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(57) Abstract: A substrate processing system includes one or more processing chambers defining N reaction volumes. N-1 first
valves are arranged between the N reaction volumes. A controller communicates with the N-1 first valves and is configured to pres -
surize a first one of the N reaction volumes with precursor gas to a first target pressure, wait a first predetermined soak period, evac -

o uate a second one of the N reaction volumes to a second target pressure that is lower than the first target pressure, and open one of

W

the N-1 first valves between the first one of the N reaction volumes and a second one of the N reaction volumes.
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SEQUENTIAL CASCADING OF REACTION VOLUMES AS A CHEMICAL
REUSE STRATEGY

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to U.S. Utility Application No. 13/779,056,
filed on February 27, 2013, and the benefit of U.S. Provisional Application No.
61/605,231, filed on March 1, 2012. The entire disclosures of the applications
referenced above are incorporated herein by reference.

FIELD
[0002] The present disclosure relates to substrate processing chambers, and

more particularly to semiconductor processing chambers.

BACKGROUND

[0003] The background description provided herein is for the purpose of
generally presenting the context of the disclosure. Work of the presently named
inventors, to the extent it is described in this background section, as well as
aspects of the description that may not otherwise qualify as prior art at the time
of filing, are neither expressly nor impliedly admitted as prior art against the
present disclosure.

[0004] Some vapor-based reaction technologies and their associated
applications, such as dielectric constant (k) recovery and atomic layer deposition
(ALD), require expensive precursor gas. These processes involve exposing a
substrate to the precursor gas at a target pressure, allowing the substrate to
soak and then dumping the precursor gas (an expose/soak/dump sequence). To
minimize the use of the precursor gas, significant effort has been expended to
minimize reaction volumes, which reduces precursor gas consumption per wafer.
However, the smaller reaction volumes may cause other undesirable reactor
design compromises, which may increase cost on a per-wafer pass basis.
[0005] Referring now to FIG. 1, a first reaction volume 10 is shown. A
pedestal 12 is arranged in the first reaction volume 10 and provides support for a
substrate 14 such as a semiconductor wafer. Precursor gases 20-1, 20-2, ...,
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and 20-N (collectively precursor gases 20) are supplied via valves 22-1, 22-2, ...,
and 22-N (collectively valves 20) to the first reaction volume 10, wherein N is an
integer. Purge gas 24 is supplied via a valve 26 to the first reaction volume 10.
A pump 30 may be used to selectively draw precursor gas and/or purge gas from
the first reaction volume 10.

[0006] Referring now to FIG. 2, a method for operating the first reaction
volume 10 is shown. At 31, N=1. At 32, the substrate 14 is arranged in the first
reaction volume 10 and is exposed to a first precursor gas at a target pressure.
At 34, the substrate 14 is allowed to soak in the precursor gas for a
predetermined period. At 36, the precursor gas is purged from the first reaction
volume 10 and discarded. At 38, if another precursor gas is to be used, control
returns to 32. Optionally the sequence may cycle via 39 and 41. Otherwise the
process ends.

SUMMARY

[0007] A substrate processing system includes one or more processing
chambers defining N reaction volumes, wherein N is an integer greater than one.
N-1 first valves are arranged between the N reaction volumes. A controller is in
communication with the N-1 first valves and is configured to pressurize a first
one of the N reaction volumes with precursor gas to a first target pressure, wait a
first predetermined soak period, evacuate a second one of the N reaction
volumes to a second target pressure that is lower than the first target pressure,
and open one of the N-1 first valves between the first one of the N reaction

volumes and a second one of the N reaction volumes.

[0008] In other features, N pressure sensors measure pressure in the N
reaction volumes, respectfully. The controller is configured to communicate with
the N pressure sensors. N pumps are in fluid communication with the N reaction
volumes via N second valves. The controller is configured to selectively operate
the N pumps and the N second valves.

[0009] In other features, the controller is configured to wait until a
predetermined pressure relationship exists between the first one of the N
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reaction volumes and the second one of the N reaction volumes, and close the
one of the N-1 first valves. The predetermined pressure relationship is pressure

equilibrium.

[0010] In other features, the controller is configured to introduce an additional
amount of the precursor gas to the second one of the N reaction volumes to
achieve a third target pressure after closing the one of the N-1 first valves.

[0011] In other features, the controller is configured to purge residual precursor
gas from the first one of the N reaction volumes.

[0012] In other features, the controller is configured to wait a second
predetermined soak period and cascade the precursor gas in the second one of
the N reaction volumes to an additional one of the N reaction volumes.

[0013] In still other features, N-1 compressors and N-1 second valves are
arranged between the N reaction volumes. The controller is further in
communication with the N-1 compressors and the N-1 second valves. The
controller is configured to, after evacuating the second one of the N reaction
volumes to the second target pressure, open one of the N-1 second valves
between the first one of the N reaction volumes and the second one of the N
reaction volumes, and operate one of the N-1 compressors to drive the precursor
gas from the first one of the N reaction volumes to the second one of the N

reaction volumes.

[0014] In other features, the controller is configured to close the one of the N-1
first valves and the one of the N-1 second valves. The controller is configured
to add an additional amount of the precursor gas to the second one of the N
reaction volumes to achieve a third target pressure. The controller is configured

to purge residual precursor from the first one of the N reaction volumes.

[0015] A substrate processing including a processing chamber defining a
reaction volume. A first valve is arranged between the reaction volume and a
storage volume. A controller is in communication with the first valve and is

configured to pressurize the reaction volume with precursor gas to a first target
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pressure, wait a predetermined soak period, evacuate the storage volume to a
pressure that is lower than the first target pressure and open the first valve.

[0016] In other features, the controller communicates with a second valve and a
compressor and is configured to operate the first valve, the second valve and the
compressor to drive the precursor gas from the reaction volume to the storage

volume

[0017] In other features, a pressure sensor measures pressure in the reaction
volume. A pump is in fluid communication with the reaction volume via a second
valve. The controller communicates with the pressure sensor, the pump and the
second valve. The controller is configured to close the first valve and the second
valve. The controller is configured to purge residual precursor from the reaction
volume. The controller is configured to open the first valve and the second valve
between the reaction volume and the storage volume and operate the
compressor to drive the precursor gas from the storage volume to the reaction

volume.

[0018] In other features, N additional reaction volumes and N additional valves
connect the N additional reaction volumes to the compressor. The controller is
configured to open one of the first valve or one of the N additional valves, open
the second valve, and operate the compressor to pump the precursor gas from
the storage volume to one of the reaction volume or one of the N additional

reaction volumes.

[0019] Further areas of applicability of the present disclosure will become
apparent from the detailed description, the claims and the drawings. The detailed
description and specific examples are intended for purposes of illustration only

and are not intended to limit the scope of the disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS
[0020] The present disclosure will become more fully understood from the
detailed description and the accompanying drawings, wherein:
[0021] FIG. 1 is a functional block diagram of a first reaction volume

according to the prior art;
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[0022] FIG. 2 is a flowchart illustrating operation of the first reaction volume
according to the prior art;

[0023] FIG. 3 is a functional block diagram of first and second reaction
volumes according to the present disclosure;

[0024] FIG. 4 is a functional block diagram of three or more cascaded
reaction volumes according to the present disclosure;

[0025] FIG. 5 is a functional block diagram of a controller according to the
present disclosure;

[0026] FIG. 6 is a flowchart illustrating a method for operating the first and
second reaction volumes of FIG. 3;

[0027] FIG. 7 is a functional block diagram of another arrangement of first
and second reaction volumes according to the present disclosure;

[0028] FIG. 8 is a functional block diagram of another controller according to
the present disclosure;

[0029] FIG. 9 is a flowchart illustrating a method for operating the first and
second reaction volumes of FIG. 7.

[0030] FIG. 10 is a functional block diagram of another arrangement of
reaction volumes according to the present disclosure; and

[0031] FIG. 11 is a flowchart illustrating a method for operating the reaction

volumes of FIG. 10.

DETAILED DESCRIPTION

[0032] According to the present disclosure, a substrate is exposed to a
precursor gas in a first reaction volume at a first target pressure. The substrate
is allowed to soak in the precursor gas. Then, a valve is opened from the first
reaction volume to a second reaction volume (or a storage volume) that is
evacuated and at lower pressure than the first target pressure. After equalizing
pressure, the valve is closed and precursor gas is added to the second reaction
volume to achieve a second target pressure, which may or may not be the same
as the first target pressure.

[0033] Referring now to FIG. 3, a first reaction volume 40 is shown. A

pedestal 42 is arranged in the first reaction volume 40 and provides support for a
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substrate 44 such as a semiconductor wafer. A pressure sensor 45 may be
arranged in the first reaction volume 40 to monitor pressure. A second reaction
volume 46 is also shown. A pedestal 48 is arranged in the second reaction
volume 46 and provides support for a substrate 50 such as a semiconductor
wafer. A pressure sensor 51 may be arranged in the second process volume 46
to monitor pressure. Alternately, the pressure sensors 45 and 51 may be
omitted and timers may be used to estimate pressure based on timing and/or
other parameters.

[0034] Precursor gases 60-1, 60-2, ..., and 60-N (collectively precursor gases
60) are selectively supplied via valves 62-1, 62-2, ..., and 62-N (collectively
valves 62) to the first reaction volume 40. Purge gas 64 is supplied via a valve
66 to the first reaction volume 40. A pump 68 and valve 69 may be used to
selectively draw precursor and/or purge gas from the first reaction volume 40.
[0035] Precursor gases 70-1, 70-2 and 70-N (collectively precursor gases 70)
are selectively supplied via valves 72-1, 72-2, ..., and 72-N (collectively valves
72) to the second reaction volume 46. Purge gas 74 is selectively supplied via a
valve 76 to the second reaction volume 46. A pump 78 and valves 79 may be
used to selectively draw precursor and/or purge gas from the second reaction
volume 46.

[0036] As will be described further below, the substrate 44 is exposed to the
precursor gas in the first reaction volume 40. The substrate 44 is allowed to
soak in the precursor gas at a first target pressure. Then, a valve 79 is opened
between the first reaction volume 40 and the second reaction volume 46.
Before opening the valve 79, the second reaction volume 46 is evacuated and
maintained at lower pressure than the first reaction volume 40. After equalizing
pressure, precursor gas is added to the second reaction volume 46 to achieve a
second target pressure, which may or may not be the same as the first target
pressure. The substrate 50 is allowed to soak. As can be appreciated, the
precursor gas may be purged and dumped or reused in the reaction volume 40.
[0037] While FIG. 3 shows first and second reaction volumes 40 and 46,
three or more cascaded reaction volumes may be used. Referring now to FIG.
4, a system 80 including three or more cascaded reaction volumes 82-1, 82-2
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and 82-M is shown where M is an integer greater than two. In addition, while
one reaction volume is shown for each processing chamber, each processing
chamber may be associated with one or more reaction volumes.

[0038] Referring now to FIG. 5, a controller 90 that may be used to control a
process employing multiple reaction volumes is shown. The controller 90
communicates with and/or controls one or more valves (such as valves 62, 72
and 79, which are collectively identified at 92 in FIG. 5), pumps (such as pumps
68 and 78, which are collectively identified at 94 in FIG. 5) and/or pressure
sensors (such as pressure sensors 45 and 51, which are collectively identified at
96 in FIG. 5).

[0039] Referring now to FIG. 6, an example of a method 100 for operating a
controller for the first and second reaction volumes of FIG. 3 is shown. At 104,
the first reaction volume is pressurized with a precursor gas to a first target
pressure. At 108, the substrate is allowed to soak for a predetermined period.
At 112, the second reaction volume is evacuated to a pressure lower than the
first reaction volume. At 116, the valve 79 is opened. At 120, a predetermined
period is timed to allow pressure equilibrium to occur. As used herein,
equilibrium refers to equal or substantially equal pressures. In some examples,
substantially equal pressures refer to pressures within 10%, 5%, 2%, 1% or less
of each other. The equilibrium pressure will be lower than the target soak
pressure in the second reaction volume. |If the volumes are equal, then the
equilibrium pressure will be approximately half the target pressure assuming that
the process volumes are equal.

[0040] At 124, the valve 79 is closed. At 128, additional precursor gas is
introduced into the second reaction volume to achieve a second target pressure.
At 132, residual precursor gas in the first reaction volume may be dumped. A
substrate is allowed to soak in the second reaction volume. At 136, the
precursor gas in the second reaction volume may be purged and dumped or
cascaded to additional reaction volumes if desired.

[0041] Referring now to FIGs. 7-8, another arrangement of first and second
reaction volumes is shown. A compressor 150 is arranged between a valve 151

(that is connected to the first reaction volume 40) and a value (that is connected
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to the second reaction volume 46). In FIG. 8, the controller 90 may be further
connected to the compressor 150.

[0042] Referring now to FIG. 9, an example of a method 200 for operating a
controller for the first and second reaction volumes of FIG. 7 is shown. At 204,
the first reaction volume is pressurized with a precursor gas to a first target
pressure. At 208, the substrate is allowed to soak in the precursor gas for a
predetermined period. At 212, the second reaction volume is evacuated to a
pressure lower than the first reaction volume. At 216, the valves 151 and 152
are opened to the compressor 150. The compressor 150 compresses the
precursor with added energy in order to drive it into the second reaction volume
46.

[0043] Pressurization of the second reaction volume will follow a first order
exponential response curve. In addition, due to the thermodynamic losses due
to compression, the steady state maximum achievable pressure will be lower
than the target pressure for the second reaction volume, but higher than the
pressure provided by the process described in FIGs. 3 and 6.

[0044] At 220, the valves 151 and 152 are closed. At 224, additional
precursor gas is introduced into the second reaction volume to achieve a second
target pressure. At 228, residual precursor gas in the first reaction volume may
be dumped. The substrate in the second reaction volume is allowed to soak. At
232, the precursor gas in the second reaction volume may be cascaded to
additional reaction volumes if desired.

[0045] Examples of reaction volumes include but are not limited to substrate
processing chambers or stations of substrate processing chambers. Examples of
processes include, but are not limited to, conformal film deposition, atomic layer
deposition, plasma-enhanced atomic layer deposition, and dielectric constant (k)
recovery processes. The pedestals may be temperature controlled and/or
biased by an RF bias. While the processes described above include a soak
step, additional operations may be performed.

[0046] Referring now to FIG. 10, another substrate processing system 300 is
shown. Process gases 304-1, 304-2, ..., and 304-T are selectively supplied to
reaction volumes 310-1, 310-2, ..., and 310-T via valves 306-1, 306-2, ..., and
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306T, respectively. Pressure sensors 312-1 312-2, ..., and 312-T monitor
pressure in the reaction volumes 310-1, 310-2, ..., 310-T, respectively. The
reaction volumes 310-1, 310-2, ..., and 310-T can be evacuated using valves
318-1, 318-2, ..., and 318-T and pumps 320-1, 320-2, ..., and 320-T,
respectively. Valves 324-1, 324-2, ..., and 324-T, a compressor 326 and a
second valve 330 are connected between the reaction volumes 310-1, 310-2, ...,
and 310-T, respectively, and a storage volume 334. The storage volume 334 can
be evacuated using a valve 338 and a pump 340.

[0047] A controller 350 communicates with the pressure sensors 312 and
336, the pumps 318 and 338, the valves 318, 324, 330 and 338 and the
compressor 326. The controller 350 pressurizes the reaction volume of the
reaction volume 310-1 with precursor to a first target pressure. The controller
350 waits a predetermined soak period. The controller 350 evacuates the
storage volume 334 to a pressure that is lower than the first target pressure.
The controller 350 opens the valves 324-1 and 330 between the reaction volume
310-1 and the storage volume 334. The controller 350 operates the compressor
326 to pump the precursor gas from the reaction volume 310-1 to the storage
volume 334.

[0048] The controller 350 closes the valves 324-1 and 330. The controller
350 may purge residual precursor from the first reaction volume. The controller
350 may open any one of the valves 324-1, 324-2, ..., and 324-T and the value
330 between one of the reaction volumes 310-1, 310-2, ..., and 310-T and the
storage volume 334 and operates the compressor 326 to pump the precursor
from the storage volume 334 back to the one of the reaction volumes 310-1,
310-2, ..., and 310-T. Additional precursor gas may be added to the selected
reaction volume as described above.

[0049] As can be appreciated, T processing chambers can be connected to S
storage volumes, where T and S are integers and T >= S. For example in FIG.
10, T processing chambers may be connected to 1 storage volume that is
shared. The precursor gas can be returned to the same processing chamber or
a different processing chamber.
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[0050] Referring now to FIG. 11, an example of a method 400 for operating
the reaction volumes and storage volume of FIG. 10 is shown. At 404, the first
reaction volume is pressurized with a precursor gas to a first target pressure. At
408, the substrate is allowed to soak in the precursor gas for a predetermined
period. At 412, the storage volume is evacuated to a pressure lower than the
first reaction volume. At 416, the valves are opened and the compressor is
operated. The compressor compresses the precursor with added energy in
order to drive it into the storage volume.

[0051] At 420, control closes the valves. At 428, residual precursor gas in the
first reaction volume may be dumped. One or more operations may be
performed in the first reaction volume. At 432, the valves are opened from the
storage volume to the first reaction volume or any of the other reaction volumes
and the compressor is operated to deliver the precursor gas to the selected
reaction volume.

[0052] The foregoing description is merely illustrative in nature and is in no
way intended to limit the disclosure, its application, or uses. The broad
teachings of the disclosure can be implemented in a variety of forms. Therefore,
while this disclosure includes particular examples, the true scope of the
disclosure should not be so limited since other modifications will become
apparent upon a study of the drawings, the specification, and the following
claims. For purposes of clarity, the same reference numbers will be used in the
drawings to identify similar elements. As used herein, the phrase at least one of
A, B, and C should be construed to mean a logical (A or B or C), using a non-
exclusive logical OR. It should be understood that one or more steps within a
method may be executed in different order (or concurrently) without altering the
principles of the present disclosure.

[0053] As used herein, the term controller may refer to, be part of, or include
an Application Specific Integrated Circuit (ASIC); an electronic circuit; a
combinational logic circuit; a field programmable gate array (FPGA); a processor
(shared, dedicated, or group) that executes code; other suitable hardware
components that provide the described functionality; or a combination of some or
all of the above, such as in a system-on-chip. The term controller may include
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memory (shared, dedicated, or group) that stores code executed by the
processor.

[0054] The term code, as used above, may include software, firmware, and/or
microcode, and may refer to programs, routines, functions, classes, and/or
objects. The term shared, as used above, means that some or all code from
multiple controllers may be executed using a single (shared) processor. In
addition, some or all code from multiple controllers may be stored by a single
(shared) memory. The term group, as used above, means that some or all code
from a single controller may be executed using a group of processors. In
addition, some or all code from a single controller may be stored using a group
of memories.

[0055] The apparatuses and methods described herein may be implemented
by one or more computer programs executed by one or more processors. The
computer programs include processor-executable instructions that are stored on
a non-transitory tangible computer readable medium. The computer programs
may also include stored data. Non-limiting examples of the non-transitory
tangible computer readable medium are nonvolatile memory, magnetic storage,

and optical storage.
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12
CLAIMS

What is claimed is:

1. A substrate processing system comprising:

one or more processing chambers defining N reaction volumes, wherein
N is an integer greater than one;
N-1 first valves arranged between the N reaction volumes;
a controller in communication with the N-1 first valves and configured to:
pressurize a first one of the N reaction volumes with precursor gas
to a first target pressure;
wait a first predetermined soak period;
evacuate a second one of the N reaction volumes to a second
target pressure that is lower than the first target pressure; and
open one of the N-1 first valves between the first one of the N

reaction volumes and a second one of the N reaction volumes.

2. The substrate processing system of claim 1, further comprising N
pressure sensors that measure pressure in the N reaction volumes, respectfully,

wherein the controller is configured to communicate with the N pressure sensors.

3. The substrate processing system of claim 1, further comprising N pumps
in fluid communication with the N reaction volumes via N second valves, wherein
the controller is configured to selectively operate the N pumps and the N second

valves.

4. The substrate processing system of claim 1, wherein the controller is
configured to:

wait until a predetermined pressure relationship exists between the first
one of the N reaction volumes and the second one of the N reaction volumes;
and

close the one of the N-1 first valves.
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5. The substrate processing system of claim 4, wherein the predetermined

pressure relationship is pressure equilibrium.

6. The substrate processing system of claim 4, wherein the controller is
configured to introduce an additional amount of the precursor gas to the second
one of the N reaction volumes to achieve a third target pressure after closing the

one of the N-1 first valves.

7. The substrate processing system of claim 4, wherein the controller is
configured to purge residual precursor gas from the first one of the N reaction

volumes.

8. The substrate processing system of claim 6, wherein the controller is
configured to:

wait a second predetermined soak period; and

cascade the precursor gas in the second one of the N reaction volumes to
an additional one of the N reaction volumes.

9. The substrate processing system of claim 1, further comprising:
N-1 compressors and N-1 second valves arranged between the N
reaction volumes,
wherein the controller is further in communication with the N-1
compressors and the N-1 second valves, and
wherein the controller is configured to:
after evacuating the second one of the N reaction volumes to the
second target pressure, open one of the N-1 second valves between the first one
of the N reaction volumes and the second one of the N reaction volumes; and
operate one of the N-1 compressors to drive the precursor gas
from the first one of the N reaction volumes to the second one of the N reaction

volumes.
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10. The substrate processing system of claim 9, wherein the controller is
configured to close the one of the N-1 first valves and the one of the N-1 second

valves.

11.  The substrate processing system of claim 10, wherein the controller is
configured to add an additional amount of the precursor gas to the second one of

the N reaction volumes to achieve a third target pressure.

12.  The substrate processing system of claim 10, wherein the controller is
configured to purge residual precursor from the first one of the N reaction

volumes.

13. A substrate processing system comprising:
a processing chamber defining a reaction volume;
a first valve arranged between the reaction volume and a storage volume;
a controller in communication with the first valve and configured to:
pressurize the reaction volume with precursor gas to a first target
pressure;
wait a predetermined soak period;
evacuate the storage volume to a pressure that is lower than the
first target pressure; and
open the first valve.

14.  The substrate processing system of claim 13, further comprising:

a second valve arranged between the first valve and the storage volume;
and

a compressor arranged between the first valve and the second valve,

wherein the controller communicates with the second valve and the
compressor and is configured to operate the first valve, the second valve and the
compressor to drive the precursor gas from the reaction volume to the storage

volume
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15.  The substrate processing system of claim 13, further comprising:

a pressure sensor that measures pressure in the reaction volume; and

a pump in fluid communication with the reaction volume via a second
valve,

wherein the controller communicates with the pressure sensor, the pump

and the second valve.

16. The substrate processing system of claim 14, wherein the controller is
configured to close the first valve and the second valve.

17.  The substrate processing system of claim 14, wherein the controller is

configured to purge residual precursor from the reaction volume.

18.  The substrate processing system of claim 17, wherein the controller is
configured to:

open the first valve and the second valve between the reaction volume
and the storage volume; and

operate the compressor to drive the precursor gas from the storage

volume to the reaction volume.

19.  The substrate processing system of claim 14, further comprising:
N additional reaction volumes;
N additional valves connecting the N additional reaction volumes to the
compressor,
wherein the controller is configured to:
open one of the first valve or one of the N additional valves,
open the second valve; and
operate the compressor to pump the precursor gas from the
storage volume to one of the reaction volume or one of the N additional reaction

volumes.
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20. A method comprising:

pressurizing a first one of N reaction volumes with precursor gas to a first
target pressure;

waiting a first predetermined soak period;

evacuating a second one of the N reaction volumes to a second target
pressure that is lower than the first target pressure; and

opening one of N-1 first valves between the first one of the N reaction

volumes and a second one of the N reaction volumes.

21.  The method of claim 20, further comprising:

waiting until a predetermined pressure relationship occurs between the
first one of the N reaction volumes and the second one of the N reaction
volumes; and

closing the first one of the N-1 first valves.

22.  The method of claim 21, wherein the predetermined pressure relationship

is pressure equilibrium.

23. The method of claim 21, further comprising introducing an additional
amount of the precursor gas to the second one of the N reaction volumes to
achieve a third target pressure after closing the first one of the N-1 first valves.

24.  The method of claim 21, further comprising purging residual precursor gas

from the first reaction volume.

25.  The method of claim 23, further comprising:
waiting a second predetermined soak period; and
cascading the precursor gas to an additional one of the N reaction

volumes.

26.  The method of claim 20, further comprising:
arranging N-1 compressors and N-1 second valves between the N

reaction volumes;
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after evacuating the second one of the N reaction volumes to the second
target, opening one of the N-1 second valves between the first one of the N
reaction volumes and the second one of the N reaction volumes; and

operating one of the N-1 compressors to drive the precursor gas from the
first one of the N reaction volumes to the second one of the N reaction volumes.

27.  The method of claim 26, further comprising closing the one of the N-1 first
valves and the one of the N-1 second valves.

28. The method of claim 27, further comprising adding an additional amount
of the precursor gas to the second one of the N reaction volumes to achieve a
third target pressure.

29. The method of claim 27, further comprising purging residual precursor gas

from the first one of the N reaction volumes.

30. A method of operating a substrate processing system comprising:

pressurizing a reaction volume with precursor gas to a first target
pressure;

waiting a predetermined soak period;

evacuating a storage volume to a pressure that is lower than the first
target pressure; and

opening a first valve located between the reaction volume and the storage

volume.

31.  The method of claim 30, further comprising:

arranging a compressor and a second valve between the first valve and
the storage volume;

opening the second valve; and

operating the compressor to drive the precursor gas from the reaction

volume to the storage volume.
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32.  The method of claim 31, further comprising closing the first valve and the

second valve.

33.  The method of claim 30, further comprising purging residual precursor gas

5 from the reaction volume.

34. The method of claim 31, further comprising:
opening the first valve and the second valve between the reaction volume
and the storage volume; and
10 operating the compressor to drive the precursor gas from the storage

volume to the reaction volume.

35.  The method of claim 31, further comprising:
arranging N additional valves to connect N additional reaction volumes to
15  the compressor;
opening the first valve or one of the N additional valves;
opening the second valve; and
operating the compressor to pump the precursor gas from the storage
volume to one of the reaction volume or one of the N additional reaction

20  volumes.
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AMENDED CLAIMS
received by the International Bureau on 08 August 2013.

What is claimed is:

1. A substrate processing system comprising:
one or more processing chambers defining N reaction volumes, wherein
N is an integer greater than one;
N-1 first valves arranged between the N reaction volumes; and
a controller in communication with the N-1 first valves and configured to:
pressurize a first one of the N reaction volumes with precursor gas
to a first target pressure;
walit a first predetermined soak period;
evacuate a second one of the N reaction volumes to a second
target pressure that is lower than the first target pressure;
open one of the N-1 first valves between the first one of the N
reaction volumes and a second one of the N reaction volumes;
close the one of the N-1 first valves subsequent to the opening of
the one of the N-1 first valves; and
introduce an additional amount of the precursor gas to the second
one of the N reaction volumes to achieve a third target pressure after the closing
of the one of the N-1 first valves.

2. The substrate processing system of claim 1, further comprising N
pressure sensors that measure pressure in the N reaction volumes, respectively,
wherein the controller is configured to communicate with the N pressure sensors.

3. The substrate processing system of claim 1, further comprising N pumps
in fluid communication with the N reaction volumes via N second valves, wherein
the controller is configured to selectively operate the N pumps and the N second

valves.

4. The substrate processing system of claim 1, wherein the controller is
configured to:

AMENDED SHEET (ARTICLE 19)
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wait until a predetermined pressure relationship exists between the first
one of the N reaction volumes and the second one of the N reaction volumes;
and

perform the closing of the one of the N-1 first valves in response to the
predetermined pressure relationship existing between the first one of the N

reaction volumes and the second one of the N reaction volumes.

5. The substrate processing system of claim 4, wherein the predetermined

pressure relationship is pressure equilibrium.

6. The substrate processing system of claim 4, wherein the controller is
configured to purge residual precursor gas from the first one of the N reaction

volumes.

7. The substrate processing system of claim 1, wherein the controller is
configured to: ‘

wait a second predetermined soak period; and

cascade the precursor gas in the second one of the N reaction volumes to

an additional one of the N reaction volumes.

8. The substrate processing system of claim 1, further comprising N-1
compressors and N-1 second valves arranged between the N reaction volumes,
wherein:
the controller is further in communication with the N-1 compressors and
the N-1 second valves; and
the controller is configured to:
after evacuating the second one of the N reaction volumes to the
second target pressure, open one of the N-1 second valves between the first one
of the N reaction volumes and the second one of the N reaction volumes; and
operate one of the N-1 compressors to drive the precursor gas
from the first one of the N reaction volumes to the second one of the N reaction

volumes.

AMENDED SHEET (ARTICLE 19)



10

15

20

25

WO 2013/130737 PCT/US2013/028214
21

9. The substrate processing system of claim 8, wherein the controller is
configured to close the one of the N-1 first valves and the one of the N-1 second

valves.

10. The substrate processing system of claim 9, wherein the controller is
configured to add an additional amount of the precursor gas to the second one of
the N reaction volumes to achieve a third target pressure.

11.  The substrate processing system of claim 9, wherein the controller is
configured to purge residual precursor from the first one of the N reaction

volumes.

12. A substrate processing system comprising:
a processing chamber defining a reaction volume;
a first valve arranged between the reaction volume and a stbrage volume;
a controller in communication with the first valve and configured to:
pressurize the reaction volume with precursor gas to a first target
pressure;
wait a predetermined soak period;
evacuate the storage volume to a pressure that is lower than the
first target pressure; and
open the first valve;
a second valve arranged between the first valve and the storage volume;
and
a compressor arranged between the first valve and the second valve,
wherein the controller communicates with the second valve and the
compressor and is configured to operate the first valve, the second valve and the
compressor to drive the precursor gas from the reaction volume to the storage

volume.

13.  The substrate processing system of claim 12, further comprising:
a pressure sensor that measures pressure in the reaction volume; and

a pump in fluid communication with the reaction volume via a third valve,

AMENDED SHEET (ARTICLE 19)
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wherein the controller communicates with the pressure sensor, the pump
and the third valve.

14. The substrate processing system of claim 12, wherein the controlier is

configured to close the first valve and the second valve.

15. The substrate processing system of claim 12, wherein the controller is

configured to purge residual precursor from the reaction volume.

16. The substrate processing system of claim 15, wherein the controller is
configured to:

open the first valve and the second valve between the reaction volume
and the storage volume; and ‘

operate the compressor to drive the precursor gas from the storage

volume to the reaction volume.

17.  The substrate processing system of claim 12, further comprising:
N additional reaction volumes;
N additional valves connecting the N additional reaction volumes to the
compressor,
wherein the controller is configured to:
open one of the first valve or one of the N additional valves;
open the second valve; and
operate the compressor to pump the precursor gas from the
storage volume to one of the reaction volume or one of the N additional reaction

volumes.

18. A method comprising:

pressurizing a first one of N reaction volumes with precursor gas to a first
target pressure;

waiting a first predetermined soak period;

evacuating a second one of the N reaction volumes to a second target

pressure that is lower than the first target pressure;

AMENDED SHEET (ARTICLE 19)
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opening one of N-1 first valves between the first one of the N reaction
volumes and a second one of the N reaction volumes;

after evacuating the second one of the N reaction volumes to the second
target, opening one of N-1 second valves between the first one of the N reaction
volumes and the second one of the N reaction volumes; and

operating one of N-1 compressors between the N reaction volumes to
drive the precursor gas from the first one of the N reaction volumes to the

second one of the N reaction volumes.

19.  The method of claim 18, further comprising:

waiting until a predetermined pressure relationship occurs between the
first one of the N reaction volumes and the second one of the N reaction
volumes; and

closing the first one of the N-1 first valves.

20. The method of claim 19, wherein the predetermined pressure relationship

is pressure equilibrium.

21. The method of claim 19, further comprising introducing an additional
amount of the precursor gas to the second one of the N reaction volumes to

achieve a third target pressure after closing the first one of the N-1 first valves.

22. The method of claim 19, further comprising purging residual precursor gas
from the first reaction volume.

23. The method of claim 21, further comprising:
waiting a second predetermined soak period; and
cascading the precursor gas to an additional one of the N reaction

volumes.

24. The method of claim 18, further comprising closing the one of the N-1 first
valves and the one of the N-1 second valves.

AMENDED SHEET (ARTICLE 19)
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25. The method of claim 24, further comprising adding an additional amount
of the precursor gas to the second one of the N reaction volumes to achieve a
third target pressure.

26. The method of claim 24, further comprising purging residual precursor gas
from the first one of the N reaction volumes.

27. A method of operating a substrate processing system comprising:

pressurizing a reaction volume with precursor gas to a first target
pressure;

waiting a predetermined soak period; ,

evacuating a storage volume to a pressure that is lower than the first
target pressure;

opening a first valve located between the reaction volume and the storage
volume;

opening a second valve between the first valve and the storage volume;
and

operating a compressor between the first valve and the storage volume to

drive the precursor gas from the reaction volume to the storage volume.

28. The method of claim 27, further comprising closing the first valve and the

second valve.

29. The method of claim 27, further comprising purging residual precursor gas

from the reaction volume.

30.  The method of claim 27, further comprising:

opening the first valve and the second valve between the reaction volume
and the storage volume; and

operating the compressor to drive the precursor gas from the storage

volume to the reaction volume.

AMENDED SHEET (ARTICLE 19)
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31.  The method of claim 27, further comprising:

opening the first valve or one of N additional valves, wherein the N
additional valves connect N additional reaction volumes to the compressor;

opening the second valve; and

operating the compressor to pump the precursor gas from the storage
volume to one of the reaction volume or one of the N additional reaction

volumes.

AMENDED SHEET (ARTICLE 19)
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