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LASER THERMAL ANNEALING OF
LIGHTLY DOPED SILICON SUBSTRATES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is related to U.S. patent application Ser.
No. 10/287,864, filed on Nov. 6, 2002.

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-
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tion of the initial substrate temperature T, for different
incident powers P, of the annealing radiation beam for an
undoped substrate;

FIG. 7 is a plot of the absorption length L. , (um) of the 780
nm preheating radiation beam in silicon as a function of
substrate temperature T (° C.);

FIG. 8Ais a cross-sectional view of an embodiment of the
optical relay system of FIG. 1C, as viewed in the Y-Z plane;

FIG. 8B is a cross-sectional view of the embodiment of
the optical relay system of FIG. 1C and FIG. 8A, as viewed
in the X-Z plane;

FIG. 9A is a close-up cross-sectional view in the X-Z
plane of the heating radiation source and the cylindrical lens
array;

FIG. 9B is a close-up cross-sectional view in the Y-Z
plane of the heating radiation source and the cylindrical lens
array;

FIG. 10A is a close-up schematic diagram of the preheat-
ing radiation source, relay lens and preheating radiation
beam at normal incidence to the substrate and further
including a polarizer and quarter waveplate arranged in the
preheating radiation beam to reduce the amount of preheat-
ing radiation reflected from the substrate and returning to the
preheating radiation source; and

FIG. 10B is a close-up schematic diagram of the preheat-
ing radiation source, relay lens and preheating radiation
beam at near-normal incidence to the substrate and further
including a polarizer and Faraday rotator arranged in the
preheating radiation beam to reduce the amount of preheat-
ing radiation scattered from the substrate and returning to
the preheating radiation source.

The various elements depicted in the drawings are merely
representational and are not necessarily drawn to scale.
Certain proportions thereof may be exaggerated, while oth-
ers may be minimized. The drawings are intended to illus-
trate various implementations of the invention, which can be
understood and appropriately carried out by those of ordi-
nary skill in the art.

DETAILED DESCRIPTION OF THE
INVENTION

The present invention relates to laser thermal annealing
(LTA) of substrates and in particular relates to apparatus and
methods for performing LTA of lightly doped silicon wafers
(substrates). The term “lightly doped” means herein a dopant
concentration of about 10'S atoms/cm> or less. The dopant
concentration in the substrate may be that associated with
normal substrate production to achieve a desired resistivity
level and substrate type (i.e., N-type or P-type).

In the description below, a generalized embodiment of the
LTA apparatus of the present invention is described, along
with a description of the “self-sustaining annealing condi-
tion” sought to be created by the present invention. This is
followed by various example embodiments of the invention.
The invention is further explained in connection with a
number of different substrate temperature plots that illustrate
key properties of the absorption of radiation by silicon
substrates. Methods of determining the appropriate power
level in the preheating radiation beam are then discussed,
followed by an example of a heating lens used in an example
embodiment to heat the substrate with a preheating radiation
beam. The preferred scanning and orientation of the pre-
heating and annealing radiation beams are then described in
detail.
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1. Generalized LTA Apparatus

FIG. 1A is a cross-sectional view of an embodiment of an
LTA apparatus 8 of the present invention, along with a
substrate 10 to be annealed. Substrate 10 has an upper
surface 12 and a body (bulk) region 16 that is “undoped,” or
strictly speaking, more lightly doped than the very small
junction regions or devices that typically contain very high
doping levels only in an extremely shallow region. The
reference letter N denotes the normal to substrate upper
surface 12. In an example embodiment, substrate 10 is a
silicon wafer.

LTA apparatus 8 includes an LTA optical system 25
having an annealing radiation source 26 and an ['TA lens 27
arranged along an optical axis Al. Lens 27 receives con-
tinuous (i.e., non-pulsed) annealing radiation 18 from
annealing radiation source 26 and creates a continuous
annealing radiation beam 20 that forms an image 30 (e.g., a
line image) at substrate surface 12. Annealing radiation
beam 20 is incident upper surface 12 at an incident angle 6,
as measured relative to surface normal N and optical axis
Al.

Arrow 22 indicates an example direction of motion of
annealing radiation beam 20 relative to substrate surface 12.
Substrate 10 is supported by a chuck 28, which in turn is
supported by a movable stage MS operatively connected to
a stage driver 29 that causes the stage (and hence the
substrate) to move at select speeds and directions relative to
annealing radiation beam 20 or some other reference. The
scanning movement of movable stage MS is indicated by
arrow 22'. In an example embodiment, stage MS is capable
of moving in at least two dimensions.

In an example embodiment, I'TA apparatus 8 includes a
reflected radiation monitor M1 and a temperature monitor
M2. Reflected radiation monitor M1 is arranged to receive
radiation reflected from substrate surface 12, as indicated by
radiation 20R. Temperature monitor M2 is arranged to
measure the temperature of substrate surface 12, and in an
example embodiment is arranged along the surface normal
N to view the substrate at normal incidence at or near where
image 30 is formed by annealing radiation beam 20. Moni-
tors M1 and M2 are coupled to a controller (discussed
immediately below) to provide for feedback control based
on measurements of the amount of reflected radiation 20R
and/or the measured temperature of substrate surface 12, as
described in greater detail below.

In an example embodiment, LTA apparatus 8 further
includes a controller 32 operatively connected to annealing
radiation source 26, stage driver 29, monitors M1 and M2,
as well as to an optional monitor M3 contained in lens 27
that serves as an incident power monitor. Controller 32 may
be, for example, a microprocessor coupled to a memory, or
a microcontroller, programmable logic array (PLA), field-
programmable logic array (FPLA), programmed array logic
(PAL) or other control device (not shown). The controller 32
can operate in two modes: 1) open-loop, wherein it main-
tains a constant power delivered to substrate 10 by annealing
radiation beam 20 along with a constant scan rate via stage
driver 29; and 2) closed-loop, wherein it maintains a con-
stant maximum temperature on substrate surface 12 or a
constant power absorbed in the substrate. The maximum
substrate temperature varies directly with the absorbed
power and inversely as the square root of the scan velocity.

In an example embodiment a closed loop control is used
to maintain a constant ratio of absorbed power in annealing
radiation beam 20 incident the substrate, to the square root
of the scan velocity. i.e., if P,, is the amount of power in
annealing radiation beam 20 and P, is the reflected power





















