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ATOMIC LAYER DEPOSITION SYSTEM FOR
COATING FLEXIBLE SUBSTRATES

RELATED ART

This application claims the benefit under 35 U.S.C. §119
(e) from U.S. Provisional Application No. 60/743,786, filed
Mar. 26, 2006, which is incorporated herein by reference.

BACKGROUND

The field of this disclosure relates to thin film deposition
systems and methods for coating flexible substrates.

Atomic layer deposition (“ALD”), formerly known as
atomic layer epitaxy (“ALE”), is a thin film deposition pro-
cess that is known for use in manufacturing electrolumines-
cent (EL) display panels, in semiconductor integrated circuit
manufacturing, and for other purposes. See U.S. Pat. No.
4,058,430 of Suntola et al., and U.S. Patent Application Pub-
lication Nos. US 2004/0208994 A1 of Héarkénen et al., US
2004/0124131 Al of Aitchison et al., and US 2005/0011555
Al of Maula et al., the specifications of which are all incor-
porated herein by reference. ALD offers several benefits over
other thin film deposition methods, such as physical vapor
deposition (“PVD”) (e.g., evaporation or sputtering) and
chemical vapor deposition (“CVD”), as described in Atomic
Layer Epitaxy (T. Suntola and M. Simpson, eds., Blackie and
Son Ltd., Glasgow, 1990), incorporated herein by reference.

In contrast to CVD, in which the flows of precursors are
static (i.e., flow rates are steady during processing) and the
substrate is exposed to multiple precursors simultaneously
present in the reaction chamber, the precursor flows in ALD
processing are dynamic and sequential, so that the substrate is
exposed to only one precursor at a time. Successful ALD
growth has conventionally required the sequential introduc-
tion of two or more different precursor vapors into a reaction
space around a substrate. ALD is usually performed at
elevated temperatures and low pressures. For example, the
reaction space may be heated to between 200° C. and 600° C.
and operated at a pressure of between 0.1 mbar and 50 mbar.
In a typical ALD reactor, the reaction space is bounded by a
reaction chamber sized to accommodate one or more sub-
strates. One or more precursor material delivery systems (also
known as “precursor sources”) are typically provided for
feeding precursor materials into the reaction chamber.

After the substrates are loaded into the reaction chamber
and heated to a desired processing temperature, a first precur-
sor vapor is directed over the substrates. Some of the precur-
sor vapor chemisorbs or adsorbs on the surface of the sub-
strates to make a monolayer film. In pure ALD, the molecules
of precursor vapor will not attach to other like molecules and
the process is therefore self-limiting. Next, the reaction space
is purged to remove excess of the first vapor and any volatile
reaction products. Purging is typically accomplished by
flushing the reaction space with an inert purge gas that is
non-reactive with the first precursor. After purging, a second
precursor vapor is introduced. Molecules of the second pre-
cursor vapor chemisorb or otherwise react with the chemi-
sorbed or adsorbed first precursor molecules to form a thin
film product of the first and second precursors. To complete
the ALD cycle, the reaction space is again purged with an
inert purge gas to remove any excess of the second vapor as
well as any volatile reaction products. The steps of first pre-
cursor pulse, purge, second precursor pulse, and purge are
typically repeated hundreds or thousands of times until the
desired thickness of the film is achieved.
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The required temperatures, pressures, and reaction cham-
ber conditions have conventionally limited the ALD tech-
nique to deposition on substrates of relatively small size. For
example, known uses of ALD include EL display panels and
semiconductor wafers.

SUMMARY

In accordance with one embodiment, a system for depos-
iting a thin film on a flexible substrate includes an isolation
zone interposed between first and second precursor zones.
When in use, reactive first and second precursor gases are
introduced into the respective first and second precursor
zones, and an inert gas is introduced into the isolation zone. A
series of flow-restricting passageways from the isolation zone
to the first and second precursor zones are spaced apart along
the precursor zones. The passageways may include elongated
tunnels and/or flexible wipers to restrict the flow of gases
between the isolation zone and the precursor zones. When in
use, a flexible substrate is threaded through the passageways
so that it traverses back and forth between the first and second
precursor zones multiple times and each time through the
isolation zone. A substrate transport mechanism of the system
includes a plurality of first turning guides, such as rollers,
spaced apart along the first precursor zone and a plurality of
second turning guides spaced apart along the second precur-
sor zone. At least some of the first turning guides are adapted
to support the substrate during a change in a direction of travel
of'the substrate toward the second precursor zone, and at least
some of the second turning guides are adapted to support the
substrate during a change in a direction of travel of the sub-
strate toward the first precursor zone. In some embodiments,
more than two precursor zones are provided, all precursor
zones being isolated from one another. The substrate trans-
port mechanism may include a payout spool and a take-up
spool for roll-to-roll processing of the substrate.

A method of thin film deposition, according to one embodi-
ment, includes introducing an inert gas into an isolation zone
that is interposed between first and second precursor zones,
introducing first and second precursor gases into the respec-
tive first and second precursor zones, and then guiding a
flexible substrate back and forth between the first and second
precursor zones and through a series of flow-restricting pas-
sageways of the isolation zone, so that the substrate transits
through the first and second precursor zones multiple times.
The method further includes generating pressure differentials
between the isolation zone and the first precursor zone and
between the isolation zone and the second precursor zone, the
pressure differentials being sufficient to inhibit migration of
the first and second precursor gases out of the respective first
and second precursor zones and mixing of'the first and second
precursor gases within one of the zones, thereby essentially
preventing reactions within the zones between nonadsorbed
amounts of the first and second precursor gases. The pressure
differential may be achieved, for example, by differential
injection of gases into the various zones or by differential
pumping or throttling of exhaust gases from the various
zones. In some embodiments, an inert gas is injected into
some or all of the passageways. As the substrate transits
through the first precursor zone a monolayer of the first pre-
cursor gas is adsorbed to the surface of the substrate, and on
a subsequent transit of the substrate through the second pre-
cursor zone the second precursor gas reacts with the adsorbed
first precursor at the surface of the substrate, to thereby
deposit a thin film on the substrate. Many layers of material
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may be deposited by guiding the substrate along a serpentine
path that traverses between the first and second precursor
zones many times.

In some embodiments of the method and system, the sub-
strate is transported through three or more precursor zones, all
isolated from one another by the isolation zone. One or more
of the turning guides, precursors, precursor zones, isolation
fluid, or isolation zone may be heated.

In some embodiments, the isolation and precursor zones
may be operated at approximately atmospheric pressures,
while in others the pressure may range from relatively low
vacuum pressures (e.g. 1 millitorr) to positive pressures of
500 to 1500 Torr (approx. 1-2 atmospheres).

In some embodiments of the method and system, the flex-
ible substrate may be advanced continuously along a serpen-
tine path in a first direction to complete a first pass, and
subsequently rewound along the serpentine path in a second
direction opposite the first direction to complete a second
pass.

Embodiments of the method may also include the steps of
switching precursors during or between passes, introducing
dopants into one or more precursor zones, and/or introducing
a radical into one or more of the precursor zones. A length or
duration of some of the transits through the precursor zones
may be adjusted, in some embodiments, by movably mounted
turning guides or zone dividers.

Systems and methods for trapping exhaust precursor gases
for disposal, recycling, or reclaim are also disclosed.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic cross-sectional view illustrating a
system and method for ALD on a flexible substrate, in accor-
dance with a first embodiment;

FIG. 2 is a schematic cross-sectional view illustrating a
system and method utilizing ALD for coating layers of dif-
ferent materials onto a flexible substrate, in accordance with
a second embodiment;

FIG. 3 is a schematic cross-sectional view illustrating a
system and method for ALD in which a substrate is moved
through a linear multi-stage ALD reactor, in accordance with
a third embodiment; and

FIG. 4 is a schematic cross-sectional view illustrating a
system and method for ALD on a flexible substrate according
to a fourth embodiment, including a precursor recovery and
recycling system.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

In accordance with embodiments described herein, a flex-
ible substrate, such as a plastic or metallic web or filament, for
example, is threaded between adjacent zones each having a
different precursor chemical or isolation fluid present therein.
As the substrate is advanced, each segment of the substrate is
preferably resident in the precursor zones long enough to
accomplish the requisite adsorption and reaction of precursor
chemicals on the substrate surface. An isolation zone inter-
posed between the precursor zones prevents mixing of the
different precursor gases. The substrate is moved through the
zones to achieve a thin film coating consistent with the coat-
ings deposited by conventional ALD processes. In addition to
enabling the deposition of a highly conformal thin film coat-
ing on web materials and on other flexible elongate sub-
strates, systems and methods according to the embodiments
described herein may avoid the need to deliver into a common
reaction chamber a sequence of precursor and purge gas
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pulses in alternating succession, as is done in a conventional
traveling wave-type ALD reactor.

Among other possible benefits, certain systems and meth-
ods disclosed herein may facilitate the deposition of barrier
layers and transparent conductors on flexible substrates, such
as on plastic substrates for organic light emitting diode
(OLED) displays, and the deposition of conformal coatings
on very large substrates. Many additional advantages and
uses of the systems and methods will become apparent from
the following detailed description, which proceeds with ref-
erence to the accompanying drawings.

FIG. 1 illustrates a schematic cross-section view of a sys-
tem 10 according to a first embodiment for the deposition of
a thin-film coating onto a flexible substrate 12 (shown in
profile in FIG. 1), such as a web of plastic film or metal foil,
for example. Withreference to FIG. 1, system 10 includes first
and second precursor zones 14 and 16, respectively, separated
by an intermediate isolation zone 20 in which an inert fluid is
present. The inert fluid may comprise an inert liquid, but more
preferably consists essentially of an inert gas, such as nitro-
gen (N,). When in use, reactive first and second precursor
gases (Precursor 1 and Precursor 2) are introduced into the
respective first and second precursor zones 14, 16 from first
and second precursor delivery systems 24, 26. Precursor
delivery systems 24, 26 may include precursor source con-
tainers (not shown) located outside or within precursor zones
14, 16. Additionally or alternatively, precursor delivery sys-
tems 24, 26 may include piping, pumps, valves, tanks, and
other associated equipment for supplying precursor gases
into precursor zones 14, 16. An inert gas delivery system 28 is
similarly included for injecting inert gas into isolation zone
20.

In the embodiment shown, precursor zones 14, 16 and
isolation zone 20 are defined and bordered by an outer reac-
tion chamber housing or vessel 30, divided by first and second
dividers 34, 36 into three sub-chambers, namely, a first pre-
cursor chamber 44, a second precursor chamber 46 and an
inert gas chamber 50. Vessel 30 may comprise a pressure
vessel or vacuum vessel substantially isolating the process
space from the external environment. In other embodiments,
the vessel 30 may have entrance and exit passageways for
interfacing with other process modules or equipment, as
described below with reference to FIG. 4. A series of first
passageways 54 through first divider 34 are spaced apart
along a general direction of travel of substrate 12, and a
corresponding series of second passageways 56 are provided
through second divider 36. The passageways 54, 56 are
arranged and configured for substrate 12 to be threaded there-
through back and forth between first and second precursor
zones 14, 16 multiple times, and each time through isolation
zone 20. For a web substrate, passageways 54, 56 preferably
comprise slits having a width (exaggerated in FIG. 1) that is
slightly greater than the thickness of substrate 12 and a length
(not shown) extending into the plane of FIG. 1 (i.e., normal to
the page) and that is slightly greater than a width of the
substrate. Isolation zone 20 is, thus, preferably separated
(albeit imperfectly) from the first precursor zone 14 by first
divider 34 and from second precursor zone 16 by second
divider 36.

To substantially prevent non-ALD reactions caused by
mixing of non-adsorbed quantities of the first and second
precursor gases in one of the chambers 44, 46, 50, it is nec-
essary for the system 10 to inhibit the migration of Precursor
1 from first precursor zone 14 into isolation zone 20 and the
migration of Precursor 2 from second precursor zone 16 into
isolation zone 20. Passageways 54, 56 are preferably config-
ured to restrict the flow of gases between the zones 14, 16, 20,
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to avoid or limit diffusion of precursor gases into a common
zone. Passageways 54, 56 may include slits sized only
slightly thicker and wider than the thickness and width of the
substrate passing through them, leaving only a very small
amount of headroom and margins to allow substrate 12 to
pass therethrough without scraping against the sides of the
passageways. For example, headroom and margins may
range between microns and millimeters in certain embodi-
ments. The passageways 54, 56 may also include elongate
tunnels through which the substrate 12 passes, as depicted in
FIGS. 1, 2, and 4. Such slits and tunnels are sometimes
referred to as slit valves, although no actual moving valve gate
is utilized. In some embodiments, the passageways 54, 56
include a wiper for further restricting flow. In one such
embodiment, the substrate is threaded through opposing
leaves of resilient material, such as a synthetic rubber, which
wipe against opposing surfaces of the substrate.

In an alternate embodiment (not shown), the inert gas
chamber 50 of isolation zone 20 and dividers 34, 36 are
eliminated, so that isolation zone 20 essentially consists of a
series of long narrow passageways extending completely
between precursor zones 14, 16. In such an embodiment, no
common inert gas chamber 50 connects the passageways, so
inert gas is injected directly into the passageways medially of
the first and second precursor zones 14, 16 to help prevent
precursor migration and mixing. Isolation zone 20 of this
embodiment would include a manifold, or a number of mani-
folds, for routing inert gas lines to nozzles along the sides of
the passageways. The manifold or manifolds would be
formed in the material of the reaction chamber bordering the
passageways, and may be connected to an inert gas delivery
system along the sides of the system, rather than at an end of
the system as shown in FIG. 1.

To help isolate the first precursor gas from the second
precursor gas, pressure differentials are preferably estab-
lished between the isolation zone 20 and the first precursor
zone 14 and between the isolation zone 20 and the second
precursor zone 16. In one embodiment, the pressure differen-
tials may be generated by injecting inert gas into isolation
zone 20 at a pressure greater than the operating pressure of the
precursor zones 14, 16, and then passively exhausting gases
from the precursor zones 14, 16. In another embodiment, the
exhaust from precursor zones 14, 16 could be controlled
relative to a passive exhaust from isolation zone 20 or by
throttling an exhaust flow from isolation zone 20. Pressure
differentials may also be generated by pumping from precur-
sor zones via pump 58 or another source of suction. Option-
ally, pump 58 may be coupled to all zones, with flow from the
various zones being controlled to maintain the pressure dif-
ferential. The migration of precursors from the precursor
zones 14, 16 into the isolation zone 20 may also be prevented
or limited by controlling both the relative flow rates of gases
into the zones and pumping speeds from the zones, through
the use of flow control valves or other flow control devices. A
control system (not shown) responsive to pressure sensors in
the various zones may also be utilized to control gas injection
and exhaust flow rates to help maintain a desired pressure
differential.

In one example, isolation zone 20 operates at a pressure of
approximately 5 millitorr (i.e., the inert gas injection pressure
may be 5 millitorr), and pressure differentials of approxi-
mately 0.1 millitorr are maintained between isolation zone 20
and each of the precursor zones 14, 16, so that an operating
pressure of approximately 4.9 millitorr is maintained in pre-
cursor zones 14, 16 by way of suction applied to precursor
zones 14, 16 by pump 58. Lower and significantly higher
pressure differentials may also be used in some embodiments.
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The necessary pressure differential will be affected by the
geometry of passageways 54, 56 (including height, width,
and tunnel length, if applicable), the headroom and margins
around substrate 12 within passageways 54, 56, the transport
speed of substrate 12, the surface roughness of substrate 12
and passageways 54, 56, and the location at which inert gas is
injected, such as direct injection into passageways 54, 56 or
generally into inert gas chamber 50. Other factors, such as
operating temperature, pressure, precursor species, and sub-
strate type, may also atfect the amount of pressure differential
necessary to inhibit or prevent migration of precursor gases
through passageways.

In some ALD processes, precursor gases having a very low
vapor pressure are utilized. To facilitate pumping and diffu-
sion control, inert gas may be mixed with such precursor
gases, either before or after introduction of the precursor
gases into the system 10, to control the pressure within pre-
cursor zones 14, 16.

In some embodiments, it may be desirable to equalize the
pressures, or to deliberately mismatch the pressures in two or
more precursor zones to optimize growth conditions, or
improve utilization of precursor materials. It may also be
desirable to pump two or more of the zones separately, and
introduce inert gas into the precursor zones separately to
further reduce zone migration; for instance, a cross-flow con-
dition may be used to flow precursor in a direction orthogonal
to the passageways 54, 56 (between first and second ends 72,
84). Inert gas may be introduced locally within or near pas-
sageways 54, 56, to inhibit gases from either adjacent zone
from crossing through passageways 54, 56. If further isola-
tion is necessary, multiple differentially-pumped and purged
zones may be used in series, with flow-restricting passage-
ways or wiper valve isolation between zones and exhaust
paths from each of the zones.

As described above, the precursor zones 14, 16 may be
pumped to achieve an isolating pressure differential between
the isolation zone and the precursor zones. In one configura-
tion (not shown), separate pumps could be used for each of the
zones 14, 16, 20, preventing mixing of precursor gases in the
pump stack and the attendant growth of material or reaction
byproducts in any of the pumping lines, thereby preventing
powder and residue from accumulating and clogging the
pump stack. Another way to inhibit undesirable material
deposits in the pump stack is to trap exhaust precursors using
a precursor trap 59, such as a simple inline liquid nitrogen
cooled trap, for example model TLR4XI150QF sold by Kurt
J. Lesker Company (www.lesker.com). Similar precursor
traps may be placed in each of the precursor exhaust lines
upstream of their junction before the pump 58. By using inert
gases and precursor materials having different vapor pres-
sures at a given temperature, it may be possible to trap and
reclaim up to approximately 100% of exhaust precursor
gases, while passing inert gases to the pump stack. And
because different precursors are not mixed in the zones, the
precursor purity is maintained, enabling up to 100% utiliza-
tion of precursor materials. Once filled, traps 59 may be
turned into precursor sources by replacing the liquid nitrogen
with a heated liquid or by activating heating elements outside
the trap, then reversing the pumping direction or closing an
isolation valve (not shown) between pump 58 and trap 59. The
particular operating temperature of trap/source would depend
onthe precursor being trapped and its vapor pressure. A liquid
nitrogen trap, for example, may operate at lower than 100°
Kelvin. Additional trap/source configurations are described
below with reference to FIG. 4.

A substrate transport mechanism 60 of system 10 includes
multiple turning guides for guiding substrate 12, including a
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set of first turning guides 64 spaced apart along first precursor
zone 14 and a second set of turning guides 66 spaced apart
along second precursor zone 16. Turning guides 64, 66 coop-
erate to define an undulating transport path of substrate 12 as
it advances through system 10. The substrate transport
mechanism 60 may include a payout spool 72 for paying out
substrate 12 from a first coil (input roll 74) for receipt at a first
end 76 of isolation zone 20, vessel 30, or one of the precursor
zones 14, 16. The substrate transport mechanism 60 may
further include a take-up spool 82 for receiving the coated
substrate 12 from a second end 84 of isolation zone 20, vessel
30, or one of the precursor zones 14, 16 opposite first end 76,
and coiling the substrate 12 into a take-up roll 86 or second
coil. Payout spool 72 and/or take-up spool 82 may be located
within vessel 30, such as within isolation zone 20, as depicted
in FIGS. 1-2. Alternatively, payout and take-up spools 72, 82
may be located outside of vessel 30 (i.e., outside of isolation
zone 20 and first and second precursor zones 14, 16), as
depicted in FIGS. 3 and 4. Input and take-up rolls 74, 86 will
change diameter during operation of system 10, and will
therefore require tension control and/or drive control systems
of the kind well known in the art of web handling and coil
handling systems. Additional turning guides may be provided
for determining the transport path of substrate 12 through,
and in some embodiments, into, the vessel 30. For example,
additional turning guides (not shown) may be required to
compensate for changes in the diameter of the input and
take-up rolls 74, 86 during operation of system 10.

Turning guides 64, 66 may comprise rotating guide sup-
ports, such as rollers, pulleys, sprockets, or pinch rollers, as
well as non-rotating guide supports, such as guide bars, rails,
or channels. Suitable rotating guide supports include both
idlers, e.g. idler rollers, and driven rotating supports—the
latter being driven by a drive mechanism (not shown) that
may include means for synchronizing the rotating guide sup-
ports with each other and with payout spool 72 and/or take-up
spool 82. Non-rotating guide supports may preferably
include a bearing surface made of or coated with a low-
friction material, such as PTFE (TEFLON™). In one
embodiment, turning guides 64, 66 may comprise fluid bear-
ings (e.g. gas bearings) that support substrate 12 on a dynamic
cushion of fluid, such as precursor gas and/or inert gas
injected through small perforations in a bearing race of the
fluid bearing.

Depending on the configuration of substrate transport
mechanism 60 and passageways 54, 56, the transport path of
substrate 12 may have a serpentine profile, a sawtooth profile,
or any other suitable shape for transporting substrate between
first and second precursor zones 14, 16. Substrate 12 prefer-
ably threads through passageways 54, 56 and traverses isola-
tion zone 20 in a direction normal to the plane of dividers 32,
34, such that opposing pairs of first and second passageways
54, 56 are aligned with a traversal axis normal to dividers 32,
34. However, other arrangements and transport path configu-
rations may also be utilized.

In the embodiment shown, each of the first turning guides
64 is positioned within the first precursor zone 14 and sup-
ports substrate 12 as it turns 180° about the turning guide 64
toward the second precursor zone 16. Similarly, each of the
second turning guides 66 is positioned within the second
precursor zone 16 and supports substrate 12 as it turns 180°
about the turning guide 66 toward the first precursor zone 14.
In an alternative embodiment (not shown), only some of the
turning guides 64, 66 may support substrate 12 as it turns
toward the opposite precursor zone. For example, two turning
guides may be used for a single 180° turn, each supporting the
substrate through 90° of the turn. In other embodiments,
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substrate 12 may turn through somewhat more or less than
180° between traversals of isolation zone 20. A turn of greater
than 180° could be implemented to fit more turning guides,
and therefore more deposition cycles, within a system of a
given overall length. A transit path of substrate 12 through
precursor zones 14, 16 may be curved and/or straight. In one
embodiment (not shown), some or all of the first and second
turning guides may be located outboard of the respective first
and second precursor zones such that the substrate follows a
straight transit path completely across the respective precur-
sor zone nearest the turning guide and through passageways
in dividers bordering the inboard and outboard sides of the
respective precursor zone.

The system 10 illustrated in FIG. 1 includes ten first turning
guides 64 and ten second turning guides 66, providing ten full
cycles of ALD growth. In one example, the system of FIG. 1
may be used to deposit a coating of aluminum oxide (Al,O;)
approximately ten angstroms (10 A) thick using trimethyla-
luminum (TMA) as Precursor 1 and water as Precursor 2.
Additional ALD cycles may be added to system 10 by adding
pairs of turning guides. For example, a 100-cycle system may
have 200 turning guides—100 first turning guides 64 and 100
second turning guides 66. By using small-diameter guide
rollers or other turning guides, such a system could be as
small as one meter long from the input roll 74 to the take-up
roll 86, approximately 50 cm high, and only slightly wider
than the width of substrate 12. Systems capable of 500, 1000,
5000, ormore ALD cycles in a single pass are also envisioned.
Similar expansions are possible in the systems of FIGS. 2 and
4, described below.

To increase film thickness beyond what is deposited in a
single pass through system 10 by the number of ALD cycles
defined by transport mechanism 60, the substrate 10 may be
passed through the system multiple times, either by moving
the take-up roll 86 from the second end 84 to the first end 76
after a pass, by reversing the transport direction of the sub-
strate 12 to send it back through the system, or by using a
closed-loop substrate that circulates back to the input side 76
for achieving multiple passes through the system without
movement or handling of the bulk roll. In between sequential
passes, one or more of the precursors within the precursor
zones 14, 16 may be changed to provide a multi-layer coating
stack of two or more thin film materials.

FIG. 2 illustrates a system 110 and method according to a
second embodiment for depositing layers of different mate-
rials on a flexible substrate 112 in a single pass through
system 110. In the embodiment of FIG. 2, multiple separate
precursor zones are located in sequence along the length of
the reaction chamber. In FIG. 2, 100-series reference numer-
als with the last two digits similar to the reference numerals of
FIG. 1 designate similar components. For example, system
110 includes a first precursor zone 114 supplied by a first
precursor delivery system 124, a second precursor zone 116
supplied by a second precursor delivery system 126, and an
isolation zone 120 supplied by an inert gas delivery system
128. System 110 of FIG. 2 further includes a third precursor
zone 190 into which a third precursor gas (Precursor 3) dif-
ferent from the first and second precursor gases (Precursor 1
and Precursor 2) is introduced when the system is in use.
Third precursor zone 190 is separated from isolation zone 120
by a third divider and positioned opposite second precursor
zone 116. In the embodiment shown, the third divider is a
middle section of upper divider 134, which includes a series
of third passageways 192 therethrough, spaced apart along
third precursor zone 190. Similarly, a fourth precursor zone
194 for receiving a fourth precursor gas (Precursor 4) is
positioned opposite second precursor zone 116 and separated
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from isolation zone 120 by an end section of upper divider
134, through which a series of spaced-apart fourth passage-
ways 196 are provided. Precursor 4 is preferably different
from Precursor 1, Precursor 2, and Precursor 3, but may
alternatively be the same as Precursor 1 to achieve deposition
of alternating layers of thin film materials. Third precursor
zone 190 is isolated from first and fourth precursor zones 114,
194 by a pair of partition walls 198 at opposite ends of third
precursor zone 190, each extending between upper divider
134 and an outer reaction chamber wall 132 of vessel 30.

In the embodiment of FIG. 2, more than two precursor
zones are utilized to fabricate multiple layers of distinct mate-
rials—for example a first ten serpentine paths may traverse
between first precursor zone 114 and second precursor zone
116, respectively, and the next ten serpentine paths may
traverse between third precursor zone 190 and second precur-
sor zone 116, finally, etc., resulting in multi-layer film stacks.

In one example, the system 110 illustrated in FIG. 2 may
utilize TMA as Precursor 1, water as Precursor 2, TiCl, as
Precursor 3, and TMA as Precursor 4 to coat 3 cycles of Al, O,
(approximately 3 A), followed by 4 cycles of titania (TiO,)
(approximately 2 A), followed by another 3 cycles of ALO,.

In another example, a thin film of aluminum-doped zinc
oxide (ZnO) may be formed utilizing a system similar to the
one shown in FIG. 2. Aluminum-doped ZnO is an optically
transmissive conductive oxide film that may be useful as a
substitute for more expensive indium-tin-oxide (ITO) elec-
trodes commonly used in electronics and solar cells. In this
example, diethylzinc (DEZn) or dimethylzinc (DMZn) are
used as Precursor 1 and Precursor 4, and each of the first and
fourth precursor zones 114, 194 includes between 50 and 100
turning guides (i.e., the substrate transits between 50 and 100
times in each of the first and fourth precursor zones). An
oxidant, such as water, or more preferably ozone, is used as
Precursor 2, and TMA is used as Precursor 3. The third
precursor zone 190 may include only a very small number of
turning guides (and transits)—for example two—to deposit
only a doping amount of Aluminum oxide within the bulk
ZnO. The substrate may then be transported through the sys-
tem multiple times, in multiple passes, to achieve the desired
mechanical, electrical, and optical properties.

In an alternative embodiment (not illustrated), third pre-
cursor zone 190 may be positioned between first and second
precursor zones 114, 116 so that isolation zone 120 straddles
third precursor zone 190 and substrate 112 traverses across
third precursor zone 190 as it is transported between first and
second precursor zones 114, 116. Other variations on the
configuration of system 110 are also possible, the variety of
configurations preferably having their various precursor
zones isolated from each other by one or more isolation
zones, to prevent precursor gases from reacting in any of the
zones, except at the surface of substrate 112.

An alternative system 200 shown in FIG. 3 may be config-
ured without rollers, yet achieve ALD-type deposition on a
long thin substrate 212, such as a web, by passing the sub-
strate 212 along a linear transport path between alternating
zones 202, 204, 206, etc., of precursor 1, inert gas, precursor
2, inert gas, precursor 1, inert gas, etc. In FIG. 3, exhaust or
pumping lines from precursor zones 202, 206, etc. are omitted
for simplicity. While system 200 would likely be much longer
than those of FIGS. 1 and 2 for a given layer count, the system
200 of FIG. 3 could be made very thin, for example if con-
figured as a straight-line system such as ones used for archi-
tectural glass coating systems. Accordingly, system 200
could be used to coat both flexible substrates and rigid sub-
strates. It could also reduce issues arising, in the systems 10
and 110 of FIGS. 1 and 2, from contact between substrate 12
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and the turn guides 64, 66 of substrate transport mechanism
60. In one embodiment, precursor 1 is TMA and precursor 2
is water vapor, and one pass of the substrate 212 through the
system completes three ALD cycles to deposit approximately
three angstroms (3 A) of aluminum oxide (Al,O,). One varia-
tion on the configuration of FIG. 3 would be to have a cham-
ber with as few zones as four, e.g., precursor 1, inert gas
isolation, precursor 2, and inert gas isolation, to provide one
full ALD cycle. A closed-loop substrate of flexible material
(not shown) could be circulated through such a system, and
the number of trips or circulations of the loop substrate
through the chamber would determine the resulting coating
thickness.

Some systems and methods of the kind described herein
may not necessarily require highly specific geometry or
mechanical configuration. For instance, in addition to the
configurations illustrated in FIGS. 1-3, the substrate could be
wound through a path that looks like a “zig-zag” or a sine
wave, or any path, as long as the substrate winds sequentially
through regions that provide at least the following: (1) expo-
sure to one precursor; (2) an isolation zone, wherein the
substrate is not exposed to one of the primary precursors; (3)
exposure at least a second precursor; and (4) a second isola-
tion zone as in step (2), which may be a common zone as that
used for step (2). The substrate does not necessarily have to
pass over rollers—essentially any mechanical arrangement
that allows the traversal or threading of the substrate through
the sequential zones would work.

FIG. 4 illustrates a system 310 according to a fourth
embodiment, wherein the last two digits of 300-series refer-
ence numerals designating precursor zones 314, 316, isola-
tion zone 320, and components of substrate transport mecha-
nism 360 correspond to similar 2-digit reference numerals
identifying similar elements in the embodiment of FIG. 1.
With reference to FIG. 4, system 310 includes input and
take-up rolls 374, 386 located outside of the reaction chamber
housing 330. Additional input/output turning guides 338 are
provided within isolation zone 320. Substrate 312 is fed
through one or more slits, wiper valves, or other flow-con-
stricting entrance and/or exit passageways 340, 342. Position-
ing the input and take-up rolls 374, 386 outside of reaction
chamber 330 may ease roll loading and unloading.

In an alternative embodiment (not shown), the input and
take-up rolls 374, 386 may be placed in separate vacuum
chambers or load-locks adjacent the first and second ends
376, 384 of reactor housing 330. Additional process modules
may be provided between input roll 374 and reaction chamber
330 and/or between reaction chamber 330 and take-up roll
386 such that the thin film coating process would comprise
just one module in a larger substrate processing system. For
example, a preheating stage or other functionalization mod-
ule may be provided between input roll 374 and reaction
chamber 330. Examples of pre-treating or functionalizing
steps useful with ALD coating system 310 include vacuum
processing to speed up out-gassing of substrate 312 before
coating; ultra-violet light treatment; ozone treatment, e.g., for
making normally-hydrophobic plastic films hydrophilic to
enhance or enable ALD processing; exposure to a plasma or
other source of radicals; and cleaning steps. Other process
modules, such as lithography and other patterning steps, non-
ALD deposition such as sputtering, and other surface finish-
ing and coating steps, may also be utilized.

System 310 includes adjustable turning guides 364, 366
that are movable toward and away from dividers 334, 336 and
isolation zone 320 to change a substrate dwell time within the
precursor zones 314, 316. The location of turning guides 364,
366 may be adjusted independently or in groups, and may be
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controlled by a control system 310 to change dwell time as
process needs change over time. In FIG. 4, three different
groups of turning guides are shown in each precursor zone,
each group having a different dwell time. Adjusting dwell
time may facilitate nucleation for certain precursors, and may
improve precursor penetration in porous surfaces. Similarly,
dividers 334, 336 may be movable along the same direction as
adjustable turning guides 364, 366 (i.e., up and down), to
change the substrate dwell time in isolation zone 320.

System 310 further includes a precursor recycling sub-
system 400 located upstream of a junction 404 of the pump-
ing/exhaust lines from first and second precursor zones 314,
316. Subsystem 400 includes first and second traps 410, 420
flanked by a pair of three-way valves 430, 432, or their
equivalent, to enable one of the traps 410, 420 to be selec-
tively interposed in the pumping line 440 between the pre-
cursor zone 316 and pump 358. A first one of the valves 430
includes two outlets, one being connected to the inlet of first
trap 410 and the other connected to the inlet of second trap
420. Similarly, second valve 432 includes two inlets; one
connected to the outlet of first trap 410 and the other to the
outlet of second trap 420. FIG. 4 shows the left-hand sides of
valves 430, 432 being closed and the right-hand sides open, so
that second trap 420 is interposed in the pumping line 440 and
serving as a precursor trap. Meanwhile, first trap 410 is iso-
lated from the pumping line 440, as indicated by blackened
shut-off valves on the left-hand side of each three-way valve
430, 432. First trap 410 is operating in a regenerative mode,
whereby the trap 410 is being heated to release previously
trapped precursor material into a precursor supply/recycling
line 450. Isolation valves 462, 464 are provided between
supply outlets of respective traps 410, 420 and a downstream
supply junction 470 of the supply outlets in supply/recycling
line 450. The position of valves 430, 432, 462, and 464 may
be reversed from what is shown in FIG. 4, so that first trap 410
functions as the inline precursor trap, and second trap 420
operates as a precursor source. In the embodiment shown, one
half of subsystem 400 is always operating as a trap, and the
other half as a supply component of precursor delivery system
326.

A second subsystem (not shown) may be provided in the
first precursor zone exhaust line upstream of junction 404 for
trapping and recycling first precursor in a similar manner.

Suitable traps 410, 420 for subsystem 400 may include
simple inline liquid nitrogen traps or, more preferably, cryo-
genic “waterpumps” modified to pump a precursor, rather
than water, at suitable pressures and temperatures. Suitable
cryogenic waterpumps preferably include built-in heaters for
regeneration capability. Example of cryogenic waterpumps
include the Polycoldo PFC water vapor cryopump and the
CTI-Cryogenics® LowProfile Waterpump™, both sold by
Brooks Automation (www.brooks.com). Cryogenic water-
pumps are normally configured to pump in a low vacuum
environment, but may be modified or adjusted to work in the
operating pressure ranges of methods described herein. For
some precursors the trap operating temperature may range
from 100-150° Kelvin, while for others, it may range between
1500 and 3000 Kelvin. Higher trapping temperatures may
enable certain metal halide precursor chemicals to be trapped,
while allowing other materials, such as background water
vapor, solvents, and inert gas, to pass, thereby improving the
purity of trapped precursor.

The systems and methods described herein may exhibit
little or no coating of moving machine parts, including the
payout and take-up spools 72, 82, 172, 182, 272, 282, 372,
382 and turning guides 64, 66, 164, 166, 364, 366, since each
of'these parts is either resident in only one zone of the system,
or entirely outside of the zones. Unlike conventional ALD
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systems, high-speed pulse valves are not required in the sys-
tems described herein and, in theory, maintenance require-
ments would be minimal.

Systems and methods consistent with the embodiments
disclosed herein may operate over a relatively wide range of
temperatures and pressures. Necessary operating tempera-
tures and pressures will largely be determined by specific
process chemistry. However, for example, operating pres-
sures may range from relatively low vacuum environments of
approximately 1 millitorr, to positive pressure environments
ot 500-1500 Torr (approximately 1 to 2 atmospheres). Pres-
sures may be different in different precursor zones, to accom-
modate the use of precursors having different vapor pressure,
molecular mobility, and reactivity characteristics, for
example. In some embodiments, two or more precursor zones
and the inert gas zone may be maintained at different tem-
peratures to optimize film properties and/or throughput.
Operating temperatures may also vary from below room tem-
perature to well above room temperature, at operating tem-
peratures typical of traveling wave ALD reactors.

Heated rollers or turning guides 64, 66, 164, 166, 364, 366
may be utilized in some embodiments, to heat the substrate
and promote thin film growth via ALD. One or more of the
precursor zones 14, 16, 114, 116, 314, 316 and/or the isola-
tion zone 20, 120, 320 may also be heated. The passageways
54,56,154,156, 354, 356 may be heated by injecting a heated
inert gas directly into the passageways.

In one embodiment, a plasma discharge or other source of
radicals is included in one or more of the precursor zones, or
in an adjacent chamber, to enable plasma- or radical-assisted
ALD film growth.

The systems and methods described herein will normally
result in deposition on both faces of the substrate. To achieve
single-sided deposition, the substrate may be layered, folded,
or masked for deposition, then peeled apart, unfolded, or the
mask removed to result in a finished product. Other possible
methods of single-sided deposition include deposition on a
flattened tubular substrate followed by slitting lengthwise, or
slitting of a solid substrate after double-sided deposition.

The systems and methods described herein are not limited
to deposition on web substrates such as plastic films or metal
foil. The same basic configuration could be used to coat wire,
flexible tubing, woven materials, such as cloth, braided mate-
rials such as braided wire or rope, non-woven sheet materials
such as paper, construction vapor barrier, etc.

The following are further examples of potential applica-
tions for the systems and methods disclosed herein:

1) On plastic or metal foil, as a gas or chemical barrier, as an
electrical insulator, as an electrical conductor, or as a semi-
conductor. Specific applications include oxygen and moisture
barriers for food or medical packaging, electrically insulat-
ing, conducting or semi-conducting films for large area solar
cells, flexible displays, and flexible electronics.

2) Coatings on woven materials such as cloth to provide fire
retardation, or functionalize the surface—to provide moisture
or stain resistance, for example.

3) Gas or chemical barriers or tubing, such as plastic tubing
used in chemical or medical applications.

4) Mechanical/physical property improvements in woven or
pressed-sheet materials—for example, a film that could pro-
vide “filler” to join and bind the individual particles or fibers.

Throughout this specification, reference to “one embodi-
ment,” or “an embodiment,” or “some embodiments” means
that a particular described feature, structure, or characteristic
is included in at least one embodiment. Thus appearances of
the phrases “in one embodiment,” “in an embodiment,” “in
some embodiments,” and the like, in various places through-
out this specification are not necessarily all referring to the
same embodiment. Furthermore, the described features,
structures, or characteristics may be combined in any suitable
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manner in one or more embodiments. In some cases, the
invention may be practiced without one or more of the spe-
cific details or with other methods, components, materials,
etc. In other instances, well-known structures, materials, or
operations are not shown or not described in detail to avoid
obscuring aspects of the embodiments.

It will be obvious to those having skill in the art that many
changes may be made to the details of the above-described
embodiments without departing from the underlying prin-
ciples of the invention. The scope of the present invention
should, therefore, be determined only by the following
claims.

The invention claimed is:

1. A system for depositing a thin film on a flexible sub-
strate, comprising:

a first precursor zone into which a first precursor gas is

introduced when the system is in use;

a second precursor zone into which a second precursor gas
different from the first precursor gas is introduced when
the system is in use;

an isolation zone interposed between the first and second
precursor zones and into which an inert gas is introduced
when the system is in use, the isolation zone including a
series of flow-restricting passageways opening into the
first and second precursor zones and arranged to provide
a series of pathways along which a flexible substrate is
threaded along a path that traverses back and forth
between the first precursor zone and the second precur-
sor zone multiple times and each time through the iso-
lation zone; and

a substrate transport mechanism, including:

a plurality of first turning guides spaced apart along the
first precursor zone, at least some of the first turning
guides adapted to support the substrate during a
change in a direction of travel of the substrate toward
the second precursor zone, and

a plurality of second turning guides spaced apart along
the second precursor zone, at least some of the second
turning guides adapted to support the substrate during
achange in a direction of travel of the substrate toward
the first precursor zone.

2. The system of claim 1, in which at least some of the
passageways include a tunnel.

3. The system of claim 1, in which at least some of the
passageways include a wiper.

4. The system of claim 1, further comprising a first divider
separating the isolation zone from the first precursor zone,
and a second divider separating the isolation zone from the
second precursor zone, and in which the flow-restricting pas-
sageways includes a series of first passageways through the
first divider and a series of second passageways through the
second divider.

5. The system of claim 1, wherein the path includes a
serpentine path that traverses back and forth between the first
precursor zone and the second precursor zone multiple times
and each time through the isolation zone.

6. The system of claim 1, in which each of the first and
second turning guides includes a roller.

7. The system of claim 1, in which the substrate transport
mechanism further comprises:

a payout spool for paying out the substrate from a coil for

receipt at a first end of the isolation zone; and

a take-up spool for coiling the substrate received from a
second end of the isolation zone opposite the first end.

8. The system of claim 7, in which the payout and take-up
spools are located within the isolation zone.
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9. The system of claim 7, in which the payout and take-up
spools are located outside the isolation zone, the first precur-
sor zone, and the second precursor zone, and further compris-
ing an inlet passageway at a first end of the isolation zone and
an outlet passageway at a second end of the isolation zone
opposite the first end.

10. The system of claim 7, in which the payout spool and
the take-up spool each includes a reversible drive mechanism.

11. The system of claim 1, further comprising:

a first precursor delivery system coupled to the first pre-
cursor zone for supplying the first precursor gas to the
first precursor zone; and

a second precursor delivery system coupled to the second
precursor zone for supplying the second precursor gas to
the second precursor zone.

12. The system of claim 1, further comprising an inert gas
delivery system for injecting an inert gas into the isolation
zone.

13. The system of claim 1, in which the series of flow-
restricting passageways includes at least ten such passage-
ways.

14. The system of claim 1, in which at least some of the first
turning guides are adjustably mounted within the first precur-
sor zone for movement toward and away from the isolation
zone, to thereby adjust a dwell time of the substrate in the first
precursor zone.

15. The system of claim 1, further comprising a pump
operably coupled to at least one of the first and second pre-
Cursor zones.

16. The system of claim 15, further comprising a precursor
trap interposed between one of the first and second precursor
zones and the pump.

17. The system of claim 1, further comprising a radicals
generator for supplying a precursor radical to one of the first
and second precursor zones.

18. The system of claim 1, further comprising:

a third precursor zone separated from the first and second
precursor zones and into which a third precursor gas
different from the first and second precursor gases is
introduced when the system is in use;

a third divider separating the third precursor zone from the
isolation zone; and

a series of third passageways extending through the third
divider and into the third precursor zone from the isola-
tion zone, the third passageways spaced apart along the
third precursor zone and arranged for the substrate to be
threaded therethrough back and forth between the sec-
ond and third precursor zones and through the isolation
zone.

19. The system of claim 1, in which at least some of the

turning guides include a heated roller.

20. The system of claim 1, further comprising:

an exhaust line connected to one or more of the precursor
zones; and

a precursor trap located in the exhaust line.

21. The system of claim 20, further comprising a recycling
line connected between the precursor trap and one or more of
the precursor zones.

22. The system of claim 4, wherein the path includes a
serpentine path that traverses back and forth between the first
precursor zone and the second precursor zone multiple times
and each time through the isolation zone.



