DYNAMIC SYSTEM FOR VARIABLE HEATING OR COOLING OF LINEARLY CONVEYED
SUBSTRATES FIELD OF THE INVENTION [0001]The present subject matter relates generally to
systems for heating components conveyed therethrough, and more particularly to systems for heating
linearly conveyed substrates, such as glass substrates in the production of photovoltaic (PV) modules.
BACKGROUND OF THE INVENTION [0002]Various manufacturing processes require controlled
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of components conveyed through a chamber with the intent of achieving a uniform

temperature profile along the components. An example of such a process is the
production of thin film photovoltaic (PV) modules (“panels”) wherein individual glass
substrates are conveyed linearly through a pre-heat stage prior to deposition of a thin
film layer of a photo-reactive material onto the surface of the substrates. It is
important to obtain uniform heating of the substrates prior to the deposition process.
Non-uniform heating leads to processing problems, such as bowing of the substrates,
non-uniform deposition of the film layer, inconsistent film performance properties,
and the like, all of which adversely affect overall performance of the PV module.
[0003] A continuous linear flow of discrete substrates through a steady-state
heating or cooling chamber is prone to producing temperature non-uniformities in the
components. Such non-uniformities may be the result of a combination of factors,
including gaps or spaces that exist between the components, moving the components
past stationary heating or cooling elements, and non-uniform conveyance rates of the
components. With respect to gaps between the components, because the edges of the
components have a greater surface area as compared to the interior or center region of
the component, the edge regions have a reduced thermal mass and will heat or cool
quicker as they are conveyed past a steady-state heating or cooling element.
Conventional steady-state heating or cooling chambers do not adequately compensate

for these edge-induced temperature irregularities.



[0004]Another potential cause of temperature variances along the substrates is that, in certain
systems, the substrates are rapidly conveyed into the heating chamber such that a negligible time
differential is created between when the leading and trailing edges of the substrates begin to be
heated. Thereafter, the substrates are conveyed at a relatively constant speed through the chamber.
This results in an increasing temperature gradient along the length of the substrate as the substrate

moves linearfgoa4y of the haabeppdIERRAISATRE JfadingeRAGR PAINOSIAGIRINLS disshigat zone longer
than the leading edge portions. [0005]Accordingly, there exists an ongoing need.in the industry for an
improved syé?é%ﬁtaﬁhc ?E}ﬂﬁet%ﬁ]ﬂé%ﬂ%%%?ﬁm?#@&mﬁ@fe&&mg? H584Rg conveyed
componentsckapbeiaiitigthstsuhgipbeshas ettt tgbrhigalinpraeeoding eharshing during the
production of PV madules. BRJEF DESCRIPTION OF THE INVENTION [Q006]Aspects and
advantages S?WEafﬁggr‘?ﬁ%ﬁs\ﬁ It ES%E’PW‘? W%Hrgﬂk%ﬂoﬁmﬁ&&@ﬁoﬁ#éﬁrm obvious
from the desesipiigiedat fajatiedsarondatireseat praciptalef dhenbéentian 10RME]IR accordance with an
embodiment.of the.invention, a syste isggﬁvid d. for ariﬁ le h%atingbor ooggig of discrete linearly
conveyed sUBSIFANMeHSRY LG ETAYSEH iﬂeﬁ’ b‘if@i? S SURSHARH LS temperature
variances thatoveslihedrigrovisefhibeihdatcashébiessibératehdpamigeqivrtivan eenthiigihe steady-state

temperature,chamber. The system inclydes a chamber, and a conveyor within the chamber to move
the substratélga(i%ﬂ‘éﬁoﬂggrﬁ%@éfﬁq@%ﬁ&mg%te, which may be a constant rate. A plurality of
individually doaesjled tempecaidiagte hiofeuiistasa oitpdsedosdnibendismbiyr along the

o commu TS AR e S 5 P SRR S A 6 Byt ety
decrease/incensyal ionipasaieespedally giasst sbsmsta dowveye tiheoigrh Prigig @control units from a
steady-state temperature output as a function, of t atial position of the conveyed substrates within
the chamber ?8@ gﬁﬁ%%r?é%ﬁ Rﬁf Péﬂé&é%ﬁf’ﬁ?ﬁ% H%i?: In this way, temperature variances in
the substrates that
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[0006] Aspects and advantages of the invention will be set forth in part in the

following description, or may be obvious from the description, or may be learned

through practice of the invention.

[0007] In accordance with an embodiment of the invention, a system is

provided for variable heating or cooling of discrete linearly conveyed substrates

having a leading and trailing edge. The system compensates for temperature

variances that would otherwise be induced in the substrates from conveyance through

a steady-state temperature chamber. The system includes a chamber, and a conveyor

within the chamber to move the substrates through the chamber at a conveyance rate,

which may be a constant rate. A plurality of individually controlled temperature

control units are disposed within the chamber along the conveyance direction. The

temperature control units may be heating units or cooling units. A controller is in

communication with the temperature control units and is configured to cycle (i.e.,

decrease/increase or increase/decrease) output of one or more of the temperature

control units from a steady-state temperature output as a function of the spatial

position of the conveyed substrates within the chamber relative to the respective

temperature control unit. In this way, temperature variances in the substrates that



would otherwise be caused by movement of the substrates through a constant temperature in the
chamber are reduced. It should thus be appreciated that the substrates are not heated at a constant,
steady-state temperature as they are conveyed through the chamber. [0008]In a particular
embodiment of the system, the chamber comprises a plurality of aligned processing modules in a
photovoltaic (PV) module manufacturing line, with each module having at least one temperature
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position of conveyor is configured to rapidly convey the substrates from the buffer module into a
first one of the processing modules at a rapid conveyance rate, wherein the substrates
are subsequently conveyed at a reduced constant conveyance rate through the
remaining downstream modules. The controller is configured to cycle output of at
least one of the processing modules as a function of the spatial position of the
substrates relative to the module to compensate for a temperature gradient that would
otherwise be induced by conveyance of the substrate out of the first processing
module at the reduced constant conveyance rate.

[0009] A plurality of linearly spaced-apart edge detectors may be disposed in
the chamber downstream of the first processing module and in communication with
the controller to provide signals indicative of the actual spatial position of the
substrate relative to the cycled processing modules. With this embodiment, the
controller may be configured to decrease output of the cycled processing module upon
detection of a leading edge of the substrate reaching a first one of the edge detectors,
and to increase output of the module upon the leading edge reaching a downstream
edge detector.

[0010] In an alternate embodiment, the controller may be configured to cycle

output of the cycled processing module as a function of a calculated spatial position of



the substrate relative to the module. This calculation may be based on the conveyance rate
@re-defined or measured) and known length of the substrates. [0011]The invention also encompasses
various method embodiments for heating or cooling discrete linearly conveyed substrates in a
chamber to decrease temperature variances in the substrates. The method includes conveying the
substrates at a conveyance rate linearly through a chamber having a plurality of temperature control
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as the substrates are conveyed through the chamber. In other embodiments, the
output of the temperature control units is controlled by calculating the spatial position
of the leading and trailing edges of the substrates relative to the temperature control
units, for example based on the conveyance rate and pre-defined length of the
substrates.
[0012] In a system wherein the substrates are initially conveyed into the
chamber at an rapid conveyance rate and thereafter conveyed through the chamber at
a constant conveyance rate, the method may include cycling the output of at least one
of the temperature control units as a function of the spatial position of the substrates
relative to the units to compensate for a potential temperature gradient that would
otherwise be induced by conveyance of the substrates at the constant conveyance rate
after the initial rapid conveyance into the chamber.
[0013] The method may include conveying the substrates through the chamber
with a gap between the leading edge and trailing edge of adjacent substrates, and
sequentially cycling the output of the temperature control units as a function of the
actual or calculated spatial position of the leading and trailing edges of the substrates

within the chamber to decrease edge-induced temperature variances that would



otherwise be caused by movement of the substrates through a steady-state temperature chamber.
[0014]The method may be used for control of a vacuum chamber in a photovoltaic (PV) module
manufacturing line wherein the temperature control units are individually controlled heater units
disposed in a pre-heat section of the vacuum chamber, or cooling units disposed in a cool-down
section of the chamber. [0015]Variations and modifications to the embodiments of the system
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appended dihuitogs]taioRihmodule manufacturing line wherein the temperature control units

are individually controlled heater units disposed in a pre-heat section of the vacuum

chamber, or cooling units disposed in a cool-down section of the chamber.

[0015] Variations and modifications to the embodiments of the system

assembly discussed above are within the scope and spirit of the invention and may be

further described herein.

[0016] These and other features, aspects and advantages of the present

invention will become better understood with reference to the following description

and appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS
[0017] A full and enabling disclosure of the present invention, including the
best mode thereof, is set forth in the specification, which makes reference to the
appended drawings, in which:
[0018] Fig. 1 is a side plan view of an embodiment of a system in accordance
with aspects of the invention;
[0019] Fig. 2 is a side plan view of the embodiment of Fig.1 illustrating
advancement of the substrates through the system;
[0020] Fig. 3 is a side plan view of another embodiment of a system in
accordance with aspects of the invention;
[0021] Fig. 4 is a side plan view of still a different embodiment of a system in
accordance with aspects of the invention;
[0022] Fig. 5 is a block diagram of a conventional PID controller;
[0023] Fig. 6 is a block diagram and associated legend of a PID control loop
modified with a spatial modulated function to account for relative spatial location of
substrates within a temperature processing chamber;
[0024] Fig. 7 is a side plane view of a photovoltaic (PV) manufacturing

system incorporating aspects of the present invention; and,



[0018]Fig. 1 is a side plan view of an embodiment of a system in accordance with aspects of the
invention; [0019]Fig. 2 is a side plan view of the embodiment of Fig.1 illustrating advancement of the
substrates through the system; [0020]Fig. 3 is a side plan view of another embodiment of a system in
accordance with aspects of the invention; [0021]Fig. 4 is a side plan view of still a different
embodiment of a system in accordance with aspects of the invention; [0022]Fig. 5 is a block diagram

of a conventjgoasPID contrglles;ifQgstkpibtids/a R oEitdisgirm anpigspociated legend of a PID
control loop
DETAILED DESCRIPTION OF THE INVENTION

[0026] Reference now will be made in detail to embodiments of the invention,
one or more examples of which are illustrated in the drawings. Each example is
provided by way of explanation of the invention, not limitation of the invention. In
fact, it will be apparent to those skilled in the art that various modifications and
variations can be made in the present invention without departing from the scope or
spirit of the invention. For instance, features illustrated or described as part of one
embodiment, can be used with another embodiment to yield a still further
embodiment. Thus, it is intended that the present invention encompass such
modifications and variations as come within the scope of the appended claims and
their equivalents.
[0027] Figs. 1 and 2 illustrate an exemplary embodiment of a system 100 for
heating or cooling discrete substrates 108 that are conveyed linearly through a
chamber 102. The substrates 108 have a leading edge 110 and a trailing edge 112 in a
conveyance direction 128 through the chamber 102. It should be appreciated that the
invention is not limited to any particular type of substrate 108 and has utility in any
manufacturing or processing application wherein it is desired to obtain a uniform
temperature profile along discrete, linearly conveyed articles. As described in more
detail below, the invention is particularly well suited for processing glass substrates in
a PV module manufacturing system.
[0028] The substrates 108 are conveyed through the chamber 102 by any
manner of suitable conveyor 1'32, such as a roller conveyor, belt conveyor, chain
conveyor, a combination of discrete conveyors, and so forth. The conveyor is
desirably controlled to convey the substrates 108 at a relatively constant conveyance
rate through the chamber 102. However, the present system 100 may also
accommodate varying conveyance rates, including stepped conveyance.
[0029] The chamber 102 is also not a limiting factor of the invention, and may
be any manner of enclosure that is suited for temperature-change processing of

substrates 108. The chamber 102 may be a single structure, as depicted in Figs. 1



modified with a spatial modulated function to account for relative spatial location of substrates within a
temperature processing chamber; [0024]Fig. 7 is a side plane view of a photovoltaic (PV)
manufacturing system incorporating aspects of the present invention; and, DETAILED DESCRIPTION
OF THE INVENTION [0026]Reference now will be made in detail to embodiments of the invention, one
or more examples of which are illustrated in the drawings. Each example is provided by way of
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conveyed through'the chamber 102 by an
within the chamber 102 along the conveyance direction 128. These units 116 are

disposed generally across the width of the chamber 102 and are spaced so as to apply
a relatively uniform temperature treatment to the substrates 108 as they advance
through the chamber 102. The units 116 may be disposed over the substrates 108, as
depicted in Figs. 1 through 3, or below the substrates, for example if the substrates
108 are conveyed by an overhead conveyor 132. The type of temperature control
units 116 will depend on the function of the system 100. In a particular embodiment,
the system 100 is designed to heat the substrates and the units 116 are heater units 120
that contain one or more heater elements 122 (Fig. 3). The heater elements 122 may
be any type or combination of conventional heating elements, including resistive
heaters, quartz lamps, electron beam heaters, lasers, and so forth. Faster response
heating elements, such as quartz lamps, may be more useful with greater conveyance
rates of the substrates 108 through the chamber 102.

[0032] In an embodiment wherein the system 100 is designed to apply a
controlled forced-cooling to the substrates 108, the temperature control units 116 may
be any configuration of conventional cooling elements, including recirculating
refrigerant systems, gas systems, forced air systems, and the like. It should be
appreciated that the heater elements 122 may also be applied during a cooling process
to control the rate of cooling of the substrates.

[0033] The temperature control units 116 are individually controlled so that
their output can be cycled down and back up (or up and back down) as a function of

the relative position of the substrates 108 within the chamber 102. The “cycling” of



manner of suitable conveyor 132, such as a roller conveyor, belt conveyor, chain conveyor, a
combination of discrete conveyors, and so forth. The conveyor is desirably controlled to convey the
substrates 108 at a relatively constant conveyance rate through the chamber 102. However, the
present system 100 may also accommodate varying conveyance rates, including stepped conveyance.
[0029]The chamber 102 is also not a limiting factor of the invention, and may be any manner of
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[0035] It should be appreciated that the term “controller” 118 is used

generically to encompass any manner of hardware and software configuration to

achieve the desired functions described herein. For example, the controller 118 may

encompass a central system controller that is in communication with individual sub-

controllers associated with each respective temperature control unit 116, and so forth.

[0036] Figs. 1 and 2 depict essentially the same chamber 102 at different

sequential times. In Fig. 1, the substrates 108 are at a relative position within the

chamber 102 and the temperature control units 116 above the spaced apart edges 112,

110 (gaps 114) are powered down (as indicated by the lack of shading below certain

units 116). In Fig. 2, the substrates 108 have advanced further through the chamber

102 and units 116 that were previously powered down have been cycled back up

while adjacent units 116 (in the conveyance direction 128) are cycled down. This

sequential cycling of the units 116 is coordinated with movement of the gaps 114

through the chamber 102.

[0037] It should thus be appreciated that the leading 110 and trailing 112 edge

regions of the substrates 108 are exposed to a lesser degree of the temperature-

changing effects of the temperature control units 116, which compensates for the

relatively faster heating/cooling of the edge regions due to the thermal mass variations



[0032]In an embodiment wherein the system 100 is designed to apply a controlled forced-cooling to
the substrates 108, the temperature control units 116 may be any configuration of conventional cooling
elements, including recirculating refrigerant systems, gas systems, forced air systems, and the like. It
should be appreciated that the heater elements 122 may also be applied during a cooling process to
control the rate of cooling of the substrates. [0033]The temperature control units 116 are individually
controlled so that their putput can be Iedcldow an n) as a function of
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gap 114 passes through the effective te ratur URIGAAS, the unitis
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the unit 116 ibeogietbabiup. detect the leading 110 and trailing 112 edges as the substrates

move into the chamber 102. With edge signals provided by the detector 124, the

controller may calculate an actual width dimension (spacing) for the gap 114.
Alternatively, the controller may be provided with a pre-defined gap width value.

The controller 118 may also receive a conveyor speed signal 134 from an actual speed
monitor or pre-defined speed input variable. Alternatively, with a pre-defined gap
width, the conveyor speed may be calculated with inputs from the edge detector 124.
Based on the gap width and conveyance speed, the controller can accurately calculate
the position of the gaps 114 as the edges 112, 110 move through the chamber 102 and,
thus, control the temperature units 116 as a function of the calculated edge positions.
In this embodiment, an actual conveyor speed signal 134 would compensate for
variances in conveyor speed.

[0039] In an alternate embodiment depicted for example in Fig. 3, the
controller 118 is configured to cycle the temperature control units 116 as a function of
detected actual positions of the edges 112, 110 as the substrates 108 move through the
chamber 102. With this embodiment, a plurality of edge detectors 126 may be
disposed linearly within the chamber 102 at a relative position to detect the presence
or absence of the substrates 108, and thus the presence of gaps 114 between the
substrates 108. The detectors 126 provide signals 136 to the controller 118. For
example, the detectors 126 may be active transmitters/receivers disposed along a wall
of the chamber 102 at a level that lies essentially in the conveyance plane of the
substrates 108. The presence of a gap 114 (absence of a substrate) allows
transmission of an active signal across the conveyor, and the absence or receipt of this

signal indicates the presence of a gap 114. Thus, the sequential



[0035]It should be appreciated that the term "controller” 118 is used generically to encompass any
manner of hardware and software configuration to achieve the desired functions described herein. For
example, the controller 118 may encompass a central system controller that is in communication with
individual sub-controllers associated with each respective temperature control unit 116, and so forth.
[0036]Figs 1 and 2 depict essentially the same chamber 102 at different sequential times. In Fig. 1, the

substrates 1@&iatgioh/ddaiaiaRositing detdtnih exenonassifenathiaiiemes stusveantipl units 116
above the spgced apart edges 112, 110 (gaps 114) are powered down (as indicated by the lack of
shading beld tglfr é&sﬁﬁﬁs%&%aﬁ?i:ﬁo ; ﬂggi‘dh@t?a?é‘%bfbé%ve advanced further through the
chamber 107G04dunits 11§ thatliere dpjsecanel hayeattdowns h2sahnask axyathagkoap while

adjacent units 116 (in the conveyance direction 128) are cycled down. This sequential cycling of the
units 116 is ASHYGHARSINUEH TR0 usha AE BIARE HliRsTsd4 310 dEsarReRniasonandohs 68%Y8 should
thus be apprésiidesitantihedithstiang HOPaechiinging kdArede feeinsmbie BbsHates 108 are

exposed to alesser degree of the temperature-changing effects of the temperature control units 116,
which com p&%&eﬂé’?ffﬁf@%%ﬁi%&g ?@Pﬁ%‘ﬂﬁfg‘ﬁﬁ%ﬂﬂ&&ﬁﬁ@%@%@%ﬁ’@’&‘ﬁéetgeﬁfg%ermal

mass variatidfetn ahengddedgegesth sbsaaftai{e08)] oAty RICsH ARRE RoPRIAREERISHE IS

achieved for the substrates 108 as th re advanced through the chamber 102. [0038]Control of the
temperature® Srﬂ%’lai Ri%%ﬁy%gzé ‘T‘iéﬁpéjl %fié&%ﬂﬁﬁﬁ&?g‘?—e&%‘feﬁm@tﬁtahé embodiment

depicted for dxtacuplermy i poshivrahiiier drityclge tudstrites 108 asadupgtion of a calculated
position of the ??Lé%strat? edges 112, 110 as the substrates 108 move through the chamber 102. For
example, anAt IBF%QSsive edge detector 124 may be disposed at a location within the chamber

102 to detecfitwl leading T2 dedtailingd il eaigedapditveoniintmesse Fpdhanghlamber 102.
}/;/ith gdge sﬁgz&%grpvi(ﬁefkb the Zlgzctq%ilz , the cqntro ler%rgggﬂfalculgte an a_ctuagl width dim_ension
pacing) fo AL 4 ~R PRI ARCERS thEBSHH I@PM‘? apegitwel Sfdhfefined gap width

value. chamber 102 so that the taps engage against the side edges of the substrates 108.

Deflection of the tabs into a gap 114 will produce a corresponding signal that is

received by the controller 118.

[0042] Fig. 3 also depicts each temperature control unit 116 as including a

plurality of individual elements 122, for example individual heater elements. These

elements 122 may be operated as a common group within any given unit 116, or may

be individually controlled within the unit 116 to provide even more refined

temperature control within any given temperature zone.

[0043] Fig. 4 depicts an embodiment of a system 100 wherein the chamber

102 is divided into a plurality of adjacently aligned modules. The modules may be,

for example, pre-heat modules 20 that precede a vapor deposition module 22 in a

vacuum chamber of PV module manufacturing line, as discussed in greater detail

below with reference to Figs. 7 and 8. The temperature control unit 116 associated

with each module 20 may include one or more independently controlled heater units

120 that increase the temperature of the substrates to a level sufficient for vapor

deposition of a thin film layer of semiconductor thereon in the vapor deposition

module 22.

[0044] The substrates 108 are conveyed via conveyor 132 into the first

module 20 from a buffer station/module 38 once pressure between the module 38 and
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The controller 118 may also receive a conveyor speed signal 134 from an actual speed monitor or
pre-defined speed input variable. Alternatively, with a pre-defined gap width, the conveyor speed may
be calculated with inputs from the edge detector 124. Based on the gap width and conveyance speed,
the controller can accurately calculate the position of the gaps 114 as the edges 112, 110 move
through the chamber 102 and, thus, control the temperature units 116 as a function of the calculated

edge positions. In this embodiment, an actyal conveyor speed, signal,134 would camppensate for
variances in @8('}9}53/%9 éﬁ)%{;l‘ﬁféﬁﬁ?%s Lh%?ﬂ‘é?@%rﬁ%@? eglrihg%lﬁétéﬁ fgp%@g%ea?ﬁ Fig. 3, the
controller 1f1%1§tﬁ@§iguﬁeﬁﬂo@y@@mdememiwehmﬁwllmiﬁsimamaﬁmcﬁodnudﬁ Peiscted actual
positions of the edges 112, 110 as the substrates 108 move.through the, chamber 102. With this
embpdimen_t,_%%réhﬁfﬁ‘% %Fégtﬁ‘?gsﬁéei@%}%&iﬁ%ﬁ%@é&?ﬁé‘gﬂy WithiR the ¢ révr%eec{r] 102 at a
relative positiciadexdatychih ehpieseraricledifsenceonityamuthateales ifgrifidtly ghenfpresence of

gaps 114 between the substrates 108. The detectors 126 ide si s 136,10 the.cantroller 118. For
example, thé}@&gﬁﬁfgﬁ%tﬁwg@%ﬁi%etfgﬁ ﬁfgﬁg%ée(i@ér &g%%se%r% gr?ge%)aﬁ’%f the chamber

102 at a Ie\é@sﬁaaw,e@@ﬁﬁﬁatiadjm Hne caimy ey dncsupkaratesfl 08istobbis ftes hd8ulEZOpnagence of a

ap 114 f iSSI i [
abeonce or BLEIHIAL SRTAT AR S P B & YA SR Qo htbentar
activation/dengtiatiancbtidngateotorns dabinravidedges afthakitdicattonsaftsndeerdhe of the substrate
edges 112, 110 throu e chamber 102. [0040]It should be appregiated that the detectors 126 may
be any manﬁgpﬁaéﬁt%# E?ﬁﬂl@ﬂg el ?fﬁﬁlgfﬂiﬂl%eirﬁ%sg}r%%agr%;@ﬁéalgléer?cf/??é’g‘é??a?rgd other
active devicehetbahgaint wiiagmnctéhate pérhtinghenvilestraestl 08 thitlch@aph &t 4 betvikes Hetectors 126
may be a single transmitter/receiyer unit that detects signal reflected from the, side,edges of the
substrates (1 %r%‘ﬁé\fé@tygr%f 8¢ ﬁ/eeﬁ aqugﬁe%%aﬁggiul %%?atﬁlasfup?ggg}ees%bugh the gaps
114. It shoulphedss] be undstiiaeftiting b iletecinshouldytine posipprenitald ohvat as hielow the substrates
108 in altern%%?mbog' ents. 5%%?1 T@le detac ors, 2&% ay a%orgsesieealsslil\égtggr@)t otr devices. For
example, th& RS @'@?ﬁg HEYLS BATEE AD AN Be i 688dRong awaﬁafcofthe chamber

102 so that therigpeeryedénagdiasape digesitige mofitie 22 thtrawbinda] fogltetivorobéable tabs into a

gap 114 will produce a cofresponding.signal that.is received by the cantroller 118, [0042]Fig. 3 also
depicts eac ‘E&Fﬁﬁ‘é‘f&ﬁfﬁé‘{%% Itﬁﬂi%ffgea%l?ﬁfclzutrlﬁ ang A P IS M 838 Sage

a
portion. This will result in an increasing temperature gradient being induced

lengthwise in the substrates (in the direction of conveyance). In other words, in the
vapor deposition module 22, the trailing edge portion of the substrate 108 will be at a
greater temperature than the leading edge portion, which is detrimental to a uniform
deposition of the thin film layer on the surface of the substrate 108.

[0046] The system 100 may also be designed to compensate for the
conveyance-induced temperature variance discussed above by decreasing the heat
output of one or more of the heater units 120 as a function of the spatial position of
the substrate within the chamber relative to the unit 120 so that less heat is transferred
to the trailing edge portion as compared to the leading edge. For example, referring to
the embodiment of Fig. 4, an edge detector 125 is disposed at a first location within
the chamber 102 to detect the leading edge 110 of the substrate 108 being conveyed
from the first module 20. At this detection, the controller 118 may reduce the output
of the heater units 120 in the first module 20 (individually or as a group) by a set
amount (e.g. % reduction of the steady-state output), or even turn-off the units 120,

while the trailing edge portion of the substrate is conveyed through the first module

11



plurality of individual elements 122, for example individual heater elements. These elements 122 may
be operated as a common group within any given unit 116, or may be individually controlled within the
unit 116 to provide even more refined temperature control within any given temperature zone.
[0043]Fig. 4 depicts an embodiment of a system 100 wherein the chamber 102 is divided into a
plurality of adjacently aligned modules. The modules may be, for example, pre-heat modules 20 that

precede a vaporideRRSHAMERHHIRARR Q1¥epuHRD RS 8 P mads manyagtiing line, as

discussed in greater detail below with reterence to Figs 7 and 8. The temperature control unit 116

associated Wddingcsdgrobl fazshenthadavmserrmmdsndetastrpio entyut ohthsikentse andtsunits 120
that increasq ﬂoeié(%@&a%ﬂt%%&tB%W%?é%%ﬁ@iﬁdﬁ)@lﬁéﬁiﬁj%gkfﬂf ABLRRBF iR Of a thin film

layer of semiconductor thereon in the vapor deposition modulé 22. [0044]The substrates 108 are

conveyed ViSRS 12banimetinaohdesatiol pesifianeftbe s tenbRft reladveriedhsressure
between theiodlulfs R8aRshOYHIRiER i AWBIRESLRR LS YRSRSHEN N IRORHR YR frough the

modules 20 at a relatively constant conveyance rate. Once the’initial position in the first module 20 is
"clear", the rf&%% t substrate 108 in the buffer module 38 is rapidly conveyed ("indexed") into

the first modiglg479 at a CORRUARERe ApOaARIHS TIRA M HRAIRIN BRI IS fRASI b &R veyance rate

of the substrates 108 throu?h the modules 20. In essence, the initial conveyance rate of the substrates
108 into the rdis Bt meedtlfl, Hehe presgataeny it Rerrsomplishaddniang eapersignificant heating

differential baswesndon asinerd QR IERBNGIdAIRASSS BlileS YRS B5tlsn ARes the substrate

108 has been rapidly indexed into the first module 20, it is then conveyed at the constant conveyance

rate of the off@PETRSFRE DI thesubstptes OBawiridn aemeaames digdheTpeIarResitohg edge 112
of the adjaceRAmpeeATFoY bﬁﬂiﬂgge}% ﬁ@@ée’élSIHH?r slermineiehicd t theruchiigdsyappreciated

that as the substrates 108 move through the modules 20 and are progressively heated before being

conveyed int89rBeasd 2diseatrBedwHs %9 seomhiling edge portion of each substrate spends more
time in the meuleps 20 asiaarRaABEdRIGR STadld aHe RRFAN i?mﬂéggﬁyﬁdﬁtmya%9asing

temperature gradient being induced lengthwise In the substrates (in the direction of conveyance). In

other wordsfieEHOD A dherasibalpositimseidhs subsiratesit(f aelgtivsdaiths svekl henterarits 08 will be at
a greater tenye(aia fRdBapcthaderinm s uE7POrH e Whis RARBRIHAS Al dQ shitpiieF@eposition of the

thin film layer on the surface of the substrate 108. [0046]The system 100 may also be designed to

compensatdM8Y hsecontigured to calculate the spatial position baseg on, for exampYe, defined
conveyance rate, spacing between substrates, substrate length, and so forth.
[0049] Fig. 4 depicts additional edge detectors 126 that may function with the
controller 118 in accordance with the processes discussed above related to decreasing
edge-induced temperature variances in the substrates. The different compensation
processes may be implemented concurrently in the chamber 102.
[0050] Control of the temperature control units 116 may be accomplished in
various ways. In a particular embodiment, the controller 118 may utilize a PID
(Proportional Integral Derivative) control algorithm that is modulated as a function of
spatial location and rate of speed of the substrates 108 through the processing
chamber relative to the temperature control units 116 to achieve any one or
combination of the temperature compensation processes described herein. A PID
controller is a generic control loop feedback mechanism that is widely used in
processing applications to calculate an “error” as the difference between a measured

process value (PV) (e.g., temperature) and a desired setpoint value (SP). The

controller attempts to minimize the error by adjusting the process control inputs. PID

12



conveyance-induced temperature variance discussed above by decreasing the heat output of one or
more of the heater units 120 as a function of the spatial position of the substrate within the chamber
relative to the unit 120 so that less heat is transferred to the trailing edge portion as compared to the
leading edge. For example, referring to the embodiment of Fig. 4, an edge detector 125 is disposed at
a first location within the chamber 102 to detect the leading edge 110 of the substrate 108 being

conveyed from the first module 20, At tlﬁi1 detection, the contrpller 118 may r .1he output of the
% r? mamerature CORNOL I VaHouS mgmﬁ%jﬁﬁnt g.ég. % reduction of

heater units 928" Wé%&f?ﬂ%ﬁﬁ@ﬁ? gl Yy Or as a group) by a set amou
the steady-s#ipislicatipus), or even turn-off the units 120, while the trailing edge portion of the substrate

is conveyed h the first modul .In this man the trailing edae partion igvgﬁated to a lesser
degree. Whiﬁ(i%?aﬂeading égrg%eoli lr%gaﬁ():ﬁlggi?ﬁtg 8@\%%5 rgg%ﬁg%%%%d%%t%g@,lsoutput of the heater
units 120 is kefowieshtbribei metdscyxptabeedanditiail iEneis, yeoyuiily the Rilpentbihe heater units 120
as a function of the spatial position of the substrate 108 relative to th [ mRAraige gradient
that would oﬁ%?ﬂﬁ%@ﬁ%vﬁlgﬁﬁéé%ﬂiﬁe&aé%%g%]f?ﬁg??srségin%ﬁ)éﬂg%ﬁé%ﬁﬁ)ﬁ(.ﬁ[g(ga% t? g%%ou@be appreciated
that the comghertkaticiti v ¢ sainesd Tiatse saluen ateechisbinatitd peideemeoipdsteday also be
accomplished i A ER? AHCOMAINASNorbip et MASKSSE0AI 5 90T Beiag achieve 2

uniform linea e Sibstrates prior to conveyance into the vapor deposition
chamber 22 r&abinetenpptpottienio@salnaialze ralbefignil inakes firchangaiddheeuinithe next

adjacent mo , and so forth. [0048]In the embodiment [ t i@ph process in
controlled bﬁeﬁ%@%ﬁs&?fﬁ?@ lé{%%a t&}su iOh Of the subs Pgtg%{tf)oge%%%é?c%&%@g@heater units
120 (via the satbproeisc(®ié) vahes 2m)ltiplaitcbyat tneabbo giopemtinntleaofrolarkiil 8 may be configured
to calculate the spatial position based on, fo xam_phg defined conveyance rate, spacing between
substrates, substrate length, and so forth. [00%Y]Fig: Rjgéﬂts additional edge detectors 126 that may

function with the controller 118 in accordancecéyigh the processgs discussed above relat?d (o)
S bR S

decreasing $882%hduced 1% Feegat N XANS ubirh Fiaadf %’f‘gﬁtt%g%ﬁﬁélrr%a ion

processes manDAKIRCHRIATHAINeHeRIbAiitHdR sha@eridf3f [AOEAICOtintepktiagehuperature

control units 116 may be accomplished in . .
error ove¥ time and mgltiplying the value by a tunable integral gain factor K;:

t
Foui = K / e(r)dr
0
The integral (I) term accelerates process towards the setpoint and eliminates the
inherent steady-state error that occurs with proportional-only controllers.
[0053] The derivative (D) value (also called “rate”) makes a change to the
output (MV) as a function of the slope of the error over time multiplied by a tunable

derivative gain factor Kg:

d
Dcmt = K, d —d,—te (t)

The derivative (D) term slows the rate of change of the controller output and reduces
the magnitude of the overshoot produced by the integral (I) term.

[0054] The proportional (P), integral (I), and derivative (D) terms are summed
to calculate the output (u(t))of the PID controller:

14
d
ult) = MV(t) = Kee(t) + K; / efr) dr + Koze)
A .
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various ways. In a particular embodiment, the controller 118 may utilize a PID (Proportional Integral
Derivative) control algorithm that is modulated as a function of spatial location and rate of speed of the
substrates 108 through the processing chamber relative to the temperature control units 116 to
achieve any one or combination of the temperature compensation processes described herein. A PID
controller is a generic control loop feedback mechanism that is widely used in processing applications

to calculate grhe@isairoRtoldifisHareaceRaBBeR R RRATUALR 0FeRS prakEsBY A dRidmigmperature)

and a desired setpoint value (SP). The controller attempts to minimize the error by adjusting the

process confbii B HeAB YRBiRS EereKeo K i RERiSYE 9B 10RIRBERRORE OlisERM various

manufacturingaﬁppﬁqafmmn{g@@aﬁgi&f&qﬁgoq&gw»of a PID control algorithm, which is well
known and need not be explained in detail herein. Generally, the PID control algorithm involves three

er
separate parditers: the pigpdifdriapes digesamenith t‘?ﬁeﬁémﬁé fesrbagk eoml iegedhathese values
are combinegh4y Bedvigtemenaiiny RiGeMAraPIRAhS 0 aulpdtrosibg EdRvegairalisngs  function of
time. In the time realm, the proportional ,P) value ((a so called "gain") makes a change to the output
(MV) that is BFB&WB%&L?&’@%&”U}FF@ FEPARGEATE) S BRER) dukisHd G stp sertraltedasd process (PV)
values multigiesh&y@absrabie qiopeniarats 3t ERIKEE iepmieR(VataReETge integral (1) value

(also called "reset") makes, a change to the qutput (MV) that Is proportional to the magnitude and

* duration of tAEWNFEHISS YREaRSeh 1Beer bt Bedraticulanerrhotipignigenictediniig- 48nable integral
gain factor Kitantiefd)BI1Y bernigiak tdainaeess Walamete saltanaisn forrpirQiphand eliminates

R N S G Bt e el B O s to the unils
116. As explained in the legend provided with the block diagram in Fig. 6, the
standard PID transfer function G(s) is modified with a spatially modulated transfer
function Gy(s) that is triggered by the relative position of the substrates 108 within the
processing chamber 102, which may be detected by any combination of edge
detectors 124 -127 in communication with the controller 118. The spatially
modulated transfer function G(s) may be, for example, a ramp function that, when
triggered, combines with the output of the PID transfer function G(s) to change the
manipulated signal U(s) to decrease/increase the output of the temperature control
units 116 (e.g., a defined % decrease and subsequent increase) when the edges 112,
110 of adjacent substrates 108 are passing below the units 116, as discussed above.
[0056] It should be appreciated that the invention is not limited to any
particular type of feedback control, and that the modulated PID control algorithm
described herein is for exemplary purposes.

[0057] Figs. 7 and 8 illustrate an embodiment of a vapor deposition system 10
configured for vapor deposition of a thin film layer (generally less than about 10
microns (um)) on PV module substrates 14 that are conveyed through the system 10.
The thin film may be, for example, a film layer of cadmium telluride (CdTe). As
described in greater detail below, the system 10 may incorporate one or more of the
temperature control chambers 102 in accordance with aspects of the invention.

[0058] The system 10 includes a vacuum chamber 16, which may be defined

by any configuration of components. In the particular illustrated embodiment, the
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[0053]The derivative (D) value (also called "rate") makes a change to the output (MV) as a function of
the slope of the error over time multiplied by a tunable derivative gain factor Li: Dont = Kd-dte(t) The

derivative (D) term slows the rate of change of the controller output and reduces the magnitude of the
overshoot produced by the integral (I) term. [0054]The proportional (P), integral (1), and derivative (D)
terms are summed to calculate the output (u(O)of the PID controller: The control loop is "tuned" to the

specific requirements, of ce djust t of the |fferent yes K to achieve
an optimum COHHSE & 2‘?{)’%5%(?6?}5;85@% %1 548 exg{?omtﬁl oop umhg %8&%‘]@ 6is a
block diagraim gneﬂaeiemmdbefoavfehdmﬂmtpnhmﬁammhhmﬂw b6 maglbenamtsiderediasythiem for

heating or coolln substrates conve edt rocessing chamber, wherein {he, temperature
control units£18 &8%%? 8ﬂé’30£§8¥ 13 Hiamtthined for the

gﬁgsed 50 eél %V@Srlﬁpensa{evtm edge-induced temperature
variances ormiwsmpwwaﬂﬂxm&@@)ﬂwm@wmwIar embodiment depicted in Fig. 6, a

standard Pl 8%55 roller is oduI ted ma(()ﬁa?t%e%rylgg ter_w) ﬁnurehsetgmune over time as a
a

function of t tial positl ﬁ%’fs bsfra Ve e uni
chamber 16. The pre-heat section 18 may be one or a plurality of components that

preheat the substrates 14 as they are conveyed through the vacuum chamber 16. In
the illustrated embodiment, the preheat section 18 is defined by a plurality of
interconnected modules 20 that define a heated conveyance path for the substrates 14
through the vacuum chamber 16. Each of the modules 20 may include a plurality of
independently controlled heaters 21, with the heaters 21 defining a plurality of
different heat zones. A particular heat zone may include more than one heater 21, and
the heaters 21 may include multiple independently controlled heater elements, as
discussed above with respect to Fig. 3. The pre-heat section 18 is controlled as
described above such that the heaters 21 are cycled down and up as a function of the
relative position of gaps between the substrates 14 that are conveyed through the
preheat section.

[0060] Each of the preheat modules 20 also includes an independently
controlled conveyor 66. The heaters 21 and conveyors 66 are controlled for each
module 20 so as to achieve a conveyance rate of the substrates 14 through the preheat
section 18 that ensures a desired temperature of the substrates 14 prior to conveyance
of the substrates 14 into a downstream vapor deposition module 22.

[0061] The vacuum chamber 16 also includes a vapor deposition apparatus 24
downstream of the preheat section 18 in the direction of conveyance of the substrates
14. This apparatus 24 may be configured as a vapor deposition module 22 and is the
component configuration wherein a source material, such as granular CdTe material,
is sublimated and deposited onto the substrate 14 as a thin film layer. It should be
readily appreciated that various vapor deposition systems and processes are known in
the art, such as the CSS systems discussed above, and that the vapor deposition
apparatus 24 is not limited to any particular type of vapor deposition system or

process.
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116. As explained in the legend provided with the block diagram in Fig. 6, the standard PID transfer
function G(s) is modified with a spatially modulated transfer function 02(5) that is triggered by the
relative position of the substrates 108 within the processing chamber 102, which may be detected by
any combination of edge detectors 124 -127 in communication with the controller 118. The spatially
modulated transfer function 02(5) may be, for example, a ramp function that, when triggered,

combines wifygie) output e RiRTRRSIRSUTS IR GReshaRasitimaphIsged signal U(s) to

decrease/increase the output of the temperature control units 116 (e.g., a defined % decrease and

subsequent fevaaednyRE theeperdeposition poRsTaigfadenin thestsirted e mbodimenhdhselow the
units 116, aggbidtwaderbioned Oaditaoy e any seiated shaldia ERMITBahiited to any

particular type of feedback control, and that the modulated PID control algorithm described herein is

for exemplarBibrpBek 3hishehrsybstraigsd 4 Meseaveysd Britsdaiheing smoysddiogefissition system 10
configured fQyyaRPI GlePRSIESS]-abaA LI a4AR0 S RN IRREHNAN ARANHidD JUGERNS (PM)) on PV

module substrates 14 that are conveyed through the system 10. The thin film may be, for example, a

film layer of RAtHRhS laruHEchambsy 18dnudachthe mbyaates weiag fadhinfikngEiem 10 may
incorporate @ﬁﬁl%é&l‘@6%1%%ﬁt&?ﬁlﬁéﬁé%&ﬂﬁ%ﬂ%@l‘?@%&@?é@o@ﬁ?ﬁ@ﬁﬁﬁﬁlw%éﬁpeas of the
e

invention. [0058]The system 10 includes a vacuum chamber 16, which mai/é)e defmed by any

configuratioOVBSAtH BHERLS. the sbsieics Jihbrineraray e fbomithe systam Vacdbgcerbmber 16 is
defined by a&wuméet%mnegtﬁdeg@ae}ﬁ@ asmpltsesavEy sre e EgiRidalawa i general, the
as

vacuum chamber 16 may be considere the section or portion of the system 10 wherein a vacuum

is drawn and®aiREde PSR Rs Bdersadently spattolled spelingounits 2 Br st thqmois Phe system 10
includes a piRiiaak sesieikBorIRIER YoskLcRaM RS HediRE JBRE 2bRE AligNAGU@aY be one or

a plurality of components that preheat the substrates 14 as theY are conveyed through the vacuum

chamber 16MAr&-RaMm RRE-fealig: BBHiATe AR e st mayiinsludeimyliinle dodgpsnsientivty of

interconnecigshiribdlescihiatefine 4 hRRIRCAUPYOYIREE RatBdabL R SybstiRigsk4 through the
vacuum chamber 16. Each of the modules 20 may include a pIurali%zf iIndependently controlled

heaters 21, ffPIEcHeRR03Y demamigolsst anslessibarrabare sach thetde eoplingamifs R&at zone may
include morgrhayrRARIBRAIBAEkp a0 FiRJABA I kRAY PRIV LRIR hidgeandgrntly controlled

heater elements, as discussed agove with respect to Fig. 3. The pre-heat section 18 is controlled as

described asBYEtRsHl thakt ihE9naRgRsate {05 oRYRYARCAIRIN S HIARE UGBS Sthe relative position
of gaps betwegssihe subsirréasstdnthas AL sRNENES oLt ysirenRRtS66LianLI0060]Each of the

preheat modules 20 also, includes an independently . . )
disposed within the vacuum chamber 16. In the illustrated embodiment, this conveyor

system 16 includes a plurality of individual conveyors 66, with each of the modules in
the system 10 including a respective one of the conveyors 66. It should be
appreciated that the type or configuration of the conveyors 66 is not a limiting factor
of the invention. In the illustrated embodiment, the conveyors 66 are roller conveyors
driven by a motor drive that is controlled so as to achieve a desired conveyance rate of
the substrates 14 through a respective module, and the system 10 overall.

[0064] The system 10 also includes a feed system 48 (Fig. 8) that is
configured with the vapor deposition apparatus 24 to supply the apparatus 24 with
source material, such as granular CdTe material. The feed system 48 may take on
various configurations within the scope and spirit of the invention, and functions so as
to supply the source material without interrupting the continuous vapor deposition
process within the vapor deposition apparatus 24 or conveyance of the substrates 14

through the vapor deposition apparatus 24.
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controlled conveyor 66. The heaters 21 and conveyors 66 are controlled for each module 20 so as to
achieve a conveyance rate of the substrates 14 through the preheat section 18 that ensures a desired
temperature of the substrates 14 prior to conveyance of the substrates 14 into a downstream vapor
deposition module 22. [0061]The vacuum chamber 16 also includes a vapor deposition apparatus 24
downstream of the preheat section 18 in the direction of conveyance of the substrates 14. This

le 2 ar&d [ thel €O onent configuration

aILj COnV.
S

apparatus 2 be configured as a vapor deposition mod

wherein a sig?)l%/ ]materialﬁggﬁdﬁdéglé%ﬁﬁhﬁg?teagfjéﬂfe’ﬁgﬁ YRS BE &G positéd onto the
substrate 144%s wiifel fiky laykidd}] fhrebtthipterehel iymppreciside thatrvHeoumveyortdethasiton systems
and processes. are known in the art, such as the, CSS systems, discussed above, and that the vapor
deposition aBPHFASHA 3he igt??‘éli Tty %Olé%spa‘ﬂ?&ﬁ%?%%% %f@%ﬁoﬂ@eﬁ%%‘(ﬁgﬁgsﬁ% r%ﬁoarnprocess.
[0062]The vasatiyachamberklsasien 3dalhiids wpswedrd @fithseationn? clombestéailn diche vapor
deposition apparatus, 24..In the illustrated embodimept, the cool-down section 26 is defined by a
plurality of irﬂg?é%?\ﬁ%%é&@!]"él}s}?ﬁ‘@he% Cmﬁ%g‘%gﬁaﬁ%v s u?ﬁ%%l%?[:% eiaéﬁ féé%ére conveyed prior
to being remapsttdroof thbudRstemodide 38 énabeldileatiomofichasamefiviale lnrngiratindHy éxtending

section withip the vacuum chamber 16 in which the substrates. haying the thin film.Qf sublimed source
material depdSY&l t 'e?edﬂlg?agné{ﬁf)m %négtglgalts5%%%%%%%80&%6%?%%@63@ the substrates 14
being remové@dioan tindtiay stemubdlevbE aabh deive? (ieddazhp 8aecaun gimde H8 ixleorfygooedrolled

conveyors 6§V..EIEa\t(ﬁgf}?nﬁg%yquZﬂtisl g%x O{ggl{uﬁ%e?%%n%gg more w;&wﬁ\eg&x;nt% &ﬂﬁg%e[g cooling units 29,

with the unit INg zones. A particular cooling zone may include

more than osssaadlihgthe vauant:thewirhia f%: veyimelclidenbertiple Vadegseiitiengly gadetrolled cooling
elements, as dlscr sed above with respﬁct to Flaqv3. The coolﬁ%vc\in sectaotgle 6 ma%ebfe %:é)ntrolled as

described afReiR ‘f?gt%é%a(g&lt?@eun?ﬁpﬁ AR EHSLREVA LT %%S%s A function o? e relative
position of gemsvbeinéé arth¢heubadatedule 36, tetvocap dhns kiadforoctme 8gamdalia butted temperature

variances. [006 nggs S 10 alsp inclydes a.conygyor,system that is opera ng sed within the
vacuum chaffi® 41?[ . !r%{?éeegﬁmvs ergffgg rlé‘rln 56 w?ﬁlaur%, %/giéncdo%%{\?e‘{/%cru g{/nst%ﬁm ﬁg inclu e§ Sgb plurality of
individual comleyo62 Gt seifineaiali phtheatedbhyie mistdhersytbiarty po dfi cktdatip@meshaaisue one of the
conveyors 66, It shquld be appreciated that the type or.configuration of the conyeyar: is not a
limiting facto 40%858% 8ﬁﬂg§$ 5 e%ﬁ(’iléei ﬁHé%?g#eea grﬁwl%odllﬁ”?e% , the cc?)lr?\r}legyecgreis 66 g%géi)oﬁé?ﬁ%conveyors
driven by a matared siithtiuahibveretyoiiffectingthtovaciiavevithde shre dheorharyldnce rate of the substrates

14 through 6[683816 ctive ”BgHé? ’n%?r%a gp%}(e%%g]c%% 1%{8{1%!|an operational vacuum is
maintained in the vacuum chamber 16 by way of any combination of vacuum pumps
58, 56, and 60. In order to introduce a substrate 14 into the vacuum chamber 16, the
valve 62 between the load module 36 and buffer module 38 is initially closed and the
load module is vented. The valve 62 between the buffer module 38 and first pre-heat
module 20 is closed. The valve 62 between the load module 36 and load conveyor 46
is opened and the individual conveyors 66 in the respective modules are controlled so
as to advance a substrate 14 into the load module 36. At this point, the first valve 62
is shut and the substrate 14 is isolated in the load module 36. The rough vacuum
pump 56 then draws an initial vacuum in the load module 36. During this time, the
fine vacuum pump 58 draws a vacuum in the buffer module 38. When the vacuum
between the load module 36 and buffer module 38 are substantially equalized, the
valve 62 between the modules is opened and the substrate 14 is moved into the buffer
module 38. The valve 62 between the modules is closed and the fine vacuum pump

58 increases the vacuum in the buffer module 38 until it is substantially equalized

17



[0064]The system 10 also includes a feed system 48 (Fig. 8) that is configured with the vapor
deposition apparatus 24 to supply the apparatus 24 with source material, such as granular CdTe
material. The feed system 48 may take on various configurations within the scope and spirit of the
invention, and functions so as to supply the source material without interrupting the continuous vapor
deposition process within the vapor deposition apparatus 24 or conveyance of the substrates 14

through the Vﬁ@flfé%ﬁ&!@ﬁfﬁ&ﬂ%@&@%&ﬁﬂe 1609 (a1 dyigkialcanlny Bififel thataingiglly placed onto
W

a load conveyor 46, which may include, for example, the same type of driven roller conveyor 66 that is

utilized in th@Wstimes-Beatanodulnitids thenonsped andsthesybstiis isoRoesdintnibagrediedintry vacuum
lock station othaé BouPEkis R RENB @K FIPARRMBRIAE 11 dhavlrsiraiecirmAgsiment. the vacuum

lock station 34 includes a load module 36 upstream of a buffer module 38 in the direction of
conveyance SRRBEUSstrates 14. A "rough” (i.e., initial) vacuum pump 56 is configured with the load

module 36 tgoigyn an inifiadhAtBesRbiaRd ﬁ&ﬂﬂﬁié@&vamwgaﬁaﬂm&elﬂmr&@&éﬁfe@nﬁgured with

the buffer module 38 to increase the vacuum in the buffer module 38 to essentially the vacuum level
within the vatthifthiR hsaraemvhpmkesd qavil thushayse eaphatreepaditsepi s alsper valves) are
operably disggsesithetwafingdpeoead conveyor 46 and the load module 36, between the load module
36 and the buffer module 38, and between the huffer module 38 and the vacuum chamber 16. These

valves 62 ar868l entiallyladsdlmsisied sishadipenhdhe oo danositing srBRRE A 64 in order to

introduce thengliRRi AlAfdAET0 tHSVUATHI HBITARSY TUOIR SxPRAVISE PApHP @Yt adversely
affecting the vacuum within the chamber 16. [0066]Under normal o&erating conditions, an operational

vacuum is nERVERRETHHherei thin dHanalsebbimsd seyres msieEahsah a8 el ¢eéuum pumps 58, 56,
and 60. In owpbiadatbatiar amd st d dfife diesiarium. chrmheiifdnRbaie$24ghveen the

load module 36 and bggfer maodule 38 is initially closed and the load module is vented. The valve 62

between the*BOYRYShBHaRER $hs Yanps AppasHion metiir226t 2 cpullefronsint Boepktween the load

module 36 aiddaadnComeeyRIrds ihoRMRBaNIAR: nstividppéFenHeNOthifh ihihad@sredive modules
are controlled so as to advance a substrate 14 into the load module 36. At this point, the first valve 62

is shut and Y SB&SRRIRqUsSoihrereh hrmdyiriie sentrolleddingpan/ats uRump 56 then draws
an initial vacisive jaioe 19RG MRS W st UING 4D Belil thel ith O S Y FSLEBrRMBI RRAETBWS a vacuum in

the buffer moduje 38. When the vacuum_between the load module 36 and buffer module 38 are

substantiall 528 3ot 48 st ethe dngrshesdmay Rebpisiyrdrgtedd S andessithay is moved
into the buffgrsareduiamsvekhientalve) a2 Detuernshadireules o:aRsssbanstdhertine vacuum pump 58

increases the vacyum in the buffer module 38 until it is substantiallry?&()equalized with the adjacent

pre-heat mobfReB T RQAIRE oIS talscman o REFFABBIR2BeW 19 pravies: IdMSIe 20 is then
opened andrih@reiPgisatadmpave daniadRedasepi 9shig8: i HosssesRReats for each

substrate 14di(i'ggt\1lgr¥ grdeig)g?)g?eed\{g (tzllfg srgrrclg %gl])%?rd%gésition conditions within the vapor
deposition module 22. All regions of the top surface of the substrates 14 are exposed
to the same vapor conditions so as to achieve a substantially uniform thickness of the
thin film layer of sublimated source material on the upper surface of the substrates 14.
[0069] The vapor deposition module 22 includes a respective conveyor 65,
which may be different from the conveyors 66 in the plurality of upstream and
downstream modules. Conveyor 65 may be particularly configured to support the
vapor deposition process within the module 22. In the embodiment illustrated, an
endless slat conveyor 65 is configured within the module 22 for this purpose. It

should be readily appreciated, however, that any other type of suitable conveyor may

also be used.
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[0067]It should be appreciated from the above description that the substrates 14 within the vacuum
chamber 16 will thus have a gap between adjacent substrates due to the loading process. [0068]In the
illustrated embodiment, the vapor deposition apparatus 24 includes a module 22 in which the
substrates 14 are exposed to a vapor deposition environment wherein a thin film of sublimed source
material, such as CdTe, is deposited onto the upper surface of the substrates 14. The individual
substrates 1 conveyed through the vapor depositi moduée 22 at a controlled constant linear
spegd. In otrﬁga@érds, the %?Pé%e%emsé?l; RIS 3plbsc%l or Ret 1%\%%'8;]%‘[@ ?n% élgigﬁ%%gmove
continuously(Higo8y o thentimduld2ipply denappieatlin@dwibesolinee coateeiphince netenof she substrates
14 may be in the range of, for. example, about 10 mm/sec to about 40 mm/sec, linear speed may
be briefly adﬁ?s‘?gﬁt((’eﬁ&frfggg%eaﬁagg SeB gi &R %%’%q%%YSK?HBQ %%-%%Stment for the
substrates. |suagnarticltatheaighdiraentdties2atd healg dabsyistemxdBrip eotabbui thigrfacteeef In this
manner, the leading and trailing sections of the subsirates 14 in the gonvevance direction are exposed
to the same p18P’ tboélsi% aé%’n%ﬂ%%%vf% iﬁy%%n\l/ég)nrla ;}))%gl i‘gﬁegnc?dslﬂép%%g(rge%‘%ns of the top
surface of theystehiatratesiednoddx@Bsed to the same vapor conditions so as to achieve a substantially
uniform thic of the thin ilméla er of sublimated source material.on the upper of the
subs_trates 1 .ﬁz%%g]TheT/%E)%erl ggggfﬁ%ﬁ%é’ ﬁli[éeﬂtz ?r%?lﬁ%de%agsreecsg)élc%ik\}/ésé%?]%gyﬁ/gg fawhich may
be different filgvibeuaoolaybes 66 imtinelinlietyityvoisiresireafthancpmvwieptsition module 22Conveyor 65

may be particularl nfigured to ort the vapor deposition process withi . Inthe
em bodimentﬁﬁfﬁs?rxéﬁ%ega? aa?r? G Hg fé:s‘ﬁsiJ g%?’ ég n(%e%g/ndg;(%g i%ggo%rﬂ%lﬁ red %ﬁﬁ?]agﬁg%ﬁg%u?e?g%ﬁh is
purpose. It shheatebenieadiboafgoeeiatente withieThe bleat ariy 2kheayyipcadsmudtipteconveyor may also
be used. [0070]The,vapor d itiqQn apparatus. 24 is configured with a f 48 (Fig. 8) to
continuousl;}%%%?ﬁl‘;l/d I%P ﬁ(ﬁré%r%%ﬁesdgf%ﬁ%nggu%le ngl%i}érzlg. %Jlaa%r(irjln (tr)%er %ﬁ%%%@%%ﬁteﬁ%pt the vapor
deposition pthe &sslmgrsectism pfcoswespatedoistbensapsirate ofl thervapmiepesitiodutwdde The feed
system 48 is,not a limiting, factor of the inventi any sujtabl y be devised to
supply the s %’r(l:temrﬁg%rllgmartl 6 Ogtrﬁgéuﬁoggg[%g?ﬁ%qﬂ% !ﬂ%t%%ﬁ%ﬁ%%ﬁj%ﬁ%g post-heat
section 30 iscorfinBedviithiing profile of the substrate until the entire substrate is moved out of the

vapor deposition module 22 to prevent damage to the substrate, such as warping or
breaking caused by uncontrolled or drastic thermal stresses. If the leading section of
the substrate 14 were allowed to cool at an excessive rate as it exited the module 22, a
potentially damaging temperature gradient would be generated longitudinally along
the substrate 14. This condition could result in the substrate breaking from thermal
stress. |

[0072] The post-heat section 30 may be controlled as described above such
that the heaters 21 are cycled down and up as a function of the relative position of
gaps between the substrates 14 as they advance through the post-heat section.

[0073] An exit vacuum lock station 40 is configured downstream of the cool-
down section 26. This exit station 40 operates essentially in reverse of the entry
vacuum lock station 34 described above. For example, the exit vacuum lock station
40 may include an exit buffer module 42 and a downstream exit lock module 44.
Sequentially operated valves 62 are disposed between the buffer module 42 and the
last one of the modules 28 in the cool-down section 26, between the exit buffer
module 42 and the exit lock module 44, and between the exit lock module 44 and an

exit conveyor 50. A fine vacuum pump 58 is configured with the exit buffer module
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the vacuum chamber 16 immediately downstream of the vapor deposition module 22. This post-heat
section 30 may be defined by one or more post-heat modules 32 having a heater unit 21 configured
therewith. The heat unit 21 may include multiple independently controlled heat zones, with each zone
having one or more heaters. As the leading section of a substrate 14 is conveyed out of the vapor
deposition module 24, it moves into the post-heat module 32. The post-heat module 32 maintains a

controlled hepliggPaGHieANVARSMISIARENNRES S WHRTHAL S0 Vst £ thgwapor deposition

module 22 to prevent damage to the substrate, such as warping or breaking caused by uncontrolled or
drastic therrﬁ&P&Fe%%e%@lF‘ﬂ%eV?é‘é‘?ﬁﬁ& asctRIetiplbyenssatar(esssptrtinimvraerss ebiiaat an excessive

rate as it exitgg-y1e R QMHHENZ)APRISH Y/ sHBMarin 94 SMRATAILNA IR Siniy fdiq generated

longitudinally along the substrate 14. This condition could result in the substrate breaking from thermal

stress. [0072}§Pavisdariuansuthew fesnody suesyreagiticasrdtin thetosHercambenabihe heaters 21

are cycled dmungnd up aa afuneisRdfiad elativaiReaitionefaansiRaiuren {Dgssudsicates 14 as
they advance through the post-heat section. [0073]An exit vacuum lock station 40 is configured

downstreamb¥rARERILY gbintesanmsitod modles,with farhad tsarodilessSSERBRIR in reverse of the
entry vacuumpslgielataiatt Rt dEs¢ iBRE A RRAYSe 8 AXRMPIRe: tHEi Frab MR PIBHRLAO May

include an exit buffer module 42 and a downstream exit lock module 44. Sequentially operated valves

62 are dispdSSaoiRisddadrnsadsneprioliste 4 sapipwed therewithfacentielithe dwyi cool-down
section 26, yghvesis bedexiebpiten B wddladt 2rapd ka1ayblodniue 3 madheyasnithe exit lock

module 44 and an exit conveyor 50. A fine vacuum pump 58 is configured with the exit buffer module

42, and a rofRRVHRIFFHPPURTD B6SatedgisrR s mEosE Wirsdtnsaledindig-TheThemps 58, 56, and
valves 62 arg:AgaL&/ ) cORLHNAt ESSLRbRIOI AT RSP (FREROIRMipekRiatinBdlidgs move the

substrates 14 out of the vacuum chamber 16 in a step-wise fashion without loss of vacuum condition

within the vatdhe &agstipes abanyereaithsanediedisarsde achisygirnenemmibtesiged the system 10 is
defined by acphv@iincReitittesnapresianpesiesubsitaesad airtipmadulataerongreparticular

function. For control purposes, each of the individual modules may have an associated independent

controller 5EeBRALERS AR tAY ORE-OF toRapiartandrnstionadhs ¢qatreligfell®e module. The

plurality of criméieliesd aBoWaih Fids!I (RS UBICORBHIRAIRE prélihaCaRtish D& iestaratroller 54, as
illustrated in Fig. 7. The central system controller 54 can monjtor and control (via the independent

controllers S5FHRE Rth ARG ROBFARYDSREUPIRS MRgrsRrdasse with thensineiples JeseiRfskired conveyance
rate and proggssing of the substrates 14 through the system 10. The controllers 52 and 54 may alone
or combination function as the controller 118 referenced above in Fia}s‘?. 1 through 4 to control the

pre-heat sedliBf18, post-RefrdBg el e /affy Bulspardentcanion obths ipdiyidual cespeiitse principles
described hesgivel6¥066)] B te o1k th Sl ek, iy REPRERNES MnaARBicd PidieeI BEpAsiIRE respective

sensors 68 that detect the presence of the substrates 14 as they are conveyed through
the module. The sensors 68 are in communication with the module controller 52,
which is in turn in communication with the central controller 54. In this manner, the
individual respective conveyor 66 may be controlled to ensure that a proper spacing
between the substrates 14 is maintained and that the substrates 14 are conveyed at the
desired constant conveyance rate through the vacuum chamber 16. The sensors 68
may also function as the detectors 126 described above with reference to the
embodiment of Fig. 3.

[0076] This written description uses examples to disclose the invention, including
the best mode, and also to enable any person skilled in the art to practice the
invention, including making and using any devices or systems and performing any

incorporated methods. The patentable scope of the invention is defined by the claims,
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conveyor 66, each of the modules may include any manner of active or passive sensors 68 that detect
the presence of the substrates 14 as they are conveyed through the module. The sensors 68 are in
communication with the module controller 52, which is in turn in communication with the central
controller 54. In this manner, the individual respective conveyor 66 may be controlled to ensure that a
proper spacing between the substrates 14 is maintained and that the substrates 14 are conveyed at
the desired constant conveyance rate through the vacuum c er 16. The sensors 68 may also
function as tﬁ@dd@@'cfﬁ?g’;%gta%gwaq% é%ﬁﬂrggféﬁgﬁecg({agét énemeb%r&irﬁgcr:l 8#' ig. 3. [0076]This
written descriptisprsesedxtndidsddeisiloinalibsdopeafidr, dhuiludifattieibdstmadetant] also to
enable any person skilled.in the arf to.practice.the invention, ipcluding making and. using any devices
or systems & %@%m&qﬁﬁgﬁﬁgﬁéﬁ?ﬁﬁt@f%ﬁé&gﬂﬁgﬁ té‘r?tg e s?bgf)gg(t)]?e%énf?ﬁf%\tion is
defined by thejelaiest sandtiralycieateds otk iexbsumdaltiHfaencestfronodee diittatilangbegast. Such
other examp%%zﬁlre intended to be within the scope of the claims if they include structural elements

that do not d ‘?r%lmrfﬁe literal language of the claims, or if they include equivalent structural
elements with insubstantial differences from the literal languages of the claims. WHAT IS CLAIMED

IS: 1. A system (100) for variable heating or cooling of discrete linearly conveyed substrates (108)
that compensates for temperature variances in the substrates, said system comprising: a chamber
(102); a conveyor (132) within said chamber to move the substrates through said chamber at a

conveyance rate, the substrates having a leading edge (110) and a trailing edge (112) relative to a
conveyance direction through said chamber;
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a plurality of individually controlled temperature control units (116) disposed within said chamber along
the conveyance direction; and, a controller (118) in communication with said temperature control
units, said controller configured to cycle output of said temperature control units from a steady-state
temperature output as a function of the spatial position of the conveyed substrates within said chamber
relative to said temperature control units so as to decrease temperature variances in the substrates
caused by mpygarery ef thevsdpsigates through said chamber. 2. The system (100) as in claim 1,

wherein said chamber (102) comprises a plurality of aligned processing modules (20, 28) in a
photovoltaic (PV) ﬁodﬁl@ﬁ‘@ﬁ&&ﬂ:ﬁﬁdﬁﬁ@éi@ﬁ%@ﬁﬁﬁﬁ@ﬁ Halisgrserlinegrye linearly conveyed,

with each sai algu%e{mé@maa)tm%ﬁff)%&%@st%?@&fg@fﬁ%@%&@éﬁ&@ {d4Q)- 3 Thesystem

(100) as in claim 2, wherein said processing modules (20) define a pre-heat processing section (18)
and comprisaiesFietiaBie fsieer CHMBEPE) in communication with said controller (118), whereby heat
output of said heatgloypithis eiI§d as a function of the spatial position of the substrates as they move
through said processing modules. 4. The system (100) as in claim 3, further comprising a buffer

module (38) precedifgRYaXPpfd 3 aripraceridihpatheide maye thagubsiatssghrang) saidfigured to rapidly
convey the supsisales KQRN BRI OWIES IR i 105 LSt Pyssgsing modules (20) at

a rapid conveyance rate, wherein the substrates are subsequently conveyed at a reduced constant

conveyance'féilingsaiee bhti rslativistio erigisranes dijerdion thrushLeid£hesienf the processing
modules as a functignphifiesRaiRi ARt AfdNeshsiRiatdGHiYE Ehﬁ@gi PEpagsRiggmodule to

compensate for conveyance of the substrate out of said first processing module at the reduced
constant cof(ig}jaaid ghamber adong,the gensieyanoe fissHanad®ia, further comprising a plurality of

linearly spaced-apart&dasieetestym chidmimidAish e i FaithshamhesddPs) dpnnsizgam of said

first processing module (20), said edge detectors in communication with said controfler (118) to

provide sigrE0BtRlzARR 8RR R qvelesHpg phwidivaparetasrarie pris)fremadesi¥aid cycled
processing gadulen SaihEeTSHANRT RONFGUIRH OrRCERRER BRSPS SME SYRiEfarocessing module

upon detection of a leading edge (110) of the substrate reaching a first one of said edge detectors, and

to increase StRpRISE MR hrmRsEarlative Uil SeRnABtES GPRITel RIS ATY a downstream
edge detect@écreaseerhBeradFtorar s 35 ihedatihdtedRaisla sRmGRAGNIRSH(ELS) is configured to

cycle output of said processing module (20) as a function of a calculated spatial position of the
substrate (198t shraneh it ehempsbcessing module (20). 7. A system (10) for vapor

deposition of a thifilmniaypian PivePyOiPgtV), WRAKIR SHBhaRE: D25 URPSIG a
plurality of aligned processing modules (20, 28) in a photovoltaic (PV) module
manufacturing line (10) through which the substrates are linearly conveyed, with each
said module comprising at least one said temperature control unit (116).

3. The system (100) as in claim 2, wherein said processing modules (20)
define a pre-heat processing section (18) and comprise controllable heater units (120)
in communication with said controller (118), whereby heat output of said heater units
is cycled as a function of the spatial position of the substrates as they move through
said processing modules.

4. The system (100) as in claim 3, further comprising a buffer module (38)
preceding said pre-heat processing section (18), said conveyor (132) configured to
rapidly convey the substrates (108) from said buffer module into a first one of said
processing modules (20) at a rapid conveyance rate, wherein the substrates are
subsequently conveyed at a reduced constant conveyance rate, said controller (118)

configured to cycle output of at least one of the processing modules as a function of
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a vacuum chamber (16), said vacuum chamber further comprising a vapor deposition apparatus (24)
configured for depositing a thin film of a sublimed source material onto an upper surface of substrates
conveyed therethrough; a conveyor system (66) operably disposed within said vacuum chamber
and configured for conveying the substrates in a serial arrangement through said vacuum chamber at
a conveyance rate; a pre- heat section (18) disposed within said vacuum chamber upstream of said

vapor deposifio SpaPQfJ‘r%tsl‘s ooarf %a’i eesq'erﬁ lYe atllae %&%?gé’aﬁ%fﬁ lin arly i

comprising AR y contr eater units within said
vacuum chambeomey@ldemﬁmymmmmufoaxmt arooessuizm@Reratthenedniedtion with each of
said heater unlts a buffer statll_on (38) preceding said vacuum chamber, said buffer station further

comprising a %%Snveyorn(%eé/) conﬁgured to convey the substrates into said pre- heat section at a rapid
conveyance rate that Fhgrewtentt{200hes coclayahchrer toepidsieg aphuahianifdinesily said
controller (52 confiqured to e spatial
positon of 1AL SE S

tem peraturesgrddimhmmmwmﬂvé%h@eldfeﬂg@ datsstrrtcn aomaynitation viilstaidt conveyance
e SRS L SR YAREe Sl ARG Ve e spafl TRSBUSIBFHELD) 2 0 Claim. T

wherein saldppre%eat se rises a pluralit |gne eat modules (20) through which

the substratestateatn@Hey W&dsmﬂhy@%psammmmﬂdéu@ﬂjm&mmﬁﬁgf &€ [®ast one said

heater unit (21), said ¢ nt C nction of

position of tﬁ%e %Eaa Fn(éu? Sagp ga/‘ﬁ {%‘i&)ﬁgﬁges %&%&%ﬁ%ﬁ%ﬁg@%ﬁ%m pre-heat

sectlodn and(furthef dmrspmgeaqenhmgyt irtinena iyt spisbedize gatedonse adite ibesease4-127) disposed

in said vacuu a r | ller (52) t id

signals |nd|ca?&\?uq @ﬁegg’iac?a Il%(ggatla S%S |t|00?1d{(£ife Cﬁéﬂ H%%Itig%ﬁ? %%vf%)ggﬁﬂégr?;a?er(mgdzlgsow °
downstream edge detector.

6. The system (100) as in claim 4, wherein said controller (118) is configured
to cycle output of said processing module (20) as a function of a calculated spatial
position of the substrate (108) relative to said cycled processing module (20).

7. A system (10) for vapor deposition of a thin film layer on photovoltaic
(PV) module substrates (14), comprising:

a vacuum chamber (16), said vacuum chamber further comprising a vapor
deposition apparatus (24) configured for depositing a thin film of a sublimed source
material onto an upper surface of substrates conveyed therethrough;

a conveyor system (66) operably disposed within said vacuum chamber and
configured for conveying the substrates in a serial arrangement through said vacuum
chamber at a conveyance rate;

a pre-heat section (18) disposed within said vacuum chamber upstream of said
vapor deposition apparatus in a conveyance direction of the substrates, said pre-heat
section comprising

a plurality of individually controlled heater units (21) disposed linearly
within said vacuum chamber along the conveyance direction; and,
a controller (52) in communication with each of said heater units;
a buffer station (38) preceding said vacuum chamber, said buffer station

further comprising a conveyor (66) configured to convey the substrates into said pre-
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9. The system (10) as in claim 8, wherein said heater modules (20) comprise a first heater module that
receives the substrates from said buffer station (38), said controller configured to decrease output of at
least one of said heater modules upon detection of a leading edge (110) of the substrate (14) reaching
a first one of said edge detectors (124-127), and to increase output of said heater module upon the
leading edge reaching a downstream edge detector. 10. A method for heating or cooling discrete

linearly convieygdepionteate sapl@@biveyshau e thaPR) dRABEIRASTICHRRIAIHES MAEANeSa In the

substrates, the methaod comprising: conveying the substrates at a conveyance rate linearly through
a chamber (Yﬁ%‘}%&w@?ﬂiﬁﬁﬂty of temperature control units (116) disposed therein along the

conveyance directignid cor@MsIIEY S5 el ab At @ﬁ%@ﬂ‘ék‘ﬁt%ﬁ&@@f@tkﬁﬂ tRAtEPLmRits from a
steady-state temperature gutput as a function of the actual or calculated spatial position of the

substrates vt HRE B eatiat B AR oL thrconvensrh ubsirates wlete Grinid 586 decrease

temperaturewst iy e perifReTeP SRR HAUSAPINHHE vemrnt Hdheswytratas shreughibe chamber.
11. The methad as in clz%gﬁpéab,‘wgerein the output of the temperature_control unit (116) is controlled by
.

detecting thS 1RSI ¢t iFRBSERISOBYEANGE TRt afistihasapid AR AL CRRYEYSNRR temperature
control unit astheiduhstiaiasesgozonveyed through the chamber (102). 12. The method as in

claim 10, wherein the gutput of the temperatuyre control unit (116) js controlled by calculating the
spatial position of tRe NP AR R SHFHY (1fﬁ)eéﬂﬁéglgfpﬁ?ﬁﬁmg%(&mﬁm%

temperatureacslatedity oif 4lizA}EEdMersHbsHItaR () Bibash caeHRAIBAER Hie Khamber (102).
13. The method as in clajm 10, fur tbesr comprising. introducing the substrates (108?1into the chamber
(102) at an iﬁﬂ‘?@(FVié%d”@éh%@’a??& ?éeéﬁﬁ"i]i‘?gr%%é?rmgﬂ}ﬁﬁ’égtﬁ@%&ﬂ%@édt #8i3h the chamber
at a constaniugio (VB saickectalieollRe doripacta s wdsiadieNg| e e batephattianst one of the
temperature control upits (116) as a fungtion_of the spatial position of the substrates relative to the

I sEheAld Qora

cycled tempBPHAR QS RASHeRiRTd 4R Paddrriined kb sdes pEtAT RIHARd uced by
conveyancemnb¥irgshilsiphtesi@ptbheanstaidincany euaneedsipasiay plhedid/bitiahéanyyeyance rate
into the chamber. 14. The method as in_¢laim 10, comprising conveying the substrates (108)
through the SRR FIEE e("ﬂrlf)%&f\?\}@é?i %?és%m@@ JETAB)CHATRRE S SI8E (112) of
adjacent suldsteetess anebiitnaicat oW gatd coREBdY (STTHO Pita LR ithBdaperture control
units (116) as a function of the actual or calﬁulated patial pos,iéi% of the leading (110) and trailing

(112) edges.BF AR el HRabal Rosiimoh R F i5'aE¥rdesaid pgatsh Rt mperature variances
caused by movementTHdhesiingrafas thaigh $he s bgid heater modules (20) comprise a

first heater module that receives the substrates from said buffer station (38), said
controller configured to decrease output of at least one of said heater modules upon
detection of a leading edge (110) of the substrate (14) reaching a first one of said edge
detectors (124-127), and to increase output of said heater module upon the leading
edge reaching a downstream edge detector.

10. A method for heating or cooling discrete linearly conveyed substrates
(108) in a chamber (102) to decrease temperature variances in the substrates, the
method comprising:

conveying the substrates at a conveyance rate linearly through a chamber
(102) having a plurality of temperature control units (116) disposed therein along the
conveyance direction;

cycling the output of at least one of the temperature control units from a
steady-state temperature output as a function of the actual or calculated spatial

position of the substrates within the chamber relative to the respective temperature

24

el



15. The method as in claim 13, wherein the chamber (102) is a vacuum chamber (16) in a photovoltaic
(PV) module manufacturing line (10) and the temperature control units (116) are individually controlled
heater units (21) disposed in a pre-heat section (18) of the vacuum chamber or individually controlled
cooling units (29) disposed in a cool-down section (26) of the vacuum chamber.

control unit so as to decrease temperature variances in the substrates caused by
movement of the substrates through the chamber.

11. The method as in claim 10, wherein the output of the temperature control
unit (116) is controlled by detecting the leading (110) and trailing (112) edges of the
substrates (108) relative to the temperature control unit as the substrates are conveyed
through the chamber (102).

12. The method as in claim 10, wherein the output of the temperature control
unit (116) is controlled by calculating the spatial position of the leading (110) and
trailing (112) edges of the substrates relative to the temperature control unit (116) as
the substrates (108) are conveyed through the chamber (102).

13. The method as in claim 10, further comprising introducing the substrates
(108) into the chamber (102) at an initial rapid conveyance rate and thereafter
conveying the substrates through the chamber at a constant conveyance rate, the
method comprising cycling the output of at least one of the temperature control units
(116) as a function of the spatial position of the substrates relative to the cycled
temperature control unit to compensate for a potential temperature gradient induced
by conveyance of the substrates at the constant conveyance rate after the rapid initial
conveyance rate into the chamber.

14. The method as in claim 10, comprising conveying the substrates (108)
through the chamber with a gap (114) between the leading edge (110) and trailing
edge (112) of adjacent substrates, and further comprising sequentially cycling the
output of the temperature control units (116) as a function of the actual or calculated
spatial position of the leading (110) and trailing (112) edges of the substrates within
the chamber to decrease edge-induced temperature variances caused by movement of
the substrates through the chamber.

15. The method as in claim 13, wherein the chamber (102) is a vacuum
chamber (16) in a photovoltaic (PV) module manufacturing line (10) and the
temperature control units (116) are individually controlled heater units (21) disposed
in a pre-heat section (18) of the vacuum chamber or individually controlled cooling

units (29) disposed in a cool-down section (26) of the vacuum chamber.
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