the regroWth layer may be 
less than about 130 nm. The ?rst layer may include a ?rst 
germanium content, the regroWth layer may include a sec 
ond germanium content, and the difference betWeen the ?rst 
germanium content and the second germanium content may 
be less than about 3%. 

[0028] In another aspect, the invention features a method 
for suppressing the formation of mis?t dislocations. A ?rst 
layer portion is formed over a substrate, the ?rst layer having 
a ?rst equilibrium lattice constant and a ?rst composition. A 
regroWth layer is formed over the ?rst layer portion, the 
regroWth layer having a regroWth equilibrium lattice con 
stant and a regroWth composition. The formation of mis?t 
dislocations at an interface betWeen the ?rst layer portion 
and the regroWth layer is suppressed by the selection of the 
?rst and regroWth equilibrium lattice constants and the ?rst 
and regroWth compositions. 

[0029] One or more of the folloWing features may be 
included. The regroWth equilibrium lattice constant may be 
substantially identical to the ?rst equilibrium lattice con 
stant. The regroWth composition may be substantially iden 
tical to the ?rst layer portion composition. A second layer 
may be groWn over the regroWth layer. The second layer 
may be strained. 

[0030] In another aspect, the invention features a semi 
conductor structure including a ?rst layer portion disposed 
over a substrate, the ?rst layer having a ?rst equilibrium 
lattice constant. A regroWth layer is disposed over the ?rst 
layer portion, the regroWth layer having a regroWth equilib 
rium lattice constant different from the ?rst equilibrium 
lattice constant. Asecond layer is disposed over the regroWth 
layer. A plurality of mis?t dislocations is disposed at an 
interface betWeen the ?rst layer portion and the regroWth 
layer, and the regroWth layer has a thickness selected to 
de?ne a distance betWeen a top surface of the second layer 
and the mis?t dislocations. 

[0031] The folloWing feature may be included. The second 
layer may strained. 

[0032] In another aspect, the invention features a semi 
conductor structure including a ?rst layer portion disposed 
over a substrate, the ?rst layer having a ?rst equilibrium 
lattice constant, and a regroWth layer disposed over the ?rst 
layer portion, the regroWth layer having a regroWth equilib 
rium lattice constant substantially identical to the ?rst equi 
librium lattice constant. A density of mis?t dislocations 
disposed at an interface betWeen the ?rst layer portion and 
the regroWth layer is substantially Zero per square centime 
ter. 

[0033] One or more of the features may be included. A 
second layer may be disposed over the regroWth layer. The 
second layer may be strained. 
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[0034] In another aspect, the invention features a method 
for selecting a placement of a dislocation array. A substrate 
having a ?rst equilibrium lattice constant is provided. A ?rst 
layer is formed over the substrate, the ?rst layer having a 
second equilibrium lattice constant. A thickness of the ?rst 
layer is selected to de?ne a distance betWeen a top surface 
of the ?rst layer and an interface betWeen the ?rst layer and 
the substrate. A dislocation array is disposed at the interface 
corresponding to the selected placement of the dislocation 
array. 

[0035] One or more of the folloWing features may be 
included. The ?rst layer may be strained. The ?rst equilib 
rium lattice constant may be substantially identical to the 
second equilibrium constant, and a composition of the ?rst 
layer may be substantially identical to a composition of the 
substrate. In another aspect, the invention features a method 
for selecting a placement of a dislocation array. A substrate 
is provided having a ?rst equilibrium lattice constant. A ?rst 
layer is formed over the substrate, the ?rst layer having a 
second equilibrium lattice constant. A thickness of the ?rst 
layer is selected to de?ne a distance betWeen a top surface 
of the ?rst layer and an interface betWeen the ?rst layer and 
the substrate. The mis?t dislocations form at the interface 
and the thickness of the ?rst layer is selected such that a 
device formed over the ?rst layer has an off current less than 
10-8 Amperes/micrometer and a strained channel. 

[0036] In another aspect, the invention features a semi 
conductor structure including a substrate having a ?rst 
equilibrium lattice constant; and a ?rst layer disposed over 
the substrate, the ?rst layer having a second equilibrium 
lattice constant. A thickness of the ?rst layer is selected to 
de?ne a distance betWeen a top surface of the ?rst layer and 
an interface betWeen the ?rst layer and the substrate, a 
dislocation array is disposed at the interface, and the thick 
ness of the ?rst layer provides an off current less than 
10 Amperes/micrometer and (ii) a strained channel in a 
device formed over the ?rst layer. 

[0037] The folloWing feature may be included. Atransistor 
may be formed over the ?rst layer, the transistor including 
(i) a gate dielectric disposed over a portion of the ?rst layer, 
(ii) a gate disposed over the gate dielectric, the gate com 
prising a conducting material, and (iii) a source and a drain 
disposed proximate the gate and extending into the ?rst 
layer. The dislocation array may be disposed at a preselected 
distance from an interface betWeen the gate dielectric and 
the ?rst layer. 

[0038] In another aspect, the invention features a semi 
conductor structure having a selected placement of a dislo 
cation array. The structure includes a substrate having a ?rst 
equilibrium lattice constant, and a ?rst layer disposed over 
the substrate, the ?rst layer having a second equilibrium 
lattice constant. A thickness of the ?rst layer is selected to 
de?ne a distance betWeen a top surface of the ?rst layer and 
the dislocation array that forms at the interface correspond 
ing to the selected placement. 

[0039] The folloWing feature may be included. Atransistor 
may be formed over the ?rst layer, the transistor including 
(i) a gate dielectric disposed over a portion of the ?rst layer, 
(ii) a gate disposed over the gate dielectric, the gate com 
prising a conducting material, and (iii) a source and a drain 
disposed proximate the gate and extending into the ?rst 
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layer. The dislocation array may be disposed at a preselected 
distance from an interface betWeen the gate dielectric and 
the ?rst layer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0040] FIGS. 1 and 2 are schematic cross-sectional vieWs 
of semiconductor substrates With semiconductor layers 
formed thereon; 

[0041] FIGS. 3a-3c are schematic illustrations of mis?t 
and screW dislocations formed betWeen tWo layers; 

[0042] FIG. 4 is a schematic cross-sectional vieW of a 
device formed on a semiconductor substrate, the substrate 
having alternative layer thicknesses; 

[0043] FIG. 5 is a schematic cross-sectional vieW of a 
device formed on a semiconductor substrate, the substrate 
having alternative raised source/drain thicknesses; 

[0044] FIG. 6 is a schematic cross-sectional vieW of a 
device formed on a semiconductor substrate, the device 
having an alternative structure; 

[0045] FIG. 7 is a schematic cross-sectional vieW of a 
semiconductor substrate With alternative semiconductor lay 
ers formed thereon; 

[0046] FIGS. 8-12 are schematic cross-sectional vieWs of 
a semiconductor substrate, illustrating the formation of a 
strained-semiconductor-on-semiconductor (SSOS) sub 
strate; and 

[0047] FIG. 13 is a schematic cross-sectional vieW of a 
device formed on an SSOS substrate, the substrate having 
alternative layer thicknesses 

DETAILED DESCRIPTION 

[0048] Referring to FIG. 1, Which illustrates an epitaxial 
Wafer 100 amenable to use With the present invention, a 
strained layer 102 and a relaxed layer 104 are disposed over 
a substrate 106. The ensuing discussion focuses on a strained 
layer 102 that is tensilely strained, but it is understood that 
strained layer 102 may be tensilely or compressively 
strained. Strained layer 102 has a lattice constant other than 
the equilibrium lattice constant of the material from Which 
it is formed, and it may be tensilely or compressively 
strained; relaxed layer 104 has a lattice constant equal to the 
equilibrium lattice constant of the material from Which it is 
formed. Tensilely strained layer 102 shares an interface 108 
With relaxed layer 104. 

[0049] Substrate 106 and relaxed layer 104 may be formed 
from various materials systems, including various combina 
tions of group II, group III, group IV, group V, and group VI 
elements. For example, each of substrate 106 and relaxed 
layer 104 may include a III-V compound. Substrate 106 may 
include gallium arsenide (GaAs), and relaxed layer 104 may 
include indium gallium arsenide (InGaAs) or aluminum 
gallium arsenide These examples are merely 
illustrative, and many other material systems are suitable. 

[0050] In some embodiments, substrate 106 may include 
an insulator layer and/or a compositionally graded layer (not 
shoWn) above and/or beloW a semiconductor Wafer. The 
graded layer may include Si and Ge With a grading rate of, 
for example, 10% Ge per micrometer of thickness, 
groWn at, for example, at 600-1200° C. See, e.g., US. Pat. 
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No. 5,221,413. In an embodiment, relaxed layer 104 may 
include Si1_XGeX With a uniform composition, containing, for 
example, Ge in the range 0.1 2x209 and having a thickness 
T1 of, e.g., 0.2-2 pm. In an embodiment, T1 is 1.5 pm. 

[0051] Strained layer 102 may include a semiconductor 
such as at least one of a group II, a group III, a group IV, a 
group V, and a group VI element. Strained semiconductor 
layer 102 may include, for example, Si, Ge, SiGe, GaAs, 
indium phosphide (InP), and/or Zinc selenide (ZnSe). In 
some embodiments, strained semiconductor layer 102 may 
include approximately 100% Ge, and may be compressively 
strained. A strained semiconductor layer 102 comprising 
100% Ge may be formed over, e.g., relaxed layer 104 
containing uniform Si1_XGeX having a Ge content of, for 
example, 50-90% (i.e., x=0.5-0.9), preferably 70% (i.e., 
x=0.7). 
[0052] In an embodiment, tensilely strained layer 102 is 
formed of silicon. Tensilely strained layer 102 has a thick 
ness T2 of, for example, 50-1000 In an embodiment, 
thickness T2 is approximately 200 

[0053] Relaxed layer 104 and strained layer 102 may be 
formed by epitaxy, such as by atmospheric-pressure CVD 
(APCVD), loW- (or reduced-) pressure CVD (LPCVD), 
ultra-high-vacuum CVD (UHVCVD), by molecular beam 

epitaxy (MBE), or by atomic layer deposition Strained layer 102 containing Si may be formed by CVD 

With precursors such as silane, disilane, or trisilane. Strained 
layer 102 containing Ge may be formed by CVD With 
precursors such as germane or digermane. The epitaxial 
groWth system may be a single-Wafer or multiple-Wafer 
batch reactor. The groWth system may also utiliZe a loW 
energy plasma to enhance layer groWth kinetics. 

[0054] In an embodiment in Which strained layer 102 
contains substantially 100% Si, strained layer 102 may be 
formed in a dedicated chamber of a deposition tool that is 
not exposed to Ge source gases, thereby avoiding cross 
contamination and improving the quality of interface 108 
betWeen strained layer 102 and relaxed layer 104. Further 
more, strained layer 102 may be formed from an isotopically 
pure silicon precursor(s). Isotopically pure Si has better 
thermal conductivity than conventional Si. Higher thermal 
conductivity may help dissipate heat from devices subse 
quently formed on strained layer 102, thereby maintaining 
the enhanced carrier mobilities provided by strained layer 
102. 

[0055] In some embodiments, relaxed layer 104 and/or 
strained layer 102 may be planariZed by, e.g., CMP, to 
improve the quality of subsequent Wafer bonding (see dis 
cussion beloW With reference to FIGS. 8-12). Strained layer 
102 may have a loW surface roughness, e.g., less than 0.5 nm 
root mean square (RMS). 

[0056] Referring to FIG. 2, in an alternative embodiment, 
a substrate 200 is a semiconductor, such as silicon. Several 
layers collectively indicated at 202 are formed on substrate 
200. Layers 202 may be groWn, for example, by APCVD, 
LPCVD, or UHVCVD. 

[0057] Layers 202 include a graded layer 204 disposed 
over substrate 200. Graded layer 204 may include Si and Ge 
With a grading rate of, for example, 10% Ge per pm of 
thickness, and a thickness T3 of, for example, 2-9 pm. 
Graded layer 204 may be groWn, for example, at 600-1200° 
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C. Relaxed layer 104 is disposed over graded layer 204. A 
virtual substrate 206 includes relaxed layer 104 and graded 
layer 204. 

[0058] A compressively strained layer 208 including a 
semiconductor material is disposed over relaxed layer 104. 
In an embodiment, compressively strained layer 208 
includes group IV elements, such as Si1_yGey, With a Ge 
content (y) higher than the Ge content of relaxed 
SiHGeX layer 104. Compressively strained layer 208 con 
tains, for example, Ge in the range 0.25 éyél and has a 
thickness T4 of, e.g., 10-500 angstroms In some 
embodiments, compressively strained layer 208 has a thick 
ness T4 of less than 500 In certain embodiments, T4 is less 
than 200 A. 

[0059] Tensilely strained layer 102 is disposed over com 
pressively strained layer 208, sharing an interface 210 With 
compressively strained layer 208. In an embodiment, ten 
silely strained layer 102 is formed of silicon. Tensilely 
strained layer 102 has a thickness T2 of, for example, 
50-1000 In an embodiment, thickness T2 is approxi 
mately 200 In some embodiments, compressively 
strained layer 208 may be disposed not under, but over 
tensilely strained layer 102. 

[0060] Substrate 200 With layers 202 typically has a 
threading dislocation density of 104-105/cm2. 

[0061] Referring to FIGS. 3a and 3b, mis?t dislocations 
may form under the folloWing conditions. FIG. 3a is a 
schematic cross-sectional vieW of a local arrangement of 
atoms in, e.g., a Si thin ?lm layer 300 on a Si1_XGeX layer 
310, and FIG. 3b is a three-dimensional vieW of the layers 
of FIG. 3a, With atomic arrangements removed for clarity. 
The line Z-Z‘ is common to both ?gures. Si layer 300 has a 
?rst equilibrium lattice constant a1, and is disposed over 
SiHGeX layer 310 having a second equilibrium lattice con 
stant a2. An equilibrium lattice constant is the lattice con 
stant of an unstrained material. Si has an equilibrium lattice 
constant a of 5.431 A and Ge has an equilibrium lattice 
constant of 5.658 A, so the lattice mismatch betWeen Si and 
Ge is approximately 4%. In embodiments With Ge content 
(x) of layer 310 greater than Zero, therefore, second equi 
librium lattice constant a2 is greater than ?rst equilibrium 
lattice constant al. The mismatch betWeen ?rst and second 
equilibrium lattice constants a1, a2 may result in the forma 
tion of a mis?t dislocation 320 at an interface 330 betWeen 
Si layer 300 and Si1_XGeX layer 310. Mis?t dislocation 320 
has an associated ?rst and second threading dislocation 340, 
350 at each of its tWo ends 360, 370. In the illustrated 
embodiment, ?rst and second threading dislocations 340, 
350 each extend through Si layer 300. In alternative embodi 
ments, one or both of threading dislocations 340, 350 may 
extend through Si1_XGeX layer 310. 

[0062] Analogously, referring to FIGS. 1 and 2, mis?t 
dislocations may form at interface 108 betWeen tensilely 
strained layer 102 and relaxed layer 104 as Well as at 
interface 210 betWeen tensilely strained layer 102 and 
compressively strained layer 208. In each case, an equilib 
rium lattice constant of tensilely strained layer 102 including 
Si is less than an equilibrium lattice constant of relaxed layer 
104 that includes Ge. This difference in equilibrium lattice 
constants betWeen the tWo layers may lead to mis?t dislo 
cations forming at interface 108 or 210 proximate tensilely 
strained layer 102. 
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[0063] Mis?t dislocations may lead to carrier mobility 
degradation. In some embodiments, thickness T2 of tensilely 
strained layer 102 may be as much as approximately three 
times Tcrit for mis?t dislocation formation, Without substan 
tial carrier mobility degradation due to the mis?t disloca 
tions. For example, in an embodiment in Which tensilely 
strained layer 102 includes strained silicon and is disposed 
over relaxed layer 104 including Si1_XGeX having a Ge 
content of, for exam le, 20% Ge (i.e., x=0.2), Tcrit may be 
approximately 150 A and T2 may be approximately 450 A 
Without causing signi?cant carrier mobility degradation. 

[0064] Referring to FIG. 3c, adapted from F. R. N. 
Nabarro, Theory of Crystal Dislocations (1967) p. 33, incor 
porated by reference herein, an interface 380 betWeen an 
upper ?rst layer 382 and a bottom second layer 384 formed 
from crystalline material directly joined by, e.g., Wafer 
bonding, may also contain screW dislocations, a result of 
in-plane rotation of the ?rst and second layers 382, 384 With 
respect to each other. FIG. 3c is a schematic top-vieW 
representation of atoms in the tWo layers 382, 384, With the 
upper layer 382 represented by open circles and the loWer 
layer 384 represented by closed circles. Atoms from the 
upper layer 382 are bonded directly to atoms from the 
bottom layer across portions of interface 380, e.g., in a ?rst 
and a second coherent region 390, as indicated by the perfect 
overlay of open and closed circles in these regions 390. In 
coherent regions 390, a lattice of the upper ?rst layer 382 
registers, i.e., aligns, With a lattice of the bottom second 
layer 384. On the other hand, atoms in upper layer 382 may 
misregister With respect to atoms in bottom layers 384 to 
form screW dislocations 392. ScreW dislocations 392 are 
separated by a distance h, With the screW dislocations 392 
forming a boundary 394 normal to interface 380 betWeen 
upper and bottom layers 382, 384. 

[0065] Referring to FIG. 4, a transistor 400 is formed on 
substrate 106 With tensilely strained layer 102 disposed over 
relaxed layer 104. In an embodiment, tensilely strained layer 
102 and relaxed layer 104 include Si and Si1_XGeX, respec 
tively, as described above With reference to FIGS. 1 and 2. 
Transistor 400 includes a gate dielectric 410 disposed over 
a portion 412 of tensilely strained layer 102. Gate dielectric 
410 may include, for example, thermally groWn silicon 
dioxide. Transistor 400 also includes a gate 414 disposed 
over gate dielectric 410. Gate 414 includes a conducting 
material, such as doped polycrystalline silicon. Transistor 
400 further includes a source 416 and a drain 418 (de?ned, 
for purposes of illustration, by the interior boundaries). In an 
embodiment, source 416 and drain 418 are formed by the 
introduction of dopants into tensilely strained layer 102 and 
relaxed layer 104. Source 416 has a source extension 416a 
underlying a ?rst sideWall spacer 420, and drain 418 has a 
drain extension 418a underlying a second sideWall spacer 
422. First and second sideWall spacers 420, 422 are posi 
tioned proximate gate 414, and may be formed from a 
dielectric material, such as silicon dioxide, silicon nitride, or 
a combination of both. 

[0066] A depletion region 450 is disposed beloW source 
416, drain 418 as Well as beloW gate 410 in a channel 452 
of transistor 400. In a typical CMOS device based on 130 nm 
technology, a depth d1 of the depletion region 450 beloW 
gate dielectric 410 is approximately 200 A. Channel 452 
may be strained. 
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[0067] As discussed above, the difference in lattice con 
stants betWeen tensilely strained layer 102 and relaxed layer 
104 may lead to the formation of mis?t dislocations at 
interface 108 betWeen tensilely strained layer 102 and 
relaxed layer 104. By selecting a speci?c thickness T2 of 
tensilely strained layer 102, the placement of mis?t dislo 
cations at interface 108 may be controlled. A distance 
betWeen mis?t dislocations and a top surface 424 of tensilely 
strained layer 102 is thereby deliberately de?ned. In an 
embodiment in Which a transistor, such as transistor 400, is 
formed on tensilely strained layer 102, this distance is 
equivalent to a distance betWeen mis?t dislocations and an 
interface 426 betWeen gate dielectric 410 and tensilely 
strained layer 102. 

[0068] The positioning of interface 108 and mis?t dislo 
cations may be selected by taking into account the folloWing 
options described beloW With reference to embodiments A-E 
illustrated in FIG. 4. In this discussion, thickness T2 denotes 
a starting thickness of tensilely strained layer 102 as Well as 
?nal thickness of tensilely strained layer 102 in the theo 
retical case Where the thickness T2 of tensilely strained layer 
102 does not change during the fabrication of transistor 400. 
Tcrit is assumed to be 175 A for this example, i.e., mis?t 
dislocations start to form When T2§175 

[0069] In embodiment A, thickness T2 of tensilely strained 
layer 102 is less than Tom, e.g., T2<175 Here, no mis?t 
dislocations form at interface 108 betWeen tensilely strained 
layer 102 and relaxed layer 104. The leakage that may be 
caused by mis?t dislocations facilitating diffusion piping or 
acting as recombination-generation centers is thereby 
avoided. The loW thickness T2 of tensilely strained layer 
102, hoWever, may present other device problems due to the 
close proximity of Ge (included in relaxed layer 104) to the 
top surface 424 of tensilely strained layer 102. Ge, for 
example, may present a challenge to the formation of metal 
silicide With loW resistivity over source 416 and drain 418. 
Further, the placement of bottom boundaries 416b, 418b of 
source 416 and drain 418, as Well as extensions 416a, 418a, 
in relaxed layer 104 containing Ge is an additional param 
eter to be considered during device design. Moreover, the 
extension of shalloW trench isolation (STI) (not shoWn) into 
regions containing Ge requires modi?cation—or complete 
revision—of processes conventionally used for forming ST1 
in layers containing only Si. 

[0070] In embodiment B, thickness T2 of tensilely strained 
layer 102 extends to line B and therefore is slightly greater 
than Tom. Thickness T2 is, for example, 190 In this 
embodiment, mis?t dislocations at interface 108 betWeen 
tensilely strained layer 102 and relaxed layer 104, therefore, 
intersect source extension 416a and drain extension 418a, as 
Well as depletion region 450 in channel 452. Mis?t dislo 
cations at interface 108 may lead to diffusion piping, With 
dopants from source extension 416a and drain extension 
418a diffusing along mis?t dislocations, possibly creating an 
electrical short betWeen source extension 416a and drain 
extension 418a. Diffusion piping is especially likely in 
embodiment B because of the proximity of source extension 
416a and drain extension 418a. A second effect of mis?t 
dislocations in embodiment B is the possibility of the mis?t 
dislocations acting as recombination-generation centers for 
carriers in the depletion region 450 in channel 452. This 
recombination-generation, like diffusion piping, is a current 
sink and may increase I01f of transistor 400. 
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[0071] In embodiment C, thickness T2 of tensilely strained 
layer 102 is greater than Tom, and is selected so that mis?t 
dislocations in interface 108 are positioned below source 
extension 416a and drain extension 418a, but above bottom 
boundaries 416b, 418b of source 416 and drain 418, respec 

tively. T2 may be, for example, approximately 400-500 Because the distance betWeen source 416 and drain 418 is 

greater than the distance betWeen source extension 416a and 
418a, the risk of diffusion piping occurring along mis?t 
dislocations is reduced. Further, the number of mis?t dislo 
cations acting as recombination-generation centers may also 
be reduced in comparison to embodiment B because of the 
smaller depletion region 450 area intersected by mis?t 
dislocations in embodiment C. Reduction in recombination 
generation helps maintain a loW IOEE, e.g., less than 10-8 
Amperes/pm In some embodiments, IDEE is less than 
10'10 A/pm. Embodiment C may be, for some applications, 
the preferred embodiment. 

[0072] In embodiment D, thickness T2 of tensilely strained 
layer 102 is even greater than Tom, and tensilely strained 
layer 102 extends beloW bottom boundaries 416b, 418b of 
source 416 and drain 418. T2 is, for example, 1000 This 
embodiment has the advantage of virtually eliminating the 
risk of diffusion piping because mis?t dislocations do not 
intersect source 416 and drain 418 regions. An additional 
advantage of embodiment D is that the fabrication of tran 
sistor 400 entirely in tensilely strained layer 102 eliminates 
the need for reengineering source 416 and drain 418 junction 
depths and dopant pro?les to take into account interaction 
With, e.g., Ge, in relaxed layer 104. Finally, mis?t disloca 
tions at interface 108 are relatively far from surface 424 of 
tensilely strained layer 102. This distance reduces spatial 
variation in strain that Will occur at surface 424 and Will 
reduce carrier mobility variation betWeen a plurality of 
MOSFETs formed in tensilely strained layer 102. Apossible 
disadvantage of embodiment D, hoWever, is a greater den 
sity of threading dislocations in tensilely strained layer 102, 
induced by its greater thickness T2 and greater density of 
mis?t dislocations. Embodiment D may be desirable for 
certain applications. 

[0073] In embodiment E, thickness T2 of tensilely strained 
layer 102 is much greater than Tom, and tensilely strained 
layer 102 extends signi?cantly beloW bottom boundaries 
416b, 418b of source 416 and drain 418, as Well as beloW 
depletion region 450. T2 is, for example, greater than 2000 
A. Although embodiment E maintains the advantages of 
embodiment D, it also has a disadvantage. The mis?t dis 
location density is even greater, With a signi?cant relaxation 
of tensile strain in tensilely strained layer 102 and an 
accompanying reduction in carrier mobilities. Moreover, the 
threading dislocation density is even greater in this embodi 
ment. 

[0074] The density of mis?t dislocations at interface 108 
depends not only on the thickness T2 of tensilely strained 
layer 102, but also on the difference in equilibrium lattice 
constants of materials forming tensilely strained layer 102 
and an underlying layer, such as relaxed layer 104. For 
example, a large difference in equilibrium lattice constants 
Will result in the formation of mis?t dislocations at interface 
108 at a faster rate as thickness T2 is increased above Tcrit 
than in an embodiment With a small difference in equilib 
rium lattice constants. 
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[0075] Referring also to FIG. 2, transistor 400 may also be 
formed on substrate 200 With layers 202 including compres 
sively strained layer 208 disposed beloW tensilely strained 
layer 102. Similar considerations are taken into account in 
the determination of optimal mis?t dislocation placement as 
are discussed above With reference to a Wafer having ten 
silely strained layer 102 disposed directly on relaxed layer 
104. 

[0076] Referring to FIG. 5, in an alternative embodiment, 
the placement of source/drain regions With respect to mis?t 
dislocations may be controlled in part by the formation of 
raised source and drain regions. For example, a transistor 
500 may have a source region 502 and a drain region 504 
each having a bottommost portion 502a, 504a that is dis 
posed at a pre-selected distance d2 from a dislocation array 
510. The dislocation array 510 is located at interface 108 
betWeen a ?rst layer, such as relaxed layer 104 (or com 
pressively strained layer 208 as shoWn in FIG. 2), having a 
?rst equilibrium lattice constant and a second layer, such as 
tensilely strained layer 102, having a second equilibrium 
lattice constant different from the ?rst equilibrium lattice 
constant, and (ii) a thickness T2 greater than critical thick 
ness Tcrit at Which a plurality of mis?t dislocations form at 
interface 108 proximate the second layer 102. This embodi 
ment is analogous to embodiment D (see FIG. 4). Here, 
hoWever, the placement of the source and drain 502, 504 
above the mis?t dislocations 510 in interface 108 is not 
achieved by forming tensilely strained layer 102 With a 
thickness T2 that is much greater than Tom, and thereby 
possibly having a greater density of threading dislocations in 
tensilely strained layer 102. Rather, a semiconductor layer 
520 is formed over the second layer, e.g., tensilely strained 
layer 102, and source and drain regions 502, 504 are 
effectively disposed both in doped portions of tensilely 
strained layer 102 and in semiconductor layer 520. 

[0077] More speci?cally, source and drain regions 502, 
504 may be de?ned as folloWs. A gate 530, including a gate 
electrode 532 and a gate dielectric 534, may be de?ned over 
tensilely strained layer 102 by, e.g., photolithography and 
etching. Gate electrode 532 may include polycrystalline 
silicon and gate dielectric 534 may include silicon dioxide. 
Source 502 and drain 504, as indicated by boundaries Bs and 
BD, are formed proximate gate 530 in tensilely strained 
layer 102 by, for example, ion implantation. The depths of 
source 502 and drain 504 in tensilely strained layer 102 are 
de?ned so that the bottommost portions 502a, 504a of 
source 502 and drain regions 502, 504, as bounded by 
boundaries BS and BD, are a preselected distance d2 from 
interface 108. In an embodiment, transistor 500 is an NMOS 
transistor, and source and drain regions 502, 504 are formed 
by the implantation of n-type ions, such as arsenic. In an 
alternative embodiment, transistor 500 is a PMOS transistor, 
and source and drain regions 502, 504 are formed by the 
implantation of p-type ions, such as boron. 

[0078] Isolation regions (not shoWn) separate transistor 
500 from adjacent devices. The isolation regions may be, for 
example, trenches ?lled With a dielectric material. A?rst and 
a second sideWall spacer 536, 538 are formed proximate gate 
530. SideWall spacers 536, 538 are formed of a dielectric, 
e.g., silicon dioxide, silicon nitride, or a stack of both or 
other suitable materials. 

[0079] Subsequently, semiconductor layer 520 is selec 
tively formed over exposed semiconductor surfaces, such as 


















