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(57) Abstract: A material deposition apparatus for depositing an evapo-
rated material onto a substrate is provided. The material deposition appa-
ratus includes a processing drum having a cooler configured to control
a substrate temperature during processing of a substrate on the process-
ing drum; a roller guiding the substrate towards the processing drum, a
first heater assembly positioned to heat the substrate in a free- span area

| 105 between the roller and the processing drum; a second, heater assembly

positioned to heat the substrate while being supported on the processing
drum; at least one deposition source provided along a. substrate transport
path downstream of the second heater assembly; a substrate speed sensor
providing a speed signal correlating with a substrate transportation speed;
and a controller having an input for the speed signal configured to control
at least the first heater assembly.
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MATERIAL DEPOSITION APPARATUS, METHOD OF DEPUOSITING
MATERIAL ON A SUBSTRATE, AND MATERIAL DEPOSITION
SYSTEM

FIELD

(v

{0001} Embodiments of the present disclosure relate to substrate coating,
particularly by thermal evaporation m a vacuum chamber. Embodments of the
present disclosure further relate to material deposmion of evaporated material onto
a substrate, particularly for manufacturing of batteries. Embodiments of the present
10 disclosure relate to one or more heating assembhes for a material deposition
apparatus for pre-heating a substrate, a method for depostting materal on a

substrate, and a material deposition system.

BACKGROUND

15 [0002] Various techmiques for deposition on a substrate, for example, chemucal
vapor depostion (CVD} and physical vapor deposition (PVD) are known For
deposttion at hugh deposttion rates, thermal evaporation may be used as a PVD
process. For thermal evaporation, a source material is heated up to produce a vapor
that may be deposited, for example, on a substrate. Increasing the temperature of the

20 heated source material mcreases the vapor concentration and can faciitate high
deposttion rates. The temperature for achieving high deposition rates depends on the
source material physical properties, e.g vapor pressure asa function of temperature,

and substrate physical lmits, e.g meltng pomnt.

{0003] The deposition of a metal, e g lithwum, on a flexible substrate, e.g ona

b
(o

graphite foil or a copper substrate, by evaporation may be used for the manufacture

of batteries, such as Li-batteries. For example, a lithmim laver may be depostted on
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a thn flexible substrate for producing the ancde of a battery. After assembly of the
anode layer stack and the cathode laver stack, optionally with an electrolyte and/or
separator therebetween, the manufactured laver arrangement may be rolled or

otherwise stacked to produce the Li-battery.

10004] Thermal expansion during the substrate processing may result i
wrinkles m the substrate, for example, a foil or web Spreading of the foid and
particularly sudden spreading of the foil may wiroduce wrinkles on the foil The

wrinkles may cause the deterioration of the quality of the deposited layer or layers.

{0005} It 1 thus beneficial to provide an mproved materml deposiion
apparatus, anmproved deposttion method and an maproved processing system to at

least partially overcome the above problems.

SUMMARY

{0006] In hght of the above, a materml depostion apparatus, a method of
depostmg maternl on a substrate, and a material deposition system accordmg to the
mdependent  clawns  are provided. Further features, aspects, details, and
mplementations are described n the detailed specification, the drawmngs, and the

dependent clamms.

{00071 According to an embodiment, a material deposition apparatus for
depositing an evaporated material onto a substrate 1 provided The materal
deposttion apparatus mchides a processing drum having a cooler configured to
control a substrate temperature during processmg of a substrate on the processmg
drum; a roller guidmg the substrate towards the processmg drum; a first heater
assembly posttioned to heat the substrate m a free-span area between the roller and
the processing drum; a second heaterassembly positioned to heat the substrate while
heing supported on the processing drum; at least one deposition source provided

along a substrate transport path downstream of the second heater assembly;, a

N2
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substrate speed sensor providing a speed signal correlating with a substrate
transportation speed; and a controller having an mput for the speed signal configured

to control at least the first heater assembly.

{0008] Accordmg to an embodiment, a method of deposting an evaporated
material onto a substrate i provided. The method mcludes guiding the substrate
from a roller towards a processing drum; measurmg a substrate speed signal and
heating the substrate with a first heater assembly between the roller and the

processing drum dependent on the subsirate speed signal

{0009] According to an embodment, a material depostion system 5 provided.
The systern wcludes a processmg drum for supporting  the substrate during
processing; a substrate guiding roller upstream of the processmg druny a fwst heater
assembly provided between the roller and the processmg druny and a controller
comprsing. a processor and a memory stormg mstructions that, when executed by
the processor, cause the performmg of a method according to embodiments of the

present mvention

BRIEFDESCRIPTION OF THE DRAWINGS

{00010] So that the manner m which the above reciied features of the present
disclosure can be understood m detad, a more particular description of the
disclosure, briefly summarized above, may be had by reference to embodiments.
The accompanymg drawings relate to embodiments of the dscloswre and are

described in the following:

FIG 1 shows a schematic view of a material deposttion apparatus

according to embodiments described herem;

FIG 2 shows a schematic view of a controller for a heater m a deposition

system according to embodiments described herem; and

PCT/US2022/024225
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FIG 3 shows a flow diagram of a method according to embodmnents

described herem.

DETAILED DESCRIPTION OF EMBODIMENTS

{00011} Reference will now be made m detad to the various embodments of the
disclosure, one or more examples of which are dlustrated i the figures. Within the
followmg description of the drawmgs, the same reference numbers refer to same
components. Generally, only the differences with respectto mdwidual embodiments
are described Fach example 3 provided by way of explanation of the disclosure
and B not meand as a komation of the disclosure. Further, features dlustrated or
described as part of one embodiment can be used on or in conjunction with other
embodiments to vield vet a further embodiment. ¥t 5 mtended that the description

mecludes such modifications and varmtions.

{00012} The embodiments provided herem relate to thn film coatmg by
evaporation, particularly to thm film coating m a vacuum chamber. For example,
the material to be coated 15 heated up to a materiabspecific temperature to be
evaporated. In general higher evaporation rates can be provided at higher

temperatures.

{00013} Embodiments of the present disclosure reduce spreading of a substrate, te.
a flexible substrate, such as a foil or web due to heat. Wrinkles can be reduced to
mcrease the qualty of thin fim depostion on the substrate. Accordmng to
embodiments of the present disclosure, one or more temperature control zones are
provided. Particularly, a first temperature control zone such as a low power control
zone 1 provided. A speed dependent heating of the substrate 5 provided m the first
temperature conirol zone. According to some embodiments, which canbe combined
with other embodiments described herem, a speed dependent pre-heating of the

substrate, e g a graphite foil, can be provided before the subsirate comes mto contact

PCT/US2022/024225
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with a processmg drum. The first temperature control zone can be provided m a free-
span area. The free-span area can be a substrate gwmding area between a rofler

adjacent to a processing drum and the processmg drum.

{00014] According to an embodiment of the present disclosure, a material
deposttion apparatus for depositing an evaporated material onto a substrate ©
provided. The materal deposition apparatus mncludes a processmg drum having a
cooler configured to control a substrate temperature during processing of a substrate
on the processmg drum, aroller guiding the substrate towards the processmg drum,
a first heater assembly posttioned 1o heat the substrate m a free-span area between
the roller and the processmg drum, 3 second heater assembly posttioned to heat the
substrate while bemg supported on the processing drom, at least one deposiion
source provided along a substrate transport path downstream of the second heater
assembly, a substrate speed sersor providing a speed signal correlating with a
substrate transportation speed and a controller having an mput for the speed signal

configured to control at least the first heater assembly.

{00015} Further, m evaporation systems and material depostion apparatuses
mchuding an evaporator, the evaporated material will condensate on swrfaces of the
system components having a lower temperature than the evaporated material For
thermal coating of a substrate, the substrate mcludes a lower temperature such that
the evaporated material may be deposited or coated onto the substrate to form a thin
haver oo the substrate. However, when the difference between the teroperature of the
substrate and the temperature of the material to be coated 1 large, the resulting thin
lyer or film may be damaged, e.g ripped, or may produce wrinkles on the surface

of the substrate and/or the materml

{00016} FIG 1 exemplardy shows a material deposttion apparatus according to
embodiments described herem that can be combmed with any other embodment
described herem. The material depostion apparatus 100 may mclude a vaconm

chamber 105, A vacuum may be provided w the vacuum chamber. For exarople, the

(4]
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material deposition apparatus may nclude a vacuum pump for providmg  the

vacuum m the vacuum chamber.

{00017} The term “vacuum” as used herem can be understood m the sense of a
techmical vacuum having a vacuum pressure of less than, for example, 10 mbar
Typically, the pressure m a vacuum chamber as described herem may be between
10 mbar and about 10 mbar, more typically between 10 mbar and 107 mbar,
and even more typically between about 10~ mbar and about 10 mbar. In some
embodments, the total pressure m the one or more vacuum chambers may range
from about 10 mbar to about 107 mbar. Accordingly, the vacuum chamber can be
a “vacoum deposiion chamber”, e, a vacuum chamber configured for vacuum

deposition.

{00018] Accordmg to embodments that can be combmed with any other
embodment described herem, the material deposition apparatus may wnclude a
deposition source assembly. For example, the deposttion source assembly can be an
evaporation source assermnbly mchiding one or more evaporation sources.
Embodiments of the present disclosure relate to deposition sources, particularly
physical vapor deposition (PVE sources, wherem energy 15 transferred to the
substrate by the depostion process. For high deposition rates, evaporation sources
canbe particularly useful Accordmgly, reference 1s made to evaporation sowces in
the followmng description. Tt s to be understood that ako other depostion sources,
particularly deposttion sources transterring energy to the substrate, may be utiized

for embodiments of the present disclosure.

{00019} The term “evaporation source assermbly” as used throughout the present
disclosure may be understood as an assembly, unit or apparatus that mcludes one or
more evaporation sowces. As such, the features discussed berem with respectto the
evaporation source assembly may correspondmgly  apply to a sigle evaporation
sowrce ako. For example, only one evaporation source may be wcluded m the

evaporation source asserobly. In such wstances, the evaporation source assernbly

6
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may be referred to as the evaporation source. Accordmng to some embodiments,
which may be combmed with other embodments described herem, two or more

evaporation sources can be provided m the evaporation source asserbly,

{00020] The evaporation source assembly 1B configured to provide evaporated
material towards a substrate 102, The evaporation source assembly canbe provided
m the vacuum chamber 105 or can at least partially be provided m the vacuum
chamber 105 The evaporation source assembly may be disposed along the substrate

transportation direction {D) for providing matermal to the substrate.

{00021] The evaporation source assembly may mclude two or more evaporation
sources. Two evaporation sources 110 are shown w FIG 1 For exanple, the
evaporation source assembly may welude a first evaporation source having a fust
deposttion area for depositing material onto the substrate and a second evaporation

source having a second deposition area for depositing material onto the substrate.

{00022} Accordmg to embodmments that can be combmed with any other
embodment described herem, the mater! deposition apparatus may mclude a
processing drum 120 The processmg drum may be configured to transport the
substrate 102, The substrate 102 may be arranged around the processmg drum 120
The processmg drum 120 may be a coatng drum as exemplardy shown m FIG L
The coating drum may wclude a curved drum surface. The processing drum may be
configured to move the substrate 102 on the curved drum surface past the
evaporation source 110 m a cwcumferential dwection or substrate transport

direction.

000231 According to embodiments that can be combmmed with any other
embodmment described herem, the evaporation source assembly may provide
material to be deposited to the substrate. The evaporation source assembly may
mclude one or more crucibles where the material to be deposited may be evaporated
by providing a temperature to the material suttable to evaporate the matermal For

example, the material to be depostted can mclude, for example, metal w particular

PCT/US2022/024225
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hthm, mwetal alloys, and other vaporizable material or the ke which have a
caseous phase under gwen condttions. Accordng to yet further embodments,
addionally or alternatively, the maternl may mclude magnesiom (Mg), ytterbium

{Yb} and lthiwm fluorde (LaF).

{00024} Further, an evaporation source of the evaporation source assembly may
mclide a distributor. The distributor may distribute  the evaporated material The
material may be provided m the distributor, for example, by the crucible bemg
connected to the dstributor via an miet opening The distributor may have one or
more openmgs. Evaporated material {0 be depostted can exit the distributor  through
the openmgs. The source material can be deposited on the substrate 102 by a
pluralty of nozzes extending through the openings. In other words, the evaporation
sowrce may melude one or more nozzles for providing evaporated material to the
substrate. The material 1o be deposited may e.g be sprayed to the substrate by the

plurality of nozzes.

{00025} For example, the substrate may be a flexible web or foi and the material
deposttion apparatus may be a rofl-to-roll deposition apparatus. The coating drum
may be a cylmder extending 1 a length direction perpendicular to the paper plane
of FIG 1. The processing drum may be movable, 1e. the coating drum may be
rotated around a center axis. The processing drum may be moved or rotated
clockwie or counterclockwise. The processing drum may change diwection during
deposition, e.g when the processing drum s rotated clockwise durmg deposition,

the rotational direction may be changed to counterclockwise and vice versa.

[00026] According to embodiments that can be combmed with any other
embodment described herem, the materm! deposition apparatus may mchide a
substrate provsion or wwmndng roll (not shown m FIG 1) for providng an
unprocessed substrate. The substrate provision or wnwmdmg roll may be moved e
rotated such that the substrate may be unrolled from the substrate provssion or

unwinding  roll  Addmionally, the material deposition apparatus may wmclide a

PCT/US2022/024225
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substrate receiving roll for taking up the processed subsirate after deposttion of
material onto the substrate has taken place. The sobstrate receving roll may be
moved, 1e. the substrate receiving roll may be rotated for takmg up the processed
substrate. The substrate receiving roll and the substrate provision or unwinding roll
may be rotated m the same direction, 1e. both rolls may be rotated clockwise or the
substrate provision or uowinding roll may be rotated m opposmng dwections, 1e. one
roll may be rotated clockwse and the other roll may be rotated counterclockwise or
vice versa. For example, the substrate may be “spanned”’ between the unwinding
roll and the recewving roll and may be guided above the evaporation source assembly
for receiving the evaporated materal For example, the substrate may be provided

with defimed and/or controlled forces. A substrate tensioner may be provided.

{000271 Accordmg to some embodments, which can be combmned with other
embodiments  described herewm, the processmg druro may be a gas cushion
processing drume The gas cushion coating drurn provides a coolog gas between the
surface of the drum and the substrate. For example, the drum and the cooling gas
can be cooled to temperatures below room temperature. Heat can be removed from
the substrate to allow for higher deposition rates without damaging the thin foil or

web on which the material 1 deposited.

{00028] For a gas cushion roller, a fwst subgroup of gas outlets, e, the open gas
outlets, can be provided m a web gudng region of the processing drum. A second
subgroup of gas outlets, te., closed gas outlets, areprovided outside the web guding
region. Smce gas is only emitted w the web guding region where the gas © needed
to form the hover cushion, no or htle gas x diectly emmted mto a region not
overlapped by the web, waste of gas may be reduced and/or a better vacuum may

be maintamed at lesser stram on the pump system.

{00029] Accordmg to some embodments, which can be combmned with other
embodiments described herem, additionally or alternatively to the subgroups of gas

outlets, the outer surface of the processmg drum may be coated with a nmucroporous

9
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surface. The microporous surface may allow for a small amount of cooling gas to
flow from mswde the processmng drum to the surface of the processing drum. The
cooling gas may form a gas cushion between the processing drum and the web or

foil guded over the processmg drum for material deposition thereon

{00030} According to embodiments that can be combmed with any other
embodiment described herein, the substrate can be a thin substrate, e g a fod or web.
The substrate to be coated may have a thickness of 30 wm or less, particularly 20 pm
or less, or even 10 um or less. For example, a metal foid or a flexible metal-coated
foil may be coated m the vapor deposition apparatus. Insome mplementations, the
substrate 102 1 a graphte foil or a copper fod or a thm alwummm foil having a
thickness below 30 pm, e.g 10 pm or less. According to some embodments, which
can be combimed with other embodiments described herem, metal foils, such as Cu-
foils or Alfoils canhave a thickness of S pm to 20 ym. Graphute fois can mchide
ametal fol, e.g as described above, with graphite coating a graphite-sibicon-coating
or a nearly pure St coatmg on at least one side and particularly on both sides. The

coating can be, for example, 20 pm to 50 ym.

{00031] The small thickness of the substrate resulis m that the substrate will face
sudden temperature changes m different zones with different heat load, 1e. the
substrate will heat op quickly wherem the substrate expands and ako cool down
quickly wherem the substrate contracts. Such sudden temperature changes result m

tension, stresses and streichmg causing damage and/or wrinkles m the substrate.

{00032} FIz | shows a materm! deposttion apparatus 100 or a corresponding
processing system. The material deposttion apparatus 100 mchlides a vacuum
chamber 105, A processmg drum 120 i provided m the vacuum chamber 105, The
substrate 102, for example, a flexible web or foil such as a graphte foid 15 gnded
over the processing drum 120 for processing the substrate 102, The substrate 102 1
guided along the substrate transport dwection D over a roller 125 The roller gudes

the substrate towards the processmg drum 120, The substrate © processed on the

10
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processing drom 120 For example, one or more evaporation sources 110 can be
provided along the substrate guding path on the processmng drum 120 FIG 1 shows
two evaporation sources 110 The evaporation sources may depost material on the
substrate. According to embodinents of the present disclosure, particularly a ithwum

contamnng filn canbe deposited on a substrate, such as a graphite substrate.

{00033} Uncontrolled temperature changes of the substrate may result w wrinkles
that cause the thm film deposited on the substrate to deteriorate. Accordmg to
embodments of the present disclosure, heaters are provided m dedicated heating
zones for controlling  the subsirate ternperature m order to reduce the generation of

wrinkdes on the substrate.

{00034] A fwst heater assembly 140 mcluding one or more first heaters 142 w
provided. The first heater assembly provides a first heating zone. The first heatmg
zone or the first heater assembly, respectively s provided m a free-span area of the
substrate 102 between the roller 125 and the processing drum 120 Each fist heater

of the first heater assembly s comnected to a controller 130 by control lnes 132

{00035] A second heater assembly 160 mcluding one or more second heaters 162 1
provided. The second heater assembly provides a second heating zone, for example,
a transition heating zone between the first heatmg zone and a thwd heating zove.
The third heating zone can be provided by the thud heater assembly 170 mcluding
one or more third heaters 172, The third heatmg zove can be a high-power heating
zone. The high-power heatng zone & adjcent to the one or more evaporation
sources 110. Further, according to some embodiments, which can be combmed with
other emnbodiments described herem, a roller heater 131 may be provided. The roller
heater 8 configired to heat the surface of the roller. The substrate i heated by the

roller heater while beng guided by the roller 125

{00036} The term “heater assembly” as used throughout the present disclosure may

be undersiood as av assembly, unit or apparatus that mway mclude one or more

i1

PCT/US2022/024225



WO 2022/225731

(v

10

Ju—
(v

heaters. For example, the heating assernbly may mclude at least one heater or may

mchude two or even more heaters.

{00037} The “heater” as used throughout the present disclosure may be a graphite
heater. Graphite heaters are advantageous smce they provide high operating
temperatures of, e.g , temperatures m the range of 500°C to 1800 °C or even above
and a high emissivity of, e.g, range of 0.8 t0 0.9 or above which allows to realize a
high-power density on the substrate. The heating element may also mclude radiation
shields in order to concentrate the power m the direction to the subsirate. Accordmg
o some embodiments, which can be combined with other embodiments described
herem, a heater can melude a hght source or can be a hight source. The wavelength
of the hight source can range from mfrared {(IR) to ultraviclet (UV), particularly
depending on the substrate to be heated Some substrate materials may be senstve

to UV, Other substrate materials may be sensitive to IR

[00038] According to embodiments of the present discloswre, a phiralty of
temperature sensors 152 are provided. The temperature sensors 152 are dsiributed
along the substrate transportation path Particularly, a temperature sensor can be
correlated with a start of a heating zone. Addiionally, oralternatively, atemperature
sensor can be correlated with an end of a heating zone. The temperatire sensors, can
be thermocouples or pyrometers, te. a femperature sensor measwmg the thermal
radiation of the substrate. The temperature sensors 152 can be connected to the
controller 130 by signal hwes 134, The signal nes 134 provide a teroperature signal
to the controller 130, For example, one or more transition temperature 5ensors can
be provided w the transtion heating zone, wherein a temperature dependent

substrate heating 1 provided.

{00039] Embodments of the present disclosure provide heating zones with specific
temperature control characterstics. Particularly, the first heatng zone provided
between the roller 125 m the processing drum 120 1 a speed dependent heatmg

zone. A substrate speed sensor, which may be provided at the processing drum 120

i2
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or at the roller 125, provides a speed signal over the signal line 122, The signal line
122 1 shown at the processmg drum 120 m FIG 1 However, the signal ine 122
may also be provided at the roller 125 or at ancther posiion i the materal
deposttion apparatus 100, For example, the substrate speed can be provided at an
5 unwmdog spool of a material deposttion system, a winding spool of a materal

deposttion, or another position w a material deposition system.

{00040} The third heating zone or the high-power heating zone can be provided with
a constant heating, 1e. a constant power mode or can be provided with a heating
dependent on the evaporation rate. Particolarly, the terperature control i the thwd
10 heating zone © mdependent of the substrate speed and the substrate temperature
may also be controlled at a stand-still of the substrate while the substrate 1 provided
on the processing drum 120, According to some embodsnents, which can be

combimed with other embodiments described herem, the third heating zove can be

controfled depending on the evaporation rate, 1e. the evergy provided towards the

Ju—
(v

substrate by the evaporation sources. A sudden temperature change of the substrate
durmg material deposition can be reduced or avoided by having the third heaters
172 provided adjacent to the evaporation sources 110, for example, upstream of the
evaporation sources, between the evaporation sources, and/or downstream of the
evaporation sources, providing the same heating 1o the substrate as compared 1o the

20 evaporation SOUIces.

{00041} The second heating zone or the transttion heating zone 1 provided between
the first heating zone and the thwd heating zone. The second heating zone can be
provided shortly before the substrate comes mto contact with the processing drum,

for example, a cooled gas cushion drum. The second heating zone is a temperature

[ ]
W

dependent heatng zone with a temperature control dependent on the substrate
temperature after the first heating zone. Addutionally, the temperature conirol m the
second heating zone can be dependent on the terperature m the thwd heating zone.

For example, FIG. 1 shows two temperature sensors between the first heating zone

i3
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and the second heating zove for improved temperabuwe control after the speed

dependent first temperature zone.

100042} According to some erobodmments, which can be combwed with other

embodiments described herem, the temperature control of the substrate m a free-

(v

span area between the roller 125 and the processing drum 120 s provided by a first
temperature zone with a speed dependent control and may partly be provided by a
second temperature zone with a temperature dependent control The speed
dependent control in the first heatmg zone allows for the contmuous merease of the
substrate temperature between the roller 125 and the second heating zone. The
10 second heating zone raises the temperature (o the final teroperature m the deposttion
area. Partwularly, the subsirate temperature 1 raised to the fmal deposition
temperature before the substrate comes mio contact with the processmg drum. The
second heating zone 1 temperature dependent. The second heating zove, 1e. a

transttion heating zone, can be provided partly mn a free-span-zone and partly on the

Ju—
(v

drum. Particularly, the second heating zone provides the energy appropriate for
substrate heating of the substrate temperature after the first heating zone to the
substrate temperature for material depostion. The third heating zone or high-power
heating zone maintams the substrate temperature at the processmg temperature

while the substrate 1 m contact with the processmg drum.

20 [00043] For example, the roller 125 may heat the substrate from room temperature
to a fwst temperature of 30°C to S0°C, e.g about 40°C The roller can heat the
substrate by the roller heater 131, The one or more fwst heaters m the first heatmg
zone heat the substrate from the first temperature to a second temperature of 60°C
to 80°C, e g about 70°C. The heater control of the fust heaters m the first heating

zone 15 speed dependent, te. depends on the substrate speed  For a subsirate

[ ]
W

temperature durng deposition, 1¢. a third temperature of 70°C to 90°C, e.g about
80°C, the one or more second heaters i the second heating zong, e a transttion
heating zone, heat the substrate to provide for the temperature difference of the

second temperature at the end of the fwst heating zone 1o the third temperature for

i4
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substrate processmg. Particularly, the thid temperature can be provided before the
substrate comes nto contact with the processing drum. The substrate B mamtamed
at the third temperature m the third heating zone, 1e. while the substrate 15 1 contact

with the processing drum

{00044} Embodiments of the present disclosure provide one or more controllers
and/or one or more control algorithros for temperature control of a substrate, for
example a foil on a processmg drum such as a gas cushion drum After the substrate
comes into coniact with the processing drum, the substrate temperature i kept
essentially constant, particularly regardless of the web speed, even at standstill
Accordmg to some embodmments, which can be combmed with other embodiments
described herem, a graphite foil can be coated with a thin fibm, for example, a
thiwm-~-contaming  thu-fiilm. The teroperature control w zones according to
embodiments of the present disclosure controls the thermal expansion of the

substrate and, thus, reduces geveration of wrmkles.

{00045} According to embodiments of the present disclosure, a speed dependent
pre-heating of the substrate is provided before the substrate comes mto contact with
the processmg drum. Accordmg to an embodiment, a materal deposiion apparatos
for depositing  an evaporated material onto a substrate i provided. The material
deposition apparatus mcludes a processmg drum having a cooler configwed to
cootrol a substrate temperature during processing of a substrate on the processing
drum and a roller guiding the substrate towards the processing drurn. A first heater
assembly 1 positioned to heat the subsirate in a free-spav area between the roller
and the processig drum A second heater assembly s positioned to heat the
substrate while bemng supported on the processing drum. At least one deposition
source 18 provided along a substrate transport path downsiream of the second heater
assembly. The material deposiion apparates mchudes a substrate speed sensor
providing a speed signal correlating with a substrate transportation speed and a
controller having an mput for the speed signal configured to controd at least the fust

heater assembly. According to some embodiments, a sensor for measurmg the

PCT/US2022/024225
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terperature of the processing drum 120, e g a cooled coatng drum, can be
provided. According to some embodments, which can be combmed with other
embodments described herem, the controller may have anmput for the speed signal,
substrate temperature and deposiion rate and the controller can be configured to

control at least the first heater assembly.

[00046] Accordmgly, embodiments reduce thermal expansion of the substrate, for
example a foil, on the processing drum. Wrinkles can be reduced or avoided. The
substrate temperatwe for deposition, for example, for coating with lthiom, =
reached before the substrate comes mto contact with the processmg drom, for
example, a cooled processmg drum. The heaters m the free-span ares, particularly
the heaters of the {wst heater assembly have a temperature control scheme that
dependent on substrate speed In hight of the small heat disspation from the
substrate, low power values, for example w the range of 400 Wim? to S kW/n?, can
be provided by the first heater asserbly. According 1o some embodiments, which
can be combmed with other embodiments described heremn, the webspeed canbe 1

m/min of more and/or 12 m/min or below,

{00047} For further mprovement of the substrate temperature before the substrate
contacts the processmg drum, a transttion heater assembly 1 provided The
transition heater assembly has the control scheme based on a temperature difference
of a temperature after the first heater assembly and the deposition temperature,
Particularly, the temperature for deposition i reached before the substrate contacts
the processmg drum. According to some embodiments, which canbe combmmed with
other embodiments described herem, the temperature control of the substrate
mndependent of the substrate speed m the third heating zone. Particularly, the
processmg drum is a cooled processing drum. Accordingly, the ratio of heat energy
supphied to the subsirate and the heat energy dissipated by the cooled processing
drum can be provided to have an equiibruim mdependent of the substrate speed.

Accordmgly, the heating power of the second heater assembly can be provided with

i6
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a control scheme dependmg on deposttion rate, ve. a deposiion rate signal provided

to a controller.

100048} FIG 2 shows a control loop 200 accordmg to emboduonents of the present

disclosure. The control loop 200 © particularly utibzed for the fst heatng zone

(v

with an mput dependmg on the substrate speed. A control loop 200 may addtionally
be used for other heating zones, wherem the external mput may be temperature

mdependent as described according to embodiments of the present disclosure.

{00049] A switch 201 s provided to switch between and automated controller 232
and the manual controller 234 The automated controller or the manual controfier
10 provide the signal to the closed heater control 210, The closed heater control 210
wchides a loop controller 212 providing a signal 1o the heater 214, A temperature
sensor 216, such as a pyrometer or a thermocouple, provides feedback to the loop
controller. Accordmgly, a closed loop control for the heater s provided  According

1o some embodiments, which can be combmed with other embodiments described

Ju—
(v

herem, a closed heater control 210 can be provided for each of the heaters.

Alternatively, two or more of the heaters may have a common closed heater control.

{00050 A control output 202 s provided by the control loop 2000 FIG 2
schematically shows the substrate 204, The substrate 204 provides an external
control characterstic for the control loop 200 An external parameter 220
20 provided for the control loop 200, Accordmg to embodunents of the present
disclosure, the external parameter 220 5 a substrate speed for control of the first
heater assembly. A substrate speed sensor can be provided. The substrate speed
sensor provides a speed signal provided atan mput of a controller. The controller
controk the fiwst heater assembly based on the signal from the substrate speed
25  sensor. The external parameter s provided, for example, to the automated controller

232,

[00051] Accordng to some embodiments, which can be combmed with other

embodiments described herew, m the case of the free span heaters 142, the external
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parameter 220 canaddimonally or alternatively be a dsturbance function which will
be mfluenced by substrate type and substrate speed. For example, there can be an
mierpolation function based on a lockup table m the automated controller 232 that
works on such modified disturbance and aliers the setpomts m the closed loop

controller 210,

[00052] According to some embodiments, which can be combmed with other
embodiments described herewn, a control loop 200 with an external parameter 220
bemg the deposition rate and/or the power provided for the evaporation sources can
be provided for control of the second heater assembly postioned to heat the

substrate while bemg supported on the processing drum.

[00053] According to some erobodmments, which can be combwed with other
embodiments described herem, additionally the deposttion rate can be read trom the
evaporating apparatus 110, which may be measured by various methods. Thss
control can cascade the external parameter 220 and mfluence the automated
controller to adjust setpoints m the closed loop controlier 210 and modify the control

output 202 for heaters 172.

{00054] Accordmng to some embodiments, which can be combmed with other
embodivents described herem, a control loop 200 with an external parameter 220
bemng the first temperature and the second temperature {or a temperature difference)
can be provided for control of the transmion heater assembly positioned to heat the

substrate between the first heater assembly and the second heater assembly.

{00055} Accordmg to some embodments, which can be combimned with other
embodments described herem, a deposttion apparatus and/or a material deposition
systerms, e.g a vacumum deposttion system, may mehide one or more controllers as
exemplarily shown m FIGS. 1 and 2. The one or more controllers can be a common
cootroller having inputs to recewe signals as described herem or may be a plurality
of controllers connected to each other, wherem a smgle controller can be assgned

to an mdwvidual heater. The controller(s) can be connected to one or more heaters,

I8

PCT/US2022/024225



WO 2022/225731 PCT/US2022/024225

{0 a substrate speed sensor and to one or more temperature sensors, The controfler

or each of the controllers mcludes a central processing unat {(CPUY, a memory and,

for example, support cwcuits. To faciitate control of the temperature control and/or

of the substrate processing, the CPU may be one of any form of a generalpurpose

5 computer processor that can be used m an mdustrial settmg for controlling various
chambers and sub-processors. The memory 5 coupled to the CPU. The memory, or

a computer readable medium, may be one or more readily available memory devices
such as random-access memory, readonly memory, hard disk, or any other form of
digital storage either local or remote. The support crrcuits may be coupled to the

10 CPU for supporting the processor m a conventional manner. These crcuits include
cache, power supphes, clock crcuts, mput/output circuitry and related subsystems,

and the bke. Temperature control mstructions and/or substrate processmg
mstructions  are generally stored m the memory as a software routing typcally
known as a recpe. The software routine may also be stored and/or executed by a

15 second CPU (not showny that © remotely located from the hardware heing
controlled by the CPU. The software routine, when executed by CPU, transforms

the general-purpose computer mic a spectfic purpose computer {controller} that
controls the substrate temperature and/or the substrate processmg, e.g the heater
power, the deposition power or the like based on one or more mput characterstics

20 according to embodiments of the present disclosure. Although the method and/or
process of the present disclosure 15 discussed as bemg mplemented as a software
routine, some of the method sieps that are disclosed therem may be performed m
hardware as well as by the software coniroller. As such, the mvention may be
mplemented m software as executed upon a coroputer systemy, and m hardware as

an apphcation specific miegrated circutt or other type of hardware inplementation,

b2

or a combmation of software and hardware. The controller may execute or perform
a method of depositing an evaporated material onto a substrate and/or of processing

a substrate according to embodiments of the present disclosure.

{00056] There can be an assocmted homan-machme-mterface (HMI} or

30 wsualeation and recpe function to mmplement these control methods. The
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visualizations allow the operator to specy parameters related to the substrate 202
and the deswed temperature of the substrate. The visualzation can ako hold recipe
parameters which could be a selection band for a simplfied control scheme and the
recipe mternally adjusts all parameters based on a few select parameters such as

substrate type, deposttion rate, drurn speed, drum temperature etc.

[00057] According to one embodiment, a method of depositing an evaporated
material onto a substrate s provided.  As shown m FIG 3, the method wcludes
awnding the substrate from a roller towards a processmg drum as shown by operation
302. As dlustrated by operation 304, a substrate speed signal s measuwred. The
substrate 15 heated with a first heater assembly between the roller and the processing

drum dependent on the substrate speed signal, as shown by operation 306 i FIG. 3.

{00058} Accordmg to some embodmnents, which can be combined with other
embodments described herem, the substrate is heated on the processmg drum with
a second heater assembly dependent on a deposition rate. Addttionally, or
alternatively, the method further comprises measuring a first substrate temperature
signal after heating the substrate with the fwst heater assembly and measwring a
second substrate temperature signal while the substrate s supported on the
processing drum and before heatmg the substrate with the second heater assembly.
The substrate can be heated with a transtion heater assembly dependmng on a
difference between the first substrate temperature signal and the second substrate

temperature signal

1000591 Accordmg to some embodmments, which can be combined with other
embodiments described herem, a lookup table can be stored n a memory of the
controller. Further, a method of depositing an evaporated material on the substrate
may include generating a control signal for a heater based on a loockup table. A
lookup table may be based on a power denstty as a function of the substrate speed.
Addtionally, or aliernatively, a heater temperature, for example, a heater

temperature of a heater of the first heater assembly can be provided as a function of

20
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the power density provided on the substrate. Accordmgly, a heater temperature can
be provided as a function of the substrate speed Accordmg to vet further
mplementations, the lookup table canbe provided for different substrate materals,

for exarople, a graphite substrate or a copper substrate.

(v

[00060] For example, the lockup table may provide values of a substrate speedora
speed of the processing drum, respectwvely, and valies for power density.
Alternatively, the power density may be replaced with a heater temperature.
Accordmg to some embodiments, which can be combined with other embodiments
described heremn, a bilinear mierpolation can be provided for the values m the lookup
10 table. For example, a lmear mterpolation can be provided for a fist value of a
substrate speed and a second value of a second substrate speed. Such mterpolated
substrate speeds can be utilized {or a further bnear mierpolation for a power density

value for a heater temperature, respectvely.

{00061} Accordmg to yet further embodiments, which canbe combined with other

Ju—
(v

embodments described herem, control signals for controling the various heaters of
the heater assemblies may be implemented or performed with a general purpose
processor, a digital signal processor (DSP), an apphcation specific mtegrated cweunit
(ASIC), a field programmable gate array (FPGA} or other programmable logic
devices (PLD), discrete gate or transstor logie, discrete hardware components, or
20 any combmation thereof designed to perform the functions described herem. A
gseneral-purpose processor may be a nucroprocessor, but alternatively, the processor
roay be any coromercally available processor, controller, mcrocontroller, or state
machine. A processor may also be a graphics processing unit (GPU), such as those
typically used in computer graphics and image processing. A processor may also be

mplemented as a combmation of computing devices, e.g., a combmation of a B8P

[ ]
W

and a microprocessor, a plurality of microprocessors, one or MOre MICTOProcessors

m comjunction with a D8P core, or any other such configuration.
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{00062] I smplemented m software, the functions may be stored or transmitted over
as one of more mstructions or code on a computer-readable medum, Software shall
be construed broadly to mean mstructions, data, or any combmation thereof,
whether referred to as software, firmware, muddleware, mcrocode, hardware
description  language, or otherwse. Computer-readable media welude  both
computer storage media and communication medm, such as any medum  that
faciitates transfer of a computer program from one place to another. The processor
may be responsible for managmng bus and general processing, mcluding  the

execution of software modules stored on the computer-readable storage medi.

{00063 A software module may comprise a smgle mstruction, or many
mstructions, and may be distributed over several different code segments, among
different programs, and across muliiple storage media. The computer-readable
media may comprise a number of software modules. The software modules mnclude
mstructions that, when executed by an apparatus such as a processor, cause the
processing system to perform various functions. The software modules may nclude
a transmssion module and 3 recewimng module. A software module may be
configured to be tramed. The software module may receive trammmng data based ona
plurality of measured temperatures and may be tramed to provide conirol date from

the traimng data.

000641 The software to provide a temperature control according to embodiments
of the present disclosure may wmclude a rachme learning model To tram a machme
learnng model, such as a ONN model trammg data © supphed to a machme
learnmg model to produce output. A machme learning model typically has a set of
mitialization parameters that affect how the machine learming model processes data
The traming data tvpically has a ground truth {e g, known value) classification. The
output 1 typically evalvated relative to this ground truth. The result of this
evalpation can be used to adpist or ypdate the parameter of the machme learning
model so that on a subsequent run, the machine learning model produces more

accurate output. Once sufficently tramed, the machme learnng model accepts mput

22
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m the same form as the data used to tram the machme kearnmg model and produces
output based on that mput. UNNmodek that are used to perform temperature control
of heaters of one or more heater assembhes aretramed using trammg data consisting
of labeled mages. The trammg data may be substrate temperatures at didferent
5 locations of the vacuum processing systern resulimg from the various control signals

for the heaters of the one or more heater assemblies.

{00065} Embodiments of the present disclosure provide one or more of the
following advantages. A subsirate temperature can be set for various operation
conditions, such as substrate speed and/or deposition rate to be adusted for
10 reduction of wrinkles of the substrate, particudarly wrinkles of the substrate on the
processing drum. The substrate temperature 1 adjusted m a free-span area based on
the substrate speed, may be adjusted m a transtion area on the temperature
difference, and may be adjusted ov the processing drum depending on the deposition

rate {or the power of the deposition source) and the cooling power of the substrate

[Un—y
[V

support, for exaraple, a cooled processing drum.

{00066} While the foregomg s dwected to embodiments of the disclosure, other and
further embodiments of the disclosure may be devised without departing from the

hasic scope thereof, and the scope thereof 15 determined by the clams that follow.
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CLAIMS

I8 A material deposition apparatus for depositng an evaporated material onto

a substrate, the material deposition apparatus comprismg;

a processing drum having a cooler configured to control a substrate

temperature during processing of a substrate on the processing drum;

aroller gindmg the substrate towards the processing dromy

a first heater assembly posttioned to heat the substrate m a free-span area

between the roller and the processmg druny

a second heater assembly posittioned to heat the substrate while bemng

supported on the processmg drum;

at least one deposttion source provided along a subsirate transport path

downstream of the second heater assembly;

a substrate speed sensor providing a speed signal correlatmg with a

substrate transportation speed; and

a controller having an mput for the speed signal configured to control at

least the first heater assembly.

2. The materal deposition apparatus according to clamm 1, further comprising:

a fist temperature sensor provided along the substrate transport path

downstream of the first heater assembly.

3 The material deposition apparatus accordmg to any of clamms 1 to 2, further
COMprsmg;
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a second temperature sensor provided along the substrate transport path

downstream of the second heater assembly.

4. The material deposition apparatus according to any of clamms 1 to 3, further

COMpPrisng:

a transttion heater assembly positioned to heat the substrate between the

first heater assembly and the second heater assembly.

5. The materml deposition apparatus according to clamm 4, further comprising:

a transition temperature sensor provided along the substrate transport path

downstream of the {ransiiion heater assembly.

&, The material deposiiion apparatus accordmg to clasm S, further comprising:

a transmion heater controller having an mput for a signal of the transttion
temperature sensor to control the transttion heater assembly dependent on a signal

of the transition {emperature sensor.

7. The material deposition apparatus according to any of claims 1 to 6, further

comprismg;

a second heater controller having an mput for a deposttion rate signal

PCT/US2022/024225
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8. The material deposition apparatus accordmg to any of clms 1 to 7,
wherem the cooler 18 provided by a gas cushion guiding a cooling gas between the

processing drum and the substrate,

[V

9. A method of depostting an evaporated material onto a substrate, the method

comprising:
guiding the substrate from a roller towards a processmg drum;
measurmg a substrate speed signal and

heating the substrate with a first heater assembly between the roller and the

10 processmg drum dependent on the substrate speed signal

10. The method according to claim 9, further comprising;

heating the substrate on the processmg drum with a second heater assembly

dependent on a deposition rate.

i1, The method according to claim 10, further comprismg:

measurmng a first substrate teroperature signal after heating the substrate

with the first heater assembly; and

measuring a second substrate temperature signal while the substrate
20 supported on the processmg drum and before heating the substrate with the second

heater assembly.
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12. The method according to claim 11, further comprising:

heatmg the substrate with a transtion heater assembly depending on a
difference between the first substrate temperature signal and the second substrate

temperature signal

(v

13. A material deposition  system, Comprismg!
a processmg drum for supporting the substrate during processing;
a substrate guding roller upstream of the processing drum;

a fst heater assembly provided between the roller and the processing

10 drum: and

a controller comprismg: a processor and 3 memory stormg mstructions
that, when executed by the processor, cause performng a method according to any

of claims Qo 12

5 4 The material deposition system according to clamn 13, wherem a lookup
table 15 stored m the memory to correlate a substrate speed with a power density of

the first heater assermbly.

15. The material deposition system according to clam 14, wherem the

20 controller provides a bilmear mterpolation of data m the lookup table.
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