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SHORT THERMAL PROFILE OVEN USEFUL FOR SCREEN
PRINTING

BACKGROUND OF THE DISCLOSURE

Field of the Invention

[0001] The present invention relates to a system used to deposit a patterned

layer on a surface of a substrate, such as a screen printing process.

Description of the Background Art

[0002] Solar cells are photovoltaic (PV) devices that convert sunlight directly
into electrical power. PV devices typically have one or more p-n junctions.
Each junction comprises two different regions within a semiconductor material
where one side is denoted as the p-type region and the other as the n-type
region. When the p-n junction of the PV cell is exposed to sunlight (consisting of
energy from photons), the sunlight is directly converted to electricity through the
PV effect. PV solar cells generate a specific amount of electric power and cells
are tiled into modules sized to deliver the desired amount of system power. PV
modules are joined into panels with specific frames and connectors. The solar
cells are commonly formed on a silicon substrate, which may be in form of
single or multicrystalline silicon substrates. A typical PV cell includes a p type
silicon wafer, substrate or sheet typically less than about 0.3 mm thick with a

thin layer of n-type silicon on top of a p-type region formed in a substrate.

[0003] The photovoltaic market has experienced growth with annual growth
rates exceeding above 30% for the last ten years. Some articles have
suggested that solar cell power production world wide may exceed 10 GWp in
the near future. It has been estimated that more than 95% of all photovoltaic
modules are silicon wafer based. The high market growth rate in combination
with the need to substantially reduce solar electricity costs has resulted in a
number of serious challenges for inexpensively forming high quality photovoltaic
devices. Therefore, one major component in making commercially viable solar
cells lies in reducing the manufacturing costs required to form the solar cells by
improving the device yield, increasing the substrate throughput and/or reducing

the energy consumed to produce the formed devices.
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[0004] Screen printing has long been used in printing designs on objects,
such as cloth, and is used in the electronics industry for printing electrical
component designs, such as electrical contacts or interconnects on the surface
of a substrate. State of the art solar cell fabrication processes also use screen

printing processes.

[0005] Commonly, after depositing a pattern on a surface of a component it
is desirable to dry the deposited material to assure that the deposited pattern is
stable during subsequent transferring steps and is able to withstand the
subsequent processing steps, such as high temperature annealing processes
performed during solar cell production. Conventional radiant heating type
drying processes used during solar cell manufacturing require a significant
amount of time to perform and waste a significant amount of energy to

complete, due to the typically low infrared (IR) absorption by the substrates.

[0006] Moreover, a solvent material is typically removed from the material
deposited on the substrate surface during the drying process, which can
contaminate the processed substrates and components in the drying device.
Also, the vaporization rate of the solvent from the deposited material, and thus
the time required to “dry” the deposited material can depend on the partial
pressure of solvent material in the processing region of the drying device.
Therefore, there is a need for a way to remove the vaporized solvent material
and reduce the amount of vapor in the oven during processing to reduce
contamination of the substrates and supporting hardware and speed up the

drying process.

[0007] Therefore, there is also a need for a screen printing apparatus for the
production of solar cells, electronic circuits or other useful devices that reduces
the time it takes to dry the deposited material formed during a screen printed
process, reduces energy consumption, improves the device yield and produce a

lower cost of ownership (CoO) than other known apparatuses.




WO 2009/150070 PCT/EP2009/056663

SUMMARY OF THE INVENTION

[0008] The present invention generally provide an apparatus for processing
a substrate, comprising a first conveyor adapted to transfer one or more
substrates through a processing region, a radiant heat transfer assembly that is
adapted to deliver electromagnetic energy at one or more wavelengths to the
one or more substrates positioned on the first conveyor, and a convective heat
transfer assembly comprising a plenum having a heating element disposed
therein, and a fluid delivery device that is adapted move a gas past the heating
element disposed in the plenum, and past a surface of the substrate positioned

on the first conveyor within the processing region.

[0009] Embodiments of the invention further provide a method of processing
a substrate, comprising depositing a material on a surface of substrate,
transferring the substrate to a processing region of a drying chamber after
depositing the patterned material, delivering an amount of electromagnetic
energy to a surface of the substrate positioned in the processing region, and

delivering a heated gas past the substrate positioned in the processing region.

[0010] Embodiments of the invention further provide a method of processing
a substrate, comprising depositing a patterned material on a surface of
substrate, transferring the substrate to a conveyor after depositing the patterned
material, transferring the substrate through at least a portion of a processing
region of a drying chamber using the conveyor, delivering an amount of
electromagnetic energy to a surface of the substrate as it is transferred through
the processing region, and delivering a heated gas past the substrate as it is
transferred through the processing region, wherein delivering the heated gas
further comprises heating a gas by flowing the gas past a heating element,
directing the heated gas through a region of the processing region and receiving
at least a portion of the heated gas directed through the processing region, and
delivering the at least a portion of the heated gas past the heat element to

recirculate the portion of the heated gas.

[0011] Embodiments of the invention further provide an apparatus for

processing a substrate, comprising a first conveyor adapted to transfer one or

more substrates through a processing region, a radiant heat transfer assembly
3
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that is adapted to deliver electromagnetic energy at one or more wavelengths to
the one or more substrates positioned on the first conveyor, and a convective
heat transfer assembly comprising a plenum having a plurality of heat
exchanging tubes and a heating element disposed therein, a fluid delivery
device that is adapted move a gas across a first surface of the plurality of heat
exchanging tubes and the heating element disposed in the plenum, and past a
surface of the substrate positioned on the first conveyor within the processing
region, a heat exchanging device that is adapted to control the temperature of
the plurality of heat exchanging tubes, and a plenum inlet that is positioned to
receive the gas moved past the surface of the substrate and direct the received

gas past a second surface of the heat exchanging tubes.

[0012] Embodiments of the invention further provide a method of processing
a substrate, comprising depositing a material on a surface of a substrate,
transferring the substrate to a processing region of a drying chamber after
depositing the material, delivering an amount of electromagnetic energy to a
surface of the substrate positioned in the processing region, and delivering a
heated gas to the substrate as it is transferred through the processing region,
wherein delivering the heated gas further comprises heating a gas by flowing
the gas past a heating element, directing the heated gas past the substrate
positioned in the processing region, and receiving at least a portion of the
heated gas directed past the substrate, and delivering the heated gas to a first

heat exchanging surface to remove energy from the heated gas.

[0013] Embodiments of the invention further provide an apparatus for
processing a substrate, comprising a rotary actuator assembly having a first
rotational axis, a first substrate support that is coupled to the rotary actuator, a
first conveyor that is adapted to transfer one or more substrates through a
processing region, and is positioned to receive a substrate from the first
substrate support when the rotary actuator is angularly positioned in a first
orientation, a radiant heat transfer assembly that is adapted to deliver
electromagnetic energy at one or more wavelengths to the one or more
substrates positioned on the second conveyor, and a convective heat transfer

assembly comprising a plenum having a plurality of heat exchanging tubes and
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a heating element disposed therein, a fluid delivery device that is adapted move
a gas across a first surface of the plurality of heat exchanging tubes, the heating
element, and a surface of each of the one or more substrates positioned in the
processing region, a heat exchanging device that is adapted to control the
temperature of the plurality of heat exchanging tubes, and a plenum inlet that is
positioned to receive the gas moved past the surface of the one or more
substrates and direct the received gas past a second surface of the plurality of

heat exchanging tubes.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] So that the manner in which the above recited features of the present

invention are attained and can be understood in detail, a more particular
description of the invention, briefly summarized above, may be had by
reference to the embodiments thereof which are illustrated in the appended
drawings.

[0015] Figure 1 is an isometric view of a screen printing system according to

one embodiment of the invention.

[0016] Figures 2 is a plan view of the screen printing system illustrated in

Figure 1 according to one embodiment of the invention.

[0017] Figure 3 is an isometric view of a rotary actuator assembly according

to one embodiment of the invention.

[0018] Figure 4 is an isometric view of a printing nest portion of the screen

printing system according to one embodiment of the invention.

[0019] Figure 5 is a side cross-sectional view of a drying chamber according

to one embodiment of the invention.

[0020] Figure 6 is another side cross-sectional view of the drying chamber

according to Figure 5.

[0021] Figure 7 is a side cross-sectional view of a drying chamber according

to one embodiment of the invention.

[0022] To facilitate understanding, identical reference numerals have been

used, where possible, to designate identical elements that are common to the
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figures. It is contemplated that elements and features of one embodiment may

be beneficially incorporated in other embodiments without further recitation.

[0023] It is to be noted, however, that the appended drawings illustrate only
exemplary embodiments of this invention and are therefore not to be considered
limiting of its scope, for the invention may admit to other equally effective

embodiments.

DETAILED DESCRIPTION

[0024] The present invention(s) provide an apparatus and method for
efficiently drying material deposited on a substrate surface. The apparatus and
methods described herein may be useful for removing a solvent type material
from a material deposited on a surface of a substrate. In some cases the
material may be deposited using a screen printing process. In one
embodiment, a screen printing chamber is adapted to deposit a patterned
material on a crystalline silicon substrate and then dry the deposited material in
a drying chamber. In one embodiment, the screen printing chamber and the
drying chamber are both positioned within the Rotary line tool or the Softline™
tool available from Baccini S.p.A., which is owned by Applied Materials, Inc. of

Santa Clara, California.

Screen Printing System

[0025] Figures 1-2 illustrate a multiple screen printing chamber processing
system, or system 100, that may be used in conjunction with various
embodiments of this invention. In one embodiment, the system 100 generally
contains two incoming conveyors 111, a rotary actuator assembly 130, two
screen printing heads 102, two outgoing conveyors 112 and two drying
chambers 200. Each of the two incoming conveyors 111 are configured in a
parallel processing configuration so that they each can receive substrates from
an input device, such as an input conveyor 113, and transfer the substrate to a
printing nest 131 coupled to the rotary actuator assembly 130. Also, each of the
outgoing conveyors 112 are configured to receive processed substrates from
the printing nest 131 coupled to the rotary actuator assembly 130 and transfer

each processed substrate to the drying chamber 200. The input conveyor 113
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and a drier conveyor 114, which is contained in the drying chamber 200, are
generally automated substrate handling devices that are connected to a larger
production line, for example the Rotary line tool or the Softline™ tool, that is
connected to the system 100. While the drier conveyor 114, the incoming
conveyors 111, the outgoing conveyors 112, and the input conveyors 113 are
generally described below as a belt type conveyor, other types of conveyors,
robotic devices, or other similar substrate transferring mechanisms could be
used without varying from the basic scope of the invention described herein.
One will note that Figures 1-4 are only intended to illustrate one possible
processing system configuration that could benefit from the various
embodiments described herein, and thus other conveyor configurations and
other types of material deposition chambers could be used without deviating

from the basic scope of the invention described herein.

[0026] Figure 2 is a plan view of the system 100 that schematically illustrates
the position of the rotary actuator assembly 130 in which two of the printing
nests 131 (e.g., reference numerals “1” and “3") are oriented so that they can
transfer a substrate 150 from each of the printing nests 131 to the outgoing
conveyor 112 and each receive a substrate 150 from each of the incoming
conveyors 111. The substrate motion thus generally follows the path “A” shown
in Figures 1 and 2. In this configuration the other two printing nests 131 (e.g.,
reference numerals “2” and “4”) are oriented so that a screen printing process
can be performed on the substrates 150 that are positioned within the two
screen printing chambers (i.e., screen printing heads 102 in Figure 1). Also, in
this configuration, the printing nests 131 are oriented such that the direction of
substrate movement on the nest is tangential to the rotary actuator assembly
130. A tangential orientation of the conveyors to the rotary actuator assembly
130 allows the substrates to be delivered and received from two locations, for
example reference numerals “1” and “3” (Figure 2), without increasing the

footprint of the system.

[0027] The incoming conveyor 111 and outgoing conveyor 112 generally

include at least one belt 116 that is able to support and transport the substrates

150 to a desired position within the system 100 by use of an actuator (not
7
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shown) that is in communication with the system controller 101. While Figures
1-2 generally illustrate a two belt 116 style substrate transferring system, other
types of transferring mechanisms may be used to perform the same substrate
transferring and positioning function(s) without varying from the basic scope of

the invention.

[0028] The system controller 101 is generally designed to facilitate the
control and automation of the overall system 100 and typically may include a
central processing unit (CPU) (not shown), memory (not shown), and support
circuits (or I/O) (not shown). The CPU may be one of any form of computer
processors that are used in industrial settings for controlling various chamber
processes and hardware (e.g., conveyors, detectors, motors, fluid delivery
hardware, etc.) and monitor the system and chamber processes (e.g., substrate
position, process time, detector signal, etc.). The memory is connected to the
CPU, and may be one or more of a readily available memory, such as random
access memory (RAM), read only memory (ROM), floppy disk, hard disk, or any
other form of digital storage, local or remote. Software instructions and data
can be coded and stored within the memory for instructing the CPU. The
support circuits are also connected to the CPU for supporting the processor in a
conventional manner. The support circuits may include cache, power supplies,
clock circuits, input/output circuitry, subsystems, and the like. A program (or
computer instructions) readable by the system controller 101 determines which
tasks are performable on a substrate. Preferably, the program is software
readable by the system controller 101, which includes code to generate and
store at least substrate positional information, the sequence of movement of the
various controlled components, substrate inspection system information, and

any combination thereof.

[0029] The two screen print heads 102 utilized in the system 100 may be

conventional screen printing heads available from Baccini S.p.A. which are

adapted to deposit material in a desired pattern on the surface of a substrate

positioned on a printing nest 131 during the screen printing process. In one

embodiment, the screen print heads 102 are adapted deposit a metal containing

or dielectric containing material on a solar cell substrate. In one example, the
8
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substrate is a solar cell substrate that has a width between about 125 mm and

156 mm in size and a length between about 70 mm and 156 mm.

[0030] In one embodiment, the system 100 also contains an inspection
assembly 199, which are adapted to inspect the substrates 150 before or after
the screen printing process has been performed. The inspection assembly 199
may contain one or more cameras 120 that are positioned to inspect an in-
coming or processed substrate positioned in the positions “1” and “3,” as shown
in Figures 1 and 2. The inspection assembly 199 generally contains at least
one camera 120 (e.g., CCD camera) and other electronic components that are
able to inspect and communicate the inspection resuilts to the system controller
101 so that damaged or mis-processed substrates can be removed from the
production line. In one embodiment, the printing nests 131 may each contain a
lamp, or other similar optical radiation device, to illuminate a substrate 150
positioned over the support platen 138 (Figure 4) so that it can be more easily
inspected by an inspection assembly 199. If the substrate is damaged it can be
moved to the waste collection bins 107 by use of the components in the support

platen 138.

[0031] The inspection assembly 199 can also be used to determine the
precise position of the substrates on each of the print nests 131. The location
data of each substrate 150 on each printing nest 131 can be used by the
system controlier 101 to position and orient the screen print head components
in the screen print head 102 to improve the accuracy of the subsequent screen
printing process. In this case the position of each of the print heads can be
automatically adjusted to align the screen print head 102 to the exact position of
the substrate positioned on the print nest 131 based on the data received during

inspection process step(s).

[0032] In one embodiment, as shown in Figures 1-3, the rotary actuator
assembly 130 contains four printing nests 131 that are each adapted to support
a substrate 150 during the screen printing process performed within each of the
screen print heads 102. Figure 3 is an isometric view of the rotary actuator

assembly 130 that illustrates a configuration in which a substrate 150 disposed

9
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on each of the four printing nests 131. The rotary actuator assembly 130 can
be rotated and angularly positioned about the axis “B” by the use of a rotary
actuator (not shown) and the system controller 101 so that the printing nests
131 can be desirably positioned within the system. The rotary actuator
assembly 130 may also have one or more supporting components that facilitate
the control of the printing nests 131 or other automated devices that are used to

perform a substrate processing sequence in the system 100.

Printing Nest Confiquration

[0033] As illustrated in Figure 4, each printing nest 131 generally consist of a
conveyor assembly 139 that has a feed spool 135, a take-up spool 136, and
one or more actuators (not shown) that are coupled to the feed spool 135
and/or take-up spool 136, and are adapted to feed and retain a supporting
material 137 positioned across a platen 138. The platen 138 generally has a
substrate supporting surface on which the substrate 150 and supporting
material 137 are positioned during the screen printing process performed in the
screen print head 102. In one embodiment, the supporting material 137 is a
porous material that allows a substrate 150, which is disposed on one side of
the supporting material 137, to be retained on the platen 138 by a vacuum
applied to the opposing side of the supporting material 137 by a conventional
vacuum generating device (e.g., vacuum pump, vacuum ejector). In one
embodiment, a vacuum is applied to vacuum ports (not shown) formed in the
substrate supporting surface 138A of the platen 138 so that the substrate can
be “chucked” to the substrate supporting surface 138A of the platen. In one
embodiment, the supporting material 137 is a transpirable material that consists,
for instance, of a transpirable paper of the type used for cigarettes or another

analogous material or of a material which performs the same purpose.

[0034] In one configuration, a nest drive mechanism 148 that is coupled to,
or is adapted to engage with, the feed spool 135 and a take-up spool 136 so
that the movement of a substrate 150 positioned on the supporting material 137
can be accurately controlled within the printing nest 131. In one embodiment,

feed spool 135 and the take-up spool 136 are each adapted to receive opposing

10
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ends of a length of the supporting material 137. In one embodiment, the nest
drive mechanism 148 contains one or more drive wheels 147 that are coupled
to, or in contact with, the surface of the supporting material 137 positioned on
the feed spool 135 and/or the take-up spool 136 to control the motion and

position of the supporting material 137 across the platen 138.

[0035] Referring to Figure 4, in one configuration the tension and motion of
the supporting material 137 across the platen 138 is controlled by conventional
actuators (not shown) that are able to control the rotational movement of the
feed spool 135 and/or the take-up spool 136. In one configuration, the
supporting material 137 is guided and supported by a plurality of pulleys 140 as
it is moved in either direction between the feed spool 135 and the take-up spool
136.

Drying Oven Configuration

[0036] Figure 1 generally illustrates a system configuration that contains two
drying chambers 200 that are each positioned to receive a substrate 150 from
an outgoing conveyor 112, after the substrate 150 has been processed in a
screen printing head 102. Figures 5-8 generally illustrate one or more
embodiments of a drying chamber 200 which is further described below. In
general, the drying chamber 200 contains a processing region 202 in which
energy is delivered from a thermal system 201 to one or more substrates
positioned therein, so that the material deposited on a surface of the one or
more substrates can be dried. In one example, the deposited material is an
aluminum (Al) containing paste, such as a lead free aluminum cermet paste
(e.g., Al Cermet 6214) that are commonly used in solar cell production
processes to form the backside contacts on a crystalline solar cell substrate. In
another example, the deposited material may be a silver (Ag) paste used on the
front side of a solar cell (e.g., PV 156 made by DuPont™) or a silver-aluminum
(Ag/Al) paste (PV202 from DuPont™) used on the back side of a solar cell. The
processing region 202 has a drier conveyor 114 that is adapted to receive a
substrate from another transferring device (e.g., outgoing conveyor 112), and

move and/or position the substrate 150 within the processing region 202.

11
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[0037] Figure 5 is a side cross-sectional view of one embodiment of the
thermal system 201 contained in the drying chamber 200. The thermal system
201 generally comprises a radiant heating assembly 204 and a convective
heating assembly 203 that are used together to rapidly dry the material
deposited on the surface of the substrate. In this configuration, convective and
radiative heat transfer modes can be separately controlled to achieve a desired
thermal profile (e.g., temperature versus time) during the drying process to
improve throughput and reduce energy consumption. In one embodiment, the
substrate temperature during the drying process is raised to between about 150
°C and about 300 °C. In general, it is desirable not to exceed the temperature
at which the binders in the deposited material break down (e.g., 300-350°C) to

prevent damage to the formed pattern on the substrate.

[0038] In one configuration, as shown in Figure 5, one or more substrates
150 are transferred through the processing region 202 following path “D” using
the drier conveyor 114. The drier conveyor 114 is generally an automated
substrate handling devices that is used to transfer and/or position one or more
substrates through the processing region 202. In one embodiment, as shown in
Figure 6, the drier conveyor 114 consist of a single belt 205 that is adapted to
support a substrate 150 during processing in the processing region 202. In one
configuration the belt 205 is a metal belt, a glass fiber impregnated belt, a
ceramic material impregnated belt, or a metal impregnated belt, that is able to

withstand the processing temperatures achieved in the processing region 202.

[0039] The radiant heating assembly 204 generally contains one or more
electromagnetic energy delivering devices that are used to provide energy to
the substrates positioned on the belt 205 as they pass through the processing
region 202. In one embodiment, the electromagnetic energy delivering device
comprises one or more lamps 204A (Figures 5 and 6) that are adapted to and/or
selected to deliver radiation at one or more desirable wavelengths to the
substrate 150. The wavelength(s) of the radiant energy delivered from the
radiant heating assembly 204 is generally selected so that it is absorbed by the
material deposited on the surface of the substrate. However, in cases where
the thermal budget of the processed substrate is an issue, such as
12
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semiconductor substrates, solar cells, or other similar devices, it may be
desirable to limit the wavelengths of the radiant energy delivered to substrate so
that the radiant energy is preferentially absorbed by the deposited material and
generally not by the material from which the substrate is made. In one example,
in cases where the substrate is made from a silicon (Si) containing material the
wavelength of the energy delivered by an lamps 204A may be adjusted or
filtered so that only wavelengths greater than the absorption edge of silicon,
which is generally about 1.06 (um), are delivered to reduce the amount of

energy absorbed by the silicon substrate.

[0040] In one embodiment, the optimal wavelengths delivered by the radiant
heating assembly 204 are selected and/or adjusted for each type of substrate
and each type of material deposited on a surface of the substrate to improve the
absorption of the delivered energy, and thus the drying process of the deposited
material. In one embodiment, the lamps 204A are infrared (IR) lamps that have
a maximum operating temperature between about 1200 and 1800 °C and have
a maximum power emission at wavelengths greater than about 1.4 ym. In one
example, the lamps 204A are a double filament 5 kW fast medium wave IR
lamp that is about 1 meter long, which is available from Heraeus Nobelight
GmbH of Hanau, Germany. In some cases it is desirable to adjust the
wavelength(s) of the emitted radiation from the lamps 204A by adjusting the
power delivered to the lamps and thus the temperature of the filament within the
lamp (e.g., Wien’s law). Therefore, by use of the system controller 101, a power
supply (not shown) coupled to the lamps 204A, and knowledge of the optical
absorption characteristics of the deposited material on the surface of the
substrate, the wavelengths of the delivered energy by the lamps 204A can be

adjusted to improve the drying process.

[0041] Figure 6 illustrates one embodiment of the radiant heating assembly

204 that utilizes two lamps 204A that are positioned within and extend along a

desired length of the processing region 202 (Figure 5). In this configuration, the

lamps 204A are positioned to transfer energy (path “E") to one or more

substrates positioned on the belt 205 in the processing region 202 as the one or

more substrates are transferred the length of the lamp 204A during the drying
13
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process. In some cases it may be desirable to provide one or more reflectors
249 above the lamps 204A to reduce the amount of heat being transferred to
other unwanted portions of the thermal system 201 and focus the energy
towards the substrate 150. Also, in some cases the lamps 204A have a
reflector disposed on one side of the lamp to reduce the amount of heat being
transferred to other unwanted portions of the thermal system 201 and focus the

energy towards the substrate 150.

[0042] The thermal system 201 also utilizes the convective heating assembly
203 to transfer heat to a substrate using a convective heat transfer method,
such as delivering a heated gas (e.g., air) across the surface of the substrate
that is positioned in the processing region 202. Convective heat transfer
methods will generally heat the substrate and deposited material at similar
rates. In cases where the substrate conductivity is relatively high, such as
silicon substrates, the temperature uniformity across the substrate will remain
relatively uniform. The convective heat transfer rate can also be easily
controlled by adjusting the flow rate and/or the temperature of the convective

gas.

[0043] Referring to Figure 5, the convective heating assembly 203 generally
comprises a fluid transferring device 229, a plenum 245 and a gas heating
assembly 240. A substrate disposed in the processing region 202 is thus
heated by directing the gas provided from the fluid transferring device 229
through the heating assembly 240 and past a surface of the substrate 150. In
one embodiment, the fluid transferring device 229 is an AC fan that can deliver
a desired flow rate of gas (see path “B”) through the radiant heating assembly

204 and into the processing region 202.

[0044] The gas heating assembly 240 generally contains one or more
resistive heating elements positioned in a heated zone 241 that is adapted heat
the gas delivered from the fluid transferring device 229. The temperature of the
gas exiting the gas heating assembly 240 may be controlled by use of a
conventional heating element temperature controller 242, one or more

conventional temperature sensing devices (not shown), resistive heating
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elements (not shown) positioned in the heating zone 241, and commands sent
from the system controller 101. Generally, the power, size and length of the
resistive heating elements positioned in the heating zone 241 will depend on
flow rate of the delivered gas and the desired gas temperature to be achieved
during the drying process. In one embodiment, the gas temperature at the exit
of the gas heating assembly 240 is controlled to between about 150 °C and
about 300 °C.

[0045] The plenum 245 is generally an enclosed region that is used to direct
the gas delivered from fluid transferring device 229 through the gas heating
assembly 240, into the plenum exit section 243 and then through the processing
region 202. The plenum 245 may also contain a plenum inlet section 244 that is
adapted to receive the gas transferred through the processing region 202 to
provide a gas return, or re-circulation path, so that heated gas, such as air, can
be collected and reused. The recirculation path thus generally follows the paths
A+-As, which passes through heat exchanging region 246, the heating assembly
240, the plenum exit section 243, the processing region 202, and the plenum
inlet section 244, as shown in Figure 5. Recirculating the heated gas can
dramatically help reduce the amount of energy required to heat the air to a
desired temperature before at least a portion of it is redelivered into the

processing region 202.

[0046] In one embodiment, the convective heating assembly 203 also
contains a heat exchanging device 230 that is used to remove undesirable
contaminants from the gas delivered by the fluid transferring device 229 and the
recirculated gas received from the processing region 202 (reference numerals
As-Ag). The heat exchanging device 230 may contain one or more heat
exchanging surfaces 232 that are coupled to a thermal controller 231 and/or
one or filtration type components that are adapted to remove possible
contaminants from the gas passing through this section of the plenum 245. In
general, the thermal controller 231 is adapted to keep the temperature of the
heat exchanging surfaces 232 at a temperature below the temperature of the
heated gas delivered to the processing region 202 to condense and remove any
volatile components contained in the recirculated gas. The heat exchanging
15
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surfaces 232 can also be used to preheat the gas delivered to the gas heating
assembly 240 from the fluid transferring device 229 (i.e., path “B”). Preheating
the gas before it enters the gas heating assembly 240 may also help improve
the gas heating efficiency and thus reduce the power consumption of the drying
process performed in the drying chamber. Since energy consumption is often
an important factor in the cost to produce a solar cell device, the methods of
preheating and/or recirculating the gas discussed herein can help reduce the
cost of ownership of a screen printing production line and thus the formed

device’s production cost.

[0047] Typically, the recirculated gas will contain an amount of one or more
volatile components that are entrained in the recirculating gas due to the
vaporization of volatile components escaping from the deposited material during
the drying process. By maintaining the heat exchanging surfaces 232 at a
temperature below the condensation point of the volatile components, the
volatile components will condense and be removed from the recirculated gas.
Trapping the volatile components in the heat exchanging device 230 may also
help reduce the contamination of the substrates and plenum 245 components
by the recirculated gas. In one example, the temperature of the heat
exchanging surfaces 232 are maintained at a temperature of <219 °C to remove
any organic solvents, such as terpinol or esters. In one embodiment, the heat
exchanging surfaces 232 are maintained at a temperature between about 40 °C
and about 80 °C to condense the vapor material entrained in the recirculated
gas. The temperature of the heat exchanging surfaces 232 may be controlled
by use of the system controller 101 and the thermal controller 231, such as a
conventional recirculating fluid type or a thermoelectric type heat exchanging
device. Also, due to gravity the volatile components that condense on the heat
exchanging surfaces 232 can flow to (i.e., path “C”") and be collected within a
fluid collection region 233 of the plenum 245. The fluid collection region 233
may contain one or more drains that are used to deliver the collected vapor

material to a waste collection system (not shown).

[0048] Moreover, it is believed that using the heat exchanging device 230 to
collect any volatile components entrained in the gas will also help to reduce the
16
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partial pressure of the vapor in the portion of the gas that passes through the
processing region 202 a second time, thus allowing the flowing gas to receive a
greater amount of the solvent material evaporating from the deposited material
than would be allowed if a significant residual amount of the vapor was retained
in the recirculated gas. Therefore, the time required to complete the drying
process can be reduced by increasing the amount of solvent material received

in the gas the flowing past the substrates.

[0049] Figure 6 illustrates side cross-sectional view of the processing region
202 which is perpendicular to the view illustrated in Figure 5 and is facing the
direction As. As shown in Figure 6, the processing region 202 is partially
enclosed by one or more walls, such as wall 251 of the thermal system 201 and
wall 114A of the drier conveyor 114 so that most of the heated gas delivered by
the convective heating assembly 203 and heat provided by the radiant heating
assembly 204 is not lost. Referring to Figure 5, in one embodiment, the thermal
system 201 and processing region 202 are at least partially enclosed by one or
more walls 207. In one configuration, the walls 207 have small openings 208 at
the opposing ends of the processing region 202 to allow substrates to be
transferred in and out of the processing region 202 by use of the belt 205, while
minimizing the amount of heated gas exiting the drying chamber 200. Partially
enclosing the processing region 202 may also help to prevent any contaminants
found in the gas flowing through the processing region 202 from contaminating

any adjacent processing chambers.

[0050] In one embodiment, an inner shield 252 is used to further direct the
flowing gas provided from the exit port 243A of the plenum exit section 243
(Figure 5) across the substrate 150 positioned in the processing region 202 and
to the input port 244A of the plenum inlet section 244. The inner shield 252
may also be used to reflect and further direct any heat provided by the radiant
heating assembly 204 to the substrate 150 positioned on the belt 205.

[0051] By adjusting the heat provided by the convective heating assembly
203 and the radiant heating assembly 204 the drying process can be adjusted

and/or optimized to improve the drying time of the deposited material and
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reduce any possible thermal budget problems that may arise in the drying
process. In one embodiment, as shown in Figure 5 a convective gas flow is
delivered in a direction (ie., direction A;) opposite to the motion of the
substrates 150 (i.e., direction “D”) through the processing region 202 to preheat
to the incoming substrates and improve the temperature ramp up rate.
Moreover, since silicon substrates have a low absorption coefficient within the
IR wavelengths the heat transfer efficiency and thus the time required to dry the
substrate can be greatly reduced by use of the combination of convective heat
transfer and radiant heat transfer modes. Due to the increased heat transfer
efficiency the thermal profile of each dried substrate can be improved, since

higher process temperatures can be more easily achieved.

[0052] It also is believed that the use of the methods described herein can
also reduce the need for buffering devices typically used in conventional screen
printing processes to assure that deposited material is dry, since the cycle time
in conventional radiant only drying processes are often too inefficient and too
long to keep up with the throughput of the rest of the production line. It is
believed that use of the convective heat transfer and the wave length controlled
radiant heating the substrate heating cycle within each drying chamber 200 will
be reduced so that the drying oven throughput can exceed 1400 crystalline
silicon 156 mm x 156 mm substrates per hour in a system that is less than
about 2 meters long. It is believed that the rapid thermal processing methods
described herein can thus reduces the cycle time, reduce the floor space taken
up by the drying chamber 200 and reduce the CoO required to dry the

substrates.

[0053] Figure 7 is a side cross-sectional view of an alternate embodiment of
the thermal system 201 illustrated in Figures 5 and 6 in which the gas returning
from the processing region 202 (i.e., paths As and Ag) is not recirculated. In this
configuration, the gas exiting the fluid transferring device 229 (e.g., path “B”)
enters an inlet plenum 249A passes through a plurality of heat exchanging
tubes 248 and enters the exit plenum 249B before it is delivered through the
gas heating assembly 240 and processing region 202. The heat exchanging
tubes 248 are generally sealed so that the gas following path “B” passes
18
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through an internal region 248A of the tube and does not mix with the gas
returning from the processing region 202. In one configuration, the gas
returning from the processing region 202 along paths As and As passes by the
external surfaces of the heat exchanging tubes 248 before it is exhausted from
the thermal system 201 through a port 247. Therefore, by controlling the
temperature of the heat exchanging tubes 248 using the thermal controller 231,
the temperature of the gas flowing from the fluid transferring device 229 to the
gas heating assembly 240 can be preheated, and the gas returning from the
processing region 202 can be cooled to remove any entrained volatile
components. In general, the thermal controller 231 is adapted to keep the
temperature of the surfaces of the heat exchanging tubes 248 (i.e., heat
exchanging surfaces 232) at a temperature below the temperature of the heated
gas delivered to the processing region 202 to condense and remove any volatile
components contained in the gas flowing along path As. Due to gravity the
volatile components that condense on the heat exchanging tubes 248 will flow
to (i.e., path “C") and be collected within a fluid collection region 233 of the
plenum 245. The fluid collection region 233 may contain one or more drains
that are used to deliver the collected vapor material to a waste collection system

(not shown).

[0054] While the foregoing is directed to embodiments of the present
invention, other and further embodiments of the invention may be devised
without departing from the basic scope thereof, and the scope thereof is

determined by the claims that follow.
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Claims:

1. An apparatus for processing a substrate, comprising:

a first conveyor configured to transfer one or more substrates through a
processing region;

a radiant heat transfer assembly that is adapted to deliver
electromagnetic energy at one or more wavelengths to the one or more
substrates positioned on the first conveyor; and

a convective heat transfer assembly comprising:

a plenum having a heating element disposed therein; and

a fluid delivery device that is configured to move a gas past

the heating element disposed in the plenum, and past a surface of
the substrate positioned on the first conveyor within the

processing region.

2. The apparatus of claim 1, wherein the convective heat transfer assembly

further comprises:
the plenum having an inlet port that is positioned to receive the gas

moved past the surface of the substrate; and
a heat exchanging assembly having a heat exchanging surface that is in |

fluid communication with the gas received through the inlet port.

3. The apparatus of claim 2, wherein the heat exchanging assembly further
comprises a thermal controller that is in thermal communication with the heat
exchanging surface and is adapted to remove heat from the gas received

through the inlet port.

4. The apparatus of claim 2, further comprising:

one or more walls that partially enclose the first conveyor and the
processing region;

the plenum further comprising an exit port that is positioned between the

heating element and the processing region, wherein the gas delivered by the

fluid delivery device is adapted to flow through the exit port and between the
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one or more walls that partially enclose the processing region before entering

the inlet port.

5. The apparatus of claim 1, further comprising:

the radiant heat transfer assembly having one or more lamps and a
power supply electrically coupled to the lamps; and

a controller adapted to adjust the wavelength of electromagnetic energy

delivered by the lamps to the substrate.

6. The apparatus of claim 4, wherein the conveyor comprises a belt that is
adapted to transfer a substrate through the processing region and past the inlet

port and exit port.

7. The apparatus of claim 1, further comprising:

a first substrate support that is coupled to a rotary actuator;

a first screen printing chamber that is positioned to receive the first
substrate support when the rotary actuator is angularly positioned in a first
orientation; and

a second conveyor that is positioned to transfer a substrate from the first
substrate support when the rotary actuator is angularly positioned in a second
orientation, wherein the second conveyor is in transferrable communication with

the first conveyor.

8. The apparatus of claim 7, further comprising:

a second substrate support that is coupled to the rotary actuator:;

a third conveyor that is positioned to transfer a substrate to the second
substrate support when the rotary actuator is angularly positioned in the first
orientation; and

a fourth conveyor that is positioned to receive a substrate from the
second substrate support when the rotary actuator is angularly positioned in the

first orientation.
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9. The apparatus of claim 1, wherein the convective heat transfer assembly
further comprises:

a plurality of heat exchanging tubes disposed within the plenum, wherein
the fluid delivery device is adapted move a gas across a first surface of the
plurality of heat exchanging tubes, the heating element, and a surface of each
of the one or more substrates positioned in the processing region;

a heat exchanging device that is adapted to control the temperature of
the plurality of heat exchanging tubes; and

a plenum inlet that is positioned to receive the gas moved past the
surface of the one or more substrates and direct the received gas past a second

surface of the plurality of heat exchanging tubes.

10. A method of processing a substrate, comprising:

positioning a substrate in a screen printing chamber and then depositing
a material on the substrate using a screen printing process;

transferring the substrate to a processing region of a drying chamber
after depositing the material;

delivering an amount of electromagnetic energy to a surface of the
substrate positioned in the processing region; and

delivering a heated gas past the surface of the substrate positioned in the

processing region.

11.  The method of claim 10, wherein delivering the amount of
electromagnetic energy further comprises providing the electromagnetic energy
at one or more desired wavelengths to promote the absorption of the
electromagnetic energy by the deposited material, while minimizing the amount

of energy absorbed by one or more materials contained in the substrate.

12.  The method of claim 10, wherein delivering a heated gas further
comprises:
controlling the temperature of a heat exchanging surface; and
delivering at least a portion of the heated gas after it was delivered past

the substrate to the heat exchanging surface, wherein the temperature of the
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heat exchanging surface is controlled so that a volatile component contained in

the portion of the heated gas condenses on the heat exchanging surface.

13.  The method of claim 12, wherein the temperature of the first heat

exchanging surface is between about 40 °C and about 300 °C.

14.  The method of claim 10, wherein delivering a heated gas further
comprises:

heating a gas by flowing the gas past a heating element;

directing the heated gas through a region of the processing region; and

receiving at least a portion of the heated gas directed through the
processing region, and delivering the at least a portion of the heated gas past

the heat element to recirculate the portion of the heated gas.

15.  The method of claim 10, wherein the substrate is a silicon containing

substrate.
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