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RAPID THERMAL FIRING IR CONVEYOR
FURNACE HAVING HIGH INTENSITY
HEATING SECTION

cell, the layer that emits electrons upon exposure to sunlight
(the normal photon source). These electrons are collected by
a ?ne Web of screen printed metal contacts that are sintered
into the surface of the cell, as described in more detail beloW.

To enhance the ability to form loW resistance screen

CROSS-REFERENCE TO RELATED
APPLICATIONS

printed metal contacts to the underlying silicon p-n junction
emitter layer, additional amounts of phosphorus are deposited
onto the front surface of the Wafer. The phosphorous is driven
into the Wafer via a high temperature diffusion process lasting
up to 30 minutes. The extra “electrically active” phosphorus

This application is a CIPApplication of US. Regular appli
cation Ser. No. 11/768,067 ?led Jun. 25, 2007, now US. Pat.

No. 7,805,064, issued Sep. 28, 2010, entitled Rapid Thermal

Firing IR Conveyor Furnace Having High Intensity Heating

enables the loW resistance contacts to be formed. HoWever,
the formation of such contacts is at the expense of a loss in cell
e?iciency. The cell e?iciency loss arises as a result of elec

Section, Which in turn is the US Regular Application of US.
Provisional Application Ser. No. 60/805,856, entitled IR

Conveyor Furnace Having High Intensity Heating Section for

tron-hole pairs generated at or near the surface through the

Thermal Processing of Advanced Materials Including

absorption of higher energy but short Wave length photons.
These “blue light” photons quickly recombine and are lost,
thereby eliminating their contribution to the poWer generation

Si-Based Solar Cell Wafers, on Jun. 26, 2006, the disclosures

of Which are hereby incorporated by reference and the priority
of Which are hereby claimed under 35 US Code Section 119.
FIELD

of the cell.
20

This application is directed to improved IR conveyor fur
naces, particularly useful for metalliZation ?ring of screen

coating, typically silicon nitride (SiN3), generally by plasma
enhanced chemical vapor deposition (PECVD). BetWeen

printed, silicon solar cell Wafers, having an improved spike
Zone and ?ring processes that result in higher manufacturing

25

some of these processes, the Wafers are dried in preparation

30

for subsequent processes in loW temperature drying ovens.
The SiN3 anti-re?ective coating (ARC) is deposited to a
thickness of approximately 1A the Wavelength of light of 0.6
microns. After ARC application, the cells exhibit a deep blue
surface color. The ARC minimiZes the re?ection of incident

throughput and e?iciency of the resulting solar cell photovol
taic element. The improved system is characterized by a

simpli?ed spike Zone heating chamber utiliZing high re?ec
tance-e?iciency plate re?ector surface(s) positioned behind
IR heating lamp elements spaced from the re?ectors. Option

photons having Wavelengths around 0.6 microns.
The ARC SiN,C coating is created in the PECVD process by

ally, the re?ector may be con?gured to create cooling chan
nels that permit the usable poWer density of the fumace to be
substantially increased so that the infra-red heating lamps

mixing silane, SiH4, ammonia, NH3, and pure nitrogen, N2,

operate over extended periods of time at up to 100% of rated

poWer output Without overheating. In this optional con?gu
ration of the re?ector element, the infra red light generated by

After diffusion and various cleaning and etching processes
to remove unWanted semi-conductor junctions from the sides
of the Wafers, the Wafers are coated With an anti-re?ective

35

the lamps is focused so that a greater amount of IR radiation
enters the process Zone thus increasing the heating effect and

e?iciency.
40

gases in various concentrations in a high or loW frequency
microWave ?eld. The hydrogen dissociates and diffuses very
rapidly into the silicon Wafer. The hydrogen has a serendipi
tous effect of repairing bulk defects, especially in multi
crystalline material. The defects are traps Where electron-hole
pairs can recombine thereby reducing cell e?iciency or poWer

output. During subsequent IR ?ring (see beloW), elevated

BACKGROUND

temperatures (above 4000 C.) Will cause the hydrogen to

The fabrication of silicon based solar cells requires a num
ber of specialiZed processes to occur in a speci?c order.

necessary to prevent this hydrogen from ‘out-gassing’ from
the Wafer. It is best that the hydrogen is captured and retained

Generally these processes include single crystalline silicon

Within the bulk material (especially in the case of multi

ingots groWn in crystal groWing furnaces or cast into multi
crystalline blocks in “directional solidi?cation” furnaces.
The result of these processes are long “sausage-shaped”
single crystal masses called ingots, or multi-crystalline
blocks, from Which thin slices of silicon are cut trans-versely
With “Wire saWs” to form rough solar cell Wafers. These
Wafers, Whether made up of a single crystal or multiple crys
tals conjoined together, are then processed to form smooth

crystalline material).

diffuse back out of the Wafer. Thus, short ?ring times are

The back of the solar cell is covered With an aluminum

50

Wafers in the 150 to 330 micrometer range of thickness.

Because of the scarcity of suitable silicon, the current trend is

55

paste coating, applied by a screen printing process. This Al
coating is ?rst dried, then “?red” in an IR furnace to alloy it
With the boron-doped silicon, thereby forming a “back sur
face ?eld”. Altemately, the back surface aluminum paste is
dried, then the Wafer is ?ipped-over for screen-printing the
front surface With silver paste in electrical contact patterns
Which are then also dried. The tWo materials, back surface
aluminum and front surface silver contact pastes are then

toWards making the Wafers thinner, typically 180 microme

co-?red in a single ?ring step (the subsequent ?ring referred

ters thick.

to above). This co-?ring saves one processing step.

The back surface typically is fully covered by the alumi

Finished raW Wafers are then processed into functioning

solar cells, capable of generating electricity by the photovol

num-based paste, While the front or top surface is screen
printed With a ?ne netWork of silver-based lines connected to

taic effect. Wafer processing starts With various cleaning and
etching operations, ending in a process called diffusion Which
creates a semi-conducting “p-n”, junction diode. Diffusion
occurs at high temperatures in the presence of alternative
phosphorous sources such as a sprayed liquid of dilute phos
phoric acid or a vapor of phosphorous oxichloride (POCl3)

created by bubbling nitrogen, N2, through liquid POCL3. The
thus-doped Si forms the “emitter” layer of the photovoltaic

larger buss conductors to “collect” the electrons generated

Within the depleted region of the underlying doped Si emitter
or near the surface. At the same time, the highest possible
open area is left uncovered for the conversion of light into
65

electricity. After these pastes have been dried, they are “co
?red”. The back surface aluminum alloys While the front
surface paste is sintered at high speed and at high temperature
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in conveyor furnaces to form smooth, loW ohmic resistance
conductors on the front surface of the solar cell.
The instant invention is directed to such co-?ring alloying/
sintering processes and IR furnaces for such co-?ring or other
industrial processes. Currently available IR conveyor fur
naces for such co-?ring, alloying/sintering processes have a
heating chamber divided into a number of regions. Each
region is insulated from the outside environment With various

As the temperature continues to rise in the ?ring process, the
glass frit begins to melt. The temperature of this aspect of the
process depends on the composition of the glass frit and its

glass transition temperature, Tg. Lead oxide is an important
constituent of the frit since it dissolves the silver particles.
Tg’s are typically around 550° C.-600° C., at Which the glass
frit transitions from a solid, amorphous structure to one that is
more ?uid and can ?oW. Temperatures in the process continue
to rise to 700° C.-950° C. range to sinter together the silver

forms of insulation, compressed insulating ?ber board being
the most common. Typically, the ?rst zone, just inside the
entrance is supplied With a larger number of infra-red (IR)
lamps than the next 2 or 3 zones to rapidly increase the

particles thus forming a loWer resistance conductor.
It is important to accomplish this sequence quickly for
several reasons. First, the frit glass must not ?oW too much,
otherWise the screen-printed contact lines Will Widen and
thereby reduce the effective collection area by blocking more
of the cell surface from incident solar radiation. Secondly, the
glass frit should not mix With the silver particles to any great

temperature of the incoming silicon Wafers to approximately
425° C. to 450° C. This temperature is held for the next feW
zones to stabilize the Wafers’ temperature and insure com

plete burn-out of all organic components of the silver paste.
The goal is to minimize all carbon content Within the contacts,
as carbon is understood to increase contact resistance.

extent since this Will increase series resistance of the contacts.

Fast ?ring generally gives optimum results because the
impurities do not have time to diffuse into the emitter. A high
rate of ?ring is critical as the activation energy for the impu
rities to diffuse into the doped Si emitter region is generally
loWer than that for sintering the silver particles. To achieve

this high ?ring rate, the Wafers enter a high IR-intensity
“spike” zone Where the Wafers’ temperature is quickly raised
into the range of 700-950° C., and then cooled, by a variety of

20

ness or 1A of the 0.6 micrometer target Wavelength for re?ec

tion minimization) but not continue to drive through the

“shalloW”, doped Si emitter layer, previously formed by the
diffusion of phosphorus onto the top surface of the p-type
25

means, until the Wafers exit the furnace. The Wafers are not

held at the peak temperature. Rather, the peak Width should be
minimal, that is, the dWell short, While the ascending and
descending rate slopes should be steep.
HoWever, in the current state of the IR fumace art these
desiderata are not met. Rather, the high intensity spike zone is
simply a copy of the ?rst zone Wherein IR lamps are arrayed
across the Wafer transport belt, both above and beloW the belt
and its support system. As a result, the current art suffers from
highly ine?icient use of the IR lamps that heat the Wafers in

Finally, all of this material must etch through the SiN,C anti
re?ective (ARC) coating (about 0.15 micrometers in thick

silicon. Emitters are generally 0.1 to 0.5 micrometers in thick
ness, but shalloW emitters are generally in the 0.1 to 0.2
micrometer range.

Thus, to control the etch depth, the sinter must be quenched

both quickly and thoroughly. Quenching, that is, preventing
30

diffusion of the silver particles into the silicon beloW the

emitter (forming crystallites) after etching the AR coating and
creating good adhesion of the glass to the silicon substrate,
must be accomplished by rapid cooling. This is critical. If the

the various processing zones, and an excess dWell character

silver drives too deep into the doped Si emitter layer, the
junction is shorted. The result is that the cell looses e?iciency
due to a short circuit path for the electrons produced. This is

ized by a broad peak and shalloW rate slopes temperature

also knoWn as a loW shunt resistance property of the cell.

curve in the spike zone. Currently available furnaces are able
to generate in the range of from about 80° C. to about 100°
C./ second rate of temperature rise in the spike zone. Since the

rapid cooling in order to anneal the glass phase to improve

35

But in contradiction, it is also vitally necessary to sloW
40

adhesion. Taken together, the cooling curve looks like this:

rapid cooling from the peak ?ring temperature to about 700°
C., then sloW cooling for annealing purposes, then rapid cool

peak temperature must approach 1000° C., the currently
available rate of rise at the constant conveyor transport rate

requires the spike zone to be physically long since the belt

ing to alloW the Wafer to exit the furnace at a temperature loW

moves at a constant speed. The dWell peak of current pro
cesses is also too long.

enough to be handled by robotics equipment that must have
rubberized suction cups to lift the Wafers off the moving
conveyor Without marring the surface.

45

The shalloW curve/broad peak characteristic process limi
tation of currently available furnaces has deleterious effects
on the metal contacts of the top surface Which signi?cantly
limits cell ef?ciency as folloWs. The front surface silver paste

typically consists of four phases:

Since there are dimensional and IR lamp cost constraints,

50

(1) a vehicle phase Which acts as a carrier for the poWders

and consists of volatile solvents and non-volatile poly
mers; the solvents evaporate during the drying step and
the polymers are removed during the burn-out step; both
steps occur before the actual peak zone ?ring step;

55

(2) a binder phase (organic resin and glass frit) Which holds
the paste to the substrate, dissolves the metal poWder and
provides adhesion to the substrate during ?ring;
(3) a functional phase (metallic particles that are either
shaped as small spheres or as ?akes); and
(4) modi?ers (such as ?ux) Which are small amounts of
additives proprietary to the paste manufacture but Which

lamp elements, particularly the external quartz tubes. Most
furnaces are thermocouple controlled. Since the IR lamps are
60

prevent carbon from interfering With the electrical quality of
the metal contacts. This is achieved around 4250 C. to 450° C.

placed side by side, on the order of 1.25" apart, each lamp
heats adjacent lamps. When the thermocouples detect tem

peratures approaching 900° C., they automatically cut back
poWer to the lamps. This results in loWer poWer density,

impact the required thermal pro?le used in ?ring.
The solvent is evaporated completely in the dryer prior to
?ring. The resins must then be burned out completely to

increasing lamp density in the spike zone is not generally a
feasible solution. In addition, the peak temperature is held
only for a feW seconds in the spike zone and the descending
thermal pro?le needs to be sharp. Increasing lamp density can
be signi?cantly counter-productive, in that the increased den
sity easily results in a more gradual slope due to the re?ection
off the product and the internal surfaces of the spike zone.
LikeWise, increasing the poWer to the lamps is not currently
feasible because higher output can result in overheating of the

changes in the spectral output of the IR lamp emissions
(hence a loWer energy output), and results in the need to sloW
65

doWn the conveyor belt speed, thus sloWing processing. In
turn, this results in a ripple effect into the other zones, since
the belt is continuous and sloWing in one zone sloWs the belt

US 8,571,396 B2
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in all Zones, so that adjustments must be made in all Zones to

lamps to assist in re?ectance focusing. In another option, a

compensate. In turn, slowing upstream or downstream Zones
affects the ?ring Zone. Overheating of lamps, e. g., due to
thermocouple delay or failure, can cause the lamps to deform,
sag and eventually fail. This deformation also affects unifor

plurality of high re?ectance elements having parallel deep

mity of IR output delivered to the product.
It is important that the atmosphere be controlled in the
furnace. While many metalliZation furnace operations oper
ate in an air atmosphere, the atmosphere must be relatively
controlled and laminar or minimally turbulent, as incoming

the channels need not be covered With an IR transparent

channels, or deep channels formed in a single high re?ectance
element, in Which shielding ribs are disposedbetWeen pairs of
adjacent lamps, may be used. For most production operations

transmission WindoW. Optionally, air introduced transversely
across the fumace at or near the lamps may be employed to
cool the lamps. In the case of the use of channels, the air may

be directed in laminar ?oW along the channels, and exhausted
from a center port above the lamp or from an opposite side of

air can introduce particulates that contaminate the substrate
surfaces, and internal turbulence can disturb the product sub
strate Wafers because they are so very thin, light and fragile,
being on the order of 150-350 micrometers thick, In addition,
at high temperatures, internal turbulence could cause lamp
vibration leading to fatigue failure, or inconsistent or reduced

the conveyor Zone.

The heating module may be used singly, one above the
furnace conveyor belt, and optionally a pair are used, dis
posed facing each other and spaced apart, one above the
furnace conveyor belt and one beloW, to de?ne the product
processing Zone therebetWeen, distinct from other Zones in
the furnace.
In the optional case of the deep channels Where one lamp

output.
Accordingly, there is an unmet need in the IR furnace and

IR ?ring process art to signi?cantly improve net effective
heating rate of conventional lamps, to provide better control
and thermal pro?les in the spike Zone, to permit improved
control of furnace temperature and atmosphere conditions, to

20

prevents adjacent lamps from heating each other. Where deep
channels are used, they have a Wide range of cross-sectional

improve quenching and annealing pro?les, to improve the
uniformity of heat in furnace Zones, and to improve through
put of such furnaces, While accomplishing these goals on the

does not see the adjacent lamps due to the intervening rib, this
provides IR-isolation of the lamps from each other, Which

25

geometries, including square, rectangular, triangular, semi
circular, parabolic, or they form partial pentagonal, hexago
nal, octagonal or ellipsoidal forms. The channel geometry is

same or reduced fumace foot-print.

selected to direct the IR radiant energy toWard the product

traversing the furnace conveyor belt, rather than heating adja
cent lamps by direct radiation.

THE INVENTION

Summary

30

The invention is directed to a conveyor or batch-type IR

Optionally, the channels are open at their opposite ends for
inlet, or/and exhaust of cooling gas ?oW directed in laminar
?oW along the channels. Cooling gas is introduced at least at

furnace having a plurality of thermal heating Zones, including

one end of each channel via a manifold, and is exhausted at

at least one spike Zone, in Which IR heating elements are

the other end, or medially of the ends.

backed by ultra high re?ectance (on the order of above about
95% IR re?ectance) plate type re?ector elements, in distinc

35

tion to the usual block insulation materials. Optionally the

lamp elementa may be laterally isolated by placing them in
grooves in the high relectance backing element. In still
another option, air or inert gas may be directed along the
surface of the channels to effect cooling of the lamps.

40

The inventive high re?ectance backing plate results in

increasing the conveyor belt speed and thereby the through
put of product and yield. By Way of example only, Whereas

effectively up to double the heating rate and fumace process

ing throughput of advanced materials, such as silicon, sele
nium, germanium or gallium-based solar cell Wafers.

45

contact formation, reduction of hydrogen out-gassing, con
trol of the etch depth and improved adhesion, as Well as

isolation system permits doubling the rate to about 300"/
minute, and that increased rate is at spike Zone peak tempera
50

55

laterally rippled, With the ribs of the ripples disposed parallel
to and evenly spaced betWeen the transverse centerlines of the

The inventive conveyor fumace comprises a housing or
shell forming a chamber insulated With conventional forms of
insulation such as ?ber, ?ber board, or ?re brick. The inven
tive heating module(s) is/ are disposed Within the outer insu
lated shell. A conveyor belt is located betWeen the upper and

loWer heating modules, and appropriate poWer and control

Way of example in a spike Zone module having a ?at plate

spaced behind the array of IR lamps. Typically, the IR lamps

ture in the range of 900° C.:40o C. While some currently
available conveyor furnaces claim to be operable at up to

about 250"/min, they cannot operate at high poWer density.

improved ef?ciency of cell output.
The inventive lamp isolation system is implemented by
are spaced on 1.5" centers, and the re?ector plate is spaced
behind (above or beloW the lamps respectively, for top and
bottom lamps in the furnace orientation) in the range of from
about 1" to 4", preferably 1"-2.5".
In an option to a ?at re?ector plate, the plate may be gently

currently available conveyor furnaces operate at conveyor

speeds of about 150"/minute, the inventive heating element

The invention also includes all process control systems that
lead to improved solar cell production, and the methods of
?ring to achieve improved ef?ciency solar cells as a result of

better control of process operations characterized by sharp
temperature ascending and descending temperature curves,
very sharp peak and precise control of quenching and anneal
ing temperature pro?les. The improved control of the inven
tion extends throughout the bum-out, spike, quench, stop
quench and annealing (tempering) Zones for improved

The use of high re?ectance element(s), in ?at plate, rippled
or deep channel con?gurations in the inventive heating mod
ule permits increasing the poWer to the lamp to essentially full
rating. This results in increase in the heating rate to from
about 160° C./sec to about 2000 C./sec, that is, effectively
doubling the heating rate of conventional 100 Watt/inch lamps
Without resulting in lamp turn doWn, shut doWn or deforma
tion. In addition, the inventive lamp isolation system permits

60

systems are integrated in the furnace system. The space
betWeen the plane of the lamps is the passageWay for the
conveyor belt carrying the advanced materials substrates
being ?red. This is the processing Zone; the exemplary pro
cessing Zone described herein functions as a spike Zone.

HoWever, it should be understood that a plurality of Zones,
up to all Zones, of the furnace can employ the inventive high
65

re?ectance lamp assembly. For rapid thermal diffusion (phos
phorus or boron) and/or rapid thermal oxidation for front
surface passivation applications, the inventive fast ramp spike

US 8,571,396 B2
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zone can be located at the entrance of the furnace and the
plurality of zones can be used to maintain the diffusion tem
perature or oxidation temperature as the Wafers are conveyed

ing of product by sloWing the cooling rates of sensitive and
fragile materials; or for simply removing organic residue

through the furnace.

of the heated cooling gas permits more e?icient use of energy.

from the substrates in other parts of the process. This recycle

To control the etch depth, the sinter developed in the spike
zone must be quenched both quickly and thoroughly.

Radiant energy from the upper and/or loWer infra-red

lamps is directed or focused by the high re?ectance elements,
preferably formed from machined or cast high grade alumina,
White ceramic material, into the process heating tunnel
throughout the entire process zone (bum-out, spike and
quench/stop zones) to provide a very intense heating environ
ment. The inventive spike zone Will generally operate in the

Quenching, that is, preventing diffusion of the silver particles
into the silicon beloW the emitter (forming crystallites) after
etching the AR coating and creating good adhesion of the
glass to the silicon substrate, must be accomplished by rapid
cooling. This is critical. If the silver drives too deep into the
doped Si emitter layer, the junction is shorted. The result is

range of 700° C. to 1000° C.

Lamp poWer, top and bottom, may be adjusted indepen

that the cell looses ef?ciency due to a short circuit path for the
electrons produced. This is also knoWn as a loW shunt resis
tance property of the cell.
In the inventive system and process, this quenching is

dently or in groups to achieve precise temperature gradient
control in each zone. Temperature control may be effected

using either thermocouple-based temperature regulation or

voltage-controlled poWer regulation. Regulation by voltage

accomplished in a quench zone characterized by the use of an

controlled poWer is preferred, as it gives the fastest heating

air knife assembly that uses carefully controlled compressed
air volumes With planes of air directed at the top and/or the
bottom of the Wafer to quickly drop the temperature from the

rates and more consistent heating results due to maintenance

of stable lamp poWer, and repeatable, de?nable, and constant
spectral output at all times. That is in contract to ?uctuating
lamp outputs in response to PID control system(s) that are
typically used to for temperature maintenance functionality.
In an important aspect of the invention, the process of the
invention includes operationally con?guring the poWer, cool
ing systems (cooling air ?oW rate, amount and ?oW paths, and
heat exchange parameters) and belt speed, not only to control

20

peak zone ?ring temperature range of from about 800° C. to
about 1000° C., to Within the range of from about 5000 C. to
700° C., typically a drop of 200° C.-400° C. Within a second
or tWo.
25

In addition, it is also vitally necessary to sloW or stop the
rapid cooling that is produced in the quench zone in order to
anneal the glass phase to improve adhesion. This is accom
plished in an optional, novel stop-quench zone immediately

30

ber of lamps, typically only above the contact face of the

zones separately from each other, but also to control indi
vidual lamps, to achieve a Wide range of thermal pro?les

longitudinally along the materials process ?oW path through

folloWing the quench zone. This zone includes a limited num

out the various zones to produce solar cells With signi?cantly

Wafers, but may also include lamps beloW the Wafers. The use

improved performance and e?iciencies.

of these lamps stops the rapid cooling, stabilizes the tempera

The inventive high re?ectance element(s) provide an
important feature that permits operation of commercial IR

ture into the range of 450-700° C. so that sloW, tempering

lamps at or near their maximum permissible poWer levels,

cooling can be provided in the subsequent, doWnstream

Without pushing lamp temperatures beyond the safe operating

annealing zone from about 450-700° C. doWn to a tempera
ture in the range of from about 30° C.-l00° C. at the exit end

temperature at Which the quartz lamp envelopes begin to
soften, lose rigidity, sag and eventually fail. That feature is:

duced into this stop-quench zone to improve control of the

the high re?ectance element geometry, particularly in the case
of rippled or channel con?gurations, results in directing
or/ and focusing the output of the IR lamps into a high poWer

35

of the fumace. Optionally, and preferably, cooling air is intro
temperature pro?le. That is, it is important to control the
40

shaped like the mathematical square-root operation symbol,

beam of energy directed into the process zone for superior
usable poWer density in the process zone. In addition, in the

\/) in the annealing zone. The result of the control of lamp
poWer and air in the three zones: peak, quench and stop

case of the deep channel con?guration, the spacing ribs

betWeen adjacent channels prevent lamps from heating adja
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cent lamps, con?ning and directing the IR radiation toWard

quench is a sharp ascending and descending peak With short
dWell and smooth curve transition into the annealing zone
doWnstream of the stop-quench zone.

the process zone. Finally, the use of laminar cooling gas or air

assists in prolonging lamp life.
In a ?rst embodiment, cooling air/ gases are directed from
one end of the lamp tube to the other end. In a second,

cooling air and lamps so that there is little or no cooling

overshoot, folloWed by a bounce-back (a curve generally

The Wafer temperature is held for tempering to improve
50

adhesion in the annealing zone, and near the exit the Wafers
are cooled further to on the order of 30° C.-l00° C. to permit

preferred embodiment, the cooling air is fed from a distribu
tion manifold through inlet openings at each end of the lamps

robotic pickers or other handling equipment or personnel to

toWard the center of the lamp to an exhaust via hole(s) located

marshalling table to Which they are transferred off the belt.
Taken together, the cooling curve can be carefully con
trolled to any selected and con?gured temperature pro?le of a

remove the Wafers from the conveyor belt and/ or from/to a

at or near the center of the re?ector passage. Typically the

cooling air is introduced to the lamp ends from a compressed
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air source, such as a compressor system having a ?lter and

subject process having both heating and cooling curves in the

drier, and is directed along the lamps rather than doWn into the

range of from about 80° C. to 200° C. per second. The result
ing controlled curves in the ?ring and doWnstream zones

?ring zone.

generally look like this: rapid heating to a sharp, Well de?ned,

The optionally used cooling gas or air exits the cooling
channels through central exhaust holes or slots in the back

(top or bottom) of the high re?ectance element(s) that are
located approximately along the process ?oW centerline of
the zone. The cooling gases, by noW hot, may be collected and
exhausted, or they may be recycled by manifolds or channels
into other zones of the fumace; such as, for example: preheat

ing product entering the fumace; energy recapture by recycle
back upstream to the bum-out zone; post spike zone temper

60

short dWell peak, rapid cooling from the peak ?ring tempera
ture of about 850-950° C., doWn to about 400° C.-500° C.,

then sloW cooling for annealing purposes, and ?nal cooling to
alloW the Wafer to exit the furnace at a temperature loW

enough (30° C.-l00° C.) to be handled by robotic equipment
65

that employ polymeric suction cups to lift the Wafers off the
moving conveyor With-out marring the surface. The shortness
of the dWell at peak temperature, that is, the sharpness of the

US 8,571,396 B2
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peak pro?le, can be controlled and is made possible by the

lamp centering ?tting, and FIG. 6C shoWs in isometric a

ability to control the cooling, as Well as selectively program
the belt speed, the poWer to individual lamps in the peak Zone
and the cooling in downstream Zones, particularly in the
quench and stop-quench Zones as described above. The
inventive furnace system controller is con?gurable for all

second, preferred centering ?tting; and
FIG. 7 is a ?oW sheet of the con?guration and method

aspects of the inventive process shoWing control parameters
and feed-back loops.
DETAILED DESCRIPTION OF THE INVENTION,
INCLUDING THE BEST MODE

Zones as needed to provide a pre-selected thermal pro?le for

the particular product being ?red.
The inventive IR heating Zone(s) is/are characteriZed as
having a high re?ectance ceramic/insulation material re?ec
tor using any of a number of geometries, from ?at to deeply
grooved or channel-like, to re?ect or/and focus the maximum

The folloWing detailed description illustrates the invention
by Way of example, not by Way of limitation of the scope,
equivalents or principles of the invention. This description

possible IR light, directing it into the process region for heat

Will clearly enable one skilled in the art to make and use the

ing the product being processed.

invention, and describes several embodiments, adaptations,

In addition, as improvements in lamp design or materials
and paste compositions (both front contact paste and back
?eld past) become available in the future, the inventive high
re?ectance element modules Will easily accommodate such
advances in the art to provide both improved processes and

variations, alternatives and uses of the invention, including
What is presently believed to be the best modes of carrying out

more e?icient cells

the invention.
In this regard, the invention is illustrated in the several
20

The high re?ectance element ripple or channel surface may
comprise any geometry such as: parabolic or a higher order

matic, or omit, parts that are not essential in that draWing to a

surface: e.g., elliptical; semi-circular; triangular; square; rect
angular; or trapeZoidal.
25

BRIEF DESCRIPTION OF THE DRAWINGS
The invention is described in more detail With reference to

the draWings, in Which:
FIG. 1 is series of four side elevation line draWings shoW
ing, ?rst in FIG. 1A, a schematic side elevation of the inven

?gures, and is of su?icient complexity that the many parts,
interrelationships, and sub-combinations thereof simply can
not be fully illustrated in a single patent-type draWing. For
clarity and conciseness, several of the draWings shoW in sche
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description of a particular feature, aspect or principle of the
invention being disclosed. For example, the various electrical
and pneumatic connections to lights, brakes and lift belloWs,
being conventional to those skilled in this art, are not shoWn.
Thus, the best mode embodiment of one feature may be
shoWn in one draWing, and the best mode of another feature
Will be called out in another draWing.
FIG. 1A illustrates schematically a conveyor fumace 10

tive furnace employing at least one high re?ectance heating

comprising a conveyor belt 13 transporting doped solar cell

Zone integrated in a burn-out Zone, a quench Zone, a stop
quench Zone and an annealing Zone; FIG. 1B is a vertical

Wafers 12 through a process Zone 11 that is continuous

section vieW through the burn-out Zone; FIG. 1C is a vertical

through a plurality of furnace process modules or sections,
35

section vieW through the peak ?ring Zone, the quench Zone

section 16; doWnstream of Which, in sequence are a quench
section 18; a stop-quench section 20; and a tempering or

and the stop quench Zone as Well as the transition into the
annealing Zone; and FIG. 1D is a vertical section vieW

through the annealing Zone;
FIG. 2 is a schematic isometric vieW of an exemplary peak

40

heating Zone employing the inventive high re?ectance ele
ment modules, top and bottom and shoWing recycle to the

45

right and de?nes the horizontal centerline (above it are the
upper modules and beloW it are the loWer modules of the
sections or Zones) as Well as the longitudinal direction; thus,
orthogonal to the belt travel is de?ned as the lateral direction
or dimension. No product is shoWn in FIG. 1 in the process
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Zones 14, 16, 18, 20 and 22 due to the scale of the draWing.
Entrance and optional exit baf?es 24a, 24b are disposed at the

entry and exit ends of the furnace, respectively. Typically
there is an upstream dryer, not shoWn. Intermediate baf?es,
e.g., betWeen Zones 16 and 18, may be provided.

FIG. 4 is a transverse schematic isometric vieW of the

spaced, paired high re?ectance element modules having
optional deep channels Within Which are shoWn IR lamps, and

annealing section 22, the latter employing air and/or Water
cooling. The respective process Zone portion in each furnace
section takes the name of that section; thus, burn-out, peak;
quench, stop-quench and anneal “Zones” refers both to the
process volume through Which the conveyor belt traverses as
Well as the furnace hardWare of that section.
The conveyor belt 13, shoWn schematically, moves left to

burn-out Zone;
FIG. 3 are a series of schematic elevation vieWs transverse

to the product ?oW axis shoWing the re?ector channel geom
etry, in Which FIG. 3A shoWs a ?at high re?ectance element
above lamps With cooling air exhaust slots above each lamp,
FIG. 3B shoWs a triangular re?ector channel geometry
formed in the high re?ectance element, and FIG. 3C shoWs
the an optional parabolic geometry of channels formed in the
high re?ectance element, With one module spaced above the
belt and another beloW;

including: a burn-out section 14; folloWed by a peak ?ring
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shoWing the lamp centering ?ttings;

The burn-out section includes a plurality of three or four

heating modules 14a-14d, and the ?ring section includes one

FIG. 5 is a pair of transverse elevation vieWs doWn the axis

or more spike Zone modules 16. Note that the burn-out, peak,

of the processing path shoWing the relationship of parts in the
high re?ectance heating element modules, the optional side

tance element type IR lamp heating modules, or just the spike

to-center cooling paths, and their relationship to the conveyor

and stop-quench modules can be the inventive high re?ec
60

center cooling ?oW, and FIG. 5B shoWs the preferred embodi
ment of a ?at plate high re?ectance element With no cooling
air or gas used;
FIG. 6 is a series of ?gures shoWing alternative IR lamp end
centering ?ttings, in Which FIG. 6A shoWs in transverse sec
tion vieW, FIG. 6B shoWs in isometric a ?rst embodiment of a

Zone module(s) 16 can be the inventive type.

FIGS. 1A and 1B also shoW the recycle, for greatly
improved energy e?iciency, of hot air 45 from the spike Zone
high re?ectance element module 16 back upstream into the

belt, in Which FIG. 5A shoWs a ?rst embodiment of side-to
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burn-out Zone 14. The air exits via plenum 2711 as exhaust air
2811 out the ?ue at the upstream end of the furnace. In addi

tion, air injected in the quench Zone 18 exhausts via plenum
27b as exhaust air 28b. FIGS. 1B and 1C shoW that ambient
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air 26, introduced from the bottom in stop-quench Zone 20
and introduced from the bottom and/or sides of the annealing
Zone 22, permits control of the temperature pro?le in those
Zones. Note in FIG. 1C, cooling air 26 introduced in the
bottom of the stop-quench Zone 20 exits via the conveyor belt

providing on the order of 2x greater throughput of solar cells

gap in the Zone divider Wall 104e betWeen that Zone and the
annealing Zone 22. Altemately, the stop-quench Zone 20 can

With greater operating e?iciencies. The inventive high re?ec
tance element(s) IR lamp module thus provides a high rate of
temperature increase slope Which prevents excess degassing
of Hydrogen from the substrate cell. The lamps in this Zone
can be poWered in sub-Zones, or individually poWer-pro
grammed so that the peak temperature is reached near the exit

be separately vented by its oWn ?ue (not shoWn). In the

Zone divider Wall 1040.

annealing Zone 22, as best seen in FIG. ID, a heat exchange
system, e. g., Water pipe manifold may be used to assist cool

The peak Zone terminates in Zone divider Wall 1040, and

longitudinal section the left side of the bum-out Zone (the

the belt With product immediately enters the quench Zone 18,
de?ned betWeen Wall 1040 and Wall 104d. A compressed air
or inert gas knife assembly 90 comprises lateral spaced com
pressed air tubes 92 having slits therein that forrn and direct a
plane of air 94 onto the product on the belt. This drops the

right side is symmetrically the same) having an entry in the

temperature very quickly by several hundred degrees Centi

left hand Zone divider Wall 10411 for the conveyor belt 13,
Which is shoWn schematically as a Wide, ?at arroW. The
conveyor belt path is shoWn by the conveyor center line 86 as
it traverses the Zone toWard the right. Above and beloW the
belt are ports 88 for insertion of lamps 40 shoWn schemati
cally as partial tubes and axis position dots in the ?gure so as
to not obscure the air ?oW feature. Upper and loWer heat

grade, preventing the etch-through of the molten silver con
tacts into the doped emitter layer. The cooling curve slope is
equally steep, thus permitting control of the Width of the

ing (in addition to the cooling air 26). The cooling air 26 exits
Zone 22 via plenum 270 as exhaust air 28c.
Turning noW in more detail to FIG. 1B, this shoWs in

temperature curve peak, that is, the dWell at the contact melt
20

rapid, controlled quenching, permits precise control of this
critical peak dWell process step. The cooling air, after exiting

recycle manifolds 54U and 54L, Which may be optional, have
spaced apertures 47 for exhaust of hot air 45 from the doWn
stream peak Zone, best seen in FIG. 2. In addition, com

pressed air or inert gas 26 may be injected through lines 92 to
assist in temperature control and exhaust of burned-out vola
tiles and smoke. This hot recycle air and control gas forms a
generally laminar stream, as shoWn by the large ribbon 45
extending from right to upper left, Where it exhausts out the
?ue manifold 27a and the ?ue pipe as exhaust air 28a.
FIG. 1C continues downstream from the right end of the

and sinter formation temperature. Together, the lamp poWer
control in the high re?ectance element peak Zone and the

the knife, becomes heated and exhausts out ?ue plenum and
stack 27b as hot air 28b independent of other air streams. For
25

a given conveyor speed and length of the quench Zone
betWeen Zone Walls 1040 and 104d, the compressed air tem
perature and volume are controllable to provide any pre
selected amount of cooling for a particular industrial process.
Temperature drops of 400° C. to 600° C. Within a feW seconds
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is entirely Within the capability of the inventive fumace.
To insure there is no overcooling, also called “overshoot”,
the quench is stopped in optional stop-quench Zone 20 by a

bum-out Zone 14, shoWn on the left, to the left end of the

combination of lamps 40, and optional auxiliary cooling air

annealing Zone 22, beginning rightWard of the Zone divider
Wall 104e, shoWn on the right. As before, the centerline of the

26 entering via baf?es from beloW. As in other lamp Zones, the
poWer to these lamps may be easily controlled to provide any
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conveyor belt is shoWn as 86. Exiting the bum-out Zone 14

level of heat, so that the curve transitions smoothly to the

through slot in Zone divider Wall 104b, the belt 13, carrying
product cell Wafers 12 (not shoWn for clarity) in process Zone
1 1, enters the high re?ectance element peak Zone 1 6, Which is
shoWn in detail in FIGS. 2-6A. The IR lamps, backed by the
high re?ectance element(s) of the peak Zone, here shoWn in

annealing temperature required to temper and promote good
adhesion, Which takes place in the annealing Zone 22, just
doWnstream (to the right in this ?gure) of Zone divider 104e.
40

large, permitting the air to ?oW Without turbulence into the

the optional deep channel con?guration, raises the tempera
ture of the product Wafers rapidly from the bum-out tempera
ture, typically in the range of 400° C.-450° C., to the selected
peak temperature for melting the silver of the contact lines
printed on the upper surface and sintering the ?ux and alloy
ing the back side paste. The peak temperature is selected

doWn-stream Zone 22.

FIG. 1D illustrates the annealing Zone features, in Which
the cells are held at a pre-selected temperature for a time
45
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cools the Wafer substrates and is exhausted out plenum 270 as

hot exhaust air 28c, and this may be controlled and assisted by

into the range of from about 750° C. to about 950° C. at rates
in a range in excess of 80° C./sec to up to about 200° C./sec,
preferably in the range of above about 100° C./ sec to about
160° C./ sec. That ?ring rate is on the order of tWice the current

furnace capacity, and permits heating rates at up to the maxi
mum lamp poWer rating Without undue lamp failure, While

period adequate to promote adhesion, and then cooled for
of?oading doWnstream of the Zone exit Wall 104]. The tem
perature pro?le in this Zone is selectively controlled by a
combination of inlet air 26, introduced through bottom inlets
102, and/or through side Wall ports 96. The air heats up as it

based on the properties of the contact and back paste compo
sitions. The high re?ectance element peak Zone modules of

the instant invention rapidly ?re the solar cell Wafers typically

Note the slot betWeen the stop-quench and anneal Zone is

use ofan ID fan 100.

TWo examples of metalliZation furnaces for preparation of
photovoltaic cells are shoWn in Table 1, below, one Without a
55

dryer section, Example 1, and one With a dryer section,
Example 2.
TABLE 1
Metallization Firing Furnace Con?gurations
Example 1 —

Example 2 —

No Dryer

With Dryer

Process Furnace Con?guration
Parts Clearance (belt-to-upper-WindoW)
Entrance Baf?e, 24a

20 mm
200 mm

20 mm
200 mm

US 8,571,396 B2
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TABLE l-continued
Metalli ation Firing Furnace Con?guration
Example 1 -

Example 2 -

No Dryer

With Dryer

Heated Length 14, 16
Number of Heated Process Zones 14, 16

2000 mm
5-6

2000 mm
5-6

Rapid Cooling Quench/Stop Zones 18/20
Cooling Air (in 22)
Cooling Heat Exchange (in 22)
Max. Operating Temp, in Peak Zone, 16

250 mm
1185 mm
1185 mm
10000 C.

250 mm
1185 mm
1185 mm
10000 C.

Dryer (Inline) Upstream
Entrance Baf?e

i

200 mm

Heated Length

i

2,800 mm

Exit Baf?e

i

200 mm

Gap (between Dryer/Furnace)

i

400 mm

Number of Dryer Zones

i

3

Maximum Operating Temperature

i

5000 C.

Electrical/Facilities

Process Exhaust, Venturi

2

4

Power (Kw) Peak - Typical

84-35 Kw

Clean Dry Air (CDA) @ 75 PSI

614 LPM/
1,300 SCFH

800 LMP/
1,700 SCHF

Belt Width, 13

250 mm

250 mm

Speed ofConveyor, 13

650 cm/min.

Load/Unload Station

Overall Length/Width
Wafer 125 x 125 mm @ 650 cm/min.
Wafer 156 x156 mm @ 650 cm/min.

600 mm/1000 mm

6,400 mm/900 mm

3,000 wafer/hour
2,420 wafer/hour

126-48 Kw

650 cm/min.
600 mm/1000 mm

9,800 mm/900 mm
3 ,000 wafer/hour
2420 wafer/hour

FIG. 2 shows in simpli?ed detail an exemplary high relec
tance element IR lamp heating module 30 of this invention for
the spike Zone 16 ?ring of the cells 12. The path and direction
of the conveyor belt 13 in the process Zone 11 is shown by the
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module 34U is spaced below (inside the shell). The optional
cooling gas 45 exhaust manifold is shown at 54, which com

arrow. The process Zone is de?ned between upper and lower

high re?ectance heating element (IR lamp) isolation modules
34U, 34L, respectively, which are retained in place by

35

modules comprise high re?ectance ?at plate elements 36U,
40

retained laterally by a ceramic centering and retaining ?tting
42 that is received in bore 44 in the respective side walls 32a,
32b. A series of optional exhaust holes 4611-4611, one for each
lamp (or channel if used), are provided for exhaust of the now

requirements. In FIG. 3B, optional channels, shown as gen
erally triangular in cross section, are provided in the high
re?ectance plate element 36. In this ?gure, the exhaust ports
have been omitted, this showing an example of either no
cooling air ?ow, or laminar one side-to-other side cooling
embodiment. In FIG. 3C, the re?ective channels 56 formed in
the high re?ectance upper and lower plate elements 36U and
36L are shown as generally parabolic in cross section.

45

hot cooling air or gas. In this embodiment the exhaust holes or

ports 46 are centered along the longitudinal axis of the heating
module 30 to permit cooling air 45 to exhaust laterally
through holes 55 in spaced longitudinal baf?es 53, and thence
back upstream via conduits 54, as shown by the sequence of

municates with each lamp 40 via the optional exhaust ports 46
bored through the high re?ectance element plate 36. The
lamps 40 are space in an array suitable for the spike Zone

grooves in the side walls 32a, 32b, as shown. The heating

36L (which optionally may include ripples or channels
formed therein, disposed respectively above and below the
upper and lower IR heat lamp tubes 40. The lamps 40 are

tance/lamp module. In FIG. 3A, the outer furnace metal shell
is shown at 50, the layer of refractory insulation at 52, and the

The high re?ectance element 36 is typically on the order of
1A" thick for the ?at or rippled embodiment, but where deep
channels, as in FIGS. 3B and 3C are shown, may be on the
order of 2-3 cm thick. The high re?ectance element is a high

alumina, white ceramic material, having a highly smooth
50

surface and an IR re?ectance on the order of above about

arrows. The conduits include spaced holes 47 therealong to

95%, preferably 97-99%, withstands temperatures above

direct the heated air 45 into the bum-out Zone as shown in

20000 E, and is commercially available.
In an important alternative, the high re?ectance alumina
ceramic material may be coated onto high temperature

FIG. 1. This recycle of the air heated in the spike Zone lamp
conduits into the bum-out Zone is a substantial heat exchange

and energy saving feature of the invention.
An electrical connector for each lamp is shown at 48.
Above the upper and lower high re?ectance element plates
36U, 36L are disposed refractory insulation, typically, a com
mercially available ceramic ?ber board, not shown in this
view. This module ?ts in the fumace shell 50 at the appropri
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casting), such as a dense, rigid ceramic ?ber board that is
commercially available, and ?red to vitreous or near-vitreous
dense high re?ectance coating. In the case of use of channels,
the channels may be cast, molded or machined into the board,
60

ate location to form one of the process Zone sections, either a

e.g., by milling, and may thereafter coated with the high
re?ectance composition and ?red.
FIG. 4 shows in isometric longitudinal view a parabolic
channel embodiment of the upper and lower modules 34U,
34L which comprise the high re?ectance element 36U and

burn out section 14a-14d, or a ?ring section, 16, such as a
spike Zone, or a stop-quench Zone module 20.

FIG. 3 shows alternative embodiments, taken as longitudi
nal section views along the centerline of the furnace through

ceramic insulation material (e.g., by painting, spraying or slip
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36L including IR lamps to form the heating module assembly

either an upper high relectance element IR lamp module, or

30 of FIG. 3C. In this view, the parabolic channels 56 are

the entire module, that is, both upper and lower high re?ec

spaced apart by ribs 60. As shown, the wide ends of the
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parabolic channels 56 terminate in ribs 60, Which have
straight, vertical side Walls. Several heat lamps 40 are shoWn

industrial products that can be processed through the inven
tive furnace system as shoWn in FIG. 1. The processes under

installed in the channels, With lamps 40a, 40b, 400 being fully

lying the fumace zone con?guration and operation, commu

in place, and lamp 40d pulled out to shoW hoW it ?ts in and is
retained by the end ?tting 42. In this embodiment, the

nications With operators and others, netWork-implemented
management and furnace operation and archival history pre

optional exhaust ports 46 may be rectangular slots, preferably
oriented transversely (parallel to the channel axis), rather than
being holes as shoWn. In this embodiment, the length of the

served in one or more databases, as described herein, are

typically implemented in softWare as computer-executable
instructions, that upon execution, initiate, monitor and adjust
the operations of the furnace system to perform the method of
?ring illustrated and described herein. The server(s) of the

lamps is greater than the Width of the process zone, so the

lamps extend through the end ?tting elements 42 so they may
be connected to the electrical bus via connectors 48.

inventive system may be implemented as one or more com

The longitudinal, horizontal center-to-center, spacing of

puters, con?gured With server softWare to host a secure, pri
vate network, or site on the Internet, to serve static, generally
informational pages, and to generate and serve dynamic

the lamps can be varied as the process operations require, and

the geometry of the optional parabolic, triangular, square/
rectangular cooling channel 56 is easily adjusted to accom
modate the spacing required. Thus, in Wide spacing, the
parabola or triangle may be Wide at its opening; in closer
spacing the parabola and triangle narroWer, and the square
may become a vertically oriented rectangle. By Way of
example, the triangle in Wide spacing may be equilateral, and
in closer spacing, isosceles. Thus, not only is there individual
poWer control of the lamps, but their spacing may be varied.

20

be linked to the Internet to enable Intemet-implemented man

Together, they provide the functionality to permit universal
and essentially continuous variability in the temperature pro
?le, so that the inventive high re?ectance element heating

agement and operation.
The computer(s) of the invention can be con?gured in a
25

system architecture, for example, as one or more server com

puter(s), database (e.g., relational, metadata structured and

zone module 30 is easily con?gured to a Wide range of indus
trial processes.

hierarchical) computer(s), storage computer(s), routers,
interfaces, and peripheral input and output devices, that

FIG. 5 shoWs cooling geometry in transverse section vieW,
With FIG. 5A being directed to the optional embodiment in

Which compressed cooling air is provided to the air cooling

pages shoWing arrays of selected ?les and images, tailored to
facilitate the operations and method described herein. The
dynamic pages are tailored to individual furnace-operator
requirements and may be generated on the ?y in response to
individual requests from authorized, authenticated users via
access devices (desktop and laptop computers, netWork com
puters, etc.) Which may be Internet linked. The netWork may

together implement the system and netWork. A computer used
30

in the inventive system typically includes at least one proces

passages 58 at each end of the heat lamp 40 via inlet mani

sor and memory coupled to a bus. The bus may be any one or

folds 62. The cooling air passes along the annular space above

more of any suitable bus structures, including a memory bus
or memory controller, peripheral bus, and a processor or local
bus using any of a variety of bus architectures and protocols.

the lamp tube 40 in the space 56 betWeen the re?ective surface
64 and the lamps 40. The hot hair is exhausted out the cen
terline port 46 via exhaust manifold 54 connected to an
induced draft eductor fan or ?ue. It should be noted that Where
an induced draft is employed, no air need be provided via
manifolds 62, as air can be WithdraW up out of the ?ring zone
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volatile memory can include, but is not limited to, ROM,

Flash cards, hard disk drives including drives in RAID arrays,

11 to assist in cooling the lamps. An exemplary doped silicon
solar cell Wafer 12 is shoWn riding on the conveyor belt 13,

?oppy discs, mini-drives, Zip drives, Memory sticks, PCM
40

supported at its edges by slide plates 68 Within the process
zone 11.

FIG. 5B shoWs the preferred embodiment for budget-type
furnaces, in Which ?at high re?ectance plates 36 are used
above the upper lamps 40U and beloW the loWer lamps 40L,
and no laminar cooling air is directed along the lamps. The

CIA cards, tapes, optical drives such as CD-ROM drives,
WORM drives, RW-CDROM drives, etc., DVD drives, mag
neto-optical drives, and the like. The various memory types

provide for storage of information and images, including
45

remaining parts, such as side Walls 32, are the same.

FIG. 6 is a series shoWing the detail of the lamp end ?tting,
typically made of cordierite or steatite, that serves to support

and retain the lamp in proper orientation, in Which FIG. 6A
shoWs the lamp 40 With ?lament 70 relatively centered in the
channel 56 by a cup shaped ?tting 42 inserted in bore 44 in the
side Wall 32 (see also FIG. 2) so that there is ample space for
air to ?oW in the optional cooling passage from the inlet
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manifold 62 on the right to the center exhaust manifold 54 in
the center, via the exhaust port 46. FIG. 6B shoWs a ?rst
embodiment of an end ?tting 42 in Which a ring or ?ange 72
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engages the bore hole 44, and a plurality of radial Webs 74,
typically 2-4, terminate centrally in a collar 76 in Which the
lamp tube 40 is ?tted. FIG. 6C shoWs the presently preferred
embodiment of end ?tting 42 in Which a ?ange 72 is con
nected to a cylindrical or tapered sleeve 78 that ?ts in the
borehole 44 (see FIG. 6A) and terminates in a transverse end
piece 80 having a triangular cut-out 82 through Which the tube
40 is ?tted.
FIG. 8 is a ?oW sheet shoWing furnace zone con?guration
and operational processes of “?ring” solar cell Wafers or other

The memory typically includes volatile memory (e.g., RAM)
and ?xed and/ or removable non-volatile memory. The non

computer-readable instructions, zone con?guration tem
plates, templates for con?guring individual lamps or groups
of lamps, data structures, program modules, operating sys
tems, and other data used by the computer(s).
A netWork interface is coupled to the bus to provide an
interface to the data communication netWork (LAN, WAN,
and/or Internet) for exchange of data among the various site
computers, routers, authorized user’ s/organization’ s comput

ing devices, and service/product supply vendors for support
of the system, and customers, as needed. The system also
includes at least one peripheral interface coupled to the bus to

provide communication With con?gured individual periph
eral devices, such as keyboards, PDAs, laptops, cell phones,
keypads, touch pads, mouse devices, trackballs, scanners,

printers, speakers, microphones, memory media readers,
Writing tablets, cameras, modems, netWork cards, RF, ?ber
60

optic, and IR transceivers, and the like.
A variety of program modules can be stored in the memory,

including OS, server system programs, HSM system pro
grams, application programs, and other program modules and
data. In a netWorked environment, the program modules may
65

be distributed among several computing devices coupled to
the netWork, and used as needed. When a program is

executed, the program is at least partially loaded into the

US 8,571,396 B2
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computer memory, and contains instructions for implement

In the peak Zone 16, AC voltage sensor signal(s) (or,
optionally, thermocouple signals), for each lamp or groups of

ing the operational, computational, comparative (e. g., sensed
signal value of a particular container’s air sample vs the

lamps, as the case may be, are compared 224, to the set

threshold value), archival, sorting, screening, classi?cation,

parameters, and if Within the selected range, the voltage pro
?le is maintained 226, Whereas if not a PID controller adjusts
the voltage to the lamp(s) as needed 228 to bring them back to

formatting, rendering, printing and communication functions
and processes described herein.

Within the pro?le. AC Voltage control of the lamp output is
preferred to thermocouple control.

The user, operational data relationships (including history
of operations), operational and related types of data are stored

In the Quench Zone 18, the temperature is monitored via
pro?ling 230 and if Within pro?le, the air ?oW to the air knife
is maintained 232, Whereas if not, the exhaust or compressed
air values to the air knife are adjusted 234 to bring the tem

in one or more sets of data records, Which can be con?gured

as a relational database (or metadata-type, hierarchical, net
Work, or other type of database, as Well) in Which data records
are organiZed in tables. Such records may be selectively asso
ciated With one another pursuant to predetermined and select
able relationships, so that, for example, data records in one

perature to Within the pre-selected pro?le.
In the Stop-Quench Zone 20, the temperature is monitored
236, and if Within pro?le, the lam voltage and setting of the

table are correlated to corresponding records for the custom
ers in another table and the correlation or individual datum is

callable for rendering on screen, printout or other activity
pursuant to the inventive method and system.
The system is fully con?gurable, and a full set of applica

induced draft fan in the doWnstream Anneal Zone are main

tained 238, Whereas if not, the lamp voltage is adjusted 240 to
bring the temperature back Within pro?le.
In the Anneal Zone 22, the temperature is monitored at one
20

tion program templates permits individual authoriZed,
authenticated users to con?gure each Zone operation indi
vidually, as described in detail With reference to FIG. 8, as

Well as receive and store data reports, provide alert(s), and the
like. One of skill in this art Will easily be able to adapt the
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or more positions along the Zone, and if the pro?le is OK, 242,
the exhaust fan setting is maintained 244, Whereas if not the
air ?oW of the exhaust fan is adjusted 246 to bring the tem
perature back Within pro?le. Typically, no lamps or other heat
source (other than exhaust gases from the quench and/or
stop-quench Zone(s)) are provided in this Zone.

inventive multi-Zone fumace operation system to the particu
lar needs of a given product IR processing fumace.

Industrial Applicability

As shoWn in the FIG. 8 ?oW sheet of fumace operation
process 200, an exemplary ?ring operation, such as shoWn in

lamp module With optional cooling channels has Wide appli

Table I, begins With con?guring Zones 202, typically via

It is clear that the inventive high re?ectance element IR

cability to the processing of advanced substrate materials, in
30

that furnace systems ?tted With such modules Will have sub

stantial processing advantages, namely faster throughput due

?ll-in templates displayed on a control computer display, to
set the belt speed, Which is constant in all Zones as the belt is

to the ability to operate the lamps at essentially 100% rated

continuous through furnace 10 (FIG. 1), and then con?gure a

capacity for on the order of 2x or more heating rate Without

thermal pro?le in all Zones 14-22, Which is pre-selected for a
particular advanced material to be ?red in the fumace. The
pre-selected, pre-set pro?le is checked against an actual run

compromising lamp life. In addition, the recovered heat can
be recycled to other areas of the process, including the drying
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and preheat sections, thereby reducing process energy costs.

pro?le (Without product) by transporting a thermocouple

It should be understood that various modi?cations Within
the scope of this invention can be made by one of ordinary

through the fumace to produce and on-screen pro?le curve

display.
For Zone con?guration 204 the operations program steps
through each Zone in turn, starting With the Bum-Out Zone
206 With setting the rate or volume (cfm) of the induced draft
exhaust fan, the high and loW over-temperature alarm set
tings, and the high and loW temperature set points for the

40

lamps. The Peak Firing Zone is con?gured 208, optionally
setting the compressed air input to cool the lamps (Where
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skill in the art Without departing from the spirit thereof and
Without undue experimentation. For example, a Wide range of

commercially available heating elements, IR lamps and oth
ers, may be used. Instead of a channel formed in a re?ector

block, the heating lamp may be disposed Within a larger
diameter quartz tube and the annulus betWeen them forms the
cooling passageWay for pressuriZed air or other cooling gas.
These tubes can be disposed in an array beloW the high

re?ectivity ceramic plate (for the upper module), either With

used) and the lamp voltage set points (either individually or as
one or more groups of lamps 40 in the Zone) to conform to the

or Without vertical baf?es there-betWeen to optionally elimi

temperature increase curve required in the peak Zone 16 (see

nate tubes heating adjacent tubes. The high re?ectance ele

FIG. 1). Next, the Quench Zone is con?gured 210 by setting
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the compressed air supply to the air knife and exhaust (natural
draft or ID fan). The Stop-Quench Zone is con?gured 212 by

insulation With triangular pieces of similar material forming
vertical baf?es (base up, point doWn for the upper module);

setting the lamp voltage, either individually or as a group, and
the air?oW (Which can range from Zero to the desired amount

to stop the quench). Finally, the Anneal Zone is con?gured
214 by setting the exhaust induced draft fan and heat
exchange tube Water ?oW. Optionally, variable air inlet ports
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(side and/or bottom Walls) can be set.

Upon con?guration completion, the fumace operation
method 216 is shoWn in the logic portion of FIG. 8 (reference
should also be made to FIG. 1). In the Burn-out Zone 14,
thermocouples in the Zone output signals representing sensed
temperature levels. These are compared 218 to the set points,
and if the values are Within set parameters, the lamp poWer is
maintained 220. HoWever, if the values do not fall Within the
set parameters, a PID-type controller adjusts the lamp poWer
222 until the thermocouples report proper values.

ment instead of being monolithic With channels cut or formed
therein, can be simply a thick sheet of the rigid ceramic ?ber

60

these baf?es can be glued to the sheet With Water glass-type
cement. This construct is then sprayed With the high re?ec
tance ceramic composition and baked or ?red to form the
inventive ultra-high re?ectance element. A PLC controller
can be used to provide selectable menus of process parameter
control, including but not limited to belt speed, poWer ramp

ing for selected substrates, peak temperatures, dWell time in
spike Zones, cool-doWn rates, cooling air ?oW rate, heat
exchange rate, and the like. This invention, in both its com
bination and sub-combination aspects is therefore to be
de?ned by the scope of the appended claims as broadly as the
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prior art Will permit, and in vieW of the speci?cation if need
be, including a full range of current and future equivalents
thereof.

