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FIG. 1A
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FIG. 1C
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FIG. 9B
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FIG. 10B

12

150R

(s
)
3

143



US 7,098,155 B2

Ll Big (saa1Bap)g
06 08 oL 09 0S oy 01 0c oL 0

0

\\n/\ ~ wu 00K
\ \ < = ’

\ ~. /

\ \ / // ”

Wwu 00g
\ / \ // I —

Sheet 16 of 22

/ op
pIal4 wu 005 — \ \ \
PIal4 Wu 00

Aug. 29, 2006

U.S. Patent

=Sl H
I g
I

08

06

oot

(%) o



US 7,098,155 B2

Sheet 17 of 22

Aug. 29, 2006

U.S. Patent

<1 'O

apIXO WUOS/AI0d WUQE | —
BpIXO WUQOH/AI0d WUQE |«
apIXO wupog/Aiod wupgl - -

06

08

0L 09

(sa921Bap) O
ov (01 0C 0

0s

I

AN

wuQog/Al0f

d wuogl

s o

wea,
.

Al
B e et -

AN

apIxQ wuo/Alod

wupgl

N

./

~N

S

T~
apIxO wugos/Aiod yfcoﬁ

l"’]’[

O}

0c

0oc

1114

0s

09

- 04

08

06

00l

(%) ¥



U.S. Patent Aug. 29, 2006 Sheet 18 of 22 US 7,098,155 B2

A3
300
FIG. 13

A2

142



U.S. Patent Aug. 29, 2006 Sheet 19 of 22 US 7,098,155 B2

314
320, 320’
FIG. 14

=

A3
/310

|
)

Y

300
320, 320’
316
F
o

150R,
150R




U.S. Patent Aug. 29, 2006 Sheet 20 of 22 US 7,098,155 B2

320’
FIG. 15

.

300

150RD




US 7,098,155 B2

Sheet 21 of 22

Aug. 29, 2006

U.S. Patent

91 "Old

/

¢l

0Sv

09%

1A%
A

TAt) 4

adost
N:\/ N
0

0G1

vl

A



U.S. Patent Aug. 29, 2006 Sheet 22 of 22 US 7,098,155 B2

142’
140°
FIG. 17

12

147
143’
150’

30

32
150

160,
160’

A2>
142
147
143
140



US 7,098,155 B2

1

LASER THERMAL ANNEALING OF
LIGHTLY DOPED SILICON SUBSTRATES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a Continuation-In-Part of U.S. patent
application Ser. No. 10/674,106, filed on Sep. 29, 2003.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to laser thermal annealing,
and in particular relates to apparatus and methods for
performing laser thermal annealing of substrates that do not
efficiently absorb the annealing radiation beam at ambient
temperatures.

2. Description of the Prior Art

Laser thermal annealing or LTA (also referred to as “laser
thermal processing”) is a technique used to quickly raise and
lower the temperature of the surface of a substrate to
produce a change in properties. An example might include
annealing and/or activating dopants in the source, drain or
gate regions of transistors used to form integrated devices or
circuits. LTA can also be used to form silicide regions in
integrated devices or circuits, to lower poly-silicon runner
resistances, or to trigger a chemical reaction to either form
or remove substances from a substrate (or wafer).

LTA offers the possibility of speeding up the annealing
cycle by a factor of 1000 over conventional annealing
techniques, thereby virtually eliminating diffusion of dopant
impurities during the annealing or activation cycle used on
silicon wafers. The result is a more abrupt dopant profile
and, in some cases, a higher level of activation. This
translates into higher-performance (e.g., faster) integrated
circuits.

U.S. patent application Ser. No. 10/287,864 discloses
performing LTA of doped silicon substrates using CO, laser
radiation. The laser radiation is focused into a narrow line,
which is scanned at constant velocity in a raster pattern
across the substrate. However, this approach works well
only on relatively heavily doped substrates (i.e., a dopant
concentration of about 3x10'” atoms/cm® or greater), where
the absorption length of the laser radiation in the doped
silicon is less than or roughly comparable to the thermal
diffusion length. Conversely, for lightly doped substrates
(i.e., a dopant concentration of about 1x10'° atoms/cm® or
less), the CO, laser radiation passes through the substrate
without imparting appreciable energy to the substrate.

What is needed therefore is way to efficiently perform
LTA of lightly doped silicon substrates using radiation that
otherwise passes through the substrate without heating, such
as CO, laser radiation having a wavelength of 10.6 um.

SUMMARY OF THE INVENTION

A first aspect of the invention is an apparatus for per-
forming laser thermal annealing of a substrate having a
surface. The apparatus includes a laser capable of generating
continuous annealing radiation having a wavelength that is
not substantially absorbed by the substrate at room tempera-
ture. The apparatus also includes an annealing optical sys-
tem adapted to receive the annealing radiation and form an
annealing radiation beam that forms a first image at the
substrate surface, and wherein the first image is scanned
across the substrate surface. The apparatus further includes
a heating device for heating at least a portion of the substrate
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to a critical temperature such that the annealing radiation
beam incident upon the heated portion is substantially
absorbed near the surface of the substrate during scanning.
In an example embodiment heating a portion of the substrate
can be done using a short-wavelength laser diode beam that
immediately precedes the long-wavelength annealing beam.

A second aspect of the invention is a method of laser
thermal annealing a substrate. The method includes provid-
ing an annealing radiation beam from a laser having a
wavelength that at room temperature is not substantially
absorbed by the substrate, and heating at least a portion of
the substrate to a critical temperature such that the annealing
radiation beam is capable of being substantially absorbed
near the surface of the substrate at said heated portion. The
method also includes initiating a self-sustaining annealing
condition by heating a portion of the substrate surface
immediately in advance of scanning the annealing radiation
beam over the substrate.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A is a cross-sectional view of an example embodi-
ment of the LTA apparatus of the present invention that
includes an LTA optical system along with a silicon substrate
being processed by the system, wherein the LTA apparatus
includes a heated chuck to support and pre-heat the sub-
strate, and an optional heat shield surrounding the chuck to
reduce radiation coupling to the rest of the apparatus and to
promote efficient substrate heating;

FIG. 1B is a cross-sectional view of an embodiment of the
LTA apparatus of the present invention similar to that shown
in FIG. 1A, that includes a heated enclosure surrounding the
substrate for pre-heating the substrate;

FIG. 1C is a cross-sectional view of an embodiment of the
LTA apparatus of the present invention similar to that shown
in FIG. 1A, wherein the heated chuck and optional heat
shield are replaced by an optical heating system adapted to
preheat at least a portion of the substrate using a preheating
radiation beam;

FIG. 2 is a plot of the absorption path length L., (um) in
an undoped silicon substrate versus the substrate tempera-
ture T (° C.) for a 10.6 um wavelength annealing radiation
beam, along with a plot of the diffusion length L, associated
with the radiation beam having a 200 ps dwell time, versus
substrate temperature T (° C.);

FIG. 3 is a computer simulation of the substrate tempera-
ture profile as a function of depth (um) and annealing
radiation beam position (nim) illustrating the *“hot spot”
formed in the substrate by the annealing radiation beam
associated with the self-sustaining annealing condition;

FIG. 4A is a schematic diagram showing an example
embodiment of the relative intensities and beam profiles of
the pre-heating and annealing radiation beams as a function
of position on the substrate surface;

FIG. 4B is a close-up cross-sectional view of the substrate
illustrating how heat from the preheating radiation beam
imaged in front of the annealing radiation beam promotes
absorption of the annealing radiation beam in the substrate
to effectuate the self-sustaining annealing condition;

FIG. 5 is a plot of the maximum substrate temperature
Tarux (° C.) created by irradiating a heavily doped silicon
substrate with the annealing radiation beam having a wave-
length of 10.6 pm, versus the incident power P, (W/cm) of
the annealing radiation beam;

FIG. 6 is a plot, obtained by finite-element simulation, of
the maximum substrate temperature T,,, (° C.) as a func-






























