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A method of fabricating an integrated circuit includes provid 
ing a gate conductor spaced above a semiconductor substrate 
by a gate dielectric, a pair of dielectric spacers disposed on 
sideWall surfaces of the gate conductor, and source and drain 
regions disposed in the substrate on opposite sides of the 
dielectric spacers, Wherein the gate conductor and the source 
and drain regions comprise dopants; and subjecting at least a 
portion of the dopants to at least 3 consecutive anneal expo 
sures to activate the dopants, Wherein a duration of each 
exposure is about 200 microseconds to about 5 milliseconds. 
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AC TIVATING DOPANTS USING MULTIPLE 
CONSECUTIVE MILLISECOND-RANGE 

ANNEALS 

BACKGROUND 

[0001] This invention relates to semiconductor fabrication, 
and particularly to methods of activating dopants using mul 
tiple consecutive millisecond-range anneals. 
[0002] There are ongoing efforts to reduce the dimensions 
and increase the density of integrated circuit features. Modern 
integrated circuits (ICs) can include various types of active 
components such as n-type and p-type ?eld effect transistors 
(NFETs and PFETs) as Well as passive components such as 
resistors, diodes, electrical fuses, etc. The performance and 
variability of these components depend on the ability to uni 
formly activate dopants in semiconductor materials across 
different microstructures. Due to ongoing efforts to reduce 
the dimensions and increase the density and complexity of 
integrated circuit features, there is a continued need to 
increase the activation of such dopants Without inducing 
excessive diffusion thereof. It is also desirable to maintain a 
high level of dopant activation across different devices and 
microstructures. 
[0003] One speci?c example of the use of dopants is in the 
gate conductor and the source and drain regions on opposite 
sides of the channel of a MOSFET (metal oxide semiconduc 
tor ?eld effect transistor) device. As MOSFET devices are 
scaled doWn to less than 100 nanometers in gate or channel 
length, highly doped, shallow source and drain extension 
regions can be employed to achieve high drive current capa 
bility. Currently, shalloW source and drain extension regions 
are formed through the ion implantation of dopants into a 
semiconductor substrate near its surface on opposite sides of 
the gate conductor. The dopants are then activated by con 
ducting laser annealing or other millisecond-scale annealing 
of the implanted extension regions either prior, during, or 
after a Rapid Thermal Anneal (RTA). 
[0004] Laser annealing of semiconductors has been Widely 
knoWn in the art for the past several decades. HoWever, up 
until very recently, it has not been employed in the fabrication 
of CMOS-based logic and memory ICs due to its large pattern 
effects, i.e., the sensitivity of laser energy coupling to layout 
patterns of various microstructures. These large pattern 
effects can lead to a highly non-uniform heating of various 
electrical devices and associated microstructures present on 
the Wafer surface. Laser annealing can be characterized by the 
duration of exposure to its radiation. Pulsed lasers operate in 
a nanosecond-range regime With exposure durations of tens to 
hundreds of nanoseconds. At such short anneals, thermal 
activation of dopants can be inef?cient. Consequently, the 
dopant activation process relies on a phase transition such as 
melting-recrystallization or solid phase epitaxial (SPE) re 
groWth of amorphiZed and doped semiconductors. Due to this 
reason, nanosecond-scale laser annealing is also referred to as 
melt laser annealing or pulsed laser annealing. Nanosecond 
scale laser annealing has a very large temperature pattern 
effect because the laser energy absorbed in surface micro 
structures does not have su?icient time to spread uniformly 
Within the substrate via thermal diffusion. In addition to large 
pattern effects, its reliance on inducing phase transitions in 
microstructures produces substantially different levels of 
dopant activation near exposure edges or in areas of exposure 
overlap. Nanosecond-scale laser annealing is usually oper 
ated in a step-and-repeat mode Where a small portion of the 
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Wafer surface (typically entire IC rectangular die) is exposed 
to a pulse at once, folloWed by a step-and-repeat process to 
cover the entire Wafer surface. This places undesirable areas 
of exposure overlap or exposure perimeter into the dicing 
channels that are not electrically usable. 
[0005] In contrast, millisecond-scale laser annealing has 
exposure times ranging from several microseconds to tens of 
milliseconds. In this range, thermal activation of dopants can 
be e?icient, and the concentration of active dopants is pro 
portional to the peak anneal temperature. Continuous Wave 
lasers are employed in this regime. Since the laser beam is 
shaped in the form of a line, the Wafer surface is raster 
scanned, Which means that it is scanned as a pattern of parallel 
lines or curves. In this case, the exposure time (also referred 
to as the dWell time) is equal to the characteristic beam Width 
in the scanning direction (often de?ned at full Width at half 
maximum (FWHM)) divided by the scan speed. The beam 
length (e. g., about 10 millimeters (mm)) perpendicular to the 
scanning direction (often de?ned at full Width at 95-99% of 
the maximum) is usually much smaller than the Wafer siZe 
(e.g., about 300 mm).As such, adjacent scans (also referred to 
as exposures) are often applied With some overlap to com 
pletely cover the entire Wafer surface. In the overlap region, 
the Wafer surface is exposed and annealed tWice. Successful 
application of millisecond-scale laser annealing in IC fabri 
cation depends on Whether the overlap region has substan 
tially the same properties as singly annealed regions. In con 
trast to nanosecond-scale laser annealing, this appears to be 
true for source and drain activation processes since common 
dopants undergo little diffusion during laser annealing and 
their activation depends on the peak anneal temperature in the 
absence of or after any phase transition processes in the doped 
material (e.g., after SPE process). Pattern effects can be 
reduced in millisecond-scale laser annealing by, for example, 
alloWing more time for absorbed laser energy (i.e., heat) to 
evenly spread in the substrate via thermal diffusion. 

BRIEF SUMMARY 

[0006] In an embodiment, a method of fabricating an inte 
grated circuit comprises: providing a gate conductor spaced 
above a semiconductor substrate by a gate dielectric, a pair of 
dielectric spacers disposed on sideWall surfaces of the gate 
conductor, and source and drain regions disposed in the sub 
strate on opposite sides of the dielectric spacers, Wherein the 
gate conductor and the source and drain regions comprise 
dopants; and subjecting at least a portion of the dopants to at 
least 3 consecutive anneal exposures to activate the dopants, 
Wherein a duration of each exposure is about 200 microsec 
onds to about 5 milliseconds. 
[0007] Additional features and advantages are realiZed 
through the techniques of the present invention. Other 
embodiments and aspects of the invention are described in 
detail herein and are considered a part of the claimed inven 
tion. For a better understanding of the invention With advan 
tages and features, refer to the description and to the draW 
1ngs. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

[0008] The subject matter Which is regarded as the inven 
tion is particularly pointed out and distinctly claimed in the 
claims at the conclusion of the speci?cation. The foregoing 
and other objects, features, and advantages of the invention 
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are apparent from the following detailed description taken in 
conjunction With the accompanying drawings in Which: 
[0009] FIGS. 1(a) and 2(a) illustrate an example of a 
method for fabricating a transistor comprising dopants that 
are activated using multiple consecutive laser anneals; 
[0010] FIGS. 1(b) and 2(b) illustrate another example of a 
method for fabricating a transistor comprising dopants that 
are activated using multiple consecutive laser anneals; 
[0011] FIGS. 3(a) and 3(b) schematically illustrate an 
example of hoW a Wafer can be raster-scanned by a laser; 
[0012] FIG. 4 schematically illustrates another example of 
hoW a Wafer can be raster-scanned by a laser; 
[0013] FIG. 5 graphically illustrates normalized one-di 
mensional (l -D) sheet resistances (Rs) for NFET source and 
drain extension regions that have been subjected to laser 
annealing at different conditions; 
[0014] FIG. 6 graphically illustrates the resistance variabil 
ity of precision resistors that have been subjected to laser 
annealing at different conditions; and 
[0015] FIG. 7 graphically illustrates the normalized stan 
dard deviation of pattern overlay tolerances in both the x- and 
y-directions that Were printed after the Wafer Was subjected to 
laser annealing at different conditions. 
[0016] The detailed description explains the preferred 
embodiments of the invention, together With advantages and 
features, by Way of example With reference to the draWings. 

DETAILED DESCRIPTION 

[0017] Turning noW to the drawings in greater detail, it Will 
be seen that FIGS. 1(a)-1(b) and FIGS. 2(a)-2(b) illustrate 
alternative exemplary embodiments of a method for activat 
ing dopants of IC devices using multiple millisecond-scale 
laser anneals, i.e., at least 3 exposures. This method offers 
superior dopant activation over using a single or double expo 
sure laser annealing, resulting in considerable improvement 
in device performance and thus higher drive currents. This 
improved dopant activation can be achieved With reduced 
temperature variability across microstructures. Moreover, 
dopant activation using multiple exposures as opposed to a 
single or double exposure can be achieved at loWer anneal 
temperatures. Therefore, the anneal process With multiple 
exposures is less likely to induce excessive diffusion of 
dopants and various defects associated With higher anneal 
temperatures such as substrate slip and boW, multiplication of 
existing line defects (e.g., stacking faults and dislocations), 
degradation of gate dielectric reliability parameters, local 
How and associated thinning or thickening of the gate dielec 
tric, and uncontrollable melting of silicon alloys. 
[0018] Referring to FIGS. 1(a) and 1(b), an NFET or PFET 
device can be fabricated by obtaining a bulk semiconductor 
substrate 50 comprising single crystalline silicon that has 
been slightly doped With n-type and/or p-type dopants and 
forming shalloW trench isolation (STI) structures (not shoWn) 
in substrate 50 to isolate ensuing active and passive devices 
from each other. Alternatively, a semiconductor layer 50 can 
be formed upon an insulation layer disposed upon a substrate 
(not shoWn) to create silicon-on-insulator (SOI) structures 
before the formation of STI structures in layer 50. A gate 
dielectric 102 comprising, e.g., thermally groWn silicon diox 
ide or oxynitride or a deposited high-k dielectric, can then be 
formed upon silicon-based substrate 10. Next, a gate conduc 
tor comprising, e.g., polycrystalline silicon (polysilicon), can 
be deposited upon the gate dielectric 102 and patterned to 
de?ne a gate structure above a channel region 200 of the 
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substrate 50. A ?rst pair of thin dielectric spacers 103 (e.g., 
about 1 nanometer (nm) to 15 nm thick) comprising, e.g., 
silicon oxide, can be formed upon the sideWall surfaces of the 
gate conductor 100. 

[0019] Subsequently, source and drain (S/D) regions 300 
can be formed in the substrate 50 as described beloW that 
include dopants opposite in type from the dopants present in 
the channel region 200. Dopants can be introduced into the 
shalloW S/D extensions 301 and an upper portion 105 of the 
gate conductor 100 using, e.g., an ion implantation technique. 
For only the embodiment depicted in FIG. 1(a), a second pair 
of dielectric spacers (e.g., about 5 nm to 100 nm thick) can 
further be formed upon the ?rst pair of spacers 103, folloWed 
by introducing dopants into deep S/ D regions 303 using, e. g., 
a deep, higher energy ion implantation technique. As formed, 
the shalloW S/D extensions 301 are desirably about 5 nm to 
about 30 nm deep, and the deep S/D regions 303 are desirably 
about 20 nm to about 100 nm deep. Ion implantation pro 
cesses can result in the formation of a thin amorphous layer 
302 in the crystalline substrate 50 that is, e.g., about 5 nm to 
about 30 nm deep and that extends, e. g., about 5 nm to about 
20 nm beloW the shalloW S/D extensions 301. 

[0020] N-type shalloW S/D extensions for NFETs can be 
formed using a lithography technique to open the pre- selected 
regions Where NFETs are to be formed and to block other 
regions With a photoresist or hard mask. N-type dopants can 
then be implanted into exposed regions of the substrate using 
an implantation energy of about 0.5 kilo electronVolt (keV) to 
about 10 keV and a dose of about 3el4 to about lel6 ions/ 
centimeters squared (cm2). Similarly, p-type shalloW S/D 
extensions can be formed by opening pre-selected regions 
Where PFETs are to be formed and implanting p-type dopants 
using an implantation energy of about 200 eV to about 2 keV 
and a dose of about 3el4 to about lel6 ions/cm2. Deep S/D 
regions for both NFETs and PFETs can be formed in a similar 
Way by adjusting the implantation energy to produce a desired 
depth. Examples of n-type dopants include but are not limited 
to arsenic and phosphorus, and examples of p-type dopants 
include but are not limited to boron and boron di?uoride 
(B132). It is to be understood that both NFET and PFET 
devices can be formed in isolated areas of the substrate to 
form a CMOS (complementary metal-oxide semiconductor) 
IC. Various knoWn ion implantation enhancement techniques 
can be employed to bene?cially engineer defects in or around 
implanted layers, shape as-implanted dopant pro?les, and 
alter thermal diffusion at later thermal steps. These tech 
niques include but are not limited to angled, molecular, clus 
ter, pre- and post-amorphiZation, co-implantation of different 
species, cold, hot, and plasma implantation processes. 
[0021] As shoWn in FIGS. 2(a) and 2(b), a portion 116 of 
the gate conductor 100 directly adjacent to the gate dielectric 
102 can in?uence transistor operation and its performance. 
The concentration of prevalent dopants at or near the gate 
dielectric interface is desirably about 5el9 cm-3 to about le2l 
cm'3 . These dopants can be introduced by ion implantation, 
in-situ doping during gate conductor deposition, or other 
means. The type of prevalent dopants introduced to the inter 
face sets a proper threshold voltage for the transistor and is 
desirably n-type dopants for NFETs and p-type dopants for 
PFETs.Absent of any metallic compounds in portion 116, the 
amount of active dopants placed near the gate dielectric inter 
face is desirably su?icient to avoid an undesirable gate-con 
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ductor depletion effect that could otherwise electrically 
thicken the gate dielectric 102, yielding loW transistor perfor 
mance. 

[0022] Although not shoWn, precision resistors can also be 
formed in lCs that provide various analog functions such as 
impedance matching. These resistors can be formed using 
either isolated islands of doped semiconductor substrate or 
doped semiconductor material deposited upon the substrate. 
The islands can be connected to other elements using con 
ductive interconnects. The resistance value of these devices 
depends on the geometry of the island and the amount of 
active dopants in the semiconductor material. The islands can 
be formed using lithography and etch techniques, and the 
dopants can be introduced therein either during 8/ D implan 
tation steps or using a separate block mask With a specialiZed 
implant. The dopant dose employed in these islands can be 
about 1e14 to about 1e16 ions/cm2. It is desirable that the 
thermal activation of such dopants does not introduce sub 
stantial variation of resistor values due to uneven activation 
across a given lC surface. 

[0023] While the examples described herein are given 
using planar transistor geometry, other transistor gate, chan 
nel, and source/ drain geometrical structures can also be 
employed. For instance, various multi-gate 3-dimensional 
structures of the channel and the gate regions are contem 
plated. Other useful structures can be present in various parts 
of the transistor regions and other parts of the substrate. For 
instance, the S/D regions can include stressors, the channel 
region can include loW mobility structures, and/or the gate 
region can include metallic elements. Some elements of these 
structures also can be sacri?cial and thus Would be disposed, 
replaced, or altered during later steps. The substrate can fur 
ther include buried insulator regions, isolation regions With or 
Without stressors, deep-trench capacitors, and/or diodes. In 
addition, the dopants and co-dopants in the S/D regions can 
be introduced by techniques other than ion implantation such 
as in-situ doping during epitaxial groWth, gas phase doping, 
or solid source doping. 

[0024] Referring back to FIGS. 1(a)-2(b), after transistor 
devices With shalloW S/D extensions 301 are formed, a ?rst 
sequence of thermal annealing can be conducted. This ther 
mal annealing sequence is directed toWard creating an over 
lap betWeen the edges of the gate conductor 100 and the tip of 
the shalloW S/ D extensions 301 and to remove defects intro 
duced during ion implantation. Comparing elements in FIGS. 
1(a)-1(b) and FIGS. 2(a)-2(b), this anneal can instigate dif 
fusion of dopants in S/D extensions 301 to cause those exten 
sions 301 to extend laterally under the sideWalls of the gate 
conductor 100. This anneal can also re-crystalliZe amorphous 
layers 302 and heal defects in the damaged crystalline mate 
rial. This anneal sequence can include an anneal (e. g., a ?ash 
lamp anneal) that is longer than millisecond (msec)-range 
(i.e., has a duration of greater than about 5 msec), a rapid 
thermal anneal (RTA), an anneal Within millisecond-range 
(i.e., has a duration of about 200 microseconds (usec) to about 
5 msec), a furnace anneal, or a combination comprising at 
least one of the foregoing anneals. Performing a longer than 
msec-range anneal can enable diffusion, re-crystalliZation, 
and defect healing or engineering. During a spike RTA pro 
cess, the Wafer can be heated at a rate of about 10° C./s to 
about 1000° C./ s and then cooled doWn at a rate of beloW 100° 
C./ s. The peak temperature of the RTA can be about 700° C. 
to 1 100° C. More speci?cally, the spike RTA process can have 
a ramp up heating rate of about 50° C./ s to about 250° C./ s and 
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a cool doWn rate of about 70° C./s to about 50° C./s, With a 
peak temperature of about 950° C. to about 1080° C. or even 
more speci?cally about 1000° C. to about 1070° C. The 
duration of the RTA measured Within 50° C. of the peak 
temperature can be, for example, about 1 to 2 seconds. The 
msec-range anneal can be conducted prior to the RTA, 
enabling a fast re-crystalliZation of semiconductor amor 
phous material and quick out-diffusion of certain mobile 
defects such as silicon vacancies and interstitials. The msec 
range anneal can also be conducted during RTA When the 
Wafer is hot to aid in defect and diffusion engineering. A 
loW-temperature furnace anneal can also be conducted at a 
temperature of about 400° C. to about 700° C. to also aid in 
defect and stress engineering. More speci?cally, the furnace 
anneal can be performed at a temperature of about 550° C. to 
about 700° C. for a duration of about 15 minutes to about 1 
hour. This anneal sequence desirably has a suitable thermal 
budget for completing re-crystalliZation of the amorphous 
layers 302 and other phase transitions therein and for estab 
lishing an overlap betWeen tips of shalloW S/ D extensions 301 
and the edges of the gate conductor 100. The resultant overlap 
can be about 0 nm to about 5 nm measured from the gate edge. 
When the overlap is 0 nm, the gate edge is aligned With the 
tips of extensions. Another feature of this anneal sequence is 
the diffusion of dopants in the gate conductor 100 to form a 
highly doped gate conductor 111 With a high concentration of 
dopants near the gate dielectric interface Within region 116. 

[0025] Subsequent to the ?rst anneal sequence, a second 
anneal sequence can be conducted that is directed toWard 
higher thermal activation in the doped regions Without induc 
ing a signi?cant amount of diffusion. The second anneal 
sequence can be performed immediately after the ?rst anneal 
sequence or after some additional processing steps if desired. 
The strategy of a person of ordinary skill in the art Would 
probably be to use a high-temperature anneal lasting for a 
short period of time so as to achieve high thermal activation 
While ensuring the absence of excessive diffusion. As appli 
cable to msec-scale laser anneals, such strategy suggests 
selecting a high-temperature anneal of about 1300° C. to 
1375° C. With a short dWell time of about 50 usec to about 600 

usec. 
[0026] It has been unexpectedly discovered that multiple 
(e.g., greater than 3 exposures or anneals) consecutive msec 
range laser anneals of n-type and p-type doped semiconduc 
tors, such as silicon and its alloys, to a moderate peak tem 
perature of about 1100° C. to about 1350° C. can yield a 
substantial increase in the activation of n-type dopant While 
yielding minimal change in diffusion of the respective p-type 
dopant. As the number of consecutive laser anneals increases 
from 2 to 12, the sheet resistance of one-dimensional n-type 
S/D regions decreases by about 15% to about 20% While 
shoWing negligible lateral diffusion of p-type dopant as mea 
sured by PFET extension overlap capacitance. By Way of 
example, boron in PFET S/D extensions diffuses faster than 
arsenic in NFET S/ D extensions at a given anneal temperature 
and anneal time. It has been discovered that incremental 
dopant diffusion is not induced and the activation of n-type 
dopants is substantially increased When multiple anneals are 
employed. It has also been discovered that the effect is stron 
ger at longer dWell times. Accordingly, the dWell or exposure 
time of the anneal is desirably about 200 usec to about 5 msec, 
more speci?cally about 0.5 msec to about 1.5 msec. Further, 
it has been discovered that the effect is stronger if the thermal 
budget in the ?rst anneal sequence is loWer. Thermal budget is 
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lower When either the anneal temperature or the anneal time is 
loWer. In addition, it has been discovered that the strongest 
relative effect occurs When the ?rst anneal sequence includes 
only msec-range anneals that fully re-crystalliZe amorphous 
semiconductor layers. Increasing the number of consecutive 
anneals from 12 to 24 provides a marginal additional 
improvement in n-type dopant activation. Therefore, the 
msec-range anneal is desirably repeated for about 3 to about 
12 times. 

[0027] It has also been discovered that the activationbene?t 
obtained from 12 consecutive anneals at a given moderate 
peak temperature is equivalent to that obtained through single 
or double laser exposure anneals performed at a temperature 
100° C. to 2000 C. higher than the temperature of the 12 
consecutive anneals. For instance, in this respect, a 12500 C. 
anneal conducted 12 times is equivalent to a 13750 C. double 
anneal. Semiconductor Wafer builds can exhibit a slip thresh 
old of about 13250 C. to about 13500 C., a melt threshold of 
about 13000 C. to about 13500 C. for SiGe semiconductor 
alloys that are often present in these Wafer builds, and gate 
dielectric degradation threshold of about 13000 C. to about 
13500 C. Due to such undesirable effects, single or double 
msec-scale anneals are desirably kept at orbeloW about 13000 
C. to about 13500 C. In contrast, multiple, consecutive msec 
scale anneals do not appear to induce any substantial unde 
sirable effects as compared to a double anneal conducted at 
the same peak temperature. Therefore, multiple, consecutive 
msec-scale anneals can be used to obtain substantial dopant 
activation at a moderate anneal temperatures of about 1,1500 
C. to about 13000 C., thereby opening up the process WindoW 
With respect to undesirable defect creation at the high tem 
perature range of at or above 13000 C. to about 13500 C. 

[0028] It has additionally been observed that the multiple, 
consecutive msec-scale anneals have a substantial advantage 
over a single anneal conducted at the same peak temperature 
but for a longer time. Further, it has been discovered that 
certain structural characteristics of semiconductor substrates 
exposed to multiple, consecutive msec-scale anneals do not 
shoW any degradation With increased number of such anneals 
While some of these structural characteristics shoW a consis 
tent degradation With increased anneal time. More speci? 
cally, these structural characteristics of the substrate include 
its ?atness, degree of distortion, and structural integrity (ab 
sence of cracks, for instance). The ?rst tWo parameters are 
related to inducing substantial plastic deformation Within the 
substrate that results in its permanent deformation or distor 
tion. Once the substrate is deformed and/or distorted, subse 
quent precision lithographic processes yield increased error 
and variability of certain patterning parameters such as 
increased pattern overlay error and increased overlay scatter. 
Accordingly, the lithographic overlay error and its scatter 
measured at the contact via lithography step, for instance, can 
serve as a direct and sensitive parameter for assessing degree 
of Wafer distortion induced in prior processing steps, includ 
ing the step With multiple laser anneals. Alternatively, the 
Wafer Warpage or how can be measured before and after the 
laser anneal step. The difference in Wafer boW or Warpage 
provides a measure of induced Wafer distortion. Further, a 
direct observation of evolving micro and macro slip planes 
and other crystallographic plane and line defects via various 
microscopic techniques can also provide a measure of 
induced Wafer distortion. Assessment of these structural 
parameters yield a conclusion that multiple, consecutive 
msec-scale anneals do not degrade pattern overlay errors and 
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tolerances in subsequent lithographic steps and do not 
increase Wafer Warpage or bow with increasing number of 
such anneals for certain “prime” semiconductor substrates. 
[0029] Patterned “prime” substrates or product Wafer 
builds are characterized by a loW concentration of certain 
types of stacking faults and dislocations in its bulk. It has been 
observed that threading dislocations associated With stress 
relaxation in crystalline ?lms and/ or extrinsic stacking faults 
bordered by dislocations and associated With precipitation of 
self-interstitials should be at a loW concentration in the upper 
portion of the substrate of approximately 10 to 20 pm from its 
top surface to alloW for conducting multiple laser anneals 
Without any Wafer distortion. The concentration of these 
defects depends on both starting substrates, microstructures 
formed on the substrate surface, and processes conducted 
prior to the laser anneal. In one embodiment, an area density 
of such defects can be equal to or loWer than 105 cm-2 at any 
plane in the upper 10 to 20 microns of substrate thickness. In 
contrast, it has been observed that crystal originated particles 
(COPs) that are often present in the bulk portion of the sub 
strate do not interfere With multiple laser anneals. It has also 
been observed that these substrates could contain edge 
defects (e.g. edge slip lines), typically Within 3 mm of the 
Wafer edge, that do not substantially groW or multiply When 
exposed to multiple laser anneals. It has further been discov 
ered that large edge defects (e. g. cracks) result in catastrophic 
Wafer breakage that occurs during the ?rst anneal, hence, 
yielding little dependence of the Wafer breakage on the num 
ber of exposures. A preferred prime SOI substrate is a 
bonded-type SOI substrate With a loW concentration of afore 
mentioned defects, as speci?ed above, in the handler Wafer 
(i.e. beloW the buried oxide). A preferred bulk substrate has a 
loW concentration of threading dislocations as speci?ed 
above in microstructures formed on its surface. 

[0030] These multiple laser anneals can also be employed 
to reduce pattern effects and variations in the resistance value 
of the precision resistor. The Wafer exposure pattern can be 
bene?cially randomiZed or offset from exposure to exposure 
in such a Way that the beam trajectory does not repeat sub 
stantially the same path multiple times. This randomization 
can be used, for example, by using small stepping increments, 
by exposing With dissimilar (e.g. orthogonal) trajectories or 
by using a hybrid exposure pattern Where both small incre 
ments and dissimilar trajectories are combined. In a ?rst 
example illustrated in FIG. 3a, 8 consecutive anneals can be 
accomplished by performing four passes With double-scan 
ning in each pass. The Wafer 500 can be raster-scanned by a 
beam 501 in an arc-like fashion. Scans can be stepped along 
the diameter line 502 at half-beam intervals, creating overlap 
region 503. Area 504 near the Wafer edge can be singly 
scanned and can require additional edge scans to improve 
dopant activation uniformity near the Wafer edges. The entire 
Wafer canbe double-scanned to complete one pass. In order to 
randomiZe scanning, the entire scanning area in each pass can 
be slightly shifted With respect to each other by, e.g., 1/s of 
beam length as shoWn in FIG. 3b, Which depicts the scanned 
area of one pass 510 slightly offset With respect to the scanned 
area of another pass 520. 

[0031] In a second example (not shoWn), a similar exposure 
pattern can be realiZed via one pass but With small beam steps 
of about 1/s of beam length. Multiple scans near the Wafer 
edge can still be needed. In a third example shoWn in FIG. 4, 
8 consecutive anneals can be accomplished by performing 2 
pass scanning in one direction 531 and 2 pass scanning in a 
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different direction 532 With double-scanning in each pass. As 
shown, the scanning is desirably conducted in semi-circular 
fashion Where the beam trajectory follows half of the Wafer 
circumference stepping along its diameter. In this case, tWo 
different scanning trajectories can be used that have nearly 
orthogonal arc-like paths and that are inverted or mirrored 
With respect to each other. This example often utilizes at least 
2 times less additional scans at the Wafer edges While still 
providing trajectory randomization. A practical Way to reduce 
the number of additional scans near Wafer edge can be to 
dictate a partial trajectory randomization Where the beam 
trajectory is repeated less than half of the total number of 
consecutive anneals. For instance, in the previous example, if 
each pass has essentially the same scanning area, the beam 
trajectory can be repeated tWice. 
[0032] It is to be understand that While the multiple, con 
secutive msec-scale anneals are described above in reference 
to laser anneals, such anneals could also be performed using 
other millisecond-range anneal tools such as a ?ash lamp tool 
or an electron-beam tool. 

Example 

[0033] The folloWing non-limiting example further illus 
trates the various embodiments described herein. 
[0034] The dopant activation method described herein Was 
reduced to practice using 45-nm high-performance CMOS 
technology. A plurality of PFETs and NFETs Were built on an 
SOI substrate. ShalloW S/D extensions offset from each gate 
conductor by a ?rst dielectric spacer Were formed utilizing 
ion implantation of arsenic and BF2 (molecular) for the NFET 
and PFET devices, respectively. Deep S/D regions Were offset 
from the gate conductor by the ?rst dielectric spacer and a 
second dielectric spacer Were formed by ion implantation of 
arsenic and boron. The NFET polysilicon gate conductors 
Were additionally implanted With phosphorus ions in order to 
provide a speci?ed high concentration of n-type dopants near 
the gate dielectric interface. Precision resistors Were formed 
by implanting boron With a specialized block mask to com 
plete IC fabrication. The foregoing IC fabrication Was 
repeated on different SOI substrates to form several samples. 
Each sample Was subjected to a ?rst anneal sequence that 
included a furnace anneal and an RTA. These anneals Were 
conducted non-consecutively, i.e., other IC fabrication steps 
Were performed betWeen the anneals. The combined thermal 
budgets of these anneals enabled full re-crystallization of the 
amorphous regions in the substrate and creation of a 1 to 3 nm 
overlap betWeen the S/ D extensions and the gate edges for all 
NFETs and PFETs. Subsequently, each sample Was subjected 
to either 8 or 12 consecutive laser anneals using a dWell time 
of about 0.8 msec and either four or six repeating passes With 
double scanning in each pass, respectively. The anneal tem 
perature Was different for each sample and Was selected con 
servatively to be Within the 12000 C. to 13000 C. range, 
avoiding any chance of degrading reliability parameters and 
inducing defects. Additional samples Were used as references 
by subjecting them to a single pass (single double scan) laser 
anneal at different temperatures. After this annealing 
sequence, additional IC fabrication steps Were performed that 
did not exceed 4800 C. 
[0035] FIG. 5 shoWs the normalized resistances of the one 
dimensional NFET S/D extensions present in the samples 
formed as described above. Transistors, resistors, and circuits 
With 4 to 6 double-scanned passes shoWed a substantial 
improvement as compared to those devices annealed With a 
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single double-scanned pass. This improvement in dopant 
activation resulted in the improvement of other NFET param 
eters and circuits containing such NFETs. For instance, 
NFET series resistance Was decreased by about 10% to 20%. 
NFET gate activation Was increased, yielding a reduction in 
equivalent gate oxide electrical thickness of about 0.8 to 1 
Angstrom. NFET “ON” current Was improved by 4% to 8%, 
and ring oscillator sWitching frequency at constant poWer 
consumption Was increased by 1% to 3%. In addition, the 
resistance variability of the precision resistor Was reduced by 
half as shoWn in FIG. 6, and PFET devices Were not degraded. 

[0036] At the same time, no defects associated With the 
multiple msec-range anneals Were observed in the “prime” 
SOI substrates used in this example. These substrates are 
characterized by a loW concentration of certain defects at 
immediately prior to the laser annealing step, as alluded 
above. FIG. 7 graphically illustrates the normalized standard 
deviation of overlay tolerances in both the x- and y-directions 
of a printed contact via pattern. The contact via pattern is 
printed after these Wafers have been subjected to laser anneal 
ing at different conditions. The overlay tolerances Were not 
degraded by using 12 multiple, consecutive msec-range 
anneals or exposures. Similarly, Table 1 illustrates a change in 
Wafer boW induced by multiple, consecutive msec-range 
anneals. No additional Wafer boW Was observed in the case of 
“prime” substrates (A) used in this example. In contrast, 8 
consecutive msec -range anneals drastically Warped the defec 
tive substrates (B) also employed in this example. 

TABLE 1 

Change in Wafer boW during laser annealing for substrates 
used in the foregoing example. Substrate A is a “prime” 
SOI substrate and substrate B is defective. BoW accuracy 

measurement is +/—3 um. 

Substrate A Substrate A Substrate B 
2 exposures 12 exposures 8 exposures 

1 pass 6 passes 4 passes 

BoW Change, +0.15 —0.2 +318.4 
pm 

[0037] As used herein, the terms “a” and “an” do not denote 
a limitation of quantity but rather denote the presence of at 
least one of the referenced items. Moreover, ranges directed 
to the same component or property are inclusive of the end 
points given for those ranges (e.g., “about 5 nanometers (nm) 
to about 20 nm,” is inclusive of the endpoints and all inter 
mediate values of the range of about 5 nm to about 20 nm). 
Reference throughout the speci?cation to “one embodiment”, 
“another embodiment”, “an embodiment”, and so forth 
means that a particular element (e.g., feature, structure, and/ 
or characteristic) described in connection With the embodi 
ment is included in at least one embodiment described herein, 
and might or might not be present in other embodiments. In 
addition, it is to be understood that the described elements 
may be combined in any suitable manner in the various 
embodiments. Unless de?ned otherWise, technical and scien 
ti?c terms used herein have the same meaning as is commonly 
understood by one of skill in the art to Which this invention 
belongs. 
[0038] While the preferred embodiment to the invention 
has been described, it Will be understood that those skilled in 
the art, both noW and in the future, may make various 
improvements and enhancements Which fall Within the scope 
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of the claims Which folloW. These claims should be construed 
to maintain the proper protection for the invention ?rst 
described. 

1. A method of fabricating an integrated circuit, compris 
ing: 

providing a gate conductor spaced above a semiconductor 
substrate by a gate dielectric, a pair of dielectric spacers 
disposed on sideWall surfaces of the gate conductor, and 
source and drain regions disposed in the substrate on 
opposite sides of the dielectric spacers, Wherein the gate 
conductor and the source and drain regions comprise 
dopants; and 

subjecting at least a portion of the dopants to at least 3 
consecutive laser anneal exposures to activate the 
dopants, Wherein a duration of each exposure is about 
200 microseconds to about 5 milliseconds; and 

Wherein each anneal exposure comprises randomizing an 
expo sure pattern of the semiconductor substrate by mul 
tiple raster scanning passes in an arc-like fashion in 
Which shifting subsequent passes by a laser beam are 
shifted With respect to previous passes. 

2. (canceled) 
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3. The method of claim 1, Wherein the at least 3 consecutive 
laser anneal exposures are performed at a peak temperature of 
about 11000 C. to about 13500 C. 

4. The method of claim 1, further comprising annealing the 
source and drain extension regions prior to the at least 3 
consecutive anneal exposures to cause the source and drain 
regions to extend laterally under sideWall surfaces of the gate 
conductor and to re-crystalliZe amorphous regions of the 
substrate. 

5. The method of claim 4, Wherein said annealing is per 
formed for a duration of greater than about 5 milliseconds. 

6-10. (canceled) 
11. The method of claim 1, Wherein the semiconductor 

substrate comprises single crystalline silicon. 
12. The method of claim 11, Wherein an upper portion of 

the single crystalline silicon comprises threading dislocations 
and/or stacking faults having an area density that is equal to or 
less than about 105 cm'2 at a plane in the upper 10 to 20 
micrometers of the silicon. 

13. The method of claim 1, Wherein the semiconductor 
substrate is a silicon-on-insulator substrate. 

14. The method of claim 12, Wherein the semiconductor 
substrate is a silicon-on-insulator substrate. 

* * * * * 


