wo 2012/040464 A2 I 10K 000 YOO OO

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

. : L o
1 rld Intellectual Property Organization /) -sady
(19) World Intellectual Property Organization i 1IN NI A0 AL 000100 OO OO O
International Bureau W U
3\ 10) International Publication Number
(43) International Publication Date \'{_5___,/ (10)
29 March 2012 (29.03.2012) PCT WO 2012/040464 A2
(51) International Patent Classification: (81) Designated States (unless otherwise indicated, for every
HO1L 21/02 (2006.01) kind of national protection available). AE, AG, AL, AM,
. .. AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
(21) International Application Number: CA. CH. CL. CN. CO. CR. CU. CZ. DE. DK. DM. DO
PCT/US2011/052761 DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(22) International Filing Date: HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
22 September 2011 (22.09.2011) KR, KZ, ILA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
. ) ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
(25) Filing Language: English NO, NZ, OM, PE, PG, PH, PL, PT, QA, RO, RS, RU,
(26) Publication Language: English RW, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ,
T™, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA,
(30) Priority Data: M, ZW.
61/385,779 23 September 2010 (23.09.2010) UsS . o
13/238,687 21 September 2011 (21.09.2011) us (84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
(71) Applicant (for all designated States except US): VARI- GM, KE, LR, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG,
AN SEMICONDUCTOR EQUIPMENT ASSO- ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
CIATES, INC. [US/US]; 35 Dory Road, Gloucester, MA TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
01930 (US). EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK
(72) Inventors; and > 2 i L >3 S ing
(75) Inventors/Applicants (for US only): RAMAPPA, Deep- ?g{; FII:/I[{IZ’ 1(\)/[?{1){\1(]]33 FS’I\]? J:FSF:FEG, CL CM, GA, GN, GQ,
ak [US/US]; 165 Pleasant Street, #216, Cambridge, MA i ? -NE, SN, TD, TG).
02139 (US). SULLIVAN, Paul [US/US]; 19 William Published:
Fairfield Drive, Wenham, MA 01984 (US). —  without international search report and to be republished
(74) Agent: LUCEK, Nathaniel; Varian Semiconductor upon receipt of that report (Rule 48.2(g))

Equipment, Associates, Inc., 35 Dory Road, Gloucester,
MA 01930 (US).

(54) Title: IN-SITU HEATING AND CO-ANNEALING FOR LASER ANNEALED JUNCTION FORMATION

200

201
203 202
100
101
FIG.4

(57) Abstract: Improved methods of annealing a workpiece are disclosed. Lasers are used to both increase the temperature of the
workpiece, and to laser melt anneal the workpiece. By utilizing lasers for both operations, the manufacturing complexity is re-
duced. Furthermore, laser melt anneal may provide better junctions and more well defined junction depths. By heating the work-
piece either immediately before or after the laser melt anneal, the quality of the junction may be Improved. Shallow annealing may
be accomplished and annealing may occur in the presence of a species to form a passivation layer, !t the workpiece is a solar cell,
in-situ heating may improve open circuit voltage (V..) or dark currents. Insitu heating of the substrate lowers the melting threshold
of the substrate and also increases light absorption in the substrate. This reduces the power of the melt laser and hence reduces the
residual damage.



10

15

20

25

30

WO 2012/040464 PCT/US2011/052761

IN-SITU HEATING AND CO-ANNEALING FOR
LASER ANNEALED JUNCTION FORMATION

FIELD

This invention relates to laser annealing and, more particularly, to laser melt annealing of
implanted workpieces.

BACKGROUND

An ion implanter includes an ion source for converting a gas or a solid material into a
well-defined ion beam. The ion beam typically is mass analyzed to eliminate undesired ion
species, accelerated to a desired energy, and implanted into a target. The ion beam may be
distributed over the target area by electrostatic or magnetic beam scanning, by target movement,
or by a combination of beam scanning and target movement. The ion beam may be a spot beam
or a ribbon beam having a long dimension and a short dimension.

Laser annealing or laser melt annealing may be used to infuse dopants from the ion
beam into a workpiece or activate a dopant from the ion beam to form junctions in a workpiece.
This workpiece may be, for example, a semiconductor wafer or a solar cell. There are many ways
a dopant may be incorporated into the workpiece.

First, solid source drive-in may be used. In this case, the dopant is a solid source at the
surface of the workpiece and is driven into the workpiece. Laser energy is absorbed in the
surface solid source and is thermally driven into the workpiece below. In some instances, the
laser energy also is absorbed in the workpiece and aids diffusion of the dopant into the
workpiece and incorporation the dopant.

Second, solid source melt annealing may be used. This is similar to the previous
technique in that the dopant is a solid source at the surface of the workpiece. However, in this
scenario, the laser energy is sufficient so that the dopant is thermally melted into the workpiece
below. Laser energy is absorbed in the solid source and also the workpiece. This embodiment
may involve intermixing the melted areas to incorporate the dopant.

Third, implanted source activated annealing may be used. In this scenario, the dopant is
implanted into the workpiece, such as using an ion beam or plasma processing apparatus, and
then the laser energy is absorbed in the workpiece to thermally activate the dopant or
incorporate the dopant into the workpiece.

Fourth, implanted source meit annealing may be used. This is similar to the previous
technique in that the dopant is implanted into the workpiece using an ion beam or a plasma
processing apparatus. Laser energy of a sufficient energy is absorbed into the workpiece to

thermally melt the workpiece so that the dopant and workpiece are mixed together and

recrystallize together.
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Laser annealing of junctions may lead to residual damage in the junction. Silicon
interstitials accumulate at the junction boundary and may lead to carrier recombination. Also,
laser annealing may lead to dopant accumulation or clustering, which likewise may lead to carrier
recombination. Additional annealing after the laser anneal, such as using a furnace or rapid
thermal anneal (RTA), can improve the quality of these junctions that have residual damage. In-
situ workpiece heating also may have the same effect and may affect dopant profiles. For
example, FIG. 1 shows the effects of substrate temperature on dopant profile. Increased
substrate temperature distributes the dopant deeper into the substrate and provides more
uniform distribution. Specifically, line 700 shows the dopant concentration as implanted. Line
701 shows the dopant profile when the substrate is heated to 600°C.

in addition, the in-situ workpiece heating may affect the operating parameters of the
workpiece. In one example, shown in FIG. 2, various parameters for a solar cell were measured
as a function of substrate temperature. Substrate heating to 400°C during laser anneal improves
open circuit voltage (Voc). Increased heating also helps reduce dark currents (Jsc). Note also that
fill factor (FF), which is another term used to define the overall behavior and performance of a
solar cell, also improves at increased substrate temperatures.

However, previous methods of heating have used heated platens, optical lamps, or RF
heating. Combining such methods with a laser adds complexity in wafer handling, lowers
throughput, or adds cost to the overall system. Accordingly, there is a need inthe artfora
method that uses only laser beams to anneal a workpiece.

SUMMARY

improved methods of annealing a 'workpiece are disclosed. Lasers are used 1o both
increase the temperature of the workpiece, and to laser melt anneal the workpiece. By utilizing
lasers for both operations, the manufacturing complexity is reduced. Furthermore, laser melt
anneal may provide better junctions and more well defined junction depths. By heating the
workpiece either immediately before or after the laser melt anneal, the quality of the junction
may be improved. Shallow annealing may be accomplished and annealing may occur in the
presence of a species to form a passivation layer. If the workpiece is a solar cell, in-situ heating
may improve open circuit voltage (Voc) or dark currents. Insitu heating of the substrate lowers the
melting threshold of the substrate and also increases light absorption in the substrate. This
reduces the power of the melt laser and hence reduces the residual damage.

BRIEF DESCRIPTION OF THE DRAWINGS

For a better understanding of the present disclosure, reference is made to the

accompanying drawings, which are incorporated herein by reference and in which:

FIG. 1 is a graph showing the effects of substrate temperature on dopant profile;
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FIG. 2 is a graph showing various parameters for a solar cell as a function of substrate
temperature;

FIG. 3 is a block diagram illustrating one embodiment of laser annealing;

FIG. 4 is a block diagram illustrating a second embodiment of laser annealing;

FIG. 5 is a block diagram illustrating a third embodiment of laser annealing;

FIG. 6 is a block diagram illustrating a fourth embodiment of laser annealing;

FIG. 7 is a block diagram illustrating a fifth embodiment of laser annealing; and

FIG. 8 is a graph showing the relative width and intensity of the beams in the
embodiment of FIG. 7.

DETAILED DESCRIPTION

The method and apparatus are described herein may be applied to implanted ions,

forming a junction with a solid dopant sources on the surface, or a combination of these two. Any
dopant known to those skilled in the art may be annealed. Thus, the invention is not limited to
the specific embodiments described below.

FIG. 3 is a block diagram illustrating one embodiment of laser annealing. The workpiece
100, which may be, for example, a semiconductor wafer or solar cell, is disposed on a support
101. The support 101 may use, for example, mechanical or electrostatic clamping. A first laser
102 and a second laser 103 are disposed overhead, though these may be positioned elsewhere.
The first laser 102 generates a first laser beam 104. The second laser 103 generates a second
laser beam 105. One of the first laser 102 and the second laser 103 is a long wavelength laser,
while the other may not be. The particular types of laser and wavelengths are configured so that
one allows laser melt and the other heats the workpiece 100. Different laser types and
wavelengths known to those skilled in the art may be used. Laser beam 104 and laser beam 105
may be directed at the workpiece simultaneously, or at least partially simultanecusly.

The embodiment of FIG. 3 can preheat the workpiece 100 using a long wavelength laser
prior to junction laser annealing. This enables junction formation by laser melt while the long
wavelength laser heats the workpiece 100 at approximately the same time. In one particular
embodiment, the first laser 102 is a long wavelength laser, such as 1060 nm or greater, which
serves to heat the workpiece 100. The second laser 103 is a shorter wavelength laser which
performs the laser melt anneal. The embodiment of FIG. 3 can heat the workpiece 100
simultaneously using both the first laser beam 104 and the second laser beam 105. In one
embodiment, these lasers 102, 103 cooperate to move in concert such that the first laser beam
104 heats the workpiece 100 just prior to its annealing by the second laser beam 105. In one
instance, the first laser beam 104 and second laser beam 105 scan together across the
workpiece 100, with one scanning ahead of the other. The first laser beam 104 may preheat or

heat after junction formation. Alternatively, the lasers 102, 103 may be in fixed locations, and
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the workpiece 100 may be moved relative to the lasers 102, 103 such that laser beam 104
strikes the workpiece 100 prior to laser beam 105.

This relative movement of the lasers 102, 103 and the workpiece 100 may be used to
scan the entire surface of the workpiece 100. In another embodiment, the relative motion is
used to position the laser beams 104, 105 so as to anneal only those areas that were implanted.
For example, in the case of a selective emitter, the lasers 102, 103 and the workpiece 100 may
be moved so that the laser beams 104, 105 move in stripes. Other patterns, such as the back
side of an interdigitated back contact (IBC) solar cell, can also be annealed in this way. By
annealing only those areas that were implanted, power and time are both conserved.

In one specific instance, shown in FIG. 4, a single laser 200 is used. The laser beam 201
is split into two sections 202, 203, such as using an optical device 204, such as a prism, lens,
mirror or any combination of these. One of the laser beams 202, 203 has reduced power such
that it heats the workpiece 100 without melting it. This enables simultaneous junction formation
and heating. The laser selected may have the desired wavelength wherein absorption of the
laser occurs throughout the workpiece 100 to enable heating.

in an alternate embodiment, shown in FIG. 5, heating is performed on one side of the
workpiece 100 using laser 300, while laser melting is performed on the other side of the
workpiece 100 using laser 302. In this embodiment, the laser beam 301, used for heating, may
be a long wavelength, such as greater than 1060 nm. Light from laser 300 must pass through a
workpiece support 101 to enter the workpiece 100. This may be accomplished by using a platen
or workpiece support 101 that is made of a material that is transparent to the laser 300 at a
particular wavelength. There are quartz and undoped silicon materials that can achieve this.
Laser beam 301 and laser beam 303 may be directed at the workpiece simultaneously, or at
least partially simultaneously.

in another embodiment, mirrors are used to promote heating. FIG. 6 shows a first
embodiment using a mirror. In this embediment, two lasers 400, 404 are used, where some of
the energy from laser beam 401 passes through the workpiece 100. This unabsorbed light then
reflects off mirror 402 and re-enters the workpiece 100 as laser beam 403 via the opposite side
of the workpiece 100. This refiected laser beam 403 serves to heat the workpiece 100. Laser
beam 405 is used to melt the junction. In some embodiments, the first laser beam 400 may
have a longer wavelength which is only partially absorbed by the workpiece 100, while the
second laser beam 404 has a shorter wavelength that is more completely absorbed by the
workpiece 100. As described above, the workpiece support 101 may be transparent to the
wavelength of laser 400. Laser beam 401 and laser beam 405 may be directed at the workpiece

simultaneously, or at least partially simultaneously.
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In another embodiment, shown in FIG. 7, the laser 500 emits a laser beam 501 having a
wide range of wavelengths, where some wavelengths are short and capable of being completely
ahsorbed by the workpiece 100 and other wavelengths are longer and are only partially
absorbed. An optic system 502 may be used to separately manipulate these wavelengths. For
exah’iple, the longer wavelengths may be spread across a wider area, while the shorter
wavelengths are more narrowly focused. In addition, the amplification or attenuation of these
wavelengths may vary, such that the shorter wavelengths, which are used for the laser melt, have
greater intensity than the longer wavelengths. FIG. 8 shows a representative graph showing the
width of each respective wavelength and its associated intensity. The longer wavelengths 600
have a wider beam width and a lower intensity than the shorter wavelengths 601. in this way, the
beam of longer wavelengths 600 serves to heat the workpiece 100 before the beam of shorter
wavelengths melts the workpiece as the laser is scanned across the workpiece.

in yet another alternate embodiment, any of the previous embodiments, shown in FIGs. 3-
7. are combined with LED heat lamps.

Furthermore, the lasers described in any of these embodiments may be moved relative to
the workpiece 100 so as to scan the entire workpiece. In other embodiments, the lasers are
moved relative to the workpiece 100 to only anneal those portions of the workpiece that were
implanted.

in some embodiments, these lasers are used in conjunction with the processing of a solar
cell.

The methods disclosed herein can be performed in a chamber having a specific ambient
condition to provide additional benefits. For example, in an oxygen rich ambient environment, a
thin layer of oxide may be formed on the surface, which may serve to passivate the surface. In
another example, a nitrogen rich environment can be used to grow a nitride layer on the surface
of the workpiece.

The method and apparatus disclosed herein enable better quality junctions due to in-situ
laser heating. Shallow annealing may be accomplished and annealing may occur in the presence
of a species to form a passivation layer. If the workpiece is a solar cell, in-situ heating may
improve open circuit voltage (Voc) or dark currents.

The present disclosure is not to be limited in scope by the specific embodiments
described herein. Indeed, other various embodiments of and modifications to the present
disclosure, in addition to those described herein, will be apparent to those of ordinary skill in the
art from the foregoing description and accompanying drawings. Thus, such other embodiments
and modifications are intended to fall within the scope of the present disclosure. Furthermore,
although the present disclosure has been described herein in the context of a particular

implementation in a particular environment for a particular purpose, those of ordinary skill in the
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art will recognize that its usefulness is not limited thereto and that the present disclosure may be
beneficially implemanted in any number of environments for any number of purposes.
Accordingly, the claims set forth below should be construed in view of the full breadth and spirit

of the present disclosure as described hersin.
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What is claimed is:

L

10.

A method of laser melt annealing a workpiece, comprising:

directing an incoming laser beam toward a workpiece;

dividing said incoming laser beam into a first laser beam and a second laser beam
using an optical device disposed in a path of said incoming laser beam, wherein said
first laser beam has a first wavelength at a first power level, to heat said workpiece
and said second laser beam has a second wavelength at a second power level to
faser melt anneal said workpiece.
The method of claim 1, wherein said optical device is selected from the group
consisting of a lens, prism, mirror and any combination thereof.
The method of claim 1, wherein said optical device divides said incoming laser beam
such that said first power level is less than sald second power level.
The method of claim 1, wherein said oplical device divides said incoming laser beam
such that said first laser beam has a greater width than said second laser beam.
The method of claim 1, wherein said first laser beam and said second laser beam are
moved relative to said workpiece.
A method of laser melt annealing a workpiece, comprising:

directing a first laser beam, having a first wavelength at a first power level, toward
said workpiece 10 heat said workpiece; and

directing a second laser beam, at least partially simultaneously with said first laser
beam, said second laser beam having a second wavelength at a second power level,
toward said workpiece to laser melt anneal said workpiece, wherein said first laser
beam and said second laser beam are directed at opposite sides of said workpiece.
The method of claim 6, wherein said first wavelength is longer than said second
wavelength.
The method of claim 6, wherein said first power level is less than said second power
level.,
The method of claim 6, wherein said first laser beam and said second laser beam are
moved relative to said workpiece.
A method of laser melt annealing a workpiece, comprising:

implanting a portion of said workpiece;

directing a first laser beam, having a first wavelength at a first power level, toward
said workpiece 1o heat said portion of said workpiece;

directing a second laser beam, at least partially simultaneously with said first laser
beam, said second laser beam having a second wavelength at a second power level,

toward said portion of said workpiece to laser melt anneal said workpiece,
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and wherein said first laser beam and said second laser beam are moved relative to
said workpiece so as to anneal only said implanted portions of said workpiece.
11. The method of claim 10, wherein said first wavelength is longer than said second
wavelength.
5 12. The method of claim 10, wherein said first power level is less than said second power
level.
13. A method of laser melt annealing a workpiece, comprising:
directing a first laser beam, having a first wavelength at a first power level, toward
said workpisce 10 heat said workpiece; and
10 directing a second laser beam, at least partially simultaneously with said first laser
heam, said second laser beam having a second wavelength at a second power level,
toward said workpiece to laser melt anneal said workpiece, wherein said first laser
beam is directed toward a first side of said workpiece and is reflected back toward
said workpiece using a mirror positioned on a second side opposite said first side.
i5 14. The method of claim 1.3, wherein said first wavelength Is longer than said second
wavelength,
15, The method of claim 13, wherein said first power level is less than said second power
level,
16.  The method of claim 13, wherein sald first laser beam and said second laser beam

20 are moved relative to said workpiece.
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