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SUBSTRATE PROCESSING APPARATUS AND METHOD

FIELD OF THE INVENTION

The present invention generally relates to substrate processing methods and
apparatus. More particularly, but not exclusively, the invention relates to plasma-

enhanced atomic layer deposition (ALD) reactors.

BACKGROUND OF THE INVENTION

This section illustrates useful background information without admission of any
technigue described herein representative of the state of the art.

In chemical deposition methods, such as atomic layer deposition (ALD), plasma can
be used to provide required additional energy for surface reactions. While ALD
reactors have existed since many decades ago, plasma-enhanced reactors
represent a younger technology. There is an ongoing need to develop improved
plasma-enhanced ALD reactors or at least to provide alternatives to existing

solutions.

SUMMARY

It is an object of certain embodiments of the invention to provide an improved
substrate processing apparatus or at least to provide an alternative solution to
existing technology.

According to a first example aspect of the invention there is provided a substrate
processing apparatus, comprising:
an inner chamber formed by an upper portion and a lower portion;

a substrate support to support a substrate within the upper portion of the inner
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chamber;

a plasma system to provide the inner chamber with plasma species from the top
side of the inner chamber; and

an outer chamber surrounding the upper portion of the inner chamber whereas the
lower portion of the inner chamber extends to the outside of the outer chamber and

remains uncovered by the outer chamber.

In certain embodiments, the apparatus comprises:

a heater in the outer chamber to heat the upper portion of the inner chamber.

In certain embodiments, the apparatus comprises:
heat reflectors in the outer chamber.

In certain embodiments, the apparatus comprises heat reflectors in between the

heater and outer chamber wall or walls.

In certain embodiments, the plasma system is configured to provide the inner
chamber with two different plasma species entering the inner chamber from the top
side of the inner chamber or via a top part of the upper portion of the inner chamber.
In certain embodiments, the plasma system is configured to provide the inner
chamber with two different plasma species, wherein a first plasma species is
generated in the upper portion of the inner chamber and a second plasma species
is generated remotely. In certain embodiments, the remotely generated plasma
species is fed via an in-feed line into the upper portion of the inner chamber,

preferably via a reaction chamber top part.

In certain embodiments, the apparatus comprises:
a movable lid or a lid system (on the top side of the inner and/or outer chamber).

In certain embodiments, the lid or lid system forms a lid of the outer chamber. In
certain embodiments, the inner chamber has a separate lid. In certain embodiments,
the separate lid of the inner chamber is omitted and the lid system or outer chamber

lid functions as a lid for both the outer and inner chamber.
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Accordingly, in certain embodiments, the lid system (or outer chamber lid) forms a
lid to the outer chamber. In certain embodiments, the lid system opens (and closes)
both the outer chamber and the inner chamber simultaneously. In certain
embodiments, the lid-system is movable and/or openable. In certain embodiments,
the lid system opens by a hinged or straight lifting movement.

In certain embodiments, the apparatus comprises a feedthrough of at least one in-

feed line (or pipeline/pipe) in the lid system (or outer chamber lid).

In certain embodiments, the feedthrough is opening (or openable) in the sense that
the at least one in-feed line opens (or is discontinued) upon opening the lid system.
In certain embodiments, the feedthrough is opening (or openable) in the sense that
it breaks the in-feed line when the lid system is opened (or opens).

In certain embodiments, the outer chamber is cylindrical. In certain embodiments,
the lid system laterally extends to outside of the area of outer chamber. In certain
embodiments, laterally extending to outside means that the lid system laterally
extends to the outside of the outer chamber boundary. The boundary may be defined
by the outer chamber wall(s), and obtained in an embodiment, by cutting the outer
chamber in its upright orientation by a horizontal plane.

In certain embodiments, the feedthrough is sealed by a seal.

In certain embodiments, the feedthrough of at least one in-feed line is positioned in
an area of the lid system that is on the outside of the outer chamber. Accordingly, in
certain embodiments, the at least one in-feed line passes through the lid system
without passing through the outer chamber. In certain embodiments, the at least one
in-feed line merely penetrates through the lid system on the outside of the outer
chamber. In certain embodiments, the said feedthrough is a through-hole
feedthrough. In certain embodiments, the said feedthrough is a vertical through-hole

feedthrough.
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In certain embodiments, the lid system closes the outer chamber from the top side
of the outer chamber. In certain embodiments, the inner chamber extends through
the lid system to the outside of the outer chamber. In certain embodiments, the inner
chamber extends to above the outer chamber. In certain embodiments, the lid
system is an outer chamber lid. In certain embodiments, the lid system rests on the
outer chamber forming a top part of the outer chamber.

In certain embodiments, a device cabinet accommodates the outer chamber. In
certain embodiments, the lid system is attached to an apparatus body part or frame.
In certain embodiments, the lid system is attached to a part of a device cabinet. In
certain embodiments, the device cabinet accommodates the apparatus body part
and/or frame. In certain embodiments, the attachment is implemented by a hinge

mechanism or by a lift mechanism.

In certain embodiments, the plasma system comprises at least one plasma
generator. In certain embodiments, a plasma generator comprises a plasma
applicator and a power source. For example, in the case of a microwave plasma
generator the plasma generator comprises a microwave power source and a plasma
applicator part. Plasma gas flows through the applicator part, and (microwave)
power transferred from the (microwave) power source is applied to the plasma gas
to form plasma species.

In certain embodiments, the plasma system comprises:
a plasma applicator in the movable (or openable) lid system (or integrated with the

lid system).

In certain embodiments, the plasma system comprises a microwave plasma

generator and/or a hollow cathode plasma generator.

In certain embodiments, a power source of the plasma generator (whose plasma
applicator is in the lid or integrated thereto) is positioned within the apparatus in a
position other than the lid (or lid system). Accordingly, the lid in certain embodiments

is implemented without the power source of the plasma generator (which may be
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heavy). In certain embodiments, the power source is positioned within the device

cabinet.

Hereinafter, when discussing a plasma generator in the lid or integrated with the lid
system it is meant that at least the plasma applicator (or the part, of the plasma
generator, through which the plasma gas flows) is in or is integrated with the lid (or
lid system).

In certain embodiments, the plasma system comprises a plasma generator having
a plasma generation volume. In certain embodiments, the plasma generation
volume comprises an array of radiation transmitting antennas. In certain
embodiments, the antennas form part of the said plasma applicator part (or plasma
applicator).

In certain embodiments, the vertical position of the plasma generation volume

and/or the radiation transmitting antennas is above the outer chamber.

In certain embodiments, the radiation transmitting antennas are horizontally

oriented (extend or are spread horizontally).

In certain embodiments, the plasma generator comprises an opening or openings
for plasma gas to enter the plasma generation volume. The opening(s) may be
located in a roof of the plasma generation volume. In certain embodiments, the
openings to the plasma generation volume are implemented as a plurality of plasma
in-feed line openings in the roof of the plasma generation volume. In certain
embodiments, the plasma generation volume forms part of the inner chamber. In
certain embodiments, the plasma generation volume and/or the radiation
transmitting antennas are positioned above the outer chamber. Plasma is ignited
within the plasma generation volume by exposing the plasma gas, arriving from the
opening(s), to radiation transmitted by the antennas. In certain embodiments, a
further method, such as magnets or UV light can be applied to improve ignition.
Formed plasma species flows from the plasma generation volume downwards

towards a substrate. A non-plasma gas, e.g., a precursor for thermal ALD may also
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be passed through the plasma generation volume. In certain embodiments, one or
more pipes pass through the area in which the antennas reside. The pipe(s)
discharge the non-plasma gas into the plasma generation volume (or into a volume
beneath the plasma generation volume) at point(s) which are downstream of the
area of the antennas. The pipe(s) are made of material, such as metal, which the
radiation transmitted by the antennas cannot penetrate. Accordingly, the non-
plasma gas remains unaffected on its way towards the substrate support although

it passes through the plasma generation volume.

In certain embodiments, the reaction chamber pressure is kept above 50 Pa during
a plasma exposure period (or plasma pulse) of a deposition (or process) cycle. In
certain embodiments, the reaction chamber pressure is pumped so as to remain
below 50 Pa during a purge period of the process cycle. In certain embodiments,
the reaction chamber pressure is kept above 50 Pa during a plasma exposure period
of a deposition (or process) cycle and pumped to below 50 Pa for a purge period of
the process cycle. In certain embodiments, the pressure is raised back to above 50
Pa at the end of the purge period. In certain embodiments, said purge period is a
chemical purge period, i.e., a purge period that follows (or is subsequent to) a
chemical pulse (or exposure) period in the process cycle. In certain embodiments,
the chemical herein means a non-plasma chemical. In certain embodiments, the
pressure is kept below 50 Pa also during the chemical pulse period. In certain
embodiments, the pressure is kept below 50 Pa during a purge period that follows

(or is subsequent to) a plasma exposure period in the process cycle.

In certain embodiments, the inner chamber (reaction chamber) comprises a reaction

chamber bowl.

In certain embodiments, the substrate support resides symmetrically (when viewed
from above) with respect to the reaction chamber bowl. In certain embodiments, the

substrate support resides concentrically with respect to the reaction chamber bowl.

In certain embodiments, the apparatus comprises a flow guide part in between the

plasma system (or plasma generator/applicator) and a reaction chamber bowl. In
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certain embodiments, the flow guide part is a part that increases channel diameter
(the form of the channel may remain unchanged, e.g., round). In certain embodiment,
the flow guide part is a part transforming a flow channel cross-section type, e.g.,
from rectangular to circular (or round). Also in the latter case, the cross-section flow
area of the flow channel may be increased by the flow guide part. In certain
embodiments, a flow guide part is omitted.

In certain embodiments, the apparatus is configured to press (e.g., by a bowl lift
actuator) the reaction chamber bowl against the flow guide part, optionally having a
seal therebetween. In certain embodiments, the seal is a vacuum seal. In certain
embodiments, the apparatus is configured to press the reaction chamber bowl
against the flow guide part, a reaction chamber top part forming the top part of the
upper portion of the inner chamber or a reaction chamber counterpart.

In certain embodiments, the reaction chamber bowl is configured to be lowered by
a bowl lift actuator (to disengage from the flow guide part (or reaction chamber top

part or counterpart) and/or to form a loading gap) for substrate loading.

In certain embodiments, the apparatus comprises a free lateral distance, which
prevents plasma wall effects, from the perimeter of the substrate support to a
nearest surface of a surrounding reaction chamber bowl. In certain embodiments,
the said distance is at least 70 mm. In certain embodiments, the distance is larger

than 50 mm, more preferably 50-200 mm, and yet more preferably 65-80 mm.

In certain embodiments, the apparatus comprises a flow guide part in between the
plasma system (or plasma generator/applicator) and the reaction chamber bowl. In
certain embodiments, said flow guide part herein forms the said reaction chamber

counterpart.

In certain embodiments, the substrate support comprises a foot part attached to a
bottom (or bottom part) of the lower portion of the inner chamber. Accordingly, in
certain embodiments, the substrate support is supported below from the lower

portion.
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In certain embodiments, the foot part of the substrate support comprises an
attachment flange attaching the substrate support to the bottom, the attachment
flange residing within the inner chamber, i.e., on vacuum pressure side of the bottom.
This facilitates servicing of the apparatus since the substrate support as a whole
may, in certain embodiments, then be lifted up from the inner chamber.

In certain embodiments, the lower portion of the inner chamber extends downwards
from the reaction chamber bowl. In certain embodiments, the lower portion remains
non-heated by the heater positioned in the outer chamber. In certain embodiments,
the lower portion has heater(s) separate from the heater (or heaters) heating the
upper portion. In certain embodiments, the lower portion forms an inner chamber
foot part. In certain embodiments, the reaction chamber bowl has rotational
symmetry. In certain embodiments, the reaction chamber bowl comprises an
opening at its bottom the lower portion extending from the opening. In certain
embodiments, the opening resides symmetrically in the center of the bottom. In
certain embodiments, the lower portion has an equal width throughout its length. In
certain embodiments, said width equals the width of the (circular/round) opening in
the bottom of the reaction chamber bowl. In certain embodiments, the lower portion
comprises a connection to a pump line at its side. In certain embodiments, the
connection to the pump line resides within the lowest one third of the height of the

lower part.

In certain embodiments, the apparatus is configured to guide inactive gas into the
outer chamber and the apparatus comprises a route therefrom to a pump line
without passing through the inner chamber.

In certain embodiments, the apparatus comprises a heat reflector part moving
together with the reaction chamber bowl. In certain embodiments, the heat reflector
part closes or at least partly or mainly closes a substrate loading route (or opening)
when the reaction chamber bowl is in its upper position. In certain embodiments, the
heat reflector part is configured to hinder heat transfer from the outer chamber to a

substrate loading channel.
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In certain embodiments, the apparatus comprises one or a plurality source chemical
cabinets. In certain embodiments, one or more of the source chemical cabinets
comprise an exhaust connection. In certain embodiments, the exhaust connection
is to a pump line (exhaust line) or similar. In certain embodiments, gas flow from the
source chemical cabinet(s) to the exhaust connection(s) keeps the volume within
the source chemical cabinet(s) below ambient pressure to prevent leak out from the
cabinet(s). In certain embodiments, the source chemical cabinets are purged by
inactive gas. In certain embodiments, the source chemical cabinets comprise an
inlet and an outlet (exhaust connection) of inactive purge gas. In certain
embodiments, the source chemical cabinet(s) are leak tight.

In certain embodiments, the apparatus comprises a first source of plasma gas and
a second source of different plasma gas. In certain embodiments, the first plasma
gas and second plasma gas travel along a same plasma in-feed line. In certain
embodiments, the first plasma gas and second plasma gas travel along a same
plasma in-feed line upstream of the lid-system feedthrough. In certain embodiments,
the first plasma gas is divided in an ALD valve or pulsing valve to an in-feed line that
leads to a first plasma generator and the second plasma gas to an in-feed line that
leads to a (separate) second plasma generator. In certain embodiments, the ALD
valve or pulsing valve is positioned upstream of the lid-system feedthrough. In
certain embodiments, the plasma gas division valve in question is a three-way valve.
In certain embodiments, the in-feed line leading to the first plasma generator
downstream the lid-system feedthrough travels as an uncovered non-heated
pipeline. Similarly, the in-feed line leading to the second plasma generator
downstream the lid-system feedthrough travels as an uncovered non-heated

pipeline.

In certain embodiments, a plurality of non-plasma gases (for example, non-plasma
precursors and/or thermal ALD precursors, such as one or more metal precursors
and/or non-metal precursor(s) and/or inactive gases) flow along a common in-feed
line both upstream and downstream of the lid-system feedthrough. In certain

embodiments, the said common in-feed line of non-plasma gases is a heated and
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insulated pipeline.

Accordingly, gas supply into the inner chamber or reaction chamber of a substrate
processing reactor or apparatus, such as a plasma-enhanced ALD reactor, may be
realized with mere three in-feed lines. In certain embodiments, each of the in-feed
lines go through the lid system at a common feedthrough point.

In certain embodiments, the feedthroughs in the lid-system are positioned on the
side of the lid-system that is opposite to the hinge mechanism containing side of the

lid-system.

In certain embodiments, the lid system comprises two plasma generators (one or
both plasma generators may be attached to or integrated into the lid system), one
for substrate processing and one mainly for cleaning the inner chamber. In certain
embodiments, the first plasma generator positioned on the lid-system closes the
inner chamber (or reaction chamber). In certain embodiments, the plasma species
generated by the first plasma generator for substrate processing is generated within

the boundaries of the inner chamber.

In certain embodiments, an optional second plasma generator is a remote plasma
generator in which plasma species is generated remotely and transferred via an in-
feed line to the inner chamber. In certain embodiments, the top part of the upper
portion of the inner chamber has a slanted top corner through which the remotely
generated plasma species is fed into the inner chamber so that the feeding direction

of the remotely generated plasma species is at least partly downwards.

In certain embodiments, at least the respective plasma applicators of the first and
second plasma generator reside in the lid system.

In certain embodiments, the lower portion of the inner chamber comprises two
exhaust openings. In certain embodiments, the first exhaust opening is for a
turbomolecular pump, and the second exhaust opening is for another exhaust pump

(or discharge pump), such as a dry pump. In certain embodiments, an exhaust line
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via the second exhaust opening by-passes the turbomolecular pump.

In certain embodiments, a first exhaust line extends from the lower portion of the
inner chamber via a first valve to a turbomolecular pump, and a second exhaust line
extends from the lower portion of the inner chamber via a second valve to another
exhaust pump, the first exhaust line joining the second exhaust line at a first joining
point downstream from the turbomolecular pump and the second valve and
upstream from said another exhaust pump (a non-turbomolecular vacuum pump,
such as a dry pump). In certain embodiments, the first valve is a flow restricting
control valve, such as a pendulum valve (or a butterfly valve). In certain
embodiments, the second valve is a closing valve. In certain embodiments, a third
exhaust line extends from the outer chamber to a third valve and joins the second
exhaust line at a second joining point downstream from the third valve and upstream
from the second valve. In certain embodiments, the third valve is a flow restricting
control valve, such as a butterfly valve (or a pendulum valve). In such an exhaust
line system, with the second valve open and first valve closed in an embodiment,
material (such as gases and/or particles) is removed from the inner chamber via the
second exhaust line and second valve to or towards said another exhaust pump
without removing material from the inner chamber via the first exhaust line. Further,
in such an exhaust line system, with the first and third valve open and second valve
closed in an embodiment, material is removed from the outer chamber via a route
traveling along the third exhaust line via the third valve and along the second
exhaust line to the inner chamber and further from the inner chamber along the first
exhaust line via the first valve and turbomolecular pump to exhaust (to or towards
said another exhaust pump). In the latter embodiment, the second valve is

circumvented.

In certain embodiments, the substrate support comprises said foot part (or pedestal)
and a susceptor part on top of the pedestal. In certain embodiments, the susceptor

part comprises a rim made of ceramic material (on the edge of the susceptor part).

In certain embodiments, the substrate support comprises lifter pins actuated through

the bottom of the lower portion of the inner chamber. In certain embodiments, the
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substrate support comprises lifter pins with expanding top portions to close, when
the lifter pins are in their lower position, through holes that extend through the

susceptor part.

In certain embodiments, the apparatus comprises a part (which may be a circular
part) around the pedestal to which the lifter pins are attached to vertically move the
pins by moving the said part. In certain embodiments, the movement is actuated
from below, for example, with a connecting element extending through the bottom

of the lower portion of the inner chamber.

In certain embodiments, the upper surface of the susceptor part to support the
substrate is uneven. In certain embodiments, the apparatus comprises inside the
pedestal a channel to guide protective and/or heat conductive gas, such as helium,
into a space in between the susceptor part and a substrate. In certain embodiments,
the gas is sucked back from the said space downwards into inside of the pedestal.
Accordingly, in certain embodiments, a protective and/or heat conductive gas

circulation is provided.

In certain embodiments, the diameter of the exhaust opening (in the side wall of the
inner chamber foot part) leading to the exhaust pump is at least 15 cm. In certain
more preferred embodiments, the diameter is within the range extending from 15
cm to 30 cm. In yet more preferred embodiments, the diameter is within the range

extending from 20 ¢cm to 25 cm.

In certain embodiments, the inner chamber foot part is of cylindrical shape. In certain
embodiments, the diameter of the inner chamber foot part is at least 20 cm. In
certain more preferred embodiments, the diameter is within the range extending
from 20 cm to 50 cm. In yet more preferred embodiments, the diameter is within the

range extending from 20 cm to 30 cm.

In certain embodiments, these diameter values or ranges of the exhaust opening
and inner chamber foot part apply especially in case there is a turbomolecular pump

in the exhaust line. In other embodiments, in particular in those in which the
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turbomolecular pump is omitted and replaced by another (less effective) vacuum
pump the cross-sectional area of the inner chamber foot part and of the exhaust
opening may be less. The exhaust opening may then be, for example, of the size
KF40 (inner diameter of the pump line around 4 cm) or greater.

In certain embodiment, the inner chamber extends downwards to the outside of
outer chamber. In certain embodiments, the height of the extension exceeds the
diameter of the inner chamber foot part. In certain embodiments, the height of the
extension is at least 25 cm. In certain more preferred embodiments, the height of

the extension is at least 30 cm.

In certain embodiments, the vertical distance between the bottom of the inner
chamber and the substrate holder top surface is at least 40 cm. In certain more
preferred embodiments, the vertical distance between the bottom of the inner
chamber and the substrate holder top surface is at least 50 cm. In certain more
preferred embodiments, the vertical distance between the bottom of the inner
chamber and the substrate holder top surface is within the range extending from 50

cm to 100 cm.

In certain embodiments, the reaction chamber bowl is a part with rotational
symmetry. In certain embodiments, the diameter of the reaction chamber bowl is at
least 10 cm larger than that of the substrate holder. In certain more preferred
embodiments, the diameter of the reaction chamber bowl is at least 14 cm larger

than that of the substrate holder.

In certain embodiments, the substrate holder is fitted to support a substrate, for
example a wafer, with a diameter of at least 200 mm, more preferably 300 mm or
larger.

According to a second example aspect of the invention there is provided a substrate
processing apparatus, comprising:
an inner chamber;

an outer chamber at least partly surrounding the inner chamber;
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a substrate support to support a substrate in the inner chamber; and

a plasma system comprising a first plasma generator to generate a first plasma
species within the inner chamber and a second plasma generator which is a remote
plasma generator to generate a second plasma species on the outside of the inner
chamber (and of the outer chamber).

According to a third example aspect of the invention there is provided a substrate
processing apparatus, comprising:

an inner chamber;

an outer chamber at least partly surrounding the inner chamber;

a substrate support to support a substrate in the inner chamber;

a movable (or an openable) lid system; and

a plasma applicator in the lid system.

In certain embodiments, the lid system is a hinged lid system. In certain
embodiments, the lid system is another liftable lid-system, for example, a non-
hinged lid system, for example a lift lid that is liftable without changing its orientation.
The lid system may be provided with an elevator to lift the hinged or non-hinged lid
system depending on the embodiment. In certain embodiments, the lid system is

sealed by a seal.

In certain embodiments, the apparatus comprises a feedthrough of at least one in-
feed line through the lid system. In certain embodiments, the feedthrough is sealed

by a seal.

In certain embodiments, the plasma applicator forms part of a plasma generator. In
certain embodiments, the plasma generator further comprises a (plasma) power
source. In certain embodiment, also the power source is in the lid system. In other

embodiments, the power source is positioned elsewhere in the apparatus.

According to a fourth example aspect there is provided a substrate processing
apparatus, comprising:

an inner chamber;
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an outer chamber at least partly surrounding the inner chamber; and
a heat reflector part (or plate) in the outer chamber moving together with a reaction
chamber bowl to cover a substrate loading opening of the substrate processing

apparatus.

According to a fifth example aspect there is provided a substrate processing
apparatus, comprising:

an inner chamber;

an outer chamber at least partly surrounding the inner chamber; and

a through-hole feedthrough for at least one gas in-feed line to pass through an outer
chamber lid.

In certain embodiments, the feedthrough is sealed by a seal. In certain embodiments,
the feedthrough is opening (or openable).

According to a sixth example aspect there is provided a substrate processing
apparatus, comprising:

a reaction chamber (or inner chamber);

a substrate support;

a pedestal of the substrate support being attached to a reaction chamber bottom via
an attachment flange, the attachment flange residing within the reaction chamber

(i.e., on vacuum pressure side of the reaction chamber bottom).

According to a seventh example aspect there is provided a substrate processing
apparatus, comprising:

a reaction chamber (or inner chamber) with a lower portion, the lower portion of the
reaction chamber comprising a first exhaust opening for a turbomolecular pump,
and a second exhaust opening is for another exhaust pump, an exhaust line

traveling via the second exhaust opening by-passing the turbomolecular pump.

According to an eighth example aspect there is provided a substrate processing
apparatus, comprising:

an inner chamber;
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an outer chamber at least partly surrounding the inner chamber, the inner chamber
comprising a lower portion, the apparatus comprising an exhaust line from the outer
chamber entering the lower portion of the inner chamber and exiting the lower

portion towards an exhaust pump via an exhaust opening.

In certain embodiments, the output from the outer chamber and entering the lower
portion occurs via a second flow restricting control valve, such as a butterfly valve.
In certain embodiments, the exiting towards the exhaust pump occurs via a first flow
restricting control valve, such as a pendulum valve. In certain embodiments, the

exhaust pump is a turbomolecular pump.

According to a ninth example aspect there is provided a substrate processing
apparatus, comprising:

a reaction chamber (or inner chamber);

a substrate support;

a pedestal of the substrate support attached to a reaction chamber bottom; and
lifter pins of the substrate support whose movement is actuated from below through

a connecting element that extends through the bottom of the reaction chamber.

In certain embodiments, the apparatus comprises a part around the pedestal to
which the lifter pins are attached to vertically move the pins by moving the said part

with the connecting element.

According to a tenth example aspect there is provided a substrate processing
apparatus, comprising:

an inner chamber comprising a reaction chamber bowl, and

an outer chamber at least partly surrounding the inner chamber, the apparatus being
configured to move (e.g., lower and lift) the reaction chamber bowl by actuating the

movement of the bowl on (or from) the outside of the outer chamber.

In certain embodiments, the apparatus comprises a sealed feedthrough through the
outer chamber, or outer chamber bottom, for a connecting element to pass through

and transfer vertical motion to the reaction chamber bowl.
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According to an eleventh aspect there is provided a substrate processing apparatus,
comprising:

a reaction chamber (or inner chamber);

a lid or a lid system comprising a plasma applicator to provide the reaction chamber
with plasma species; and

a cooling arrangement in the lid or lid system.

In certain embodiments, the cooling arrangement comprises a channel attached to

or embedded into the lid or lid system for flowing a coolant, such as water.

In certain embodiments,
sequential self-saturating (or self-limiting) surface reactions are performed on a
substrate surface in the reaction chamber.

In certain embodiments, self-saturating surface reactions on a substrate surface are
effected by introducing gas phase chemicals and activating the chemicals to a

plasma state.

In accordance with certain embodiments, embodiments of any of the second to
eleventh aspect are provided, the embodiments comprising:

subject matter of any single embodiment presented in connection with the first
aspect, or the embodiments comprising:

subject matter of any of the embodiments presented in connection with the first
aspect combined with subject matter presented in any other embodiment or

embodiments.

In accordance with yet more general aspect of the invention there is provided a
substrate processing apparatus comprising:
a reaction chamber; and

one or more features of the embodiments disclosed in the present disclosure.

In accordance with further aspects of the invention there are provided methods
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corresponding to the substrate processing apparatus aspects.

Different non-binding example aspects and embodiments have been illustrated in
the foregoing. The above embodiments are used merely to explain selected aspects
or steps that may be utilized in implementations of the present invention. Some
embodiments may be presented only with reference to certain example aspects. It
should be appreciated that corresponding embodiments apply to other example
aspects as well. In particular, the embodiments described in the context of the first
aspect are applicable to each further aspect. Any appropriate combinations of the

embodiments may be formed.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will now be described, by way of example only, with reference to the

accompanying drawings, in which:

Fig. 1 shows a schematic cross section of an apparatus in accordance with
certain embodiments;

Fig. 2 shows the apparatus of Fig. 1 in a substrate loading state in accordance
with certain embodiments;

Fig. 3 shows the apparatus of Fig. 1 with its lid system in an open position in

accordance with certain embodiments;

Fig. 4 shows an exhaust system in accordance with certain embodiments;
Fig. 5 shows a substrate support in accordance with certain embodiments;
Fig. 6 shows an alternative implementation in accordance with certain

embodiments;
Fig. 7 shows a control system in accordance with certain embodiments; and
Fig. 8 shows a schematic drawing of a cooling arrangement in accordance

with certain embodiments.
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DETAILED DESCRIPTION

In the following description, Atomic Layer Deposition (ALD) technology and Atomic

Layer Etching (ALE) technology are used as an example.

The basics of an ALD growth mechanism are known to a skilled person. ALD is a
special chemical deposition method based on sequential introduction of at least two
reactive precursor species to at least one substrate. A basic ALD deposition cycle
consists of four sequential steps: pulse A, purge A, pulse B and purge B. Pulse A
consists of a first precursor vapor and pulse B of another precursor vapor. Inactive
gas and a vacuum pump are typically used for purging gaseous reaction by-products
and the residual reactant molecules from the reaction space during purge A and
purge B. A deposition sequence comprises at least one deposition cycle. Deposition
cycles are repeated until the deposition sequence has produced a thin film or
coating of desired thickness. Deposition cycles can also be either simpler or more
complex. For example, the cycles can include three or more reactant vapor pulses
separated by purging steps, or certain purge steps can be omitted. Or, as for
plasma-assisted ALD, for example PEALD (plasma-enhanced atomic layer
deposition) discussed herein, or for photon-assisted ALD, one or more of the
deposition steps can be assisted by providing required additional energy for surface
reactions through plasma or photon in-feed, respectively. Or one of the reactive
precursors can be substituted by energy, leading to single precursor ALD processes.
Accordingly, the pulse and purge sequence may be different depending on each
particular case. The deposition cycles form a timed deposition sequence that is
controlled by a logic unit or a microprocessor. Thin films grown by ALD are dense,
pinhole free and have uniform thickness.

As for substrate processing steps, the at least one substrate is typically exposed to
temporally separated precursor pulses in a reaction vessel (or chamber) to deposit
material on the substrate surfaces by sequential self-saturating surface reactions.
In the context of this application, the term ALD comprises all applicable ALD based
techniques and any equivalent or closely related technologies, such as, for example
the following ALD sub-types: MLD (Molecular Layer Deposition), plasma-assisted
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ALD, for example PEALD (Plasma Enhanced Atomic Layer Deposition) and photon-
assisted or photon-enhanced Atomic Layer Deposition (known also as flash
enhanced ALD or photo-ALD).

However, the invention is not limited to ALD technology, but it can be exploited in a
wide variety of substrate processing apparatuses, for example, in Chemical Vapor
Deposition (CVD) reactors, or in etching reactors, such as in Atomic Layer Etching
(ALE) reactors.

The basics of an ALE etching mechanism are known to a skilled person. ALE is a
technique in which material layers are removed from a surface using sequential
reaction steps that are self-limiting. A typical ALE etching cycle comprises a
modification step to form a reactive layer, and a removal step to take off only the
reactive layer. The removal step may comprise using a plasma species, ions in

particular, for the layer removal.

Fig. 1 shows a schematic cross section of an apparatus 100 in accordance with
certain embodiments. The apparatus 100 is a substrate processing apparatus or
reactor which is, for example, capable of plasma-enhanced ALD and/or ALE etching.
In certain embodiments, the apparatus 100 comprises an inner chamber (or reaction
chamber) 130 and an outer chamber (or vacuum chamber) 140 surrounding the
inner chamber 130. The apparatus 100 further comprises a substrate support 110

to support a substrate (not shown) in the inner chamber 130.

In certain embodiments, the inner chamber 130 is formed by an upper portion and
a lower portion. In certain embodiments, the upper portion comprises a reaction
chamber bowl 133 and a reaction chamber top part 131. In certain embodiments,
the substrate support 110 supports the substrate within the upper portion of the inner
chamber 130, more particularly within the area of the reaction chamber bowl 133.
In certain embodiments, the substrate support 110 resides symmetrically with
respect to the reaction chamber bowl 133. The lower portion is denoted by reference

numeral 132.
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In certain embodiments, the apparatus 100 comprises a plasma system to provide
the inner chamber 130 with plasma species from the top side of the inner chamber
130 or via the reaction chamber top part 131 (or the plasma species may be
generated in the reaction chamber top part 131). In certain embodiments, the
plasma system comprises a first plasma generator 175 on the top side of the inner
chamber 130 or in the reaction chamber top part 131. In certain embodiments, the
plasma generator 175 is a microwave plasma generator or a hollow cathode plasma
generator. The plasma generator 175 may have parts both within the inner chamber
130 and outside of the inner chamber 130 depending on the implementation.

In certain embodiments, an optional flow guide part (not shown) resides in between
the plasma generator 175 and the reaction chamber bowl 133. In certain
embodiments, the flow guide part 131 connects the plasma generator 175 to the
reaction chamber bowl 133.

In certain embodiments, the apparatus comprises a reaction chamber bowl
movement system 134 actuated by a bowl lift actuator 135. The movement system
134 may comprise, €.g., a vacuum bellows. In certain embodiments, the reaction
chamber bowl 133 is configured to be lowered by the movement system 134 as
actuated by the bowl lift actuator 135. In certain embodiments, the bowl lift actuator
135 produces vertical movement, for example, with a bellows comprised by the
actuator 135. The vertical movement is connected by a connector or connecting
element 30 to the reaction chamber bowl 133 or to a side of the reaction chamber
bowl 133. In certain embodiments, the connecting element 30 is a rod. In certain
embodiments, the movement system 134 such as a bellows, e.g., an edge welded
bellows, allows vertical movement of the reaction chamber bowl 133. In certain
embodiments, the movement system 134 forms part of the lower portion of the inner
chamber 130 or its side wall. In certain embodiments, a tubular part 40 attached to
the inner chamber wall in the area covered by the movement system 134 protects
the movement system from inside of the inner chamber 130. In certain embodiments,
the tubular part 40 provides a smooth inner surface in the area of the movement

system 134.
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Vertical movement of the reaction chamber bowl disengages the bowl 133 from the
reaction chamber top part 131. In certain embodiments, the vertical movement of
the bowl 133 forms a loading gap 239 (see Fig. 2) for substrate loading. Substrate
may then be loaded onto the substrate support 110 from a side via a loading channel
137 as depicted by arrow 20. The loading channel 137 may be a horizontal channel
passing through the outer chamber 140.

In certain embodiments, the apparatus 100 is configured to press the reaction
chamber bowl 133 against the reaction chamber top part 131 (or the optional flow
guide part or another reaction chamber counterpart as the case may be). In certain
embodiments, the interface between the reaction chamber bowl 133 and the
counterpart is a metal-metal attachment. In certain embodiments, the interface
between the reaction chamber bowl 133 and the counterpart is sealed by a seal
positioned therebetween. In certain embodiments, the said seal is a vacuum seal.
In practice, the pressing may be implemented by the movement system 134 as

actuated by the bowl lift actuator 135.

In certain embodiments, the outer chamber 140 surrounds the upper portion of the
inner chamber 130 whereas the lower portion 132 extends to the outside of the outer

chamber 140 and remains uncovered by the outer chamber 140.

In certain embodiments, the apparatus 100 comprises a heater (or heaters) 136 in

the outer chamber 140 to heat the upper portion of the inner chamber 130.

In certain embodiments, the apparatus 100 comprises heat reflectors 138 in the
outer chamber 140. The heat reflectors 138 may be positioned in between the heater
136 and outer chamber wall or walls. It is understood that the heat reflectors 138
may extend to each side (side surface(s), top and bottom surfaces) of the outer
chamber 140 to enclose the reaction chamber bowl 133 from the sides as a thermos
bottle structure or similar. In certain embodiments, the heat reflectors 138 are
implemented by heat reflector plates (or a set of heat reflector plates with a plurality
of plates, or at least three plates, on top of each other).



10

15

20

25

30

WO 2021/140270 23 PCT/F12020/050861

The outer chamber 140 encloses the upper portion of the inner chamber 130 at least
partly. In certain embodiments, the reaction chamber top part 131 extends to the
outside of (or above) the outer chamber 140 and remains at least mainly uncovered

by the outer chamber 140.

In certain embodiments, the apparatus 100 comprises a heat reflector part 60 that
moves together with the reaction chamber bowl 133. In certain embodiments, the
heat reflector part 60 closes the loading channel 137 when the reaction chamber
bowl 133 is in its upper position. The loading channel 137 can comprise heat-
sensitive parts, such as a gate valve. Heat transfer from the (heated) outer chamber
140 to the loading channel 137 is therefore not desired. In certain embodiments, the
heat reflector part 60 is configured to hinder heat transfer from the outer chamber
140 to the substrate loading channel 137 by closing the loading channel 137 from
the outer chamber side. The heat reflector part 60 in certain embodiments
comprises a heat reflector plate or a plurality of heat reflector plates on top of each
other. In certain embodiments, the heat reflector part 60 is fixed to the reaction

chamber bowl 133.

In certain embodiments, the lower portion 132 of the inner chamber extends
downwards from the reaction chamber bowl 133. In certain embodiments, the lower
portion 132 remains non-heated by the heater 136 positioned in the outer chamber
140. In certain embodiments, the lower portion 132 has heater(s) separate from the
heater (or heaters) 136 heating the upper portion. In certain embodiments, the
apparatus 100 comprises a heater or heaters on the outside of the lower portion 132
to heat the lower portion 132. In certain embodiments, the apparatus 100 comprises
heat reflector(s) in the connection of the heater or heaters heating the lower portion
132. In certain embodiments, the heat reflectors are arranged in a similar or
corresponding manner as the heat reflectors 138. In certain embodiments, the lower
portion 132 forms kind of an inner chamber foot part. In certain embodiments, the
reaction chamber bowl 133 comprises an opening at its bottom the lower portion
132 of the inner chamber extending from the opening. In certain embodiments, the
opening resides symmetrically in the center of the bottom of the reaction chamber

bowl 133. In certain embodiments, the lower portion 132 of the inner chamber has
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an equal width throughout its length. In certain embodiments, said width equals the
width of the (circular/round) opening in the bottom of the reaction chamber bowl 133.
In certain embodiments, the lower portion 132 comprises a connection to a pump
line 144. In certain embodiments, as depicted in Figs. 1-3, the pump line 144 can
be at the side of the lower portion 132. In certain embodiments, the connection to
the pump line 144 resides within the lowest one third of the height of the lower part
132. The pump line 144 has an appropriate pump 145, or multiple pumps to provide
the inner chamber 130 with a required level of vacuum. In certain embodiments, the
pump 145 is a vacuum pump, and a turbomolecular pump in certain embodiments.
In certain embodiments, the pump line 144 comprises at least one valve (not shown
in Fig. 1), selected from a group comprising open/close valves, and flow restricting
control valves such as pendulum valves, butterfly valves and gate-valves. In certain
embodiments, the pump line 144 comprises a valve configuration that is adjustable
to alter the pressure of the inner chamber in between 10 mbar to 1ubar, optionally
in combination with incoming chemicals (or gases). In certain embodiments, the
pressure of the inner chamber (reaction chamber) is kept constantly above 0.5 mbar
(50 Pa). In certain embodiments, this may avoid certain sputtering effects. In certain
embodiments, the reaction chamber pressure is kept above 50 Pa during a plasma
exposure period (or plasma pulse) of a deposition (or process) cycle. In certain
embodiments, the reaction chamber pressure is pumped so as to remain below 50
Pa during a purge period of the process cycle. In certain embodiments, the reaction
chamber pressure is kept above 50 Pa during a plasma exposure period of a
deposition (or process) cycle and pumped to below 50 Pa for a purge period of the
process cycle. In certain embodiments, the pressure is raised back to above 50 Pa
at the end of the purge period. In certain embodiments, said purge period is a
chemical purge period, i.e., a purge period that follows (or is subsequent to) a
chemical pulse (or exposure) period in the process cycle. In certain embodiments,
the chemical herein means a non-plasma chemical. In certain embodiments, the
pressure is kept below 50 Pa also during the chemical pulse period. In certain
embodiments, the pressure is kept below 50 Pa during a purge period that follows

(or is subsequent to) a plasma exposure period in the process cycle.
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In certain embodiments, the pump line 144 further comprises gas inlet(s) from an
intermediate space 139 (a volume defined in between the inner chamber and the
outer chamber wall(s)). The pump line 144 with the inlets may be adapted so that
flow backwards to the inner chamber is prevented. In certain embodiments, flow
from the intermediate space 139 is directed to a pump separate from the (primary)
pump 145. In certain embodiments, the pump line configuration keeps a pressure
difference between the inner chamber 130 and the intermediate space 139 (the
pressure in the intermediate space 139 being higher). In certain embodiments, cross
talking between gases in the inner chamber 130 and outer chamber 140 is

minimized by minimizing direct gas passageways between these chambers.

In certain embodiments, the substrate support 110 comprises a foot part (or pedestal)
111 attached to a bottom (or bottom part) of the lower portion 132 of the inner
chamber 130. In certain embodiments, the foot part 111 of the substrate support
comprises an attachment flange 113 attaching the substrate support 110 to the
bottom. In certain embodiments, the attachment flange 113 resides within the inner
chamber 130, i.e., on vacuum pressure side of the inner chamber bottom. The
attachment flange 113 may be fastened to the bottom by fastening means, such as
bolts 114.

In certain embodiments, the apparatus 100 comprises a movable such as an
opening or an openable lid system 161 (on the top side of the inner chamber 130
and/or outer chamber 140). In certain embodiments, the lid system 161 is attached
to a body part or frame 162 of the apparatus by a joint attachment, for example, by
a hinge or hinges 165. In certain embodiments, the lid system 161 is attached to a
part of a device cabinet. In certain embodiments, the device cabinet accommodates
the apparatus body part and/or frame 162.

Fig. 3 more closely shows the lid system 161 in an open position, supported by the
hinge joint 165. The movable lid system 161 facilitates servicing of the apparatus
100. Instead of a hinged lid system 161 the apparatus in certain embodiments
comprises another liftable lid system such as a movabile lift lid (which may be non-

hinged and operated by an elevator).
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In certain embodiments, the lid system 161 closes the outer chamber 140 from the
top side of the outer chamber 140. Accordingly, in certain embodiments, the lid
system 161 forms an outer chamber lid. In certain embodiments, the lid system 161
is sealed against the outer chamber 140 by a seal. In certain embodiments, the lid
system 161 comprises a feedthrough for at least one in-feed line (or pipeline/pipe)
to pass from a first side of the lid system 161 to the other side of the lid system 161.

In certain embodiments, the plasma generator 175, or at least a plasma applicator
of the plasma generator 175, is positioned in the movable (or openable) lid system

161 (or integrated with the lid system 161).

In certain embodiments, the plasma generator 175 comprises a plasma generation
volume and an opening or openings for plasma gas to enter the plasma generation
volume as depicted by arrows 11. The said plasma gas can be a combination of a
plurality of gases. In certain embodiments, the vertical position of the plasma

generation volume is above the outer chamber 140.

In certain embodiments, the plasma generation volume comprises an array of
radiation transmitting antennas 158 that form part of the plasma applicator. In certain
embodiments, the vertical position of the radiation transmitting antennas 158 is
above the outer chamber 140. The opening(s) to the plasma generation volume may
be located in a roof of the plasma generation volume. In certain embodiments, the
openings to the plasma generation volume are implemented as a plurality of plasma
in-feed line openings in the roof of the plasma generation volume. In certain
embodiments, the plasma generation volume forms part of the inner chamber 130.
In certain embodiments, the plasma generation volume and/or the radiation
transmitting antennas 158 are positioned above the outer chamber 140.

In certain embodiments, the plasma generator 175 comprises the plasma applicator
and a power source. In certain embodiments, the power source of the plasma
generator 175 (whose plasma applicator is in the lid system 161) is positioned within
the apparatus 100 in a position other than the lid system 161. Accordingly, the lid
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system 161 in certain embodiments is implemented without the power source of the
plasma generator 175. In certain embodiments, the power source is positioned

within the device cabinet.

Plasma is ignited within the plasma generation volume by exposing the plasma gas,
arriving from the opening(s), to radiation transmitted by the antennas 158 (that form
part of the plasma applicator). In certain embodiments, a further method, such as
magnets or UV light can be applied to improve ignition. Formed plasma species
flows from the plasma generation volume downwards towards the substrate support
110 supporting at least one substrate (not shown). Plasma species can include
radicals and ions. A non-plasma gas, e.g., a precursor for thermal ALD may also be
passed through the plasma generation volume (i.e., the area in which the antennas
158 reside). In certain embodiments, one or more pipes 155 pass through the area
in which the antennas reside. The pipe(s) 155 discharge the non-plasma gas (or
gases) into a volume beneath the plasma generation volume at point(s) which are
downstream of the area of the antennas 158, as depicted by arrows 12. The pipe(s)
are made of material, such as metal, which the radiation transmitted by the antennas
158 cannot penetrate. Accordingly, the non-plasma gas (or gases) remains
unaffected on its way towards the substrate support 110 although it passes through

the plasma generation volume.

In certain embodiments, the apparatus comprises a plurality source chemical
cabinets. The source chemical cabinets are shown in Figs. 1-3 as rectangles drawn
around source chemical containers 151, 151’ and 152. A plurality of source chemical
containers may be positioned within one cabinet. In certain embodiments, the
source chemical cabinets are leak tight. In certain embodiments, the source
chemical cabinets are purged by inactive gas. In certain embodiments, the source
chemical cabinets comprise an inlet and an outlet of inactive purge gas.

In certain embodiments, the apparatus comprises a source 151 of first plasma gas
and a source 151’ of second, different, plasma gas. In certain embodiments, the first
plasma gas and second plasma gas travel along a same plasma in-feed line 153

towards the plasma system. The in-feed line 153 arrives, upstream of the lid system



10

15

20

25

30

WO 2021/140270 28 PCT/F12020/050861

feedthrough, at an ALD valve or pulsing valve 50 where it is divided into two in-feed

lines 173 and 173'. In certain embodiments, the valve 50 is a three-way valve.

The in-feed line 173 leads to the (first) plasma generator 175, and the in-feed line
173’ to a (separate) second plasma generator 185. The first and second plasma gas
in-feed lines 173, 173’ pass through the lid-system feedthrough to the other (i.e.,
upper) side of the lid system 161. The first plasma gas in-feed line 173 leading to
the first plasma generator 175 downstream the lid-system feedthrough travels as an
uncovered non-heated pipeline in certain embodiments. Similarly, the second
plasma gas in-feed line 173 leading to the second plasma generator 185
downstream the lid-system feedthrough travels as an uncovered non-heated
pipeline in certain embodiments. However, in certain embodiments, the in-feed lines
173 and 173’ are heated. The in-feed lines 173 and 173’ downstream the
feedthrough may be surrounded by ambient pressure (i.e., non-vacuum pressure).

In certain embodiments, a plurality of sources 152 of non-plasma precursors or non-
plasma chemicals (for example, non-plasma precursors and/or thermal ALD
precursors, such as one or more metal precursors and/or non-metal precursor(s)
and/or inactive gases) are contained in one or more source chemical cabinets. The
apparatus 100 comprises a common in-feed line 154 to feed these chemicals into
the inner chamber 130. The in-feed line 154 in certain embodiments passes through
the lid-system 161 at the said feedthrough. In certain embodiments, the common
(non-plasma vapor) in-feed line 154 is implemented as a heated and insulated

pipeline both upstream and downstream of the lid-system feedthrough.

Accordingly, gas supply into the inner chamber 130 or reaction chamber of a
substrate processing reactor or apparatus 100, such as a plasma-enhanced ALD
reactor, may be realized with mere three in-feed lines 153/173, 153/173’, and 154.
In certain embodiments, each of the in-feed lines go through the lid system 161 at

a common feedthrough point.

In certain embodiments, the feedthroughs in the lid-system 161 are positioned on

the side of the lid-system 161 that is opposite to the hinge mechanism 165
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containing side of the lid-system 161.

In certain embodiments, the lid system 161 comprises two plasma generators (or at
least their plasma applicators, if any), one (plasma generator 175) for substrate
processing and one (plasma generator 185) mainly for cleaning the inner chamber
130. In certain embodiments, the first plasma generator 175 positioned on the lid-
system 161 closes the inner chamber (or reaction chamber) 130. In certain
embodiments, the plasma species generated by the first plasma generator 175 for

substrate processing is generated within the boundaries of the inner chamber 130.

In certain embodiments, the second plasma generator 185 is a remote plasma
generator in which plasma species is generated remotely and transferred via an in-
feed line 176 to the inner chamber 130. In certain embodiments, the top part of the
upper portion of the inner chamber has a slanted top corner 31 through which the
remotely generated plasma species is fed into the inner chamber 130 so that the
feeding direction of the remotely generated plasma species is at least partly
downwards. In certain embodiments, the plasma species entering the inner
chamber from the in-feed line 176 mainly or only contains radicals. In other words,
the majority or all of the ions possible generated by the remote plasma generator
have been recombined by that time they reach the chamber 130. In certain other
embodiments, the majority or all of the ions possible generated by the remote
plasma generator have been recombined at least by that time they reach the lower

portion 132 of the inner chamber.

The route of the non-plasma chemicals (or precursor) either passes through the
plasma generator 175 by connecting the in-feed line 154 to the pipes 155 as shown
in Figs. 1-3 or by-passes the plasma generator 175 and enters the inner chamber
130 for example form a side or sides of the inner chamber 130. In certain
embodiments of the latter case, the apparatus comprises openings downstream of
the plasma generation volume in the sidewall(s) of the inner chamber 130. In certain
embodiments, the openings are arranged in the reaction chamber top part 131. The
openings may be arranged in the form of a ring that circles around the reaction

chamber top part 131 or inner chamber cylindrical side wall.
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In certain embodiments, as already described in the preceding the apparatus 100
comprises a feedthrough of at least one in-feed line passing through the lid system
161. The in-feed lines from source chemical containers (151, 151" and 152 in Figs.
1-3) extend from the respective containers to the feedthrough. As shown in Fig. 3,
upon opening the lid system 161, each of these in-feed lines that extend to the
feedthrough is discontinued (disconnected) at an interface in which in-feed line
portions approaching the lid system 161 from different sides meet. Upon opening, a
first part of an in-feed line remains connected to the (opened) lid system 161, and a
remaining (second) part remains connected to the body part or frame 162 in certain
embodiments. Upon closing the lid system 161 the in-feed line reconnects at the
interface. In certain embodiments, the interface is sealed by a seal, for example, an
o-ring seal. In an implementation, an o-ring seal is positioned into a groove arranged
in the lid 161 or its countersurface (on the apparatus body part 162 side of the
interface).

In certain embodiments, instead of directly connecting the in-feed line 154 to the
opening(s) through which plasma gas enters the plasma generation volume, the
plasma generator 175 comprises an expansion volume (not shown) upstream of the
said opening(s) to which the plasma gas first flows for spreading before entering the
plasma generation volume through said opening(s).

Chemicals from the upper portion of the inner chamber 130 flow to the lower portion
132 as depicted by arrows 13 and further to the pump line 144 as depicted by arrow
14,

In certain embodiments, the apparatus comprises a free lateral distance, to prevent
plasma wall effects, from the perimeter of the substrate support 110 to a nearest
surface of a surrounding reaction chamber bowl 133. In certain embodiments, the
said distance is at least 70 mm. In certain embodiments, the distance is larger than
50 mm, more preferably 50-200 mm, and yet more preferably 65-80 mm.
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In certain embodiments, the apparatus 100 is configured to guide inactive gas into
the outer chamber 140 (more particularly into an intermediate space 139 defined in
between the upper part of the inner chamber and the outer chamber wall(s)) and
therefrom to the pump line 144 without passing through the inner chamber 130.

In certain embodiments, the apparatus 100 comprises a radiation generating device
(or power source), or a microwave generator, or a magnetron 171 serving the
plasma generator 175. In certain embodiments, the radiation generating device 171
is attached to or integrated into the lid system 161, and it generates the required
radiation for the antennas 158. In certain embodiments, the radiation generating

device 171 forms part of the plasma generator 175.

In certain embodiments, the second plasma generator 185 comprises its own
radiation generating device 172 to generate frequencies required by the second
plasma generator 185. Alternatively, depending on the plasma generator type of the
second plasma generator 185 the device 172 can be omitted or replaced with
another plasma generator type specific device, and the second plasma species may

be formed by another method, for example, inductively coupled plasma etc.

In certain embodiments, the optional flow guide part is a part that increases channel
diameter (the form of the channel may remain unchanged, e.g., round). In certain
embodiment, the flow guide part is a part transforming a flow channel cross-section
type, e.g., from rectangular to circular (or round). This may be useful if the cross-
sectional form of the part 175 is rectangular, for example. Also in the latter case, the
cross-section flow area of the flow channel may be increased by the flow guide part.
In certain embodiments, the flow guide part 131 comprises openings in a ring-like
fashion for non-plasma gas (or precursor/reactant) to enter the inner chamber 130.
In certain embodiments, an inwardly protruding or pointing sacrifice surface or
sacrifice ring may be arranged in the flow guide part. The vertical position of the
sacrifice ring is below the openings (preferably in the immediate proximity of the

openings).
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In certain embodiments, the substrate support 110 comprises said foot part (or
pedestal) 111 and a susceptor part on top of the pedestal 111. The substrate support
110 comprises lifter pins 17 actuated through the bottom of the lower portion 132 of
the inner chamber 130. The pins 17 are vertically movable in respective vertical
through holes arranged in the susceptor part. A substrate is loaded onto the
susceptor part by receiving the substrate from the loading channel 137 and loading
gap 239 onto lifted pins 17. The pins 17 are thereafter lowered so that only a small

gap remains in between the susceptor part and the substrate.

In certain embodiments, the apparatus comprises a pin lift actuator 115 positioned
on the outside of the inner chamber 130. In certain embodiments, the pin lift actuator
115 is configured to actuate vertical movement of the substrate support pins 17. In
certain embodiments, a feedthrough from the pin lift actuator 115 into the inner
chamber 130 is arranged through the inner chamber bottom, e.g., at the area of the
flange 113 in certain embodiments, or preferably outside of the area of the flange
113. The arrow 15 depicts feedthroughs for cooling fluid, and/or heating fluid and/or
substrate backside protecting gas through the inner chamber bottom arranged, e.g.,

at the area of the flange 113 in certain embodiments.

In certain embodiments, the apparatus comprises a part 18 (which may be a circular
part) around the pedestal 111 to which the lifter pins 17 are attached to vertically
move the pins by moving the said part 18. In certain embodiments, the movement
of the part 18 and thereby also the movement of the pins 17 is actuated from below,
for example, with a connecting element (or rod) 116 extending through the bottom

of the lower portion of the inner chamber 130.

In certain embodiments, the substrate support 110 is rotatable. In certain
embodiments, the substrate support is rotatable around a vertical rotation axis. In
certain embodiments, rotation of the substrate support 110 is generated by the foot
part 111 and/or transmitted via the inner chamber 130 bottom or the flange 113. In
certain embodiments, the substrate is rotated with less than one revolution per cycle

on the substrate support 110.
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During substrate processing, one or more substrates supported by the substrate
holder 110 are processed within the inner chamber 130 as desired, such as by ALD
or PEALD or ALE. For example, the substrate surface may be alternately exposed
to

- a first reactive chemical and a second (another) reactive chemical;

- a first reactive chemical and a second reactive chemical complemented by

plasma;
- a first reactive chemical and plasma (single precursor process); or
- a first reactive chemical to produce a reactive layer and a second reactive

chemical (or ions) to remove the formed reactive layer.

In the last-mentioned processing method, the removal of the formed reactive layer
may be obtained by ion bombardment. In certain embodiments, the plasma system
provides the substrate surface with ions from one of the plasma generators (or the
first plasma generator 175) and plasma without ions (e.g., mere radicals) from the
other plasma generator (or the second plasma generator 185). In certain
embodiments, due to the application of two plasma sources of which the first plasma
source 175 in certain embodiments provides the substrate with both plasma radicals
and ions but the second plasma source 185 only radicals, a substrate processing
cycle comprising both a deposition step and an etching step (or a layer removal step)
is obtained. In certain embodiments, both the former step (deposition step or
reactive layer generation step) and the latter step (removal) are implemented as
plasma enhanced steps, while in other embodiments the former step is performed
without plasma enhancement but the latter step is performed with plasma
enhancement. Accordingly, there are embodiments in which the second plasma
source 185 may be used for a purpose other than mere cleaning.

As to the cleaning operation, in certain embodiments, the second plasma generator
(remote plasma generator) applies F-gases, such as NF3 or CF4 for in-situ cleaning
of the interior surface inner chamber 130. In-situ cleaning, for example with NF3
plasma or CF4 plasma, provides a longer period for utilizing the reactor without the

need to open it for a cleaning service.
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Fig. 4 shows an exhaust system for the apparatus 100 in accordance with certain
embodiments. In certain embodiments, the lower portion 132 of the inner chamber
comprises two exhaust openings. In certain embodiments, the first exhaust opening
is for a turbomolecular pump 145, and the second exhaust opening is for another
exhaust pump 445 (or discharge pump), such as a dry pump. In certain
embodiments, an exhaust line 401 via the second exhaust opening by-passes the
turbomolecular pump 145.

In certain embodiments, a first exhaust line (or pump line, or vacuum line) 144
begins at the first exhaust opening and extends from the lower portion 132 of the
inner chamber via a first valve 143 to the turbomolecular pump 145. A second
exhaust line 401 begins at the second exhaust opening and extends from the lower
portion 132 of the inner chamber via a second valve 412 to said another exhaust
pump 445. The first exhaust line 144 joins the second exhaust line 401 at a first
joining point and continues as a common joined exhaust line 403 towards the
exhaust pump 445 and therefrom further to an optional scrubber 451 or similar. The
first joining point is located downstream from the turbomolecular pump 145 and the
second valve 412 and upstream from said another exhaust pump 445 (a non-
turbomolecular vacuum pump, such as the dry pump). In certain embodiments, the
first valve 143 is a first flow restricting control valve, such as a pendulum valve. In

certain embodiments, the second valve 412 is a closing valve.

In certain embodiments, a third exhaust line 402 extends from the outer chamber
140 to a third valve 411 and joins the second exhaust line 401 at a second joining
point downstream from the third valve 411 and upstream from the second valve 412.
In certain embodiments, the third valve 411 is a second flow restricting control valve,
such as a butterfly valve.

In such an exhaust line system, with the second valve 412 open and first valve 143
closed in an embodiment, material (such as gases and/or particles) is removed from
the inner chamber 130 via the second exhaust line 401 and second valve 412 to or
towards said another exhaust pump 445 without removing material from the inner

chamber 130 via the first exhaust line 144 (thereby circumventing the
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turbomolecular pump 145).

Further, in such an exhaust line system, with the first valve 143 and third valve 411
being open and the second valve 412 closed in an embodiment, material is removed
from the outer chamber 140 via a route traveling along the third exhaust line 402 via
the third valve 411 and along the second exhaust line 401 to the inner chamber 130
(or its lower portion 132) and further from the inner chamber 130 along the first
exhaust line 144 via the first valve 143 and turbomolecular pump 145 to exhaust (to
or towards said another exhaust pump 445). In the latter embodiment, the flow from
the intermediate space 139 turning at the second joining point towards the inner
chamber 130 circumvents the second valve 412. Accordingly, the outgoing flow from
the intermediate space flows via the turbomolecular pump 145.

In certain other embodiments, the turbomolecular pump 145 is omitted and replaced
by another (less effective) vacuum pump. Independently of the pump type of pump
145 the first valve 143 may be implemented by a flow restricting control valve.

In certain embodiments, the exhaust line 401 by-passing the pump 145 is optional.

Fig. 5 shows a substrate support 110 for the apparatus 100 in accordance with
certain embodiments. A susceptor part 112 resides on top of the pedestal 111. In
certain embodiments, the susceptor part 112 is of a cylindrical form. In certain
embodiments, the susceptor part 112 comprises a rim 505 made of ceramic material
(on the edge of the susceptor part 112). In certain embodiments, the height of the
rim 505 is substantially the same, or is of the same magnitude, as the thickness of
the substrate.

In certain embodiments, the lifter pins 17 have expanding top portions 57 to close,
when the lifter pins 17 are in their lower position, through holes that extend through

the susceptor part 112.

In certain embodiments, the upper surface of the susceptor part 112 to support the

substrate (not shown) is uneven. In certain embodiments, the apparatus 100
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comprises inside the pedestal 111 a channel 501 to guide protective gas, such as
helium, into a space in between the susceptor part 112 and the substrate above it.
In certain embodiments, the protective gas is sucked back from the said space
downwards into inside of the pedestal 111 as depicted by the arrow 502. Accordingly,
in certain embodiments, a substrate backside protective gas circulation is provided.

In certain embodiments, there is a fluid (e.g., cooling liquid) circulation within the

susceptor part 112 effected via the pedestal 111.

In certain embodiments, the diameter of the exhaust opening (in the side wall of the
inner chamber foot part) leading to the exhaust pump 145 is at least 15 cm. In certain
more preferred embodiments, the diameter is within the range extending from 15
cm to 30 cm. In yet more preferred embodiments, the diameter is within the range
extending from 20 cm to 25 cm.

In certain embodiments, the inner chamber foot part is of cylindrical shape. In certain
embodiments, the diameter of the inner chamber foot part is at least 20 cm. In
certain more preferred embodiments, the diameter is within the range extending
from 20 cm to 50 cm. In yet more preferred embodiments, the diameter is within the

range extending from 20 cm to 30 cm.

In certain embodiment, the inner chamber 130 extends downwards to the outside of
outer chamber 140. In certain embodiments, the height of the extension is at least
25 cm. In certain more preferred embodiments, the height of the extension is at least
30 cm.

In certain embodiments, the vertical distance between the bottom of the inner
chamber 130 and the substrate holder 110 top surface is at least 40 cm. In certain
more preferred embodiments, the vertical distance between the bottom of the inner
chamber 130 and the substrate holder 110 top surface is at least 50 cm. In certain
more preferred embodiments, the vertical distance between the bottom of the inner
chamber 130 and the substrate holder 110 top surface is within the range extending

from 50 cm to 100 cm.
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In certain embodiments, the reaction chamber bowl 133 is a part with rotational
symmetry. In certain embodiments, the diameter of the reaction chamber bowl 133
is at least 10 cm larger than that of the substrate holder 110. In certain more
preferred embodiments, the diameter of the reaction chamber bowl 133 is at least
14 cm larger than that of the substrate holder 110.

In certain embodiments, the substrate holder 110 is fitted to support a substrate, for
example a wafer, with a diameter of at least 200 mm, more preferably 300 mm or

larger.

Fig. 6 shows an alternative implementation in accordance with certain embodiments.
In these embodiments, a plasma system or plasma generator(s) different from the
one(s) shown in the preceding Figs. 1 to 3 is used. Otherwise the structure and
operation of the apparatus 100 shown in the preceding with reference to Figs. 1 to
3 is applied.

The inner chamber 130 is provided with plasma species from the top side via a
hollow cathode plasma generator 675. The plasma species flow downwards from
the plasma generator 675 towards the substrate support 110 supporting one or more
substrates (not shown). In this and other embodiments, the substrate(s) may be

horizontally oriented.

In certain embodiments, the inner chamber 130 is provided with a first plasma
species PLASMA 1 during a first period, and a second (different) plasma species
PLASMA 2, optionally for cleaning, during a subsequent or later period. Both plasma
species are generated by the plasma generator 675.

Fig. 7 shows a block diagram of a control system comprised by the apparatus 100
in accordance with certain example embodiments. The control system 750
comprises at least one processor 751 to control the operation of the apparatus 100
and at least one memory 752 comprising a computer program or software 753. The

software 753 includes instructions or a program code to be executed by the at least



10

15

20

25

30

WO 2021/140270 38 PCT/F12020/050861

one processor 751 to control the apparatus 100. The software 753 may typically

comprise an operating system and different applications.

The at least one memory 751 may form part of the apparatus 100 or it may comprise
an attachable module. The control system 750 further comprises at least one
communication unit 754. The communication unit 754 provides for an interface for
internal communication of the apparatus 100. In certain embodiments, the control
unit 750 uses the communication unit 754 to send instructions or commands to and
to receive data from different parts of the apparatus 100, for example, measuring
and control devices, valves, pumps, mass flow controllers and other adjustment

devices, and heaters.

The control system 750 may further comprise a user interface 756 to co-operate
with a user, for example, to receive input such as process parameters from the user.
In certain embodiments, the user interface 756 is connected to the at least one

processor 751.

As to the operation of the apparatus 100, the control system 750 controls e.g. the
process timings of the apparatus. In accordance with certain embodiments, the
apparatus 100 is configured, by means of being programmed, for example, to
perform a substrate processing sequence or cycle, such as a plasma-enhanced
atomic layer deposition sequence or cycle. In accordance with certain embodiments,
the apparatus 100 is programmed to perform loading and/or pre-processing and/or
post-processing of one or more substrates and/or an etching and/or a cleaning
procedure. In accordance with certain embodiments, the control system 750 is
configured to adjust the vacuum level in the inner chamber. In certain embodiments,
the control system 750 adjusts valve configurations (e.g., in the exhaust line(s)) to
adjust the vacuum level in the inner chamber 130. In certain embodiments, the
adjustment of valve configurations comprises adjusting the degree of valve opening

of the first valve or pendulum valve 143.

In certain embodiments, degassing is done while the substrate is elevated by the

lifter pins 17 actuated by actuator 115. In certain embodiments, the substrate is first



10

15

20

25

30

WO 2021/140270 39 PCT/F12020/050861

heated and then risen by the lifter pins 17 for degassing. The degassing may be
performed in different temperatures, pressures and/or different flow rates may be

used, as compared to those applied during deposition.

In certain embodiments, pressure-modified deposition cycles are performed. In
certain embodiments, the pressure modification is achieved by adjusting the degree
of valve opening of the valve 143 in the pump line (pump foreline) 144. In certain
embodiments, pressure modification is performed during a deposition cycle. Then
the pressure within the inner chamber during different phases of a single deposition

cycle is different.

In yet other embodiments a source chemical container (such as container 151, 151’
and 152) is equipped with a Peltier cooler. In certain embodiments, the Peltier cooler
is controlled instead of one voltage level with two fixed (pre-determined) non-zero
voltage levels, such as 5V and 12 V (in addition to an on/off control). Accordingly,
the Peltier cooler comprises a control arrangement configured to control the cooler
with two fixed non-zero voltage levels. A technical effect obtained is more accurate
control in a simple cost-effective manner. The disclosed control of the Peltier cooler
is applicable also to source chemical containers in apparatuses different than the

ones shown in the preceding description.

Fig. 8 shows a schematic drawing of a cooling arrangement (or cooling system) for
a chamber lid in accordance with certain embodiments. A substrate processing
apparatus which may be of the type (and having similar structures and functionalities)
presented in the preceding comprises the inner chamber (or reaction chamber) 130
and the movable and/or openable lid (or lid system) 161 to the chamber 130. The
lid (or lid system) 161 comprises at least a plasma applicator of a plasma generator
with the antennas 158 to provide the chamber 130 with plasma species. To cope
with heat produced by the applicator, the lid (or lid system) 161 comprises a cooling
arrangement. In certain embodiments, the cooling arrangement comprises a
channel or channels 80 attached to or embedded into the lid or lid system 161 for
flowing a coolant, such as water. The channel(s) may be implemented by pipes

attached to the edge(s) of the lid (or lid system) 161. In certain embodiments, such
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as shown in Fig. 8 the pipes may be positioned into a groove or grooves in the lid

(or lid system) 161. The arrows depict coolant flow in the pipes.

Without limiting the scope and interpretation of the patent claims, certain technical
effects of one or more of the example embodiments disclosed herein are listed in
the following. A technical effect is providing uniform plasma to create a uniform film
over the entire substrate area. A further technical effect is good purging conditions
together with low deposition rate. A further technical effect is obtaining a short
plasma exposition time. A further technical effect is low metal contamination. A
further technical effect is low carbon content in deposited films. A further technical
effect is in-situ cleaning to provide a long period of utilizing the substrate processing
apparatus without a need to open it for a cleaning service. A further technical effect
is obtained high level of vacuum by a turbomolecular pump.

The foregoing description has provided by way of non-limiting examples of particular
implementations and embodiments of the invention a full and informative description
of the best mode presently contemplated by the inventors for carrying out the
invention. It is however clear to a person skilled in the art that the invention is not
restricted to details of the embodiments presented above, but that it can be
implemented in other embodiments using equivalent means without deviating from

the characteristics of the invention.

Furthermore, some of the features of the above-disclosed embodiments of this
invention may be used to advantage without the corresponding use of other features.
As such, the foregoing description should be considered as merely illustrative of the
principles of the present invention, and not in limitation thereof. Hence, the scope of
the invention is only restricted by the appended patent claims.
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Claims

A substrate processing apparatus, comprising:

an inner chamber formed by an upper portion and a lower portion;

a substrate support to support a substrate within the upper portion of the
inner chamber;

a plasma system to provide the inner chamber with plasma species from the
top side of the inner chamber

an outer chamber surrounding the upper portion of the inner chamber
whereas the lower portion of the inner chamber extends to the outside of the

outer chamber and remains uncovered by the outer chamber.

The apparatus of claim 1, comprising:
a heater in the outer portion to heat the upper portion of the inner chamber.

The apparatus of claim 1 or 2, comprising:

heat reflectors in the outer chamber.

The apparatus of any preceding claim, wherein the plasma system is configured
to provide the inner chamber with two different plasma species entering the
inner chamber via a top part of the upper portion of the inner chamber.

The apparatus of any preceding claim, comprising:

a movable lid system.

The apparatus of claim 5, comprising:
a feedthrough of at least one in-feed line in the lid system.

The apparatus of claim 5 or 6, wherein the plasma system comprises:

a plasma applicator in the movable lid system.

The apparatus of any preceding claim, wherein the plasma system comprises a

microwave plasma generator and/or a hollow cathode plasma generator.
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10.

11.

12.

13.

14.

15.

16.

The apparatus of any preceding claim, wherein the inner chamber comprises a

reaction chamber bowl.

The apparatus of claim 9, wherein the substrate support resides symmetrically
with respect to the reaction chamber bowl.

The apparatus of any preceding claim, comprising a flow guide part in between

the plasma system and a reaction chamber bowl.

The apparatus of any preceding claim 9-11, the apparatus being configured to
press the reaction chamber bowl against the flow guide part, a reaction chamber
top part forming the top part of the upper portion of the inner chamber or a
reaction chamber counterpart, optionally having a seal therebetween.

The apparatus of any preceding claim 12, wherein the seal is a vacuum seal.

The apparatus of any preceding claim 9-13, wherein the reaction chamber bow!

is configured to be lowered by a bowl lift actuator for substrate loading.

The apparatus of any preceding claim, comprising a free lateral distance of at
least 50 mm from the perimeter of the substrate support to a nearest surface of

a surrounding reaction chamber bowl.

The apparatus of any preceding claim, comprising a Peltier cooler attached to a
chemical source container, where the Peltier cooler comprises a control
arrangement configured to control the cooler with two fixed non-zero voltage

levels.

17.A substrate processing apparatus, comprising:

an inner chamber;
an outer chamber at least partly surrounding the inner chamber;

a substrate support to support a substrate in the inner chamber; and
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a plasma system comprising a first plasma generator to generate a first
plasma species within the inner chamber and a second plasma generator which
is a remote plasma generator to generate a second plasma species on the

outside of the inner chamber.

18. A substrate processing apparatus, comprising:
an inner chamber;
an outer chamber at least partly surrounding the inner chamber,;
a substrate support to support a substrate in the inner chamber;
a movable lid system; and

a plasma applicator in the lid system.

19.The apparatus of claim 18, wherein the movable lid system is a hinged lid system
or a lift lid.

20.The apparatus of claim 18 or 19, comprising a feedthrough of at least one in-
feed line through the lid system.

21.A substrate processing apparatus, comprising:
an inner chamber;
an outer chamber at least partly surrounding the inner chamber; and
a heat reflector part (or plate) in the outer chamber moving together with a
reaction chamber bowl to cover a substrate loading opening of the substrate

processing apparatus.

22.A substrate processing apparatus, comprising:
an inner chamber;
an outer chamber at least partly surrounding the inner chamber; and
a through-hole feedthrough for at least one gas in-feed line to pass through

an outer chamber lid.

23.A substrate processing apparatus, comprising:

a reaction chamber;
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a substrate support;
a pedestal of the substrate support being attached to a reaction chamber
bottom via an attachment flange, the attachment flange residing within the

reaction chamber.

24 A substrate processing apparatus, comprising:
a reaction chamber with a lower portion, the lower portion of the reaction
chamber comprising a first exhaust opening for a turbomolecular pump, and a
second exhaust opening is for another exhaust pump, an exhaust line traveling

via the second exhaust opening by-passing the turbomolecular pump.

25.A substrate processing apparatus, comprising:
an inner chamber;
an outer chamber at least partly surrounding the inner chamber, the inner
chamber comprising a lower portion, the apparatus comprising an exhaust line
from the outer chamber entering the lower portion of the inner chamber and

exiting the lower portion towards an exhaust pump via an exhaust opening.

26.The apparatus of claim 25, where the output from the outer chamber and
entering the lower portion occurs via a second flow restricting control valve, such

as a butterfly valve.

27.The apparatus of claim 25 or 26, where the exiting towards the exhaust pump

occurs via a first flow restricting control valve, such as a pendulum valve.

28.The apparatus of any preceding claim 25-27, where the exhaust pump is a

turbomolecular pump.

29.A substrate processing apparatus, comprising:
a reaction chamber;
a substrate support;
a pedestal of the substrate support attached to a reaction chamber bottom;

and
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lifter pins of the substrate support whose movement is actuated from below
through a connecting element that extends through the bottom of the reaction

chamber.

30. The apparatus of claim 29, comprising a part around the pedestal to which the
lifter pins are attached to vertically move the pins by moving the said part with

the connecting element.

31.A substrate processing apparatus, comprising:
an inner chamber comprising a reaction chamber bowl, and
an outer chamber at least partly surrounding the inner chamber, the
apparatus being configured to move the reaction chamber bowl by actuating the
movement of the bowl on the outside of the outer chamber.

32.The apparatus of claim 31, comprising a sealed feedthrough through the outer
chamber for a connecting element to pass through and transfer vertical motion

to the reaction chamber bowl.

33. A substrate processing apparatus, comprising:
a reaction chamber;
a lid or a lid system comprising a plasma applicator to provide the reaction
chamber with plasma species; and

a cooling arrangement in the lid or lid system.

34.The apparatus of claim 33, wherein the cooling arrangement comprises a
channel attached to or embedded into the lid or lid system for flowing a coolant,

such as water.



