wo 2010/025057 A1 | NI 0K 0 N OO

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

s . TN
(19) World Intellectual Property Organization /g [} 1M1 D 0000 1.0 OO 0 0 0
ernational Bureau S,/ ‘ 0 |
. L MEY (10) International Publication Number
(43) International Publication Date \,!:,: #
4 March 2010 (04.03.2010) WO 2010/025057 A1l

(51) International Patent Classification: Joseph, C. [US/US]; ¢/o Memc Electronic Materials, Inc.,

GO01B 11/24 (2006.01) C30B 15/20 (2006.01) 501 Pearl Drive, St. Peters, MO 63376 (US).
(21) International Application Number: (74) Agents: CRAWFORD, David, E. et al.; Senniger Powers
PCT/US2009/054175 LLP, 100 North Broadway, 17th Floor, St. Louis, MO

63102 (US).

(22) International Filing Date:
18 August 2009 (18.08.2009) (81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,

(25) Filing Language: English AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
(26) Publication Language: English CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,

(30) Priority Data: HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
12/197,669 25 August 2008 (25.08.2008) US KR, KZ. LA, LC. LK. LR, LS, LT, LU, LY, MA, MD.

(71) Applicant (for all designated States except US): MEMC ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
ELECTRONIC MATERIALS, INC. [US/US]; 501 NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
Pearl Drive, St. Peters, MO 63376 (US). SE, G, SK, SL, SM, ST, SV, SY, TJ, TM, TN, TR, TT,

TZ,UA, UG, US,UZ, VC, VN, ZA, ZM, ZW.
(72) Inventors; and . o
(75) Inventors/Applicants (for US only): LU, Zheng (84) Designated States (unless otherwise indicated, for every

[CN/US]; c/o Memc Electronic Materials, Inc., 501 Pearl kind of regional protection available): ARIPO (BW, GH,
Drive, St. Peters, MO 63376 (US). KIMBEL, Steven, L. GM, KE, LS, MW, MZ, NA, SD, SL, 8Z, TZ, UG, ZM,
[US/US]; ¢/o Meme Electronic Materials, Inc., 501 Pearl ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
Drive, St. Peters, MO 63376 (US). FUERHOFF, Robert, TM), European (AT, BE, BG, CH, CY, CZ, DE, DK, EE,

ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,

H. [US/US]; ¢/o Memc¢ Electronic Materials, Inc., 501
MC, MK, MT, NL, NO, PL, PT, RO, SE, SI, SK, SM,

Pearl Drive, St. Peters, MO 63376 (US). HOLZER,

[Continued on next page]

(54) Title: METHOD AND DEVICE FOR CONTINUOUSLY MEASURING SILICON ISLAND ELEVATION
(57) Abstract: A method of continuously

FIG. 1 measuring an elevation and shape of an
X — —| unmelted polycrystalline silicon island
47 during a silicon meltdown process. The
/_ method comprises projecting a focused
bright light on the silicon island to pro-
duce a bright dot on the silicon island.
COLJ%1£-|FOL The method also includes electronically
determining an elevation and a shape of
the silicon island by tracking the bright
dot during the meltdown process.
20\
HEATER
POWER
SUPPLY




WO 2010/025057 A1 W00 )00 U0 A O

TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW, Published:

ML, MR, NE, SN, TD, TG). —  with international search report (Art. 21(3))



WO 2010/025057 PCT/US2009/054175

METHOD AND DEVICE FOR CONTINUOUSLY MEASURING SILICON ISLAND
ELEVATION
BACKGROUND OF THE INVENTION

[0001] The present invention generally relates to a system
and method for measuring and monitoring the elevation and shape
of a silicon island during charge meltdown, granular silicon
feeding in a crystal grower used to grow mono-crystalline
silicon ingots.

[0002] The elevation and shape of the silicon island is
critical to the quality of the silicon meltdown process which is
in turn essential to the success of crystal growth from the
silicon melt. The elevation and shape are affected by many
variables in the meltdown process such as heater powers,
granular poly feed rates, feeding locations, crucible positions,
etc. To better ensure that the crystal growth is performed
under optimal conditions, the silicon island should be measured
and continuously monitored throughout the meltdown process.

This can be difficult because the elevation of the silicon
island is constantly changing and the shape of the island is
also constantly changing and has very complex variations.

[0003] One existing method of measuring and monitoring a
silicon island includes using a photo multiplier tube or charge-
coupled device (CCD) cameras with a conventional light source
(i.e., standard LEDs or the background radiation in the grower).

This particular method, however, is not accurate enough to
satisfy the control needs and is not capable of monitoring the
silicon island in all meltdown conditions. Another method
includes the use of a laser range finder or similar device.
However, this method is not suitable for use in a crystal growth
furnace because the laser beam generates reflection or
scattering signals from the windows and heat shield on the
furnace, causing significant errors in range finder
measurements.

[0004] Thus, there exists a need for an effective means of
continuously measuring and monitoring the silicon island during

the meltdown process regardless of the conditions inside or
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outside of the crystal growth furnace. Furthermore, such means
should not affect the meltdown or crystal growth process or pose

harm to the operators.

SUMMARY OF THE INVENTION

[0005] In one aspect, the present invention includes a
method of continuously measuring an elevation and a shape of an
unmelted polycrystalline silicon island during a silicon
meltdown process. The method comprises projecting a focused
bright light on the silicon island to produce a bright dot on
the silicon island. Further, an elevation and a shape of the
silicon island are electronically determining by tracking the
bright dot during the meltdown process.

[0006] In another aspect, the present invention includes a
system for use in combination with apparatus for growing a
silicon crystal from a silicon melt to measure an elevation and
a shape of an unmelted polycrystalline silicon island of the
silicon melt during a silicon meltdown process. The apparatus
includes a housing having an interior in which the silicon
melts. The system measures an elevation and a shape of an
unmelted polycrystalline silicon island. The system comprises a
focused bright light source directed into the interior of the
housing for projecting a bright dot onto the silicon island.
Further, the system includes a camera directed into the interior
of the housing for generating a continuous image pattern of a
portion of the silicon island including the bright dot. 1In
addition, the system includes a programmable controller remote
from the housing for determining a location and an elevation of
the bright dot and continuously calculating a shape and an
elevation of the silicon island therefrom based on the image
pattern.

[0007] Other objects and features will be in part apparent

and in part pointed out hereinafter.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0008] Fig. 1 is a schematic illustration of a crystal
grower including apparatus of the present invention for
preparing a molten silicon melt from polycrystalline silicon;

[0009] Fig. 2 is a side view of a camera and a laser source
of the apparatus

[0010] Fig. 3 is a block diagram of a control unit and
camera of the apparatus of Fig. 1;

[0011] Fig. 4 is a fragmentary section view of the crystal
grower including a schematic of the apparatus of the present
invention;

[0012] Fig. 5 is a partial perspective of the apparatus and
the crystal grower including a schematic of optical shields of
the present invention;

[0013] Fig. 6 is an illustration of a second embodiment of
the present invention illustrating a side view of the camera and
laser source of the apparatus and a schematic of an elevation
control scanner; and

[0014] Fig. 7 is an expanded view of the scanner of Fig. 6.

[0015] Corresponding reference characters indicate

corresponding parts throughout the drawings.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0016] Now referring to the drawings, and in particular to
Fig. 1, an apparatus of the present invention, generally
indicated at 11, is illustrated for use with a crystal grower,
generally indicated at 13, of the type used to grow mono-
crystalline silicon ingots by a Czochralski method. The crystal
grower 13 includes a housing, generally indicated at 15, for
isolating an interior including a crystal growth chamber 17. A
quartz crucible 19 is supported in the growth chamber 17 and
contains molten semiconductor source material M from which the
mono-crystalline silicon ingot is grown. A heater power supply
20 energizes a resistance heater 21 surrounding the crucible 19
to form the molten silicon M in the crucible. Insulation 23

lines the inner wall of the housing 15. A crucible drive unit
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25 rotates the crucible 19 about a vertical axis X, as indicated
by the arrow, and raises and lowers the crucible during the
growth process.

[0017] As illustrated in Fig. 2, the apparatus 11 comprises
a laser or focused bright light source 27, and a camera system,
generally indicated at 29. The camera system includes a camera
31 and detection and tracking software. The focused light
source 27 1s mounted on the housing 15 of the crystal grower 13.

The light source 27 comprises a short wavelength laser (such as
a green/blue laser) or a focused ultra-bright light source (high
powered green/blue LEDs). A green laser (e.g. about 532nm),
blue diode laser or high power blue LED (e.g. about 405nm) is
used to avoid a cut-off wavelength of a typical heat shield
window/filter on a crystal grower. Generally, the cut-off
wavelength is from about 600nm to about 650nm for a shield
window/filter. Because these light sources have wavelengths
below the cut-off wavelength, they will achieve a high
transmission and high signal to noise ratio through a protective
window 33 and into the crystal grower 13, which has a strong
ambient radiation. It is understood that alternative light
sources could be used without departing from the scope of the
invention. For instance, an LED having a wavelength less than
the cut-off wavelength of the window 33 (e.g., less than about
600nm) can also be used provided the LED is sufficiently bright.

In the preferred embodiment, the requirement for the optical
output of the focused light source 27 is typically greater than
about 10mW. However, light sources having optical outputs of
10mW or less are also within the scope of the invention.

[0018] Referring to Fig. 2, the laser 27 also includes a
protection shield 35. The protection shield is attached to the
camera 31 and mounted on a camera window 37. The shield 35
consists of an elongate tube open at both ends for receiving the
laser beam 39 at a first end 41 and permitting the beam to exit
at a second end 43, opposite the first end. The side walls of
the tube are made of a suitable material for preventing any

misdirected or reflected laser beams from being projected to the
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surrounding environment. To protect operators from laser
radiation, optical shields 45 with corresponding wavelengths can
also be installed on all the observation and auxiliary windows
as shown in Fig. 5. Those skilled in the art will be familiar
with suitable protection and optical shields for use in the
present invention.

[0019] The two-dimensional camera 31 is also mounted on the
housing 15 of the crystal grower 13 and is in electrical
communication with a control unit 47 (see Fig. 1). The camera
31 is represented as a box to indicate that one or more than one
camera may be used without departing from the scope of the
present invention. As is well known in the art, the control
unit 47 is electrically connected to various operating
components of the crystal grower 13 to control operation of the
grower. The camera 31 is mounted in a viewport 49 of the
crystal grower housing 15 and is aimed generally at an
intersection of the central axis X of the grower and an upper
surface U of the molten silicon M in the crucible 19.

[0020] For example, the camera 31 may be mounted at an
angle from about 15° to about 34° measured with respect to the
central axis X of the crystal grower 13. The camera 31 is
preferably a monochrome charge coupled device (CCD) camera, such
as Sony XC-75 CCD video camera having a resolution of 768x494
pixels.

[0021] Additionally, depending on the type of light source
27 used, a corresponding laser line interference filter (laser)
or band pass filter (LED) can be used on the detection CCD
camera 31 so the camera selects dot signals that are not
affected by most of the ambient radiation in the crystal grower
13. The type of filters suitable for use in the present
invention will be known to those skilled in the art.

[0022] Fig. 3 illustrates a preferred embodiment of the
control unit 47 in block diagram form. The camera 31
communicates video images via line 51 (e.g., an RS-170 video
cable) to a vision system 53. The vision system includes a

video image frame buffer 55 and an image processor 57 for
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capturing and processing the video images. As an example, the
vision system 53 is a Cx-100 Imagenation Frame grabber or a
Cognex CVS-4400 vision system. In turn, the vision system 53
communicates with a programmable logic controller (PLC) 59 via
line 61. 1In one preferred embodiment, the PLC 59 is a Model 575
PLC or a Model 545 PLC manufactured by Texas Instruments and
line 61 is a communication interface (e.g., VME backplane
interface).

[0023] The vision system 53 also communicates with a video
display 63 via line 65 (e.g., an RS-170 RGB video cable) for
displaying the video image generated by the camera 31 and with a
computer 67 via line 69 (e.g., an RS-232 cable) used to program
the vision system. As illustrated in Fig. 2, the PLC 59
communicates with one or more process input/output modules 71
via line 73 (e.g., an RS-485 cable). An operator interface
computer 75 also communicates with the PLC wvia line 77 (e.g., an
RS-232 cable) to permit the crystal puller operator to input
desired operating parameters to the PLC and/or to retrieve
operating information from the PLC during operation of the
crystal grower 13.

[0024] The detection and tracking software detects and
tracks the location of a bright dot produced by the beam 39 of
the light source 27 on the silicon melt M. The software
continuously calculates the actual location and elevation of the
dot. From theses calculations, the software can continuously
measure and monitor the elevation and shape of the silicon
island I. The computer 67 is programmable such that it can
access and execute the detection and tracking software.

Software of the type described above is commonly known to those
skilled in the art. Therefore, no further explanation is
needed.

[0025] In a second embodiment, the apparatus 11 includes an
elevation control scanner 81 attached to the end of the laser
shield 35 and arranged to scan in one or more directions to
provide real time 3D measurements of the silicon island I (see

Figs. 6 and 7). A first mirror 83 reflects the beam 39 from the
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light source 27 to a second mirror 85 having a piezoelectric
motion drive (not shown) on its back configured to reflect the
beam 39 along a radius of the island I. The beam 39 can be
arranged to scan along the island radius at a predetermined
speed or controlled by the camera PC 67.

[0026] In operation, the light source 27 of the apparatus -
11 projects a bright green or blue laser dot, clearly visible in
the ambient radiation of the crystal grower chamber 13, at a
desired location on the silicon island I. Typically, this
location is where the elevation is most representative of the
changing silicon island I and it is determined based on a slope
of a surface of the silicon island. Preselecting the laser dot
location allows the operator to optimize tracking and
controlling quality of the silicon island I.

[0027] The detection and tracking software detects and
tracks the dot and continuously calculates a location and an
elevation of the dot. Because the silicon island I moves
rotationally and vertically during the meltdown process, the dot
accurately correlates with the elevation and shape of the moving
silicon island at a certain time and location. Through this
continuous detecting, tracking and calculating process, the
elevation and shape of the silicon island I at desirable
locations are measured, monitored and controlled.

[0028] In the alternative embodiment, the dot can be
scanned by the elevation control scanner 81 in one or more
dimensions to provide 3D measurements of the silicon island I.
Since the island I is rotating at a predetermined rotation rate
during meltdown, the continuous tracking of the scanning laser
dot on the island radius provides real time 3D shape
measurements. This can be very helpful to provide more dynamic
meltdown control.

[0029] Having described the invention in detail, it will be
apparent that modifications and variations are possible without
departing from the scope of the invention defined in the

appended claims.
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[0030] When introducing elements of the present invention
or the preferred embodiments (s) thereof, the articles "a", "an",
"the" and "said" are intended to mean that there are one or more
of the elements. The terms "comprising"”, "including" and
"having" are intended to be inclusive and mean that there may be
additional elements other than the listed elements.

[0031] In view of the above, it will be seen that the
several objects of the invention are achieved and other
advantageous results attained.

[0032] As various changes could be made in the above
constructions and methods without departing from the scope of
the invention, it is intended that all matter contained in the
above description and shown in the accompanying drawings shall

be interpreted as illustrative and not in a limiting sense.
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WHAT IS CLAIMED IS:

1. A method of continuously measuring an elevation and a
shape of an unmelted polycrystalline silicon island during a
silicon meltdown process, the method comprising:

projecting a focused bright light on the silicon island to
produce a bright dot on the silicon island; and

electronically determining an elevation and a shape of the
silicon island by tracking the bright dot during the meltdown

process.

2. The method of claim 1 wherein said determining step
comprises:

capturing and processing a video image of the bright dot on
the silicon island during the meltdown process;

electronically determining the location and the elevation
of the dot on the silicon island continuously during the
meltdown process; and

calculating the elevation and the shape of the silicon
island based on the location and the elevation of the dot in

response to the movement of the silicon island.

3. The method of claim 2 wherein said steps of
electronically determining the location and the elevation of the
bright dot and electronically calculating the elevation and the
shape of the silicon island are accomplished by computer

software.

4., The method of claim 1 wherein said step of
electronically determining the elevation and the shape of the
silicon island comprises scanning the bright dot with a
piezoelectric controlled mirror in a direction to provide 3D

measurements of the silicon island.

5. The method of claim 2 wherein said step of capturing
and processing the video image of the bright dot on the silicon

island further comprises filtering the video image.
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6. The method of claim 1 wherein the shape of the island
during the meltdown process is controlled by projecting the
bright light on the silicon island based on a slope of the

island.

7. A system for use in combination with an apparatus for
growing a silicon crystal from a silicon melt to measure an
elevation and a shape of an unmelted polycrystalline silicon
island of the silicon melt during a silicon meltdown process,
said apparatus including a chamber having an interior in which
the silicon melts, said system for measuring an elevation and a
shape of an unmelted polycrystalline silicon island, said system
comprising:

a focused bright light source directed into the interior of
the chamber for projecting a bright dot onto the silicon island;
a camera directed into the interior of the chamber for
generating a continuous image pattern of a portion of the

silicon island including the bright dot;

a vision system for capturing the image pattern generated
by the camera and processing the image pattern; and

a programmable controller communicating with the vision
system and positioned remote from the chamber for determining a
location and an elevation of the bright dot and continuously
calculating a shape and an elevation of the silicon island

therefrom based on the image pattern.

8. The system of claim 7 wherein the light source has an

optical output of greater than about 10 mW.

9. The system of claim 8 wherein the light source has a

wavelength less than about 600 nm.

10. The system of claim 7 further comprising an optical
shield having a wavelength corresponding to that of the light
source, the optical shield being installed adjacent the crystal

grower for protecting an operator from radiation.
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11. The system of claim 7 further comprising a filter for

filtering the image pattern of the camera.

12. The system of claim 7 further comprising a scanner
attached to the optical shield for scanning the bright dot in

one or more dimensions to provide 3D measurements of the silicon

island.

13. The system of claim 12 wherein the scanner comprises

a piezoelectric controlled mirror.
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