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(57) ABSTRACT 

The present disclosure describes a method and apparatus for 
implementing a 3D (three dimensional) strained high mobil­
ity quantum well structure, and a 3D strained surface channel 
structure through a Ge confinement method. One exemplary 
apparatus may include a first graded SiGe fin on a Si sub­
strate. The first graded SiGe fin may have a maximum Ge 
concentration greater than about 60%. A Ge quantum well 
may be on the first graded SiGe fin and a SiGe quantum well 
upper barrier layer may be on the Ge quantum well. The 
exemplary apparatus may further include a second graded 
Si Ge fin on the Si substrate. The second graded Si Ge fin may 
have a maximum Ge concentration less than about 40%. A Si 
active channel layer may be on the second graded SiGe fin. 
Other high mobility materials such as III-V semiconductors 
may be used as the active channel materials. Of course, many 
alternatives, variations and modifications are possible with­
out departing from this embodiment. 

9 Claims, 5 Drawing Sheets 
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THREE DIMENSIONAL STRAINED 
QUANTUM WELLS AND THREE 

DIMENSIONAL STRAINED SURFACE 
CHANNELS BY GE CONFINEMENT 

METHOD 

FIELD 

The present disclosure describes a method and apparatus 
for implementing a 3D (three dimensional) strained high 
mobility quantum well structure, and a 3D strained surface 
channel structure through a Ge confinement method that may 
be used for Complementary Metal Oxide Semiconductors. 

BRIEF DESCRIPTION OF DRAWINGS 

Features and advantages of the claimed subject matter will 
be apparent from the following detailed description of 
embodiments consistent therewith, which description should 
be considered with reference to the accompanying drawings, 
wherein: 

FIGS. lA through lD illustrate exemplary steps in the 
formation of a SiGe (Silicon-Germanium) structure, consis­
tent with the present disclosure; 

FIG. 2 depicts an exemplary TEM image of a structure 
consistent with the present disclosure; 

FIGS. 3A and 3B depict exemplary EDX plots represent­
ing examples of Si and Ge concentrations corresponding to 
points 1, 2 and 3 of the TEM image of FIG. 2; 

FIGS. 4A and 4C depict end-view cross-sections of exem­
plary pMOS 3D fin structures and FIGS. 4B and 4D depict 
end-view cross-sections of exemplary nMOS 3D fin struc­
tures, consistent with the present disclosure; and 

2 
Relatively low power consumption and relatively high 

saturation current (IDSAT) may be important performance 
parameters for logic devices. Relatively high performance 
logic devices may include CMOS (complementary metal 

5 oxide semiconductor) transistor structures. Each CM OS tran­
sistor structure may include a pMOS transistor and an nMOS 
transistor. In a CMOS transistor structure, only the pMOS 
transistor or only the nMOS transistor may be in its ON state 
during a switching cycle. Each nMOS and each pMOS tran-

10 sistor may dissipate power only in its respective ON state. As 
a result, a CMOS transistor structure may have the advantage 
of relatively low power consumption. 

With respect to saturation current, IDSAT, reducing gate 
length, Lg, may improve the current drive performance of a 

15 CMOS transistor structure, i.e., may increase IDSAT. How­
ever, reducing the gate length, Lg, may worsen undesirable 
short channel effects (SCE). Short channel effects may 
include increased subthreshold current and variation in 
threshold voltage, V r, ( e.g., V rroll off) that may be caused by 

20 drain induced barrier lowering (DIBL). Short channel effects 
may be reduced by using a relatively high dielectric constant 
gate insulator. Such a gate insulator may be thicker and may 
maintain a relatively low gate leakage current. 

The CMOS transistor structures may be planar devices or 
25 may be three dimensional devices (i.e., may include a vertical 

dimension). Three dimensional devices may include fin­
shaped structures that may include one or more drains, 
sources and/or active channels. The three dimensional 
devices may further include a gate structure that may contact 

30 the fin structure on one or more surfaces. Accordingly, the 
gate structure may include a trigate structure that may contact 
the fin structure on three surfaces. The trigate structure may 
provide improved electrostatic control of the channel on/off 

FIGS. 4E and 4G depict side-view cross-sections of exem­
plary pMOS 3D fin structures and FIGS. 4F and 4H depict 35 

side-view cross-sections of exemplary nMOS 3D fin struc­
tures, consistent with the present disclosure. 

and may thereby reduce short channel effects. 
Charge carrier mobility may affect the switching speed and 

drive current of a device. As used in semiconductor arts, 
charge carriers may be understood to include electrons and 
holes. Higher carrier mobility may correspond to a higher 
switching speed and higher drive current for an equivalent 

Although the following Detailed Description will proceed 
with reference being made to illustrative embodiments, many 
alternatives, modifications, and variations thereof will be 
apparent to those skilled in the art. 

DETAILED DESCRIPTION 

Generally, this disclosure describes a method for forming, 
and an apparatus having, a strain inducing Si 1_xGex 3D (three 
dimensional) fin. This disclosure further describes a method 
for forming, and an apparatus having, a strained 3D active 
channel structure or structures on the strain inducing fin. The 
strained 3D active channel structures may include a quantum 
well and/or a strained 3D surface channel. The Si1_xGex3D fin 
may be self-graded. The method may include Ge (Germa­
nium) confinement. The method may further include selec­
tive Si (Silicon) oxidation. The 3D quantum well and 3D 
surface channel may be generally strained in a uniaxial direc­
tion substantially parallel to a long fin direction and may be 
generally relaxed in the perpendicular directions. 

A quantum well structure may be understood to be a rela­
tively high carrier mobility, narrow band gap material chan­
nel, sandwiched between two wider band gap semiconductor 
material layers. Band gap widths may be related to conduct­
ing and/or insulating properties of materials. Wider band gaps 
may correspond to materials with insulating properties while 
smaller band gaps may correspond to materials that act more 
like conductors. The wider band gap material layers may 
confine the carriers to the quantum well. The carriers may 
then move relatively more easily within the well. 

40 supply voltage, and may thereby provide faster device per­
formance. Alternatively, a device may be operated at a lower 
supply voltage that may result in reduced device power dis­
sipation. 

High hole mobility may be desirable forpMOS devices and 
45 high electron mobility may be desirable for nMOS devices. 

Carrier mobility may be increased through, for example, 
device material selection, carrier confinement, doping 
method and/or strain engineering. For example, relatively 
higher mobility materials such as strained Si, strained SiGe 

50 and III-V materials may be used to improve CMOS speed and 
IDSAT performance. 

In one embodiment, a relatively high mobility channel may 
be formed of high mobility materials such as group IV mate­
rials (e.g., SiGe, Ge) or III-V materials (e.g., GaAs (Gallium 

55 Arsenide), InSb (Indium Antimonide ), InGaAs (Indium Gal­
lium Arsenide)) that may also be strained. Carrier mobility 
may be further enhanced by reducing surface scattering (i.e., 
carrier confined in well), reducing impurity scattering (e.g., 
by remote delta doping), and reducing source/drain to junc-

60 tion leakage (due to smaller source/drain to channel inter­
faces with thin quantum well channel confinement). 

For example, Ge may have a higher bulk hole mobility 
(about 1900 cm2N-s at 300° K) than Si (about 500 cm2N-s at 
300° K). As used herein, "about" may be understood to mean 

65 within ±10%. It may therefore be desirable to implement a Ge 
active channel in a pMOS device. Although Ge may have a 
higher electron mobility than Si (about 3900 cm2N-s at 300° 
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K for Ge versus about 1450 cm2/V-s at 300° K for Si), it may 
be difficult to implement a Ge active channel in an nMOS 
device. Ge may have a relatively poor n-type dopant incor­
poration and activation and Ge may also experience relatively 
fast n-type dopant diffusion. Accordingly, strained Si or high 5 

electron mobility III-V materials such as GaAs (Gallium 
Arsenide), InSb (Indium Antimonide ), and InGaAs (Indium 
Gallium Arsenide), may be more desirable nMOS active 
channel materials. 

4 
mismatched lattice constants with a difference of about 4%. 
Because of the magnitude of this lattice mismatch, forming 
adjacent layers of Si and Ge may result in defects, e.g., dis-
locations, at an interface and such defects may extend into a 
layer or layers. Defects, such as threading dislocation defects 
that may terminate at the surface, may cause surface rough-
ness in planar devices. Surface roughness may degrade the 
operation of such a device. 

Accordingly, it may be desirable to strain a Si or Ge active 
Hole mobility may be increased through compressive 

strain in a pMOS active channel. For example, in planar 
devices, an about 2% compressive strain in a Ge pMOS active 
channel may yield a hole mobility that is about 2.5 times its 
unstrained hole mobility and about 7 to about 9 times higher 
than hole mobility in a Si channel. Similarly, electron mobil­
ity may be increased through tensile strain in an nMOS active 
channel. For example, an about 1 % tensile strain in a Si 
nMOS active channel may yield an electron mobility that is 
about 1.8 times higher than its unstrained electron mobility. 

10 channel layer with a strain inducing alloy layer ( e.g., with an 
alloy of Si and Ge) in order to reduce the lattice mismatch 
between the active channel layer and the strain inducing layer. 
A reduced lattice mismatch may yield fewer defects. The 
magnitude of the lattice mismatch and the magnitude of the 

15 strain in active layer may then be adjusted by adjusting the 
relative concentrations of Si and Ge in the strain inducing 
layer. 

Further, Si may be a relatively more common substrate in 
semiconductor fabrication. Si may be relatively less expen-

Strain may be a function of material lattice structures. A 
first layer may have an inherent lattice structure that differs 
from an inherent lattice structure of an adjacent layer or 
layers. The first layer may be strained when its lattice struc­
ture is constrained in at least one dimension to match the 
lattice structure of the adjacent layer or layers. The magnitude 
of the strain may be related to the thickness of the strained first 
layer and the magnitude of the lattice mismatch between the 
strained first layer and the adjacent strain inducing layer or 
layers. 

20 sive and may be available in relatively large diameter (e.g., 
300 mm or more) ingots and wafers. For example, a relatively 
high hole mobility active channel (e.g., p-channel Ge quan­
tum well) may be integrated with a relatively high electron 
mobility active channel (e.g., n-channel strained Si active 

25 channel) on a Si substrate. The integrated p-channel and 
n-channel devices may then be useful for high speed, low 
power CMOS applications. 

At a thickness less than a critical thickness, a strained layer 30 

may maintain its strained lattice structure, i.e., the lattice of 
the strained layer may maintain its coherence with the adja­
cent layer strain inducing or layers. The magnitude of the 
critical thickness may be temperature dependent and may 
also depend on the magnitude of the lattice mismatch 35 

between the strained layer and the adjacent layer or layers. 
For example, the critical thickness may decrease as the tem­
perature and/or the lattice mismatch increases. 

At a thickness greater than the critical thickness, the 
strained layer may relax to its inherent lattice structure. In 40 

other words, a relaxed layer may no longer be strained. The 
strained layer may relax through the generation of dislocation 
defects. A planar strain-relaxed layer may have a rough sur­
face that may be due, at least in part, to dislocation defects. A 
three-dimensional strained layer (e.g., a fin structure) may 45 

produce relatively fewer dislocation defects because such 
defects terminate at the edges and corners of a nonplanar 
structure. Such edges and corners may provide more surface 
area to accommodate lattice mismatch between a strain 
inducing layer and a strained layer. Surface roughness may be 50 

further smoothed by selection of process conditions, e.g., a 
relatively high temperature preferential Si oxidation process. 

Accordingly, an active channel may be strained by forming 
the active channel layer having a first lattice constant on a 
strain inducing layer or layers having a different lattice con- 55 

stant. As used herein, "layer" may include both planar struc­
tures as well as three dimensional structures such as fin struc­
tures that will be discussed in more detail below. However, 
relatively mismatched lattice constants may correspond to 
significant differences in lattice structures. Significant differ- 60 

ences in lattice structures between a strained layer and an 
adjacent strain inducing layer may result in defects, e.g., 
dislocations, that may degrade the operation of a semicon­
ductor device. 

For example, Si may have a lattice constant of about 5 .431 65 

A (Angstroms) and Ge may have a lattice constant of about 
5.658 A. Si and Ge may be considered to have relatively 

In addition to lattice mismatch between a strained active 
channel layer and a strain inducing layer, lattice mismatch 
between a substrate ( e.g., Si) and an adjacent layer or layers 
may also result in defects, e.g., threading dislocations. Such 
defects may degrade device operation and/or may lead to 
device failure. It may therefore be desirable to provide a 
transition in lattice constant between the substrate and the 
adjacent layer or layers. A transition region may have a planar 
shape for planar structures and may have a three dimensional 
fin shape for three dimensional structures. 

The transition may be provided by gradually changing the 
relative concentrations of a substrate material ( e.g., Si) and an 
active channel layer material ( e.g., Ge) or another material 
having one or more desired properties, e.g., lattice constant. 
The rate of change may be constant or variable, continuous or 
discontinuous. For example, Si concentration in a transition 
region ( e.g., 3D fin or planar) between a Si substrate and a Ge 
active channel may be greater near the Si substrate than near 
the Ge active channel. Likewise, Ge concentration in the 
transition region may be greater near the Ge active channel 
than near the Si substrate. 

A layer that includes more than one material may be 
"graded." The grading may be provided by sequentially grow­
ing multiple layers of materials having different relative con­
centrations. For example, for Si and Ge, for each layer, the 
concentration of Si may decrease by an amount and the con­
centration of Ge may increase by that amount. The amount 
may be determined by the number oflayers, the grading rate 
(e.g., percent increase per unit layer thickness), and/or the 
desired final relative concentrations of the boundary layers. 
The amount may vary between the layers. As noted above, 
"layer" as used herein, includes both planar and three dimen­
sional ( e.g., fin) structures. 

In another embodiment, the grading may be "self-graded". 
Self-grading may be implemented through selection of pro­
cess steps and process conditions. For example, a self-graded 
layer, where the concentrations of materials A and B may vary 
continuously over the layer, may be formed as follows. 
Beginning with a first layer of material A, for example, a 
second layer, having uniform concentrations of materials A 
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and B, may be grown on the first layer. Through selection of 
process step or steps and process condition or conditions, 
material B from the second layer may then be forced into the 
first layer. Variations in relative concentrations of materials A 
and B over the first layer may then be continuous rather than 5 

discrete. Any remaining second layer may then be removed. 
In this embodiment, there may be one layer with final 

self-graded relative concentrations of materials that may vary 
over the layer. This variation in relative concentrations of 
materials may be continuous. The resulting final relative con- 10 

centrations of materials at the layer boundaries and their 
gradient or gradients over the layer may depend on the pro­
cess steps and process conditions. Accordingly, a process 
may be defined to achieve desired relative concentrations of 
the layer materials at and/or near the layer boundaries. For 15 

example, a process may be defined to achieve a first transition 
region with a relatively large gradient over the region and a 
second adjacent region with a relatively small gradient over 
the region. 

FIGS. lA and 1B depict an example of a substrate 110 20 

including a fin structure 140. The substrate 110 and fin struc­
ture 140 may be Si. The fin structure 140 may be formed on 
the substrate 110 using lithographic and etching techniques. 
For example, the region where the fin structure 140 is to be 
formed may be protected by photoresist and the adjacent 25 

regions may be etched away, leaving fin structure 140 and 
substrate 110. In an embodiment, the fin structure 140 may 
have a width in the range of about 20 nm (nanometers) to 
about 60 nm. The height of the fin structure 140 may be 
determined by device requirements and may be limited only 30 

by etching capabilities. In an embodiment, the fin structure 
140 may have a height between about 40 nm and about 100 
nm. 

6 
structures are being formed. For example, for pMOS struc­
tures, x may equal xp and for nMOS structures, x may equal 
xn. Accordingly, the values ofxp and xn may be selected to 
achieve desired final concentrations of Si and Ge in self 
graded Si1 _YGeY fins for pMOS structures and Si 1_

2
Ge

2 
fins for 

nMOS structures. In one embodiment, xp may be in the range 
of about 0.10 to about 0.30 and xn may be in the range of 
about 0.05 to about 0.20. 

Both pMOS and nMOS transistor structures may be grown 
at similar temperatures and relatively low pressures. In an 
embodiment, the epitaxial growth may be at temperatures in 
the range of about 700° C. to about 900° C. and at pressures 
less than about 100 torr. During the formation of pMOS 
transistor structures, nMOS fins may be protected with a 
nitride mask (not shown). Likewise, during formation of 
nMOS transistor structures, pMOS fins may be protected with 
a nitride mask (not shown). 

An optional Si cap (not shown) may be grown on top of the 
Si1_xGex layer 130 as a sacrificial oxidation layer. The Si cap 
may prevent Ge loss during an initial stage of a Ge confine­
ment oxidation process. The optional Si cap may be formed 
by low pressure CVD. In an embodiment, growth conditions 
for the Si cap may include temperatures between about 500° 
C. and about 700° C. and pressures less than about 100 torr. 

FIG. lC illustrates a preferential oxidation step that may 
include Ge confinement and selective Si oxidation. Si may be 
predominantly consumed. Ge may be forced into the center of 
the Si fin 140. In an embodiment, the preferential oxidation 
step may include thermal oxidation in a relatively dry 0 2 

ambient at temperatures, for example, between about 900° C. 

It may be appreciated that a Si substrate 110 may contain a 
plurality of fin structures 140. Steps for forming a plurality of 
pMOS transistor structures or a plurality of nMOS transistor 
structures may be performed on multiple fin structures 140 in 
parallel. A single fin structure 140 is shown for simplicity. 

Layer 150 may then be formed on substrate 110 and fin 
structure 140. Layer 150 may be grown by plasma chemical 
vapor deposition (CVD) at relatively low temperatures and at 
relatively low pressures. In an embodiment, layer 150 may be 
grown by plasma CVD at temperatures in the range of about 
400° C. to about 550° C. and at pressures less than about 100 
torr. Layer 150 may be a deposited oxide, e.g., SiO2 . In an 45 

embodiment, layer 150 may be a shallow trench isolation 
oxide. 

and about 1000° C. During this step, Si from both fin 140 and 
layer 130 may be preferentially oxidized, i.e., may combine 
with ambient 0 2 to form SiO2 (Silicon dioxide) layer 160. 

35 Also during this step, Ge from layer 130, may be forced into 
fin 140 as Si is consumed to form strain-inducing Si1_wGew fin 
170 and may then diffuse towards the Si substrate 110 to form 
transition region 180. Strain-inducing Si1_wGew fin 170 and 
transition region 180 may therefore be self-graded. Accord-

40 ingly, this step may yield Si 1_wGew fin 170, transition region 
180 and a volume ofSiO2 160. 

At least a portion of the fin structure 140 may then be 
exposed (i.e., bare surface in preparation for epitaxial growth 
of a strain inducing layer). It may be appreciated that the Si fin 50 

structure 140 may have multiple exposed surfaces. In an 
embodiment, layer 150 may be chemically and/or mechani­
cally polished to a top surface of at least a portion of fin 
structure 140. Layer 150 may then be recessed adjacent both 
sides of fin structure 140to a depth in the range ofabout 10nm 55 

to about 60 nm. Accordingly, at least a portion of three sur­
faces of the fin structure 140 may be exposed in preparation 
for epitaxial growth of a strain inducing layer. A Si 1_xGex 
layer 130 may be epitaxially grown on the Si fin 140. The 
Si1_xGex layer 130 may be grown on all exposed surfaces of Si 60 

fin 140. In an embodiment, the Si 1_xGex layer 130 may have a 
final thickness between about 20 nm and about 60 nm. 

The final width of the Si1_wGew fin 170 maybe adjusted by 
adjusting the amount of oxidation. In an embodiment, the 
Si1_wGew fin 170 may have a final width, L, ofless than about 
30 nm. In another embodiment, the Si1_wGew fin 170 may 
have a final width, L, ofless than about 15 nm. The SiO2 may 
then be removed. In an embodiment, the SiO2 160 may then 
be removed by a hydrofluoric acid wet etch. FIG. lD depicts 
the Si1_wGew fin 170 with the surface SiO2 (e.g., 160 of FIG. 
1 C) removed. 

Different oxidation conditions may be separately applied 
to the pMOS and nMOS structures through the use of a nitride 
mask (not shown). In general, pMOS structures may be oxi­
dized prior to oxidation of nMOS structures. During the oxi­
dation of the pMOS structures, the nMOS structures may be 
protected with a nitride mask. pMOS structures may be oxi­
dized at relatively higher temperatures than nM OS structures. 
The nitride mask may then be removed and the nMOS struc­
tures may then be oxidized. 

The desired relative concentrations of Si and Ge of the final 
Si1_wGew fin 170 may depend on the desired strain and the 
materials selected for the active channel layer. The value of w 
may further depend on whether pMOS or nMOS transistor 

The value ofx in the Si1_xGex layer 130 may be selected to 
achieve a desired strain in an active channel layer. The value 
of x may therefore depend on the desired strain and the 
materials selected for the active channel layer. The value of x 
may further depend on whether pMOS or nMOS transistor 

65 structures are being formed. The final relative concentrations 
of Si and Ge in Si 1_wGew fin 170 may depend on the relative 
concentrations of Si and Ge (i.e., 1-x and x) and the thickness 
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of the Si 1_xGexepitaxial layer130 that was grown on the Si fin 
140. The final relative concentrations of Si and Ge in 
Si1_wGew fin 170 may also depend on the amount of oxida­
tion. In one embodiment, for pMOS structures, this step may 
yield a Si 1_YGeY fin 170 (i.e., w=y) where y may be greater 5 

than about 60%. In another embodiment, for nMOS struc­
tures this step may yield a Si 1_

2
Ge

2 
fin 170 (i.e., w=z) where z 

may be less than about 40%. In another embodiment, for 
pMOS structures, this step may yield a Si1 _YGeY fin 170 where 

stant over the Si 1_YGeY fin 270 and transition region 280. The 
Ge concentration of the Si1 _YGeY fin 270 may be about equiva­
lent to the Ge concentration at Point 3, 230. The Si1_YGeY fin 
270 may then provide a relatively more uniform strain. 

The Ge concentration may be relatively greater near the top 
of the transition region 280, e.g., 80% near point 230, and 
relatively smaller near the bottom of the transition region 280, 
e.g., 50% at point 210. Such a change in Ge concentration 
may reduce the incidence of dislocation defects that may exist 
near the interface of the Si substrate 240 and the transition 
region 280. In other words, the lattice constant of the transi­
tion region 280 may be relatively more closely matched to the 
lattice constant of the Si substrate 240 near the Si substrate. 

y may be in the range of about 60% to about 90%. In another 10 

embodiment, for nMOS structures, this step may yield a 
Si1 _

2
Ge

2 
fin 170 where z may be in the range of about 10% to 

about 40%. 
FIG. 2 depicts an exemplary TEM (transmission electron 

micrograph) of a Si1 _YGeY fin 270 ( e.g., Si1_wGew fin 170 of 
FIG. lC with w=y) and a transitionregion280 (e.g., transition 
region 180 of FIG. lC) on a Si substrate 240. FIG. 2 corre­
sponds to the process step depicted, for example, in FIG. lC. 
The Si1 _YGeY fin 270 may extend above a shallow trench 
isolation region 250. In an embodiment, the shallow trench 
isolation region may be SiO2 . The Si1 _YGeY fin 270 may be 
surrounded by a SiO2 layer 260 as a result of a preferential Si 
oxidation process. 

It may be appreciated that the Si1 _YGeY fin 270 may have 
relatively more rounded corners as compared to, for example, 
the Si fin 140 depicted in FIGS. lA and 1B. The relatively 
more rounded comers of the Si1 _YGeY fin 270 may illustrate a 
smoothing effect that may reduce surface roughness. The 
smoothing effect may be the result of a relatively high tem­
perature preferential Si oxidation process, for example, as 
discussed above. 

FIGS. 3A and 3B depict exemplary EDX (energy disper­
sive x-ray spectrograph) plots corresponding to point 1 210, 
point 2 220 and point 3 230 (Points 1, 2, and 3, respectively) 
on fin 270 and transition region 280 of FIG. 2. An EDX plot 
may illustrate relative concentrations of materials at a 
selected location in a structure. The area or the sum of the 
areas under a count peak or peaks corresponding to an ele­
ment of interest, e.g., Si or Ge, may correspond to a relative 
concentration of that element. 

FIG. 3A depicts EDX data for Si and Ge for point 1210 and 
point 3 230. Point 1 in FIG. 3A corresponds to point 1 210 of 
FIG. 2 and Point 3 in FIG. 3A corresponds to point 3 230 of 
FIG. 2. Comparison ofEDX data for Point 1, e.g., peak values 
310, 312, 314 and 316, and EDX data for Point 3, e.g., peak 
values 330, 332, 334 and 336, may illustrate greater Ge con­
centration at Point 3, e.g., peak values 330, 334 and 336, than 
at Point 1, e.g., peak values 310, 314 and 316, and greater Si 
concentration at Point 1, e.g., peak value 312, than at Point 3, 
e.g., peak value 332. 

Similarly, FIG. 3B depicts EDX data for Si and Ge for point 
1210 and point 2 220. Point 1 in FIG. 3B corresponds to point 

Away from the substrate, e.g., near the Si 1_YGeY fin 270, where 
15 the Ge concentration may be at or near its maximum, the 

lattice constant may be relatively more closely matched to the 
lattice constant of Ge. The grading may also reduce the propa­
gation of dislocation defects. 

FIGS. 4A through 4D depict further process steps forform-
20 ing pMOS and nMOS transistor structures on graded fins, 

e.g., Si1_wGew fin 170 of FIG. lD. FIGS. 4A and 4B depict 
parallel process conditions for pMOS and nMOS transistor 
structures, respectively. FIGS. 4C and 4D depict parallel pro­
cess conditions for pMOS and nMOS transistor structures, 

25 respectively. In the embodiments depicted in FIGS. 4A 
through 4D, fins 420, 470 have been grown on an Si substrate 
410 and may be separated from adjacent fins 420, 470 by 
shallow trench isolation regions 450. As discussed above, 
while single fins 420,470 are shown, multiple pMOS fins 420 

30 or multiple nMOS fins 470 may be processed in parallel. 
Single fins 420, 470 are shown for simplicity. 

Referring to FIG. 4A, a Ge active channel layer, e.g., Ge 
quantum well 430, may be grown to a final thickness on a 
Si1 _YGeY pMOS fin 420 by selective epitaxy. In one embodi-

35 ment, growth temperatures may be between about 300° C. 
and about 600° C. In an embodiment, the Ge quantum well 
430 may have a final thickness between about 5 nm and about 
10 nm, for example. A relatively thin Si 1_YGeY upper quantum 
well barrier layer 440 may then be grown epitaxially on the 

40 Ge quantum well 430. In an embodiment, growth tempera­
tures may be in the range of about 400 C to about 800 C and 
growth pressures may be less than about 100 torr. The 
Si1 _YGeY upper quantum well barrier layer 440 may have a 
final thickness between about 2 nm and about 6 nm, for 

45 example. During the growth of the Ge quantum well 430 and 
the Si 1_YGeY upper quantum well barrier layer 440 on pMOS 
fins 420, nMOS fins ( e.g., fin 470 of FIG. 4B) may be isolated 
by an oxide mask 480. The oxide mask 480 may then be 
removed with an etching process, e.g., a hydrofluoric acid 

50 etch. 

1 210 of FIG. 2 and Point 2 in FIG. 3 B corresponds to point 2 
220 of FIG. 2. Comparison ofEDX data for Point 1, e.g., peak 
values 310,312,314 and 316, and EDX data for Point 2, e.g., 55 

peak values 320, 322, 324 and 326, may illustrate greater Ge 
concentration at Point 2, e.g., peak values 320, 324 and 326 
than at Point 1, e.g., peak values 310,314 and 316, and greater 

Referring to FIG. 4D, a relatively thin Si channel 490 may 
be epitaxially grown on a Si1 _

2
Ge

2 
nMOS fin 470 at relatively 

low pressures. In one embodiment, the Si channel 490 may be 
grown at temperatures between about 500° C. and about 700° 
C., at pressures less than about 100 torr and may be grown to 
a final thickness in the range of about 2 nm to about 10 nm. A 
relatively thin Si cap, e.g., cap 460 of FIG. 4C, may be 
epitaxially grown on the Si 1_YGeY upper quantum well barrier 
layer 440 of pMOS fin 420. The Si cap 460 may be grown Si concentration at Point 1, e.g., peak value 312 than at Point 

2, e.g., peak value 322. 
In an embodiment, relative concentrations of Si and Ge for 

a pMOS fin (e.g., Si 1_YGeY fin 270) and a transition region 

60 under growth conditions similar to the growth conditions for 
the Si channel 490 and may have a similar final thickness. 

( e.g., transition region 280) may be Si0 _50Ge0 _50 for Point 1, 
210, Si0 _25Ge0 _75 for Point 2,220 and Si0 _20Ge0 _80 for Point 3, 
230. These relative concentrations may illustrate graded Ge 65 

concentrations over the Si1 _YGeY fin 270 and transition region 
280. The change in relative concentrations may not be con-

FIGS. 4E and 4F depict highly simplified two dimensional 
lattice structures for compressively strained pMOS and ten­
sile strained nMOS fin structures, respectively. The drawn 
scale is arbitrary. FIGS. 4G and 4H depict side-view cross­
sections of pMOS and nMOS fins, respectively. As with 
FIGS. 4E and 4F, the drawn scale is arbitrary. The views of 
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FIGS. 4G and 4H correspond to the views of the lattice 
structures depicted in FIGS. 4E and 4F, respectively. Like 
components have like reference designators. The arrows 
labeled "A" show a fin long axis direction. The arrows labeled 
"B" show a direction normal to a surface of the fins. 

10 
fin 470 may be along the [11 OJ direction. The Si active chan­
nel layer 490 may have a lattice structure in a direction par­
allel to arrow A that is matched to the lattice structure of the 
Sil-zGez nMOS fin 470. 

In some embodiments, e.g., pMOS transistor structures, y 
may be in the range of about 60% to about 90%. As discussed 
above, Si may have a lattice constant of about 5 .431 A and Ge 
may have a lattice constant of about 5.658 A ( e.g., 435, FIG. 
4E). A Si 1_YGeY pMOS fin, e.g., fin 420, may therefore have a 
lattice constant between about 5.566 A and about 5.633 A. 
Accordingly, a Ge quantum well 430 may be compressively 
strained by the Si1 _YGeY pMOS fin 420. In one embodiment, 
the compressive strain in the Ge quantum well 430 may be 
about 1.0% for a SiO0 _2Ge0 _8 fin (i.e., y=about 80%) and in 
another embodiment, about 1.7% for a Si0 .4Ge0 _6 fin (i.e., 
y=about 60% ). 

The Si active channel layer 490 may further have lattice 
structures, in the normal to the Si1 _

2
Ge

2
nMOS fin 470 surface 

directions (e.g., parallel to arrow B). These lattice structures 
may be compressively strained near the Si active channel 
layer490-Si1 _

2
Ge

2
nMOS fin470 interface (not shown). The 

10 magnitude of the strain may depend on the magnitude of the 
tensile strain in the Si active channel layer 490 and the Pois­
son's ratio for Si. Away from the Si active channel layer 
490-Si1_

2
Ge

2 
nMOS fin 470 interface, these lattice struc­

tures may be relaxed to their bulk Si values because of the 
15 three dimensional nature of the fin structure. Similarly, the 

lattice structure perpendicular to the Si1_
2
Ge

2 
nMOS fin 470 

long axis (i.e., perpendicular to arrow A) and parallel to 
Si1 _

2
Ge

2 
nMOS fin 470 surface directions ( e.g., perpendicular 

to arrow B) may also be relaxed because of the small number 

The compressive strain in the Ge quantum well 430 may be 
uniaxial, e.g., in the direction of the dotted arrows parallel to 
arrow A in FIG. 4E. The compressive strain in the Ge quan­
tum well 430 may be parallel to a long axis of the Si 1_YGeY 

pMOS fin 420, i.e., parallel to arrow A in FIG. 4G and into the 
page in the sense of FIG. 4A. The long axis of the Si1 _YGeY 
pMOS fin 420 may be along the [11 OJ direction. The Ge 
quantum well 430 may have a lattice structure in a direction 
parallel to arrow A that is strained to match to the lattice 
structure of the Si1 _YGeY pMOS fin 420. 

20 of atoms participating in the strain and the relatively larger 
surface area of the three dimensional fin edges and corners. 
This combination of lattice matching in one direction and 
relaxation in the other directions may provide uniaxial tensile 
strain in the Si active channel layer 490. This tensile strain 

25 may increase electron mobility in an nMOS transistor struc­
ture that may include the Si active channel layer 490. 

The Ge quantum well 430 may further have lattice struc­
tures in the normal to the Si 1_YGeY pMOS fin 420 surface 
directions (e.g., parallel to arrow B). These lattice structures 30 

may be tensile strained near the Ge quantum well 
430-Si1_YGeY pMOS fin 420 interface (not shown). The 
magnitude of the strain may depend on the magnitude of the 
compressive strain in the Ge quantum well 430 and the Pois­
son's ratio for Ge. Away from the Ge quantum well 430- 35 

Si1 _YGeY pMOS fin 420 interface, these lattice structures may 

After the transistor structures depicted in FI GS. 4C and 4 D, 
for example, have been formed, high-k gate dielectric layers 
and metal gates that form a three dimensional structure may 
be grown on the active channel regions on the transistor 
structures. For example, the high-k dielectric layers and the 
metal gates may be formed by atomic layer deposition at 
temperatures in the range of about 300° C. to about 500° C. 
Spacers (e.g., nitride) may be formed using chemical vapor 
deposition, for example. Source and drain regions may be 
formed by ion implantation. Tungsten contacts, for example, 
may be formed by chemical vapor deposition. Chemical 
vapor deposition may also be used to form interlayer isola-

be relaxed to their bulk Ge values because of the three dimen­
sional nature of the fin structure. Similarly, the lattice struc­
ture perpendicular to the Si1_YGeY pMOS fin 420 long axis 
(i.e., perpendicular to arrow A) and parallel to Si1_YGeYpMOS 
fin 420 surface directions (e.g., perpendicular to arrow B) 
may also be relaxed because of the small number of atoms 
participating in the strain and the relatively larger surface area 

40 tion. Interconnections (e.g., copper) may also be formed. 

of the three dimensional fin edges and comers. This combi­
nation of lattice matching in one direction and relaxation in 45 

the other directions may provide uniaxial compressive strain 
in the Ge quantum well 430. This compressive strain may 
increase hole mobility in a pMOS transistor structure that 
includes the Ge quantum well 430. 

In some embodiments, e.g., nMOS transistor structures, z 50 

may be in the range of about 10% to about 40%. As discussed 
above, Si may have a lattice constant of about 5 .431 A and Ge 
may have a lattice constant of about 5.658 A ( e.g., 495, FIG. 
4F). An Si1 _

2
Ge

2 
nMOS fin, e.g., fin 470, may therefore have 

a lattice constant between about 5.451 A and about 5.517 A. 55 

pMOS transistor structures, e.g., the transistor structure 
shown in FIG. 4C and nMOS transistor structures, e.g., the 
transistor structure shown in FIG. 4D, may be integrated to 
form relatively high performance CMOS devices. In other 
embodiments, either pMOS transistor structures, e.g., the 
transistor structure shown in FIG. 4C or nMOS transistor 
structures, e.g., the transistor structure shown in FIG. 4D, 
may be integrated separately into a conventional Si channel 
CMOS flow. 

In other embodiments, other relatively high mobility mate­
rials may be used to form strained active channel layers. 
Relatively high mobility materials may include III-V semi­
conductors such as GaAs, InSb and InGaAs. For example, 
self graded Si Ge fins ( e.g., Si1_wGew fin 170, FIG. lD) may be 
used to induce desired strain in active channel layers. It may 
be appreciated that the amount of strain may be adjusted by 
adjusting the relative concentrations of Si and Ge in a strain 
inducing fin. For example, referring again to FIG. 1B, the 
parameter x, the Ge concentration of the Si1_xGex layer 130, 

Accordingly, the Si active channel layer 490 may be tensile 
strained by the Si1 _

2
Ge

2 
nMOS fin 470. In one embodiment, 

the tensile strain in the Si active channel layer 490 may be 
about 0.37% for a Si0 _9Ge0 _1 fin (i.e., z=about 10%) and in 
another embodiment about 1.15% for a Si0 _7Ge0 _3 fin (i.e., 
z=about 30% ). 

60 may be adjusted to achieve desired relative concentrations of 
Si and Ge in a strain inducing fin such as Si1_wGew fin 170 of 
FIG. lD. The desired relative concentrations of Si and Ge 
may depend on the material used for the active channel layer 

The tensile strain in the Si active channel layer 490 may be 
uniaxial, e.g., in the direction of the dotted arrows parallel to 
arrow A in FIG. 4F. The tensile strain in the Si active channel 
layer 490 may be parallel to a long axis of the Si1_

2
Ge

2 
nMOS 65 

fin 470, i.e., parallel to arrow A in FIG. 4H and into the page 
in the sense of FIG. 4B. The long axis of the Si1 _

2
Ge

2 
nMOS 

as well as the desired strain in the active channel layer. 
Accordingly, a self graded strain inducing Si 1_wGew fin may 
be used with active channel layer materials other than Si 
and/or Ge. 
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Various features, aspects, and embodiments have been 
described herein. The features, aspects, and embodiments are 
susceptible to combination with one another as well as to 
variation and modification, as will be understood by those 
having skill in the art. The present disclosure should, there- 5 

fore, be considered to encompass such combinations, varia­
tions, and modifications. 

What is claimed is: 
1. A method of forming a semiconductor device on an Si 

substrate, said method comprising: 10 

forming a Si fin structure on said Si substrate, by protecting 
with photoresist a portion of said Si substrate where said 
Si fin structure is to be formed and etching away adjacent 
regions of said Si substrate; 

15 
growing a layer of oxide on said Si fin structure and said Si 

substrate; 
exposing at least a portion of said Si fin structure by 

mechanically or chemically polishing said oxide layer to 
a top surface of said Si fin structure and recessing said 

20 
oxide layer adjacent said Si fin structure; 

epitaxially growing a Si 1_xGex layer on said exposed por­
tion of said Si fin structure wherein said Si 1_xGex layer 
has a first Ge concentration, x; and 

preferentially oxidizing Si from said Si1_xGex layer and 25 
from said Si fin structure into SiO2 wherein Si is pre­
dominantly consumed and Ge is forced into said Si fin 
structure resulting in a Si 1_wGew fin structure having a 
maximum second Ge concentration, w, and a width. 

12 
2. The method of claim 1 wherein: 
said first Ge concentration, x, is in the range of about 10% 

to about 30%. 
3. The method of claim 1 wherein: 
said first Ge concentration, x, is in the range of about 5% to 

about20%. 
4. The method of claim 3 wherein: 
said maximum second Ge concentration is in the range of 

about 10% to about 40%. 
5. The method of claim 4, further comprising: 
selectively epitaxially growing an active channel layer on 

said Si1_wGew fin structure wherein said active channel 
layer is uniaxially tensile strained. 

6. The method of claim 1 wherein: 
said maximum second Ge concentration is in the range of 

about 60% to about 90%. 
7. The method of claim 6, further comprising: 
selectively epitaxially growing a quantum well on said 

Si1_wGew fin structure wherein said quantum well is 
uniaxially compressively strained; and 

epitaxially growing a Si 1_wGew upper quantum well barrier 
layer on said quantum well. 

8. The method of claim 7 further comprising epitaxially 
growing an Si cap on said Si1_wGew upper quantum well 
barrier layer. 

9. The method of claim 1 wherein said width is less than 
about30nm. 

* * * * * 
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