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(57) ABSTRACT 

This invention teaches methods of combining ion implan 
tation steps With in situ or ex situ heat treatments to avoid 
and/or minimiZe implant-induced amorphiZation (a potential 
problem for source/drain (S/D) regions in FETs in ultrathin 
silicon on insulator layers) and implant-induced plastic 
relaxation of strained S/D regions (a potential problem for 
strained channel FETs in Which the channel strain is pro 
vided by embedded S/D regions lattice mismatched With an 
underlying substrate layer). In a ?rst embodiment, ion 
implantation is combined With in situ heat treatment by 
performing the ion implantation at elevated temperature. In 
a second embodiment, ion implantation is combined With ex 
situ heat treatments in a “divided-dose-anneal-in-betWeen” 
(DDAB) scheme that avoids the need for tooling capable of 
performing hot implants. 
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ION IMPLANTATION COMBINED WITH IN SITU 
OR EX SITU HEAT TREATMENT FOR IMPROVED 

FIELD EFFECT TRANSISTORS 

FIELD OF THE INVENTION 

[0001] This invention generally relates to complementary 
metal oxide semiconductor (CMOS) circuits comprising 
?eld effect transistors (FETs) fabricated With one or more 
ion implantation steps. More particularly, it relates to the 
Ways in Which these ion implantation steps may be com 
bined With in situ or ex situ heat treatments to avoid and/or 
minimize implant-induced amorphization (a potential prob 
lem for source/drain regions in FETs in ultrathin silicon on 
insulator layers) and implant-induced plastic relaxation of 
strained source/drain regions (a potential problem for 
strained channel FETs in Which the channel strain is pro 
vided by embedded source/ drain regions lattice mismatched 
With an underlying substrate layer). 

BACKGROUND OF THE INVENTION 

[0002] Historically, most performance improvements in 
semiconductor ?eld-effect transistors (FET) have been 
achieved by scaling doWn the relative dimensions of the 
device. This trend is becoming increasingly more dif?cult to 
maintain as the devices reach their physical scaling limits. 
As a consequence, advanced FETs and the complementary 
metal oxide semiconductor (CMOS) circuits in Which they 
can be found are increasingly relying on strain engineering 
and specialty silicon-on-insulator substrates to achieve 
desired circuit performance. HoWever, the ion implantation 
steps used in fabricating the FETs relying on these enhance 
ments present tWo particular challenges. 

[0003] The ?rst challenge pertains to source/drain (S/D) 
implants in CMOS fabricated in ultrathin silicon-on-insula 
tor (UTSOI) substrates, Where the UTSOI layer is typically 
in the range from 6 to 30 nm in thickness. It is dif?cult to 
implant the desired concentration of certain dopant species 
in the S/ D regions Without amorphizing the entire SOI layer. 
If there is no crystalline Si left under the amorphized S/D 
regions to act as a seed or template, the S/ D recrystallization 
Will be highly defective (and thus unsuitable for high 
performance devices). Through-SOI-thickness amorphiza 
tion is of particular concern With heavy ions such as As+ and 
With UTSOI layers on the thin end of the thickness range. 
This problem is illustrated in FIG. 1, in Which the basic steps 
of a S/D implant and annealing process for an UTSOI FET 
having a desired outcome are shoWn in FIGS. 1A-1C and the 
basic steps of a S/ D implant and annealing process having an 
undesired outcome are shoWn in FIGS. 1D-1F. 

[0004] FIG. 1A shoWs UTSOI FET 10 at an early stage of 
processing. UTSOI FET 10 comprises single crystal UTSOI 
layer 20 disposed on buried oxide (box) layer 30 on base 
substrate 40, With conductive gate 50 disposed on gate 
dielectric 60 over UTSOI channel region 70 separating 
UTSOI S/D regions 80. FIG. 1B shoWs the structure of FIG. 
1A after S/D regions 80 have been amorphized With ion 
implant 90 to create amorphized S/D regions 100. Residual 
crystalline regions 80' remain under amorphized S/D 
regions, providing a template for the amorphized S/D 
regions to recrystallize by solid phase epitaxy (SPE) during 
subsequent activation annealing to produce single-crystal 
S/D regions 80", as shoWn in FIG. 1C. 
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[0005] FIGS. 1D-1F shoW What happens When the same 
implant 90 is applied to the slightly thinner UTSOI layer 120 
of FIG. 1D. In this case, ion implant 90 produces amor 
phized S/D regions 130 extending all the Way to box layer 
30, as shoWn in FIG. 1E. Due to the lack of a single crystal 
Si template, recrystallization of these amorphized S/D 
regions during subsequent activation annealing thus pro 
duces polycrystalline S/D regions 140, as shoWn in FIG. 1F. 
This is undesirable because doped polycrystalline Si has a 
much higher resistance than crystalline Si having the same 
dopant density. 

[0006] The second challenge pertains to FETs relying on 
strain engineering. In these FETs, the channel regions of the 
transistors are strained to produce an increase in the mobility 
of the charge carriers and thus an increase in the on-state 
current of the device (at a given drain potential). One 
method that is currently used to induce channel strain is to 
groW a compressively strained SiGe layer in a recessed 
region adjacent to the channel region of the device, as 
described in US. Pat. No. 6,621,131, “Semiconductor Tran 
sistor Having a Stressed Channel,” issued Sep. 16, 2003. The 
SiGe layer then serves as the S/D of the device and imparts 
uniaxial strain on the channel. The amount of strain in the 
channel Will be proportional to the stress applied by the SiGe 
layer, Which Would typically increase With the Ge content of 
the SiGe. Since increased strain in the channel correlates 
With better device performance, there is a great interest in 
SiGe stressors having a high Ge content. 

[0007] One of the primary challenges in using single 
crystal strained regions as a stressor for the channel is to 
prevent the formation of strain relieving dislocations during 
strained region groWth and subsequent processing. It has 
been found that the ion implantation step that is used to dope 
and electrically activate the S/D regions facilitates the 
relaxation of the strain in the SiGe S/ D regions, as illustrated 
in FIGS. 2A-2F, Which shoW, in cross section vieW, the steps 
in fabricating a PET With channel strain induced by embed 
ded SiGe S/ D regions Whose processing requires at least one 
ion implantation step. 

[0008] FIG. 2A shoWs SOI FET 200 at an early stage of 
processing. SOI FET 200 comprises single crystal SOI layer 
210 disposed on buried oxide (box) layer 220 on base 
substrate 230, With conductive gate 240 disposed on gate 
dielectric 250 over SOI channel region 260 separating SOI 
S/D regions 270. FIG. 2B shoWs the structure of FIG. 2A 
after S/D regions 270 have been etched aWay to form 
cavities 280. Cavities 280 are then replaced by epitaxially 
groWn SiGe stressor S/D regions 290 Which exert a force on 
the channel region, as indicated by arroWs 300 in FIG. 2C. 
Implantation of SiGe regions 290 by non-amorphizing 
implant 310 produces multiple defects 320 as shoWn in FIG. 
2D. These defects act as nucleation sites for strain-relieving 
dislocations 330 that form during subsequent activation 
annealing, as shoWn in FIG. 2E, Where short arroWs 340 
indicate the reduced force of the S/D regions on channel 
region 260 as compared to longer arroWs 300 in FIG. 2C. 

[0009] Certain implantation conditions (particularly those 
involving heavy ions such as As") can result in a signi?cant 
and irreversible reduction in strain after a prescribed thermal 
treatment step called an “activation anneal.” Since the 
driving force for strain relaxation increases With strain, SiGe 
alloys With a high Ge content are particularly susceptible to 
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undesired relaxation. A method for S/ D ion implantation and 
activation that minimizes S/ D plastic relaxation and pre 
serves as much strain as possible Would be highly desirable. 

[0010] The e?icacy of heated implants in reducing ion 
implant damage in bulk semiconductors has been knoWn for 
some time. The threshold dose of implanted ions required to 
amorphiZe a given semiconductor region in a substrate 
increases With substrate temperature because the transmition 
from a crystalline material to an amorphous one is deter 
mined by the competition betWeen the temperature-indepen 
dent rate at Which the damage and disorder are generated by 
the implanted ions and the temperature-dependent rate at 
Which the implant damage can be spontaneously repaired. 
For example, the threshold dose required for amorphiZation 
With 200 keV B implanted at loW current densities into 
100-oriented single crystal Si increases by a factor of 40 as 
the Si substrate temperature is increased from 200 K to 300 
K as described by F. F. Morehead et al., J. Appl. Phys. 43 
1112 (1972). While these and similar effects are Well knoWn 
for bulk Si and the III-Vs, the bene?ts of hot implants have 
not been previously applied to solve the neW problems 
addressed by the present invention, namely, reduction and/or 
elimination of (i) implant-induced source/drain amorphiZa 
tion in UTSOI CMOS, and (ii) implant-induced plastic 
relaxation in FETs With strained source/drain regions. 

[0011] It is therefore an object of this invention to provide 
an ion implantation method that alloWs the desired dopant 
density pro?les to be achieved With satisfactorily limited 
amorphiZed layer thicknesses and/or satisfactorily loW lev 
els of strain relaxation. 

[0012] It is a further object of this invention to provide an 
alternative to the ion implantation method above, Wherein 
said alternative also produces satisfactorily limited amor 
phiZed layer thicknesses and/or satisfactorily loW levels of 
strain relief, that is easier to implement With existing tooling. 

SUMMARY OF THE INVENTION 

[0013] The present invention teaches the use of ion 
implantation in combination With in situ or ex situ heat 
treatments as a method for avoiding or reducing ion implant 
induced amorphiZation and ion implant-induced plastic 
relaxation. 

[0014] In a ?rst embodiment of the invention, ion implan 
tation is combined With in situ heat treatment, i.e., implants 
having the potential to produce undesired amorphiZation or 
strain relief are performed at elevated temperature With 
respect to room temperature. In particular, the invention 
describes: 

[0015] the fabrication of an FET device in a bulk 
semiconductor or semiconductor-on-insulator layer in 
Which at least some ion implantation of said FET’s 
source/drain regions is performed While the semicon 
ductor layer is held at an elevated temperature; 

[0016] the fabrication of an FET device in a bulk 
semiconductor or semiconductor-on-insulator layer in 
Which at least some features in addition to the FET’s 
source/drain regions are implanted While the semicon 
ductor layer is held at an elevated temperature; and 

[0017] the fabrication of an FET device in a bulk 
semiconductor or semiconductor-on-insulator layer, the 
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FET device comprising strained source/drain regions, 
in Which at least some implantation of the strained 
source/drain regions is performed While the semicon 
ductor layer is held at an elevated temperature. 

[0018] The elevated temperatures for the in situ heat 
treatments of this invention Would typically be in the range 
from 70 to 900° C., preferably be in the range from 150 to 
550° C., and most preferably be in the range from 200 to 
350° C. Ion implantation at elevated temperatures may also 
be conveniently described as “hot implantation,”“hot 
implants,”“heated implantation,” or “heated implants.” 

[0019] In a second embodiment of the invention, ion 
implantation is combined With ex situ heat treatments in a 
“divided-dose-anneal-in-betWeen” (DDAB) scheme that 
avoids the need for tooling capable of performing hot 
implants. In this embodiment, the desired total dose is 
divided into smaller sub-doses, each of Which is beloW the 
threshold for amorphiZing the entire thickness of the S/D 
regions (for the case of UTSOI) or generating signi?cant 
strain relief (for the case of strained S/D regions). Annealing 
performed after each implant recrystalliZes the amorphiZed 
regions by solid phase epitaxy and/or reduces damage 
accumulation to a negligible level. 

[0020] Another aspect of the invention provides FETs and 
CMOS circuits fabricated With heated implants and/or the 
DDAB method of implantation. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0021] These and other features, objects, and advantages 
of the present invention Will become apparent upon a 
consideration of the folloWing detailed description of the 
invention When read in conjunction With the draWings, in 
Which: 

[0022] FIGS. 1A-1E shoW, in cross section vieW, the basic 
steps of a S/D implant and annealing process for a UTSOI 
FET having a desired outcome (FIGS. 1A-1C) and the basic 
steps of a S/D implant and annealing process having an 
undesired outcome (FIGS. 1D-1F); 

[0023] FIGS. 2A-2E shoW, in cross section vieW, the steps 
in fabricating a PET With channel strain induced by embed 
ded SiGe S/ D regions Whose processing requires at least one 
ion implantation step; 

[0024] FIGS. 3A-3E shoW, in cross section vieW, some 
structures Which may be heated during ion implantation 
according to the method this invention; 

[0025] FIGS. 4A-4G shoW, in cross section vieW, the steps 
of a DDAB method applied to the fabrication of a UTSOI 
PET in a CMOS circuit; 

[0026] FIGS. 5A-5H shoW, in cross section vieW, the steps 
of a DDAB method applied to the fabrication of a strain 
engineered PET in a CMOS circuit, Where the strain 
engineered FET has channel strain induced by embedded 
S/D regions; 

[0027] FIG. 6 compares re?ectance vs. Wavelength data 
for SOI layers implanted With As+ at three different tem 
peratures to data for a control sample that did not receive an 
implant; 
[0028] FIG. 7 illustrates the utility of hot implants With a 
comparison of high resolution x-ray diffraction (HRXRD) 
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rocking curve (RC) data for an as-groWn SiGe sample (curve 
A) to SiGe samples implanted With As+ at 3000° C. (curve 
B) or room temperature (curve C); 

[0029] FIG. 8 shows HRXRD RC data for the samples of 
FIG. 7 after an anneal at 10800 C. for l s (using a 150° C./s 
heating ramp rate); and 

[0030] FIG. 9 illustrates the strain-preserving features of 
the DDAB technique With a comparison of HRXRD RC data 
for the as-groWn SiGe sample of FIG. 7A (curve A) to 
identical SiGe samples given a single As+ implant and 
anneal (curve B) or a tWo-step DDAB implant and anneal 
(curve C). 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0031] Referring noW to the draWings, FIGS. 3A-3E shoW, 
in cross section vieW, some structures Which may be heated 
during ion implantation according to the method of this 
invention. FIG. 3A shoWs ion implant 370 being applied to 
partially completed FET 380 in bulk semiconductor 390, 
Where partially completed FET 380 comprises conductive 
gate 400 on gate dielectric 410 over channel region 420 
separating S/D regions 430. FIG. 3B shoWs ion implant 370 
being applied to partially completed FET 450 in semicon 
ductor-on-insulator layer 460 on box layer 470 on base 
substrate 480, Where partially completed FET 450 comprises 
conductive gate 490 on gate dielectric 500 over channel 
region 510 separating S/D regions 520. The conditions of 
ion implant 370 Would typically be selected so that at least 
some of S/ D regions 430 and 520 Would be implanted While 
gates 400 and 490 Would protect channel regions 420 and 
510 from being implanted. 

[0032] FIG. 3C shoWs ion implant 550 being applied to 
semiconductor-on-insulator substrate 560 comprising semi 
conductor-on-insulator layer 570 on box layer 580 on base 
substrate 590. In this case, the conditions of ion implant 550 
might be selected to provide a peak concentration of 
implanted species in base substrate 590 under box layer 580 
rather than in semiconductor-on-insulator layer 570 on top 
of box layer 580. Such implant conditions may be useful for 
fabricating certain back-gated devices in Which the semi 
conductor directly under the box functions as a back gate. 
FIG. 3C thus provides an example of hoW heated implants 
in the range from 70° C. to 900° C. may be used in 
fabricating FET devices in a bulk semiconductor or semi 
conductor-on-insulator layer so that at least some features in 
addition to the FET’s source/drain regions are implanted, 
since With heated implants it becomes possible to implant a 
high concentration of dopants into base substrate 590 With 
out running the risk of amorphiZing semiconductor-on 
insulator 570. 

[0033] FIG. 3D shoWs ion implant 600 being applied to 
partially completed FET 610 in bulk semiconductor 620, 
Where partially completed FET 610 comprises conductive 
gate 630 on gate dielectric 640 over channel region 650 
separating semiconductor S/D regions 660. Semiconductor 
S/D regions 660 are strained and formed from a different 
material than channel region 650. The conditions of ion 
implant 600 might be selected to provide a light doping of 
S/D regions 660, but no amorphiZation. For example, chan 
nel region 650 might comprise Si and S/ D regions 660 might 
comprise strained SiGe. The force of S/D regions 660 on 
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channel region 650 is indicated by arroWs 670. FIG. 3E 
shoWs the semiconductor-on-insulator analog of FIG. 3D. 
Ion implant 600 is noW being applied to partially completed 
FET 700 in semiconductor-on-insulator layer 710 on box 
layer 720 on base substrate 730, Where partially completed 
FET 700 comprises conductive gate 740 on gate dielectric 
750 over semiconductor-on-insulator channel region 760 
separating strained semiconductor S/D regions 770, Where 
arroWs 780 indicate the stress exerted on channel region 760 
by S/D regions 770. 

[0034] Patterned masking layers may be used in these hot 
implant processes. Ideally, patterned masking layers not 
remaining in the ?nal device (i.e., disposable masking 
layers) Would be formed prior to the hot implantation step 
and removed after the hot implantation step. These patterned 
masking layers Would typically de?ne ?rst source/drain (or 
other) regions that Would be subjected to the hot implanta 
tion and second source/drain (or other) regions that Would be 
protected from the hot implantation. These disposable mask 
ing layers are preferably easily patterned, thermally stable, 
and easy to remove Without damaging the underlying sub 
strate. An example of a mask material meeting these require 
ments is amorphous carbon With a hydrogen content less 
than about 15 atomic %. This material is thermally stable 
and may be patterned (as Well as removed) by oxygen-based 
plasma etching Without damage to underlying oxide, nitride, 
and/or silicon substrate layers. While oxide and nitride 
layers are also thermally stable and perhaps more easily 
patterned than amorphous carbon, such materials are harder 
to remove selectively With respect to the substrate. Multi 
layer masks comprising one or more upper oxide and/or 
nitride layers on a base layer of amorphous carbon may 
provide the optimum compromise betWeen ease of pattem 
ing and selective removal. 

[0035] In a second embodiment of the invention, ion 
implantation is combined With ex situ heat treatments in a 
“divided-dose-anneal-in-betWeen” (DDAB) scheme. In this 
embodiment, the desired total dose is divided into smaller 
sub-doses, each of Which is beloW the threshold for amor 
phiZing the entire thickness of the S/D regions (for the case 
of UTSOI) or generating signi?cant strain relief (for the case 
of strained S/D regions). Annealing performed after each 
implant restores the S/D regions to their pre-implant levels 
of crystallinity and/or strain before the accumulated damage 
reaches a level that is irreversible. Depending on the implan 
tation conditions (species, energy, dose, ion angle of inci 
dence, substrate temperature, etc.), some to none of the 
thickness of the implanted S/D regions may be amorphiZed. 
For high-dose implants producing an amorphous layer, the 
betWeen-implant anneals restore the initial crystallinity by 
solid phase epitaxy; for loW-dose, non-amorphiZing 
implants, the betWeen-implant anneals remove the incipient 
nucleation sites for strain-relieving dislocations before they 
fully develop. 
[0036] The basic DDAB method of ion implantation com 
prises 

[0037] 
layer; 

selecting a substrate including a semiconductor 

[0038] de?ning ?rst semiconductor layer regions that 
Will be subjected to at least tWo subsequent ion implan 
tation steps and second semiconductor layer regions 
that Will be protected from said at least tWo subsequent 
ion implantation steps; 
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0039 sub'ectin the ?rst semiconductor la er re ions J g y g 
(but not the second semiconductor layer regions) to a 
?rst ion implantation; 

[0040] 
[0041] subjecting the ?rst semiconductor layer regions 

(but not the second semiconductor layer regions) to a 
?nal ion implantation; and subjecting the substrate to a 
?nal anneal; 

subjecting the substrate to a ?rst anneal; 

Wherein residual damage left in the ?rst semiconductor 
layer regions (as measured by strain loss and/or defect 
density) after the ?nal anneal is less than the residual 
damage that Would be left in the ?rst semiconductor 
layer regions if the above process steps Were performed 
Without the ?rst anneal. 

[0042] The DDAB method Would typically further include 

[0043] applying a masking layer de?ning the ?rst and 
second semiconductor layer regions in the substrate 
before each implant step and removing the masking 
layer from the substrate before each annealing step; or 

[0044] applying a masking layer de?ning the ?rst and 
second semiconductor layer regions in the substrate 
before the ?rst implant step and not removing the 
masking layer from the substrate until after the ?nal 
implant step. 

[0045] The DDAB method may contain any number of 
implant and anneal steps to achieve the desired dopant dose 
and pro?le With suf?ciently loW damage to the semiconduc 
tor layer regions being implanted. For more than tWo 
implant steps, the basic DDAB method above Would further 
include one or more cycles of supplemental implant and 
annealing steps comprising 

[0046] subjecting the ?rst semiconductor layer regions 
(but not the second semiconductor layer regions) to a 
supplemental ion implantation; and 

[0047] subjecting the substrate to a supplemental 
anneal; 

the cycles performed after the ?rst anneal and before the 
?nal implant, Wherein residual damage left in the ?rst 
semiconductor layer regions (as measured by strain loss 
and/or defect density) after the ?nal anneal is less than 
the residual damage that Would be left in the ?rst 
semiconductor layer regions if the above process steps 
Were performed Without the ?rst and the supplemental 
annealing steps. 

[0048] The DDAB method of ion implantation may also 
be implemented Without regard to the ?nal levels of semi 
conductor layer damage, in accord With the previously 
described steps of 

[0049] 
layer; 

selecting a substrate including a semiconductor 

[0050] de?ning ?rst semiconductor layer regions that 
Will be subjected to at least tWo subsequent ion implan 
tation steps and second semiconductor layer regions 
that Will be protected from said at least tWo subsequent 
ion implantation steps; 

0051 sub'ectin the ?rst semiconductor la er re ions J g y g 
(but not the second semiconductor layer regions) to a 
?rst ion implantation; 
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[0052] 
[0053] subjecting the ?rst semiconductor layer regions 

(but not the second semiconductor layer regions) to a 
?nal ion implantation; and 

[0054] subjecting the substrate to a ?nal anneal; in 
combination With the step of 

[0055] applying a masking layer de?ning the ?rst and 
second semiconductor layer regions in the substrate 
before the ?rst implant step, the masking layer remain 
ing in place until after the ?nal implant step. 

[0056] This version of the DDAB method may also 
include one or more cycles of supplemental implant and 
annealing steps comprising 

[0057] subjecting the ?rst semiconductor layer regions 
(but not the second semiconductor layer regions) to a 
supplemental ion implantation; and 

[0058] subjecting the substrate to a supplemental 
anneal; 

subjecting the substrate to a ?rst anneal; 

the cycles performed after the ?rst anneal and before the 
?nal implant. 

[0059] Suitable materials for masks used With DDAB are 
similar to those described above for hot implants. In addi 
tion, betWeen-implant anneal temperatures of 230° C. and 
beloW are expected to be compatible With many patterned 
photoresist layers. If higher temperatures are needed (as 
expected), one may strip the resist before each annealing 
step and reapply it before each implant step. 

[0060] FIG. 4 shoWs the steps of a DDAB method applied 
to the fabrication of a UTSOI PET in a CMOS circuit. FIG. 
4A shoWs partially completed FETs 800 and 810 in UTSOI 
layer 820 disposed on box layer 830 disposed on base 
substrate 840. One of partially completed FETs 800 and 810 
might be an n-channel FET (nFET) and the other of FETs 
800 and 810 might be a p-channel FET (pFET). FETs 800 
and 810 comprise gates 850 and 852 and gate dielectrics 860 
and 862 disposed on channel regions 880 and 882 separating 
S/D regions 870 and 872. FETs 800 and 810 are separated 
by shalloW trench isolation regions 890. FIG. 4B shoWs the 
structure of FIG. 4A after application of patterned masking 
layer 900 to protect FET 810 from one or more subsequent 
ion implants. FIG. 4C shoWs the structure of FIG. 4B being 
subjected to a ?rst ion implant 910 Which amorphiZes an 
upper portion of S/D regions 870 of PET 800 to form 
amorphiZed S/D regions 920 Which do not extend all the Way 
doWn to box layer 830. The structure of FIG. 4C is then 
annealed, alloWing amorphiZed S/D regions 920 to recrys 
talliZe by solid phase epitaxy to form recrystallized S/D 
regions 930, as shoWn in FIG. 4D. Patterned masking layer 
900 may remain in place during the anneal, or be removed 
before the anneal and replaced after the anneal. FIG. 4E 
shoWs the structure of FIG. 4D being subjected to a ?nal ion 
implant 940 Which may be the same as or different from ?rst 
ion implant 910. Typically ion implant 940 Would be the 
same as or very similar to ion implant 910, With the sum of 
the doses of implants 910 and 940 equal to the total desired 
implant dose. Ion implant 940 again amorphiZes an upper 
portion of S/D regions 870 of PET 800 to form amorphiZed 
S/D regions 920' Which do not extend all the Way doWn to 
box layer 830. The structure of FIG. 4E is then annealed, 
alloWing amorphiZed S/D regions 920' to recrystalliZe by 
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solid phase epitaxy to form recrystallized S/D regions 930'. 
Activation annealing may be included in the recrystalliZa 
tion anneal, or performed separately. Patterned masking 
layer 900 is removed before or after these last annealing 
steps to produce the structure of FIG. 4G. 

[0061] FIG. 5 shoWs the steps of a DDAB method applied 
to the fabrication of a strain-engineered PET in a CMOS 
circuit, Where the strain-engineered FET has channel strain 
induced by embedded S/D regions. FIG. 5A shoWs partially 
completed FETs 1000 and 1010 in semiconductor layer 1020 
disposed on box layer 1030 disposed on base substrate 1040. 
One of partially completed FETs 1000 and 1010 might be an 
nFET and the other ofFETs 1000 and 1010 might be a pFET. 
FETs 1000 and 1010 comprise gates 1050 and 1052 and gate 
dielectrics 1060 and 1062 disposed on channel regions 1080 
and 1082 separating S/D regions 1070 and 1072. FETs 1000 
and 1010 are separated by shalloW trench isolation regions 
1090. FIG. 5B shoWs the structure of FIG. 5A after S/D 
regions 1020 of PET 1000 have been replaced by embedded 
S/D regions 1100, according to prior art methods illustrated 
in FIGS. 2A-2C. Embedded S/D regions 1100 are strained 
and exert a stress on channel region 1080. FIG. 5C shoWs the 
structure of FIG. 5B after application of patterned masking 
layer 1110 to protect FET 1010 from one or more subsequent 
ion implants. FIG. 5D shoWs the structure of FIG. 5C being 
subjected to a non-amorphiZing ?rst ion implant 1120 to 
produce lightly damaged S/D regions 1130 including many 
small defects indicated by circles 1140. It is believed that 
defects 1140 represent damage regions that are too small or 
otherWise insuf?cient to nucleate stacking faults or other 
strain-relieving dislocations. The structure of FIG. 5D is 
then annealed to produce repaired S/D regions 1150, as 
shoWn in FIG. 5E. Patterned masking layer 1110 may remain 
in place during the anneal, or be removed before the anneal 
and replaced after the anneal. FIG. 5F shoWs the structure of 
FIG. 5E being subjected to a non-amorphiZing ?nal ion 
implant 1160 Which may be the same as or different from 
?rst ion implant 1120. Typically ion implant 1160 Would be 
the same as or very similar to ion implant 1120, With the sum 
of the doses of implants 1120 and 1160 equal to the total 
desired implant dose. Ion implant 1160 again produces 
lightly damaged S/D regions 1130' including many small 
defects indicated by circles 1140'. The structure of FIG. SP 
is then annealed to produce repaired S/D regions 1150 Which 
still has all or most of their initial strain, as shoWn in FIG. 
5G. Activation annealing may be included in the recrystal 
liZation anneal, or performed separately. Patterned masking 
layer 1110 is removed before or after these last annealing 
steps to produce the structure of FIG. SH. 

[0062] Another aspect of the invention provides at least 
one FET device in a semiconductor layer, the FET device 
comprising source/drain regions subjected to ion implanta 
tion While the semiconductor-on-insulator is held at an 
elevated temperature in the range from 70° C. to 900° C. 
While the temperature is held at an elevated temperature the 
temperature takes into account the temperature rise of the 
semiconductor-on-insulator due to self heating during ion 
implantation, Which typically is in the range from 0° C. to 
50° C. Typically, temperature increases encountered Without 
deliberate Wafer cooling are less than 25° C., but may be as 
high as 50° C. for high does, high current implants. 

[0063] This invention also provides an FET device in a 
semiconductor layer, the FET device comprising source/ 
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drain regions is subjected to a divided-dose-anneal-in-be 
tWeen (DDAB) method of ion implantation comprising the 
steps of 

[0064] 
layer; 

selecting a substrate including a semiconductor 

[0065] de?ning ?rst semiconductor layer regions that 
Will be subjected to at least tWo subsequent ion implan 
tation steps and second semiconductor layer regions 
that Will be protected from said at least tWo subsequent 
ion implantation steps; 

[0066] protecting the second semiconductor layer 
regions from exposure to ion implantation; 

0067 sub'ectin the ?rst semiconductor la er re ions J g y g 
(but not the second semiconductor layer regions) to a 
?rst ion implantation; 

[0068] 
[0069] subjecting the ?rst semiconductor layer regions 

(but not the second semiconductor layer regions) to a 
?nal ion implantation; and 

[0070] 

subjecting the substrate to a ?rst anneal; 

subjecting the substrate to a ?nal anneal; 

Wherein residual damage left in the ?rst semiconductor 
layer regions (as measured by strain loss and/or defect 
density) after the ?nal anneal is less than the residual 
damage that Would be left in the ?rst semiconductor 
layer regions if the above process steps Were performed 
Without the ?rst anneal. 

[0071] This invention also provides FET devices sub 
jected to DDAB methods of ion implantation With multiple 
implant and annealing cycles, such as, for example, multiple 
implant and annealing cycles comprising the above ?rst and 
?nal implants and anneals plus one or more cycles of 
supplemental implant and annealing steps comprising 

[0072] subjecting the ?rst semiconductor layer regions 
(but not the second semiconductor layer regions) to a 
supplemental ion implantation; and 

[0073] subjecting the substrate to a supplemental 
anneal; 

the cycles performed after the ?rst anneal and before the 
?nal implant, Wherein residual damage left in the ?rst 
semiconductor layer regions (as measured by strain loss 
and/or defect density) after the ?nal anneal is less than 
the residual damage that Would be left in the ?rst 
semiconductor layer regions if the above process steps 
Were performed Without the ?rst and the supplemental 
annealing steps. 

[0074] The FETs of this invention may be combined With 
other FETs to form complementary metal-oxide-semicon 
ductor (CMOS) or other circuits. 

[0075] The semiconductor layers described in this inven 
tion may comprise bulk semiconductors; semiconductor-on 
insulator layers; or a combination of bulk and semiconduc 
tor-on-insulator layers such that at least part of the 
semiconductor layer is bulk and at least part of the semi 
conductor layer is disposed on an insulator; the semicon 
ductor layers comprising one or more of Si, SiC, Ge, GeC, 
SiGe and SiGeC; these materials in layered combinations; 
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these materials strained, partially strained (or partially 
relaxed) and/or unstrained (or fully relaxed). 

[0076] The semiconductor layer may comprise, for 
example, a silicon-on-insulator layer With a thickness less 
than 30 nm and/or FETs comprising semiconductor S/D 
regions separated by a semiconducting channel region, 
Wherein said S/ D regions and said channel regions comprise 
different semiconductor materials, and Wherein said S/D 
regions are strained, partially strained, or unstrained. Par 
ticularly favored examples of the FETs to Which the hot 
implant and DDAB methods of this invention may be 
applied include (i) FETs comprising a semiconducting chan 
nel region of Si and S/D regions of a strained SiGe alloy 
having a Ge content equal to or greater than 25 atomic 
percent, and (ii) FETs comprising a semiconducting channel 
region of Si and S/D regions of a strained SiC alloy having 
a C content greater than 0.5 atomic percent. The semicon 
ductor layers may comprise of a single crystal orientation 
such as (100) or tWo or more single crystal orientations (as 
typi?ed by hybrid orientation substrate technology) such as 
regions of (100) and (110). 

[0077] The elevated temperatures for the heated implants 
of this invention Would typically be in the range from 70 to 
900° C., preferably be in the range from 150 to 550° C., and 
most preferably be in the range from 200-350° C. Annealing 
for the DDAB method Would typically include any anneal 
ing process knoWn to the art, including furnace annealing, 
rapid thermal annealing, and laser annealing, for time and 
temperature ranges knoWn to the art, e.g., temperatures in 
the range from 150 to 1350° C. and times in the range from 
24 hours to sub-milliseconds. Gas ambients may be selected 
from those knoWn to the art, typically N2 or Ar With or 
Without additional additives selected from the group NH3, 
H2O, H2, 02, NO, N20, etc. 
[0078] The ion implantation of this invention may be 
performed With any ion knoWn to the art, including atomic 
ions, molecular ions, singly-charged ions, and multiply 
charged ions. Particularly favored ions include the ions of 
As, B, B1, BF2, Ge, P and Sb. The conditions for the 
individual implants comprising the DDAB method may be 
the same or different in one or more particulars (for example, 
?rst and ?nal implants might utiliZe the same species and 
energy but be different in angle of incidence). 

[0079] Three examples of the invention Will noW be 
described. In the ?rst, it is shoWn that in situ heating during 
ion implantation can prevent the amorphiZation of SOI 
layers that Would occur if the same implants Were performed 
at room temperature such as in the range from 20° C. to 25° 
C. In the second example, We shoW hoW the dependence of 
amorphiZation depth on As implant dose may be used to 
calculate an optimum implementation of the DDAB tech 
nique in a semiconductor-on-insulator layer. In the third 
example, We shoW hoW the hot implant and DDAB tech 
niques may be used to preserve the strain in pseudomorphic 
SiGe layers groWn on Si. 

EXAMPLE 1 

[0080] The example shoWs that in situ heating during ion 
implantation can prevent the amorphiZation of SOI layers 
that Would occur if the same implants Were performed at 
room temperature. SOI layers 28 nm in thickness Were 
implanted at 26, 150, or 300° C. With 3><10l5/cm2 50 keV 
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As”, an implant that has an average projected range (Rp) of 
about 340 A and Would ordinarily completely amorphiZe the 
SOI layer. The re?ectance vs. Wavelength data of FIG. 6 
indicates that the SOI layer has indeed been amorphiZed in 
the 26 and 150° C. samples (curves B and C, respectively), 
but remains crystalline (With a re?ectance curve nearly 
identical to curve A of the unimplanted control sample) for 
the 300° C. implant (curve D). The sheet resistance (Rs) 
measurements of Table I corroborate these results: after 
annealing in N2 at 900° C. for 1 min, the 26 and 150° C. 
samples have Rs in the range of 8-11 kohm/square, consis 
tent With a recrystallization of the amorphous SOI layer to 
polycrystalline Si; in contrast, the 300° C. sample has a Rs 
of 790 ohm/sq, consistent With doped single-crystal Si. In 
addition, the implanted As+ is quite substantially activated 
even as-implanted (Rs ~15.5 kohm/sq) and is more activated 
(With an Rs of 4.4 kohm/sq) after very mild annealing (500° 
C./1 min) than the 26 and 150° C. samples are after 900° 
C./min. 

[0081] Table I shoWs Rs measurements (ohm/sq) of 
samples implanted With 3><10l5/cm2 50 keV As”. 

TABLE I 

Anneal/ Implant Temperature 

26° C. 150° C. 300° C. 

as-implanted >1000 k >1000 k 15.5 k 
500° C./1 min >1000 k >1000 k 4.4 k 
900° C./1 min 10.7 k 8.2 k 790 

EXAMPLE 2 

[0082] In the second example; We shoW hoW one may use 
the dependence of amorphiZation depth on implant dose to 
calculate an optimum implementation of the DDAB tech 
nique in a semiconductor-on-insulator layer disposed on a 
buried oxide (box). SOI layers 160 nm in thickness Were 
implanted at room temperature With 100 keV As+ (Rp about 
71 nm) at doses of 1.25, 2.5, and 5.0><1015/cm2 to produce 
surface amorphous layers having thicknesses of 91, 111, and 
117 nm respectively. None of these doses Were suf?cient to 
amorphiZe the entire 160 nm thickness of the SOI layer. 
HoWever, SOI layers thinner than about 110 nm in thickness 
Would be expected to totally amorphiZe at doses higher than 
2.5><10l5/cm2, form polycrystalline Si upon activation 
annealing. Dividing the 2.5><10l5/cm2 dose into tWo doses of 
1.25><10l5/cm2 Would leave a residual crystalline layer 
betWeen the 91 nm amorphiZation depth and the top of the 
box after each implant. Annealing betWeen the implants 
alloWs the crystallinity of the sample to be restored (by SPE 
templating from the residual crystalline layer) before the 
next implant and results in a crystalline material after a ?nal 
activation anneal. 

EXAMPLE 3 

[0083] In the third example, We shoW hoW the hot implant 
and DDAB techniques may be used to preserve the strain in 
pseudomorphic SiGe layers groWn on Si. FIGS. 7-9 shoW 
high resolution x-ray diffraction (HRXR-D) (004) rocking 
curves (RCs) of a structure comprised by 40-nm-thick 
Si Geo3_O layers epitaxially groWn on (100) Si substrate, 

0.70 

taken before and after implantation With As+ to a dose beloW 
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the amorphiZation threshold dose. In FIGS. 7-9, the ordinate 
represents the intensity of diffracted x-ray in counts/second 
and the abscissa represents delta rocking angle omega in 
unity of seconds of degree, having the scale origin set at the 
Si substrate diffraction peak. The SiGe peak (at negative 
angles in FIGS. 7-9) typically comprises a main peak 
bordered by Weaker satellite peaks (thickness fringes or 
Pendellosung oscillations) Whose spacing alloWs a precise 
estimate of the SiGe thickness. The intensities of the main 
peak and the satellite peaks are highest When the SiGe is 
perfectly ordered and defect-free, and decrease With increas 
ing ?lm disorder. The angular separation of the SiGe dif 
fraction peak from that of Si substrate correlates With the 
magnitude of the compressive strain in the epi-layer. 

[0084] FIG. 7 demonstrates the utility of hot implants by 
comparing the RCs of an as-groWn sample (curve A) to 
samples implanted With 2><10l3/cm2, 50 keV As+ at 0° tilt at 
300° C. (curve B) or room temperature (curve C). The 
as-groWn sample has a strain of 1.17% and very distinct 
thickness fringes; the hot implanted sample has nearly 
identical thickness fringes (indicating negligible implant 
damage) and very slightly increased strain (1.20%). In 
contrast, the sample implanted at room temperature shoWs 
no main peak and thickness fringes in the noise, a clear 
indication of severe damage. 

[0085] FIG. 8 shoWs the RCs of samples of FIG. 7 after an 
anneal at 1080° C. for 1 s (using a 5150° C./s heating ramp 
rate). RC (curve A) for the unimplanted sample shoWs a 
strain of 1.14%, indicating that the initial strain is not 
signi?cantly decreased by annealing alone. RC (curve B) for 
the hot implanted sample shoWs a strain of 1.09%, again 
very close to the pre-implant, pre-anneal value. RC (curve 
C) for the sample implanted at room temperature shoWs a 
restoration of the SiGe peak (indicative of substantial dam 
age repair), but much reduced strain 110 (0.65%). FIGS. 7 
and 8 thus demonstrate that implant temperature is the key 
factor in determining Whether a given implant energy/ dose 
and subsequent activation anneal Will preserve the initial 
strain or very substantially reduce it. 

[0086] FIG. 9 illustrates the strain-preserving features of 
the DDAB technique. RC (curve A) shoWs the as-groWn 
sample of FIG. 7A, Which had an initial strain of 1 . 17%. RC 
(curve B) shoWs a sample subjected to a single-step-implant/ 
anneal sequence comprising a room temperature implant of 
2><10l3/cm2, 50 keV As+ folloWed by an anneal at 650° C. 
for 110 min, resulting in a ?nal strain of 0.88% (a signi?cant 
loss). RC (curve C) shoWs the contrasting results of the 
DDAB technique using a double-step-implant/anneal 
sequence in Which the 2><1013/cm2 As+ dose is evenly 
divided into tWo doses of 1><1013/cm2, With each implant 
folloWed by an anneal at 650° C. for 110 min. The strain in 
this case is 1.12%, very close to the original value of 1 .17%, 
very clearly indicating the bene?ts of the DDAB technique. 

[0087] It should be noted that the DDAB technique of 
course involves a tradeolf betWeen the process time for the 
additional implant and annealing steps and the bene?ts of 
further subdivision in implant dose (as measured by a 
decrease in strain loss). In many cases, the double-step 
implant/ anneal sequence may be selected optimal. HoWever, 
the optimal number of subdivisions is likely to be higher for 
the case of SiGe With a high Ge content and/or materials 
requiring high implant doses. 
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[0088] While several embodiments of the invention, 
together With modi?cations thereof, have been described in 
detail herein and illustrated in the accompanying draWings, 
it Will be evident that various further modi?cations are 
possible Without departing from the scope of the invention. 
For example, (i) multiple hot implants differing in dose, 
species, and/or energy might be performed With the same 
masking layer, and/ or (ii) the individual implants comprising 
the DDAB method might include some in situ heating 
during implantation. Nothing in the above speci?cation is 
intended to limit the invention more narroWly than the 
appended claims. The examples given are intended only to 
be illustrative rather than exclusive. 

Having thus described our invention, What We claim as neW 
and desire to secure by Letters Patent is: 
1. A method for fabricating an FET device in a semicon 

ductor layer comprising heating said semiconductor layer to 
an elevated temperature, and ion implanting at said elevated 
temperature said FET’s source/drain (S/D) regions. 

2. The method of claim 1 further comprising: 

forming a patterned masking layer before said ion implan 
tation, said patterned masking layer de?ning ?rst 
source/drain regions that Will be subjected to said ion 
implantation and second substrate regions that Will 
protected from said ion implantation and removing said 
patterned mask after said ion implantation. 

3. The method of claim 1 Wherein said semiconductor 
layer comprises a bulk semiconductor; a semiconductor-on 
insulator layer; or a combination of bulk and semiconductor 
on-insulator layers such that at least part of the semicon 
ductor layer is bulk and at least part of the semiconductor 
layer is disposed on an insulator; said semiconductor layer 
comprising one or more of Si, SiC, Ge, GeC, SiGe, or 
SiGeC; these materials in layered combinations; these mate 
rials strained, partially strained, or unstrained. 

4. The method of claim 1 Wherein said semiconductor 
layer comprises a silicon-on-insulator layer With a thickness 
less than 30 nm. 

5. The method of claim 1 Wherein said FET comprises 
semiconductor S/D regions separated by a semiconducting 
channel region, said S/D regions and said channel regions 
comprising different semiconductor materials, said S/D 
regions being strained, partially strained, or unstrained. 

6. The method of claim 5 Wherein said semiconducting 
channel region comprises Si and said S/D regions comprise 
a strained SiGe alloy having a Ge content equal to or greater 
than 25 atomic percent. 

7. The method of claim 5 Wherein said semiconducting 
channel region comprises Si and said S/D regions comprise 
a strained SiC alloy having a C content equal to or greater 
than 0.5 atomic percent. 

8. The elevated temperature of claim 1 comprising a 
temperature in the range from 70° C. to 900° C. 

9. The ion implantation of claim 1 Wherein the ion 
implanted species comprises one or more of As, B, B 1, BF2, 
Ge, P, and Sb. 

10. A divided-dose-anneal-in-betWeen (DDAB) method 
of ion implantation comprising 

selecting a substrate including a semiconductor layer; 

de?ning ?rst semiconductor layer regions that Will be 
subjected to at least tWo subsequent ion implantation 
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steps and second semiconductor layer regions that Will 
be protected from said at least tWo subsequent ion 
implantation steps; 

subjecting said ?rst semiconductor layer regions (but not 
said second semiconductor layer regions) to a ?rst ion 
implantation; 

subjecting said substrate to a ?rst anneal; 

subjecting said ?rst semiconductor layer regions (but not 
said second semiconductor layer regions) to a ?nal ion 
implantation; and 

subjecting said substrate to a ?nal anneal; 

Wherein residual damage left in said ?rst semiconductor 
layer regions (as measured by strain loss and/or defect 
density) after the ?nal anneal is less than the residual 
damage that Would be left in said ?rst semiconductor 
layer regions if the above process steps Were performed 
Without said ?rst anneal. 

11. The method of claim 10 further including one or more 
cycles of supplemental implant and annealing steps com 
prising 

subjecting said ?rst semiconductor layer regions (but not 
said second semiconductor layer regions) to a supple 
mental ion implantation; and 

subjecting said substrate to a supplemental anneal; 

said cycles performed after the ?rst anneal and before the 
?nal implant, Wherein residual damage left in said ?rst 
semiconductor layer regions (as measured by strain loss 
and/or defect density) after the ?nal anneal is less than 
the residual damage that Would be left in said ?rst 
semiconductor layer regions if the above process steps 
Were performed Without said ?rst and said supplemen 
tal annealing steps. 

12. The method of claim 10 Wherein a masking layer 
de?ning said ?rst and second semiconductor layer regions is 
applied to the substrate before each implant step and 
removed from the substrate before each annealing step. 

13. The method of claim 10 Wherein a masking layer 
de?ning said ?rst and second semiconductor layer regions is 
applied to the substrate before the ?rst implant step and not 
removed from the substrate until after the ?nal implant step. 

14. The method of claim 10 Wherein said semiconductor 
layer comprises a bulk semiconductor; a semiconductor-on 
insulator layer; or a combination of bulk and semiconductor 
on-insulator layers such that at least part of the semicon 
ductor layer is bulk and at least part of the semiconductor 
layer is disposed on an insulator; said semiconductor layer 
comprising one or more of Si, SiC, Ge, GeC, SiGe, and 
SiGeC; these materials in layered combinations; these mate 
rials strained, partially strained, or unstrained. 

15. The method of claim 10 Wherein said semiconductor 
layer comprises a silicon-on-insulator layer With a thickness 
less than 30 nm. 

16. The method of claim 10 Wherein said FET comprises 
semiconductor S/D regions separated by a semiconducting 
channel region, said S/D regions and said channel regions 
comprising different semiconductor materials, said S/D 
regions being strained, partially strained, or unstrained. 

17. The method of claim 16 Wherein said semiconducting 
channel region comprises Si and said S/D regions comprise 
a strained SiGe alloy having a Ge content equal to or greater 
than 25 atomic percent. 
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18. The method of claim 16 Wherein said semiconducting 
channel region comprises Si and said S/D regions comprise 
a strained SiC alloy having a C content equal to or greater 
than 0.5 atomic percent. 

19. The method of claim 10 performed at a temperature 
over 150° C. and under 13500 C. 

20. The ion implantation of claim 10 Wherein the ion 
implanted species comprises one or more of As, B, B 1, BF2, 
Ge, P, and Sb. 

21. A divided-dose-anneal-in-betWeen (DDAB) method 
of ion implantation comprising the steps of 

selecting a substrate including a semiconductor layer; 

de?ning ?rst semiconductor layer regions that Will be 
subjected to at least tWo subsequent ion implantation 
steps and second semiconductor layer regions that Will 
be protected from said at least tWo subsequent ion 
implantation steps; 

subjecting said ?rst semiconductor layer regions (but not 
said second semiconductor layer regions) to a ?rst ion 
implantation; 

subjecting said substrate to a ?rst anneal; 

subjecting said ?rst semiconductor layer regions (but not 
said second semiconductor layer regions) to a ?nal ion 
implantation; and 

subjecting said substrate to a ?nal anneal; 

further including the steps of 

applying a masking layer de?ning said ?rst and second 
semiconductor layer regions to the substrate before the 
?rst implant step, said masking layer remaining in 
place until after the ?nal implant step. 

22. The method of claim 21 further including one or more 
cycles of supplemental implant and annealing steps com 
prising 

subjecting said ?rst semiconductor layer regions (but not 
said second semiconductor layer regions) to a supple 
mental ion implantation; and 

subjecting said substrate to a supplemental anneal; 

said cycles performed after the ?rst anneal and before the 
?nal implant. 

23. An FET device in a semiconductor layer, said FET 
device comprising source/drain regions subjected to ion 
implantation While said semiconductor-on-insulator is held 
at an elevated temperature. 

24. The FET device of claim 23 Wherein said elevated 
temperature is in the range from 70° C. to 900° C. 

25. An FET device in a semiconductor layer, said FET 
device comprising source/drain regions subjected to a 
divided-dose-anneal-in-betWeen (DDAB) method of ion 
implantation comprising the steps of 

selecting a substrate including a semiconductor layer; 

de?ning ?rst semiconductor layer regions that Will be 
subjected to at least tWo subsequent ion implantation 
steps and second semiconductor layer regions that Will 
be protected from said at least tWo subsequent ion 
implantation steps; 
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subjecting said ?rst semiconductor layer regions (but not 
said second semiconductor layer regions) to a ?rst ion 
implantation; 

subjecting said substrate to a ?rst anneal; 

subjecting said ?rst semiconductor layer regions (but not 
said second semiconductor layer regions) to a ?nal ion 
implantation; and 

subjecting said substrate to a ?nal anneal; 

Wherein residual damage left in said ?rst semiconductor 
layer regions (as measured by strain loss and/or defect 
density) after the ?nal anneal is less than the residual 
damage that Would be left in said ?rst semiconductor 
layer regions if the above process steps Were performed 
Without said ?rst anneal. 

26. The FET device of claim 25 Wherein said DDAB 
method of ion implantation further includes one or more 
cycles of supplemental implant and annealing steps com 
prising 

subjecting said ?rst semiconductor layer regions (but not 
said second semiconductor layer regions) to a supple 
mental ion implantation; and 

subjecting said substrate to a supplemental anneal; 

said cycles performed after the ?rst anneal and before the 
?nal implant, Wherein residual damage left in said ?rst 
semiconductor layer regions (as measured by strain loss 
and/or defect density) after the ?nal anneal is less than 
the residual damage that Would be left in said ?rst 
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semiconductor layer regions if the above process steps 
Were performed Without said ?rst and said supplemen 
tal annealing steps. 

27. The FET device of claim 23 Wherein said semicon 
ductor layer comprises a bulk semiconductor; a semicon 
ductor-on-insulator layer; or a combination of bulk and 
semiconductor-on-insulator layers such that at least part of 
the semiconductor layer is bulk and at least part of the 
semiconductor layer is disposed on an insulator; said semi 
conductor layer comprising one or more of Si, SiC, Ge, GeC, 
SiGe, and SiGeC; these materials in layered combinations; 
these materials strained, partially strained or unstrained. 

28. The FET device of claim 23 Wherein said semicon 
ductor layer comprises a silicon-on-insulator layer With a 
thickness less than 30 nm. 

29. The FET device of claim 23 Wherein said FET 
comprises semiconductor S/D regions separated by a semi 
conducting channel region, said S/D regions and said chan 
nel regions comprising different semiconductor materials, 
said S/D regions being strained, partially strained, or 
unstrained. 

30. The FET device of claim 29 Wherein said semicon 
ducting channel region comprises Si and said S/D regions 
comprise a strained SiGe alloy having a Ge content equal to 
or greater than 25 atomic percent. 

31. The FET device of claim 29 Wherein said semicon 
ducting channel region comprises Si and said S/D regions 
comprise a strained SiC alloy having a C content equal to or 
greater than 0.5 atomic percent. 

* * * * * 


