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apparatus include deactivating ratio setpoint feedback control in a flow ratio controller; initiating gas tlow through the flow ratio
controller; moving valves of the flow ratio controller to a preset position based on a stored position when an upstream pressure
reaches a stored upstream pressure value, wherein the stored position and the stored upstream pressure value were stored during a
prior process run; determining that steady state flow ratio controller output flows have been reached; and activating ratio setpoint
feedback control in the flow ratio controller. Numerous additional features are disclosed.



WO 2014/031378 PCT/US2013/054522

METHODS AND APPARATUS FOR ENHANCED
GAS FLOW RATE CONTROL

RELATED APPLICATIONS

[0001] The present application claims priority from
U.S. Patent Application Serial No. 13/591,212, filed
August 21, 2012, entitled “METHODS AND APPARATUS FOR
ENHANCED GAS FLOW RATE CONTROL” (Attorney Docket No.
16437USA/FEG/SYNX/CROCKER S) which is hereby incorporated

herein by reference in its entirety for all purposes.
FIELD

[0002] The present invention generally relates to gas
flow rate control for electronic device manufacturing, and
more particularly is directed to methods and apparatus for

enhancing gas flow rate control to be more precise.

BACKGROUND

[0003] Semiconductor processing can be particularly
sensitive to flow rate variations and perturbations.

Thus, gas delivery systems for semiconductor processing
chambers attempt to deliver steady flows at precise rates
and pressures. Prior art gas delivery systems use flow-
splitting methods to improve mix ratio accuracy,
repeatability, and reproducibility in multi-injection
point and multi-chamber architectures that share gas
supplies. Flow splitting also reduces cost of the gas
delivery system significantly in a number of applications.
Flow splitting devices range from simple Y-piping to real-

time flow feedback ratio controllers (FRCs) which actively
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attempt to control the relative flow rates of gases
dispensed via the FRC’s output channels. However, as new
technologies continue to achieve smaller critical
dimensions, higher degrees of flow control precision are
desirable. Thus, methods and apparatus are needed for

enhancing gas flow rate control to be more precise.



WO 2014/031378 PCT/US2013/054522

SUMMARY

[0004] Inventive methods and apparatus are provided for
a method of controlling gas flow to a semiconductor-
processing chamber. The method includes deactivating
ratio setpoint feedback control in a flow ratio
controller; initiating gas flow through the flow ratio
controller; moving valves of the flow ratio controller to
a preset position based on a stored position when an
upstream pressure reaches a stored upstream pressure
value, wherein the stored position and the stored upstream
pressure value were stored during a prior process run;
determining that steady state flow ratio controller output
flows have been reached; and activating ratio setpoint

feedback control in the flow ratio controller.

[0005] In some embodiments, the invention provides a
flow ratio controller assembly. The assembly includes a
controller; an input gas line; a pressure sensor coupled
to the input gas line and adapted to sense an upstream gas
pressure in the input gas line; a fan-out manifold having
an input coupled to the input gas line and a plurality of
outputs; a plurality of mass flow sensors, each mass flow
sensor operatively coupled to a different one of the
plurality of outputs of the fan-out manifold and adapted
to sense gas flow through a respective output; and a
plurality of adijustable valves, each valve operatively
coupled to a different one of the plurality of outputs of
the fan-out manifold and adapted to control gas flow
through a respective output. The controller is

operatively coupled to the plurality of adjustable valves
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and adapted to control a position of each of the valves in
order to set the valves to a predetermined position based

on a stored position.

[0006] In yet other embodiments, the invention provides
a gas delivery system for one or more processing chambers.
The system includes a gas supply panel including a
plurality of mass flow controllers; a flow ratio
controller assembly having an input gas line coupled to
the gas supply panel, the flow ratio controller assembly
including a plurality of output gas lines adapted to be
coupled to one or more processing chambers. The flow
ratio controller assembly includes a controller; a
pressure sensor coupled to the input gas line and adapted
£0 sense an upstream gas pressure in the input gas line; a
fan-out manifold having an input coupled to the input gas
line and the plurality of output gas lines; a plurality of
mass flow sensors, each mass flow sensor operatively
coupled to a different one of the plurality of output gas
lines of the fan-out manifold and adapted to sense gas
flow through a respective output gas line; and a plurality
of adjustable wvalves, each valve operatively coupled to a
different one of the plurality of output gas lines of the
fan-out manifold and adapted to control gas flow through a
regspective output gas line. The controller is operatively
coupled to the plurality of adjustable wvalves and adapted
to control a position of each of the valves in order to
set the valves to a predetermined position based on a

stored position.

[0007] Numerous other aspects are provided. Other

features and aspects of the present invention will become
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more fully apparent from the following detailed
description, the appended claims and the accompanying

drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1 is a schematic block diagram depicting an
example gas delivery system according to some embodiments

of the present invention.

[0009] FIG. 2 is a schematic block diagram depicting an
example flow feedback ratio controller (FRC) according to

some embodiments of the present invention.

[00010] FIG. 3 is flowchart depicting an example method
of controlling gas flow using an FRC according to some

embodiments of the present invention.

[00011] FIG. 4 is a graph depicting an example
comparison of gas flow rate over time through a
conventional FRC and gas flow rate over time through an
FRC according to some embodiments of the present

invention.

[00012] FIG. 5 is a graph depicting an example
comparison of gas pressure over time upstream of a
conventional FRC and gas pressure over time upstream of an
FRC according to some embodiments of the present

invention.
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DETAILED DESCRIPTION

[00013] The present invention provides improved methods
and apparatus for controlling gas flow into processing
chambers. In particular, the present invention reduces
the settling time to find the flow rate into a processing
chamber that provides the desired amount of gas with the
least amount of perturbations in the flow. Prior art
methods of improving gas flow control do not attempt to
achieve steady state flow through flow ratio controllers.
By reducing the settling time according to the present
invention, transient flow is eliminated or minimized and
tighter process control is enabled since gas delivery to
the chamber is better defined and the residence time

transient is significantly reduced.

[00014] Feedback-based control by itself has some
inherent limitations. ©No corrective action is taken until
after a deviation in the controlled variable occurs.

Thus, perfect control, where the controlled variable does
not deviate from the set point during disturbance or set-
point changes, is theoretically impossible. Feedback
control does not provide predictive control action to
compensate for the effects of known (e.g., anticipatable)
or measurable disturbances. In some cases where process
recipes have tight tolerances, feedback control may not be
satisfactory for processes. If a significant or repeated
perturbation occurs, the process may operate in a
transient state for an extended period and not attain the

desired steady state gquickly enough.
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[00015] The present invention uses feed forward
information from prior processing runs to switch, at the
appropriate time, from using a conventional flow ratio
setpoint feedback controller to directly setting the valve
openings of the flow controller to a predetermined

position based on the prior processing runs.

[00016] The present invention also includes a novel flow
ratio controller (FRC) that can operate in two different
modes to implement the methods of the present invention.
In the feedback mode, the FRC wvalves are continually
adjusted by the controller based on sensed flow to achieve
a desired flow ratio based on a specified setpoint. In
the feed forward mode, the FRC valves are set to
previously stored positions determined during prior
processing runs. Thus, in some embodiments, the novel FRC
of the present invention may include both (1) mass flow
sensors to facilitate operation in the feedback mode
(e.g., repeatedly adjusting the wvalve positions based on
the feedback data) and (2) wvalve position sensors and
memory for detecting and storing valve positions from
prior process runs to facilitate operation in the feed
forward mode (e.g., setting the valves to a final position
based on the feed forward data). In addition, the novel
FRC may include a plurality of valves that can both (1) be
adjusted relative to each other to seek positions that
achieve a desired flow ratio and (2) be set to absolute

positions based on previously-stored positions.

[00017] Turning to FIG. 1, an example gas delivery
system 100 according to the present invention is depicted.

The system 100 includes a gas supply panel 102 which
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includes a plurality of mass flow controllers (MFC) 104
(only three are represented). The MFCs 104 are in fluid
communication with the novel flow ratio controller (FRC)
assembly 106 of the present invention. Depending on the
process recipes to be performed during processing, the
number of different gases supplied to the FRC 106 from the
MFCs 104 will vary. The FRC assembly 106 is coupled to
one or more processing chambers 108, 110 via a manifold of
output lines. In some embodiments, the processing
chambers 108, 110 may be adapted to receive gases in more
than one zone within the processing chambers 108, 110 and
thus the manifold may include multiple lines feeding a
single chamber 108, 110. Although not shown in FIG.1l, the
various components of the system 100 may include
controllers, sensors, meters, and/or connections to a
central control system. Other numbers of mass flow

controllers, zones, chambers, etc., may be employed.

[00018] FIG. 2 depicts details of an example flow
feedback ratio controller (FRC) assembly 106 according to
some embodiments of the present invention. The FRC
assembly 106 includes an FRC 202 that is operated under
programmatic control of a controller 204. Line pressure
sensor 206 provides a reading of the upstream line
pressure P,, of the gas coming from the MFCs 104 in the gas
supply panel 102. An input line Qi, is fed to a fan out
manifold within the FRC 202 to split the gas flow between
a plurality of mass flow sensors (MFS) 208, 210, 212, 214
(e.g., thermal MFS) also within the FRC 202. Each branch
of the split gas line then leads to a respective

adjustable valve 216, 218, 220, 222, via a respective
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process line or leg, under the control of the controller
204. The outputs of the adjustable wvalves 216, 218, 220,
222, Q1 to Q4 may be coupled to the inlets of the

processing chambers 108, 110.

[00019] The controller 204 is adapted to both set a
valve position of each of the adjustable valves 216, 218,
220, 222 and to read (and store) a current position of
each of the adjustable valves 216, 218, 220, 222. The
controller is also adapted to read and store the flow rate
values of each of the MFSs 208, 210, 212, 214 and P,, from
the line pressure sensor 206. In some embodiments, the
controller may be embodied as a discrete computer separate
from the FRC 202, and, in some embodiments, the controller
204 may be integrated or embedded with the FRC 202. Other
numbers of MFSs, valves, outputs, etc., may be employed.

Any suitable MFSs and/or adjustable valves may be used.

[00020] FIG. 3 is flowchart depicting an example
iterative method 300 of controlling gas flow using an FRC
assembly 106 according to some embodiments of the present
invention. 1Initially, the steps of a processing recipe
are performed and values for P,, and valve positions are
stored when steady state flows are achieved, then the
stored information is fed forward to subsequent runs of
the process. The fed forward information is used to set
the FRC valve positions when the P,, is reached. 1In this
manner, the FRC assembly 106 avoids having to use feedback
methods for each new process run to hunt for the correct

steady state valve positions.

[00021] Note that although the following example method

300 is described as a sequence of discrete steps, the

_10_
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invention is not so limited. The steps described below
are merely for illustrative purposes to facilitate
understanding of the invention. Any number of additional
steps may be included, several steps may be omitted or
combined, and any parts of the following steps may be
broken into sub-steps. In addition, the particular
sequence in which the steps are presented is merely to
facilitate understanding of the invention and it should be
understood that these steps, or any combination or sub-

steps, may be performed in any practicable order.

[00022] The method 300 begins in Step 302 where gas flow
is started for a current step in an initial process run.
The FRC assembly 106 is set to operate with a ratio
setpoint mode active where the assembly 106 is adapted to
find valve positions that achieve the setpoint ratio using
feedback. The FRC assembly 106 continues to adjust the
valves 216, 218, 220, 222 in Step 304 until a steady state
flow from the FRC assembly 106 is achieved for the current
process step. In Step 306, the steady state flow FRC 202
valve positions are read and stored by the controller 204
along with the P, for the current process step. In Step
308, the method 300 determines if there are additional
process steps in the initial process run. If so, flow
proceeds to Step 310 where the next step in the initial
process run begins (e.g., becomes the current step) and
the above steps are repeated for the next process step.

If the initial process run has completed, flow proceeds to

Step 312 where the next process run begins.

[00023] Along with a number of other conventional steps

(e.g., evacuating, purging, pumping-down), beginning the

-11-
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next process run in Step 312 involves removing the
processed substrate(s) from the chamber(s) and loading new
substrate(s) into the chamber(s). Once the substrate(s)
have been replaced in the chamber(s) and the chamber(s)
are ready to begin processing again, the method 300 moves
to Step 314. 1In Step 314, gas flow for the current
processing step is begun with the ratio setpoint feedback
operating mode inactive. In other words, the valves 216,
218, 220, 222 are not adjusted at all. In some
embodiments, the wvalves 216, 218, 220, 222 are set to a
suitable start or initial position. The start position
may be selected to allow a desired P.,, to be reached or to
otherwise minimize perturbations in the gas flow. For
example, in some embodiments, all of the valves 216, 218,
220, 222, being initially closed, may be opened (e.g., to
a predetermined position such as to the same or a similar
valve position). However, because line lengths, bends and
overall volume of process lines may vary, in other
embodiments, valves for process lines with larger line
lengths, more bends and/or larger overall volumes may be
opened first and/or more. In general, process performance
may be used to determine the desired starting/initial

position for the wvalves 216, 218, 220, 222.

[00024] With the gas flowing and the valves in the start
position, the method 300 moves to Step 316 where P, is
monitored. The FRC assembly 106 may be considered to be
operating in a feed forward mode at this point. When P,
reaches the steady state P,, value stored during the prior
process run (e.g., during the initial process run or a

subseqguent run but prior to the current run) that

-12-
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corresponds to the current step of the current run, the
valves 216, 218, 220, 222 are moved to the valve positions
that were stored when steady state flow was achieved
during the prior process run. In other words, the valve
positions from the prior run are fed forward to the
current run. In step 318, the controller 204, using the
MEFSs 208, 210, 212, 214, determines when steady state FRC
output flows have been achieved for the current step of
the current process run. Once steady state flow has been
achieved, in Step 320 the FRC assembly 106 is switched to
the feedback operating mode by activating ratio setpoint
feedback control where the valves are adjusted by the
controller if it is detected that the flow ratio has
varied from the setpoint. 1In Step 322, the current FRC
valve positions and the value of P, for the current
process step are stored to be used with a subsequent

process run.

[00025] In Step 324, the method 300 determines if there
are additional process steps in the current process run.
If so, flow proceeds to Step 326 where the next step in
the current process run begins (e.g., becomes the current
step) and steps 314 to 324 are repeated for the next
process step. If the current process run has completed,
flow returns to Step 312 where the next process run

begins.

[00026] Turning now to FIG. 4, a graph 400 is provided
depicting an example comparison of a gas flow rate over
time through a conventional FRC (plot 402) and a gas flow
rate over time through an FRC assembly according to some

embodiments of the present invention (plot 404). The gas

_13_
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flow rate over time through a conventional FRC plot 402
includes a transient spike and a gradual transition to
steady state flow indicated by the horizontal portion of
the plot 402. 1In contrast, the gas flow rate over time
through an FRC assembly according to some embodiments of
the present invention (plot 404) appears to almost be a
step function with a very fast (e.g., nearly vertical)
transition from zero flow to steady state flow indicated
by the horizontal portion of the plot 404. 1In some
embodiments, steady state flow rates may be reached up to
about 50% faster, in some cases up to about 75% faster,
and in some cases up to about 100% faster with the FRC

assembly of the present invention.

[00027] FIG. 5 illustrates a similar relatively high
degree of precision control in a comparison of upstream
gas pressure response between a conventional feedback FRC
and the FRC assembly according to some embodiments of the
present invention. FIG. 5 is a graph 500 depicting an
example comparison of gas pressure over time upstream of a
conventional FRC (plot 502) and gas pressure over time
upstream of an FRC according to some embodiments of the
present invention (plot 504). As with the flow rate plots
402, 404, the upstream pressure plots 502, 504 illustrate
the higher level of precision achieved by the FRC
according to some embodiments of the present invention.
The upstream gas pressure over time through a conventional
FRC (plot 502) includes a transient spike and a gradual
transition to steady state pressure indicated by the
horizontal portion of the plot 502. In contrast, the

upstream gas pressure over time through an FRC assembly

—14—-
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according to some embodiments of the present invention
(plot 504) appears to almost be a step function with a
very fast (e.g., relatively vertical) transition from zero
pressure to steady state pressure indicated by the
horizontal portion of the plot 504. In some embodiments,
steady state pressures may be reached up to about 50%
faster, in some cases up to about 75% faster, and in some
cases up to about 100% faster with the FRC assembly of the

present invention.

[00028] Accordingly, while the present invention has
been disclosed in connection with example embodiments
thereof, it should be understood that other embodiments
may fall within the scope of the invention, as defined by

the following claims.

_15_
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CLAIMS

The invention claimed is:

1. A method of controlling gas flow to a semiconductor-—
processing chamber, the method comprising:

deactivating ratio setpoint feedback control in a
flow ratio controller;

initiating gas flow through the flow ratio
controller;

moving valves of the flow ratio controller to a
preset position based on a stored position when an
upstream pressure reaches a stored upstream pressure
value, wherein the stored position and the stored upstream
pressure value were stored during a prior process run;

determining that steady state flow ratio controller
output flows have been reached; and

activating ratio setpoint feedback control in the

flow ratio controller.

2. The method of claim 1 further comprising:
setting the wvalves of the flow ratio controller at an

initial start position.

3. The method of claim 1 further comprising:
storing the current flow ratio controller valve
positions after activating ratio setpoint feedback control

in the flow ratio controller.

_16_
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4. The method of claim 1 further comprising:
storing the current upstream pressure value after
activating ratio setpoint feedback control in the flow

ratio controller.

5. The method of claim 1 further comprising:

setting the wvalves of the flow ratio controller at an
initial start position before initiating gas flow through
the flow ratio controller;

storing the current flow ratio controller valve
positions after activating ratio setpoint feedback control
in the flow ratio controller; and

storing the current upstream pressure value after
activating ratio setpoint feedback control in the flow

ratio controller.

6. The method of claim 5 further comprising:
for each step in an electronic device manufacturing
process, repeating:
deactivating ratio setpoint feedback control in
the flow ratio controller;
setting the wvalves of the flow ratio controller
at a start position before initiating gas flow
through the flow ratio controller;
initiating gas flow through the flow ratio
controller;
moving the valves of the flow ratio controller
to a preset position based on a stored position when
an upstream pressure reaches a stored upstream

pressure value, wherein the stored position and the

-17-
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stored upstream pressure value were stored during a
prior process run;

determining that steady state flow ratio
controller output flows have been reached;

activating ratio setpoint feedback control in
the flow ratio controller;

storing the current flow ratio controller valve
positions after activating ratio setpoint feedback
control in the flow ratio controller; and

storing the current upstream pressure value
after activating ratio setpoint feedback control in

the flow ratio controller.

7. The method of claim 6 further comprising:
for a plurality of electronic device manufacturing
process runs, repeating:
for each step in an electronic device manufacturing
process run, repeating:
deactivating ratio setpoint feedback control in
the flow ratio controller;
setting the wvalves of the flow ratio controller
at a start position before initiating gas flow
through the flow ratio controller;
initiating gas flow through the flow ratio
controller;
moving the valves of the flow ratio controller
to a preset position based on a stored position when
an upstream pressure reaches a stored upstream
pressure value, wherein the stored position and the
stored upstream pressure value were stored during a

prior process run;

_18_
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determining that steady state flow ratio
controller output flows have been reached;

activating ratio setpoint feedback control in
the flow ratio controller;

storing the current flow ratio controller valve
positions after activating ratio setpoint feedback
control in the flow ratio controller; and

storing the current upstream pressure value
after activating ratio setpoint feedback control in

the flow ratio controller.

8. A flow ratio controller assembly comprising:

a controller;

an input gas line;

a pressure sensor coupled to the input gas line and
adapted to sense an upstream gas pressure in the input gas
line;

a fan-out manifold having an input coupled to the
input gas line and a plurality of outputs;

a plurality of mass flow sensors, each mass flow
sensor operatively coupled to a different one of the
plurality of outputs of the fan-out manifold and adapted
to sense gas flow through a respective output; and

a plurality of adijustable valves, each wvalve
operatively coupled to a different one of the plurality of
outputs of the fan-out manifold and adapted to control gas
flow through a respective output,

wherein the controller is operatively coupled to the
plurality of adjustable valves and adapted to control a
position of each of the valves in order to set the valves

to a predetermined position based on a stored position.

_19_
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9. The flow ratio controller assembly of claim 8
wherein the controller is further adapted to read and
store the upstream gas pressure sensed by the pressure

sSensor.

10. The flow ratio controller assembly of claim 8
wherein the controller is further adapted to determine if

a steady state gas flow has been achieved.

11. The flow ratio controller assembly of claim 8
wherein the controller is further adapted to operate the
flow ratio controller assembly in a feedback mode and a

feed forward mode.

12. The flow ratio controller assembly of claim 8
wherein the controller is further adapted to:

deactivate feedback control in the flow ratio
controller assembly;

initiate gas flow through the flow ratio controller
assembly;

move the adjustable valves of the flow ratio
controller assembly to a preset position based on a stored
position when a current upstream pressure value reaches a
stored upstream pressure value, wherein the stored
position and the stored upstream pressure value were
stored during a prior process run;

determine that steady state flow ratio controller
assembly output flows have been achieved; and

activate ratio setpoint feedback control in the flow

ratio controller assembly.

20—
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13. The flow ratio controller assembly of claim 12
wherein the controller is further adapted to:

store current flow ratio controller valve positions
after activating ratio setpoint feedback control in the

flow ratio controller assembly.

14. The flow ratio controller assembly of claim 12
wherein the controller is further adapted to:

store the current upstream pressure value after
activating ratio setpoint feedback control in the flow

ratio controller assembly.

15. A gas delivery system for one or more processing
chambers, the system comprising:

a gas supply panel including a plurality of mass flow
controllers;

a flow ratio controller assembly having an input gas
line coupled to the gas supply panel, the flow ratio
controller assembly including a plurality of output gas
lines adapted to be coupled to one or more processing
chambers, the flow ratio controller assembly including:

a controller;

a pressure sensor coupled to the input gas line
and adapted to sense an upstream gas pressure in the
input gas line;

a fan-out manifold having an input coupled to
the input gas line and the plurality of output gas
lines;

a plurality of mass flow sensors, each mass flow

sensor operatively coupled to a different one of the

-21 -
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plurality of output gas lines of the fan-out manifold
and adapted to sense gas flow through a respective
output gas line; and

a plurality of adijustable valves, each wvalve
operatively coupled to a different one of the
plurality of output gas lines of the fan-out manifold
and adapted to control gas flow through a respective
output gas line,

wherein the controller is operatively coupled to
the plurality of adjustable valves and adapted to
control a position of each of the valves in order to
set the valves to a predetermined position based on a

stored position.

—-22—
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International application No.
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B. FIELDS SEARCHED
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C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

A US 8074677 B2 (GOLD, EZRA ROBERT et al.) 13 December 2011 1-15
See column 3, line 17 — column 6, line 59 and figures 1,2.

A US 2007-0240778 A1 (L’ BASSI, MICHAEL et al.) 18 October 2007 1-15
See paragraphs [0016]-[0022] and figure 1.
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See column 4, lines 6-66 and figure 1.
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and figure 4.
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|:| Further documents are listed in the continuation of Box C.
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"P"  document published prior to the international filing date but later
than the priority date claimed
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the principle or theory undetlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
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considered to involve an inventive step when the document is
combined with one or more other such documents,such combination
being obvious to a person skilled in the art
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