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(57) Abstract: Mass flow verification systems and apparatus may verify mass tlow rates of mass flow controllers (MFCs) based on
choked tlow principles. These systems and apparatus may include a plurality of differently-sized flow restrictors coupled in parallel. A
wide range of flow rates may be verified via selection of a flow path through one of the flow restrictors based on an MFC's set point.
Mass flow rates may be determined via pressure and temperature measurements upstream of the flow restrictors under choked flow
conditions. Methods of veritying a mass flow rate based on choked flow principles are also provided, as are other aspects.
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METHODS, SYSTEMS, AND APPARATUS FOR MASS
FLOW VERIFICATION BASED ON CHOKED FLOW

RELATED APPLICATION

[0001] This claims priority to U.S. Patent Application
No. 15/194,360, filed June 27, 2016, titled “METHODS,
SYSTEMS, AND APPARATUS FOR MASS FLOW VERIFICATION BASED ON
CHOKED FLOW” (Attorney Docket No. 24152/USA), which is
hereby incorporated herein by reference in its entirety for

all purposes.

FIELD

[0002] This disclosure relates to electronic device
manufacturing and, more particularly, to verifying mass flow

rates of mass flow controllers based on choked flow

principles.

BACKGROUND

[0003] Electronic device manufacturing systems may
include one or more mass flow controllers (MFCs). MFCs

control the mass flow rates of process chemistries used in
the manufacture of electronic devices. Process chemistries
may include various gases (e.g., cleaning, deposition, and
etchant gases) that are delivered to one or more process
chambers in which electronic circuits may be fabricated on
semiconductor wafers, glass plates, or the like. Precise
mass flow control of process chemistries may be used in one
or more steps of an electronic device’s fabrication process.
Precise mass flow control provided by MFCs may contribute to
high yield production of electronic devices having

microscopically small dimensions.
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[0004] To ensure that process chemistries are delivered
accurately, verification and calibration of MFC’s may be
performed periodically. However, verifying and calibrating
MFCs may involve additional bulky and expensive equipment
that may be time-consuming and inefficient to use, may be
limited to low mass flow rate ranges (e.g., up to only 3000
sccm (standard cubic centimeter per minute) nitrogen
equivalent), may result in notable process downtime, and/or
may not be sufficiently accurate to ensure precise mass flow

control of process chemistries.
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SUMMARY
[0005] According to a first aspect, a mass flow
verification system is provided. The mass flow verification

system comprises an inlet; a first pressure sensor and a
temperature sensor each coupled downstream of the inlet; a
plurality of isolation valves coupled downstream of the
inlet; a plurality of differently-sized flow restrictors
coupled in parallel and downstream of the inlet, each one of
the plurality of differently-sized flow restrictors coupled
in series with the inlet and a respective one of the
plurality of isolation valves; an outlet coupled downstream
of and in series with each one of the plurality of
differently-sized flow restrictors; and a controller coupled
to the first pressure sensor, the temperature sensor, and
the plurality of isolation valves, wherein the controller is
configured to determine a mass flow rate in response to a
temperature measured by the temperature sensor under a
choked flow condition and a first pressure measured by the

first pressure sensor under the choked flow condition.

[0006] According to a second aspect, an electronic device
manufacturing system 1s provided. The electronic device
manufacturing system comprises a mass flow controller; a
mass flow verification system having an inlet and an outlet,
the inlet coupled to the mass flow controller; a controller;
and a process chamber coupled to a flow path coupled to the
mass flow controller and configured to receive one or more
process chemistries via the mass flow controller. The mass
flow verification system comprises a plurality of isolation
valves coupled downstream of the inlet, and a plurality of
differently-sized flow restrictors coupled in parallel and
downstream of the inlet, each one of the plurality of

differently-sized flow restrictors coupled in series with
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the inlet, a respective one of the plurality of isolation
valves, and the outlet. The controller is coupled to the
plurality of isolation valves and i1s configured to receive a
pressure measurement and a temperature measurement upstream
of the plurality of differently-sized flow restrictors under
a choked flow condition through only one of the plurality of
isolation valves. The controller is also configured to
determine a mass flow rate in response to receiving the

pressure measurement and the temperature measurement.

[0007] According to a third aspect, a method of verifying
a mass flow rate is provided. The method comprises causing
a gas to flow through only one of a plurality of
differently-sized flow restrictors during a choked flow
condition; measuring a pressure upstream of the one of the
plurality of differently-sized flow restrictors to obtain a
measured pressure value during the choked flow condition;
measuring a temperature upstream of the one of the plurality
of differently-sized flow restrictors to obtain a measured
temperature value during the choked flow condition; and
determining a mass flow rate by applying a predetermined
flow restrictor coefficient, a predetermined gas correction
factor, and a predetermined temperature value to the

measured pressure value and the measured temperature value.

[0008] Still other aspects, features, and advantages in
accordance with these and other embodiments of the
disclosure may be readily apparent from the following
detailed description, the appended claims, and the
accompanying drawings. Accordingly, the drawings and
descriptions herein are to be regarded as illustrative in

nature, and not as restrictive.
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BRIEF DESCRIPTION OF DRAWINGS

[0009] The drawings, described below, are for
illustrative purposes only and are not necessarily drawn to
scale. The drawings are not intended to limit the scope of

the disclosure in any way.

[0010] FIG. 1 illustrates a first mass flow verification

system according to embodiments of the disclosure.

[0011] FIG. 2 illustrates a second mass flow verification

system according to embodiments of the disclosure.

[0012] FIG. 3 illustrates a third mass flow verification

system according to embodiments of the disclosure.

[0013] FIG. 3A illustrates a graph of several pressures
during mass flow verification within the third mass flow
verification system according to embodiments of the

disclosure.

[0014] FIG. 4 illustrates a fourth mass flow verification

system according to embodiments of the disclosure.

[0015] FIG. 5 illustrates an electronic device
manufacturing system according to embodiments of the

disclosure.

[0016] FIG. 6 illustrates a method of mass flow

verification according to embodiments of the disclosure.
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DETAILED DESCRIPTION

[0017] Reference will now be made in detail to example
embodiments of the disclosure, which are illustrated in the
accompanying drawings. Wherever possible, the same
reference numbers will be used throughout the drawings to

refer to the same or like parts.

[0018] Electronic devices having microscopically small
dimensions may be produced with process chemistries having
mass flow rate accuracies as high as +/- 1%. Many mass flow
controllers (MFCs) may be specified as such and may meet
those specifications when new, while a small percentage of
MFCs may be specified as such, but may not actually meet
them when new or otherwise. Furthermore, even initially
accurate MFCs may over time experience an accuracy drift in
their mass flow rates that may render them outside of their
specified accuracies. Accordingly, verification and
calibration of MFCs, such as those used in semiconductor
fabrication equipment, may be performed periodically to

ensure that process chemistries are delivered accurately.

[0019] Mass flow verification methods, systems, and
apparatus in accordance with one or more embodiments of the
disclosure are based on choked flow principles for
determining a gas mass flow rate, which may be in units of
“sccm” (standard cubic centimeters per minute) or “slm”
(standard liters per minute). Mass flow verification
methods, systems, and apparatus based on choked flow
principles in accordance with one or more embodiments of the
disclosure may reduce the number of variables needed to
calculate mass flow rate, may result in a smaller
verification equipment footprint, and may be more time

efficient and at least as accurate as, if not more accurate
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than, mass flow verification methods, systems, and apparatus

based on known ROR (pressure rate of rise) principles.

[0020] ROR principles are based on ideal gas law to
correlate a mass flow rate with a measured pressure rate of
rise in a known enclosed volume. The higher the mass flow
rate, the larger (should be) the enclosed volume. ROR
principles may involve a lengthy process (e.g., 10 or more
hours in some cases) of filling an enclosed volume with a
gas and measuring a pressure rate of rise within the
enclosed volume. The enclosed volume may be a process
chamber of a manufacturing system or an external volume.
Uncertainties in the exact volume of a process chamber or
external volume may adversely affect the accuracy of the
results. A process using ROR principles may involve

measurements of pressure, temperature, volume, and time.

[0021] In contrast, non-ROR choked flow measurement may
be almost instantaneous, and calculating a mass flow rate
based on choked flow principles may involve just two

measurements — pressure and temperature.

[0022] According to choked flow principles, the velocity
of a gas flowing through a restrictive pathway (e.g., the
narrowest part of the pathway) initially increases as the
pressure difference across the restriction increases.

Choked flow occurs when the pressure difference becomes
large enough to increase gas flow velocity to the speed of
sound (i.e., sonic velocity) at the restriction, or choke
point. In other words, choked flow occurs at a particular
minimum ratio of pressure upstream of the choke point to
pressure downstream of the choke point. During choked flow,
the velocity of the gas does not increase above the speed of
sound at the choke point no matter how large the pressure

difference becomes. A choke point may be provided by a
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device known as a flow restrictor. Flow restrictors are
available in many different sizes (i.e., the diameter or
cross—sectional area of the orifice or flow path through the

restrictor).

[0023] Mass flow rate (MFR) through a flow restrictor
during choked flow varies linearly with pressure upstream of
the flow restrictor. Mass flow verification in accordance
with one or more embodiments of the disclosure may employ

the following two equations:

[0024] FlowSTD MFR = PCHARACTERIZATION * CFLOWRESTR (1)

[0025] Verified MFR = PMFV * CFLOWRESTR *
(TCHARACTERIZATION/TMFV) * CGAS CORRECTION (2)

[0026] where:

[0027] Equation (1) is used during a characterization

(described below) of each of the differently-sized flow
restrictors used in mass flow verification systems in

accordance with one or more embodiments of the disclosure;

[0028] Equation (2) 1is used during mass flow
verification of an MFC to determine a mass flow rate (i.e.,

Verified MFR);

[0029] temperature and pressure values are in absolute
units (i.e., degrees Kelvin for temperature values and Torr

for pressure values);

[0030] nitrogen may be the gas used to characterize

the differently-sized flow restrictors;

[0031] PCHARACTERIZATION is a measured upstream pressure
of nitrogen flowing at a known mass flow rate (i.e., FlowSTD

MFR) through a given flow restrictor under a choked flow
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condition during characterization of that given flow

restrictor;

[0032] CFLOWRESTR (flow restrictor coefficient) is a
ratio of a known mass flow rate (FlowSTD MFR) over a
measured pressure (PCHARACTERIZATION) for a given flow
restrictor as calculated in Equation 1; wvalues of CFLOWRESTR
for each characterized flow restrictor may be stored in a
memory of a controller configured to control a mass flow
verification system in accordance with one or more
embodiments of the disclosure; CFLOWRESTR is used in

Equation 2 to solve for Verified MFR;

[0033] TCHARACTERIZATION 1s a measured temperature of
nitrogen during characterization of a given flow restrictor;
values of TCHARACTERIZATION for each characterized flow
restrictor may be stored in a memory of a controller
configured to control a mass flow verification system in

accordance with one or more embodiments of the disclosure;

[0034] PMFV is a measured upstream pressure of a
target gas (i.e., the process chemistry whose mass flow rate
is controlled by an MFC being verified) under a choked flow
condition through a given flow restrictor during mass flow
verification, wherein the given flow restrictor should have

been previously characterized;

[0035] TMFV is a measured upstream temperature of the
target gas under the choked flow condition through the given

flow restrictor during mass flow verification; and

[0036] CGAS CORRECTION (gas correction factor) is the
square root of a ratio of the molecular weight of nitrogen
over the molecular weight of the target gas (i.e., the

process chemistry whose mass flow rate is controlled by an

MFC being verified). This factor corrects for differences
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between nitrogen and non-nitrogen gases that may be flowed
during mass flow verification, and values of CGAS CORRECTION
for various gases that may be used during mass flow
verification may be stored in a memory of a controller
configured to control a mass flow verification system in

accordance with one or more embodiments of the disclosure.

[0037] Mass flow verification methods, systems, and
apparatus in accordance with one or more embodiments of the
disclosure may use a plurality of differently-sized flow
restrictors coupled in parallel to induce choked flow for a
mass flow rate range of an MFC used in a gas delivery
apparatus of an electronic device manufacturing system.
Choked flow conditions may be created by maintaining a
minimum upstream/downstream pressure ratio across the
plurality of differently-sized flow restrictors. The
minimum upstream/downstream pressure ratio that induces
choked flow may be known or can be determined for each of
the gases used in electronic device manufacturing. The
number of differently-sized flow restrictors is determined
by the range of mass flow rates to be verified; the wider
the flow rate range, the more differently-sized flow
restrictors may be included. Embodiments of the methods,
systems, and apparatus described herein can be expanded to
accommodate various mass flow rate ranges used in electronic

device manufacturing.

[0038] FEach differently-sized flow restrictor may be
characterized via a test setup to measure a resulting
upstream pressure during a choked flow condition for one or
more mass flow rates to be verified. This may ensure that
an upstream pressure of a particular flow restrictor that
may be used in a mass flow verification system in accordance

with embodiments of the disclosure does not starve an MFC to
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be verified. That is, in order to function properly, an MFC
should have a certain pressure differential thereacross. If
an upstream pressure resulting from a particular mass flow
rate through a particular flow restrictor causes an
insufficient pressure differential across an MFC, then that
flow restrictor cannot be used to verify that MFC at that
mass flow rate. Thus, embodiments of the disclosure employ
a plurality of differently-sized flow restrictors coupled in
parallel such that an appropriate flow restrictor can be
selected to provide a choked flow path without starving the
MFC to be verified.

[0039] A test setup for characterizing flow restrictors
may include a precision MFC coupled to an inlet of a flow
path having an upstream pressure sensor (e.g., a manometer),
an upstream temperature sensor, a flow restrictor to be
characterized, and a downstream pressure sensor (e.g., a
manometer) coupled in series. The outlet of the flow path
may be coupled to a vacuum pump to create a base vacuum
pressure at the outlet, which may be, e.g., 5 Torr (other
base vacuum pressures may be used). Once the base vacuum
pressure 1s established, the precision MFC can be set to a
particular mass flow rate (referred to herein as a set
point) and nitrogen can be flowed through the flow path.
Measurement of upstream and downstream pressures can then be
made to ensure that the minimum upstream/downstream pressure
ratio exists to induce choked flow through the flow
restrictor and that the upstream pressure does not starve

the MFC.

[0040] The following are example results of characterized
100-micron, 400-micron, and 800-micron flow restrictors each
having nitrogen flowed there through at a base vacuum

pressure of 5 Torr for the mass flow rate ranges shown:
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[0041] 100 micron flow restrictor

[0042] A) mass flow rate = 5 sccm

[0043] upstream pressure = 71.4 Torr
[0044] downstream pressure = 5.0 Torr
[0045] B) mass flow rate = 45 sccm

[0046] upstream pressure = 621.5 Torr
[0047] downstream pressure = 5.0 Torr
[0048] 400 micron flow restrictor

[0049] A) mass flow rate = 30 sccm

[0050] upstream pressure = 26.2 Torr
[0051] downstream pressure = 5.0 Torr
[0052] B) mass flow rate = 700 sccm

[0053] upstream pressure = 600.6 Torr
[0054] downstream pressure = 5.7 Torr
[0055] 800 micron flow restrictor

[0056] A} mass flow rate = 400 sccm

[0057] upstream pressure = 86.1 Torr
[0058] downstream pressure = 5.2 Torr
[0059] B) mass flow rate = 3000 sccm

[0060] upstream pressure = 648.1 Torr
[0061] downstream pressure = 12.7 Torr
[0062] The results for each characterized flow restrictor

may be stored in a memory of a controller controlling the
mass flow verification system. These results may allow the

controller to select an appropriately-sized flow restrictor

- 12 -
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to be used to verify a mass flow rate of an MFC during a

choked flow condition without starving the MFC.

[0063] Further details of example embodiments
illustrating and describing the various aspects above, as
well as other aspects including methods of verifying a mass
flow rate, will be explained in greater detail below in

connection with FIGS. 1-6.

[0064] Mass flow verification methods, systems, and
apparatus in accordance with one or more embodiments of the
disclosure may include reduced-pressure (i.e., vacuum-based)
applications employing, e.g., mass flow verification systems
100 and 200, and atmospheric (i.e., ambient pressure based)
applications employing, e.g., mass flow verification systems

300 and 400, as now described.

[0065] FIG. 1 illustrates a mass flow verification system
100 in accordance with one or more embodiments. Mass flow
verification system 100 may be used in low—-flow reduced-
pressure applications. In some embodiments, low flow
applications may include mass flow rates up to about 2500

sccm, for example.

[0066] A mass flow controller (MFC) 99 may be coupled to
mass flow verification system 100 at inlet 102 of mass flow
verification system 100. In some embodiments, MEFC 99 may
represent a plurality of MFCs coupled to inlet 102 via a
common manifold or header having a common outlet, wherein
MFC 99 as described below may represent the one MFC of the
plurality of MFCs to be verified (i.e., the only MFC of the
plurality of MFCs flowing gas during verification). MFC 99
may be a part of, or coupled to, a gas delivery apparatus of
an electronic device manufacturing system. MFC 99 may be
configured to flow a gas at one or more specified mass flow

rates (i.e., one or more set points) to one or more process
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chambers of the electronic device manufacturing system.
Mass flow verification system 100 is configured to verify
one or more of the specified mass flow rates of MFC 99 based

on choked flow principles.

[0067] Mass flow verification system 100 may include a
plurality of isolation valves 103-110, a temperature sensor
111, a plurality of pressure sensors 112-115, a plurality of
differently-sized flow restrictors 116-120, a gas
temperature acclamation accelerator 121, and an outlet 122.
Qutlet 122 may be coupled to a foreline (i.e., a vacuum line
to a system vacuum pump) of the electronic device
manufacturing system to establish a base vacuum pressure at

outlet 122.

[0068] The plurality of isolation valves 103-110 may be
coupled downstream of inlet 102. Isolation wvalves 103 and
105 may be part of a bypass flow path 123 coupled between
inlet 102 and outlet 122 that bypasses the plurality of
differently-sized flow restrictors 116-120. Isolation
valves 103 and 105 and bypass flow path 123 may enable
pumping and purging of mass flow verification system 100
after measurement of hazardous gases that may be provided by
gas delivery apparatus via MFC 99. Isolation valve 104 may
be a main verification system valve. Isolation valves 103-
110 may each be any suitable electronically-controllable
isolation valve capable of stopping gas flow there through
across a range of pressures provided by the gas delivery
apparatus and the electronic device manufacturing system to
which mass flow verification system 100 is connected and by
the choked flow conditions created within mass flow

verification system 100.

[0069] The plurality of differently-sized flow

restrictors 116-120 are coupled in parallel and downstream
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of inlet 102. Each of the differently-sized flow
restrictors 116-120 may be configured for a different
maximum flow rate there through (which may be referred to as
“conductance”) than the other differently-sized flow
restrictors 116-120. For example, in some embodiments, flow
restrictor 116 may have the highest flow rate there through,
while flow restrictor 117 may have a high flow rate there
through, but less than flow restrictor 116. Flow restrictor
118 may have a medium flow rate there through (i.e., less
than flow restrictors 116 and 117), while flow restrictor
119 may have a low flow rate there through (i.e., less than
each of flow restrictors 116-118). And flow restrictor 120
may have the lowest flow rate there through (i.e., less than
each of flow restrictors 116-119). In some embodiments, the
highest flow rate may be about 5000 sccm and the lowest flow
rate may be about 5 sccm, for example. In some embodiments,
the differently-sized flow restrictors 116-120 may be
precision flow restrictors. In other embodiments, standard

flow restrictors may be used.

[0070] As shown in FIG. 1, each one of the differently-
sized flow restrictors 116-120 is coupled in series with
inlet 102 and a respective one of isolation valves 106-110.
That 1is, flow restrictor 116 is coupled in series with
isolation valve 106, flow restrictor 117 is coupled in
series with isolation valve 107, flow restrictor 118 is
coupled in series with isolation valve 108, flow restrictor
119 is coupled in series with isolation valve 109, and flow
restrictor 120 is coupled in series with isolation wvalve
110. In some embodiments as shown, the differently-sized
flow restrictors 116-120 are coupled upstream of their

respective isolation wvalves 106-110.
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[0071] In other embodiments, the number of differently-
sized flow restrictors and their respective series-coupled
isolation valve may be more or less than that shown,
depending on the range of mass flow rates to be verified by
mass flow verification system 100. The greater the range of
mass flow rates to be verified, the larger the number of
series—connected differently-sized flow restrictor/isolation

valve pairs.

[0072] Temperature sensor 111 and pressure sensors 112
and 113 may each be coupled downstream of inlet 102 and
upstream of differently-sized flow restrictors 116-120.
Pressure sensors 114 and 115 may be coupled downstream of
flow restrictor 116 (i.e., the flow restrictor having the
highest flow rate). Temperature sensor 111 may be a
thermocouple, and each of pressure sensors 112-115 may be a
manometer. In some embodiments, temperature sensor 111 may
include more than one thermocouple, and one or more of
pressure sensors 112-115 may include more than one
manometer. In some embodiments, pressure sensors 112 and
115 may each be a 100 Torr manometer, pressure sensor 113
may be a 1000 Torr manometer, and pressure sensor 114 may a
10 Torr manometer. Other embodiments may have pressure
sensors of other Torr values. Furthermore, some embodiments
may have only one of pressure sensors 112 and 113 and only
one of pressure sensors 114 and 115, depending on the range

of mass flow rates to be verified by mass flow verification

system 100.
[0073] The gas temperature acclamation accelerator 121
may be coupled upstream of temperature sensor 111. The gas

temperature acclamation accelerator 121 may be used to
ensure uniform gas temperature distribution upstream of the

flow restrictors 116-120, which may improve the accuracy of
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mass flow verification system 100. The gas temperature
acclamation accelerator 121 may be an inactive structure
that includes a porous mesh material having an optimum

amount of surface area that may result in negligible, if

any, pressure drop there through.

[0074] Mass flow verification system 100 may further
include a controller 124. Controller 124 may control the
operation of and be electronically (or otherwise) coupled to
isolation valves 103-110, temperature sensor 111, and
pressure sensors 112-115. Controller 124 may be, e.g., a
general purpose computer and/or may include a microprocessor
or other suitable computer processor or CPU (central
processing unit) capable of executing computer readable
instructions/software routines. Controller 124 may include
a memory for storing data and computer readable
instructions/software routines executable thereon. Flow
restrictor characterization data may be stored in the memory

of controller 124.

[0075] Controller 124 may be configured via user input
commands and the stored computer readable
instructions/software routines to set a set point for MFC
99, select a flow path through one of the differently-sized
flow restrictors 116-120, control the opening and closing of
each of the isolation valves 103-110, record and process
temperature and pressure measurements via temperature sensor
111 and pressure sensors 112-115, and determine mass flow
rates based on the recorded temperature and pressure
measurements and Equation 2, as described herein.

Controller 124 may also be configured to control other
aspects of mass flow verification system 100, including,
e.g., input/output peripherals, power supplies, clock

circuits, and/or the like.



WO 2018/004856 PCT/US2017/033073

[0076] In some embodiments, controller 124 may not be
included in mass flow verification system 100. Instead,
controller 124 may be, e.g., a system controller of an
electronic device manufacturing system to which mass flow
verification system 100 is connected. Data and computer
readable instructions/software routines configured to
operate mass flow verification system 100 for verifying mass
flow rates as described herein may be stored on a non-
transitory computer-readable medium, such as, e.g., a
removable storage disk or device. The data and computer
readable instructions/software routines may be transferred
from the non-transitory computer-readable medium to the

system controller to perform mass flow verification.

[0077] Mass flow verification system 100 may be operated
by setting MFC 99 via controller 124 to a desired mass flow
rate (i.e., a desired set point) to be verified and then
flowing a gas through the highest flow pathway (i.e.,
through flow restrictor 116) wvia controller 124, which may
connect the highest flow pathway to MFC 99 by closing
isolation valves 105 and 107-110 and opening isolation
valves 103 and 104 (for flow through main flow path 101) and
isolation valve 106 (for flow through flow restrictor 116).
Pressure measurements may be recorded by controller 124 via
one of downstream pressure sensors 114 or 115 (this may
depend on the base vacuum pressure set at outlet 122 via a
system vacuum pump connected thereto and on the pressure
ratings of pressure sensors 114 and 115 - note that in some
embodiments, as described above, 10 Torr may be the maximum
pressure measurable by pressure sensor 114, while 1000 Torr
may be the maximum pressure measurable by pressure sensor
113). Similarly, pressure measurements may be recorded by

controller 124 via pressure sensor 112 or 113. Controller
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124 may then determine whether the minimum
upstream/downstream pressure ratio for inducing choked flow
is present. In some embodiments, this may occur when
upstream pressure 1s greater than twice the downstream

pressure.

[0078] Because isolation valves 106-110 are downstream of
the differently-sized flow restrictors 116-120, the highest
flow pathway should be initially selected first to measure
downstream pressure to confirm choked flow. Furthermore,
pressure sensors 114 and 115 may only be coupled to the
highest flow pathway, because coupling similar pairs of
pressure sensors downstream of each of the differently-sized

flow restrictors 116-120 may be cost prohibitive.

[0079] In response to determining that a minimum
upstream/downstream pressure ratio for choked flow is
present (i.e., establishing that a choked flow condition
exists), controller 124 may select an appropriate one of the
differently-sized flow restrictors 116-120 based on stored
characterization data (by opening and closing corresponding
isolation valves 103-110) to verify a set point of MFC 99.
The selected flow restrictor is one that maintains choked
flow there through at the set point of MFC 99 to be verified
without the resulting upstream pressure of that flow
restrictor causing MFC 99 to starve (as determined during
characterization). Upstream temperature and pressure
measurements may then be made via temperature sensor 111 and
one of pressure sensors 112 or 113. Controller 124 may
determine a mass flow rate using Equation 2. This process
may be repeated for verifying other mass flow rates of MFC
99. 1If a determined mass flow rate is found to be outside
of MFC 99’s specified accuracy, MFC 99 may be adjusted (if

possible) or replaced.
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[0080] FIG. 2 illustrates another mass flow verification
system 200 in accordance with one or more embodiments. Mass
flow verification system 200 may be used in high-flow
reduced-pressure applications (i.e., vacuum-based
applications). In some embodiments, high flow applications
may include mass flow rates up to about 50 slm, for example,
while in other embodiments, no upper mass flow rate
limitation may apply. Alternatively, mass flow verification
system 200 may also be used in low-flow reduced-pressure

applications.

[0081] A mass flow controller (MFC) 99B may be coupled to
mass flow verification system 200 at inlet 202 of mass flow
verification system 200. In some embodiments, MFC 99B may
represent a plurality of MFCs coupled to inlet 202 via a
common manifold or header having a common outlet, wherein
MFC 99B as described below may represent the one MFC of the
plurality of MFCs to be verified (i.e., the only MFC of the
plurality of MFCs flowing gas during verification). MFC 99B
may be a part of, or coupled to, a gas delivery apparatus of
an electronic device manufacturing system. MFC 99B may be
configured to flow a gas at one or more specified mass flow
rates (i.e., one or more set points) to one or more process
chambers of the electronic device manufacturing system.

Mass flow verification system 200 is configured to verify
one or more of the specified mass flow rates of MFC 99B

based on choked flow principles.

[0082] Mass flow verification system 200 may include a
plurality of isolation valves 203-210 and 226-230, a
temperature sensor 211, pressure sensors 212 and 214, a
plurality of differently-sized flow restrictors 216-220, a
gas temperature acclamation accelerator 221, and an outlet

222. Outlet 222 may be coupled to a foreline (i.e., a
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vacuum line to a system vacuum pump) of the electronic
device manufacturing system to establish a base vacuum

pressure at outlet 222.

[0083] The plurality of isolation valves 203-210 and 226-—
230 may be coupled downstream of inlet 102. 1Isolation
valves 203 and 205 may be part of a bypass flow path 223
coupled between inlet 202 and outlet 222 that bypasses the
plurality of differently-sized flow restrictors 216-220.
Isolation valves 203 and 205 and bypass flow path 223 may
enable pumping and purging of mass flow verification system
200 after measurement of hazardous gases that may be
provided by gas delivery apparatus via MFC 99B. Isolation
valve 204 may be a main verification system valve.

Isolation valves 203-210 and 226-230 may each be any
suitable electronically-controllable isolation valve capable
of stopping gas flow there through across a range of
pressures provided by the gas delivery apparatus and the
electronic device manufacturing system to which mass flow
verification system 200 is connected and by the choked flow

conditions within mass flow verification system 200.

[0084] The plurality of differently-sized flow
restrictors 216-220 are coupled in parallel and downstream
of inlet 202. Each of the differently-sized flow
restrictors 216-220 is configured to allow a different
maximum flow rate there through than the other differently-
sized flow restrictors 216-220. In some embodiments, for
example, flow restrictor 216 may have the highest flow rate
there through, while flow restrictor 217 may have a high
flow rate there through, but less than flow restrictor 216.
Flow restrictor 218 may have a medium flow rate there
through (i.e., less than flow restrictors 216 and 217),

while flow restrictor 219 may have a low flow rate there
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through (i.e., less than each of flow restrictors 216-218).
And flow restrictor 220 may have the lowest flow rate there
through (i.e., less than each of flow restrictors 216-219).
In some embodiments, the differently-sized flow restrictors
216-220 may be precision flow restrictors. 1In other

embodiments, standard flow restrictors may be used.

[0085] As shown in FIG. 2, each one of the differently-
sized flow restrictors 216-220 is coupled in series with
inlet 202 and a respective one of isolation valves 206-210.
That 1is, flow restrictor 216 1is coupled in series with
isolation valve 206, flow restrictor 217 is coupled in
series with isolation valve 207, flow restrictor 218 is
coupled in series with isolation valve 208, flow restrictor
219 is coupled in series with isolation valve 209, and flow
restrictor 220 is coupled in series with isolation wvalve
210. In some embodiments as shown, the differently-sized
flow restrictors 216-220 are coupled downstream of their

respective isolation wvalves 206-210.

[0086] In other embodiments, the number of differently-
sized flow restrictors and their respective series-coupled
isolation valve may be more or less than that shown
depending on the range of mass flow rates to be verified by
mass flow verification system 200. The greater the range of
mass flow rates to be verified, the larger the number of
series—connected differently-sized flow restrictor/isolation

valve pairs.

[0087] Temperature sensor 211 and pressure sensor 212 may
each be coupled downstream of inlet 202 and upstream of the

differently-sized flow restrictors 216-220. Pressure sensor
214 may be coupled downstream of the differently-sized flow

restrictors 216-220. As shown in FIG. 2, each one of the

sub-plurality of isolation valves 226-230 has a respective

- 22 -



WO 2018/004856 PCT/US2017/033073

first port 236-239 (except isolation valve 230 which shares
first port 239 with isolation wvalve 229) coupled to
temperature sensor 211 and to pressure sensor 212. Each one
of the sub-plurality of isolation valves 226-230 also has a
second port coupled between a respective one of the
differently-sized flow restrictors 216-220 and a respective
one of isolation valves 206-210. That is, 1isolation wvalve
226 has a second port 246 coupled between flow restrictor
216 and isolation wvalve 206, isolation wvalve 227 has a
second port 247 coupled between flow restrictor 217 and
isolation valve 207, isolation valve 228 has a second port
248 coupled between flow restrictor 218 and isolation valve
208, isolation valve 229 has a second port 249 coupled
between flow restrictor 219 and isolation valve 209, and
isolation valve 230 has a second port 250 coupled between

flow restrictor 220 and isolation wvalwve 210.

[0088] In some embodiments, the sub-plurality of
isolation valves 226-230 may each be a suitable mini-valve
configured to allow temperature sensor 211 and pressure
sensor 212 to accurately measure temperature and pressure,
respectively, upstream of each one of the differently-sized
flow restrictors 216-220 when its corresponding isolation

valve 226-230 1is open.

[0089] Temperature sensor 211 may be a thermocouple, and
pressure sensors 212 and 214 may each be a manometer. In
some embodiments, temperature sensor 211 may include more
than one thermocouple, and pressure sensor 212 and/or 214
may include more than one manometer. In some embodiments,
pressure sensor 212 may be a 1000 Torr manometer, and
pressure sensor 214 may a 10 Torr manometer. Other
embodiments may have pressure sensors of other Torr values

and/or may have more than two pressure sensors, depending on
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the range of mass flow rates to be verified by mass flow

verification system 200.

[0090] The gas temperature acclamation accelerator 221
may be coupled upstream of temperature sensor 211. The gas
temperature acclamation accelerator 221 may be used to
ensure uniform gas temperature distribution upstream of the
flow restrictors 216-220, which may improve the accuracy of
mass flow verification system 200. The gas temperature
acclamation accelerator 221 may be an inactive structure
that includes a porous mesh material having an optimum
amount of surface area that may result in negligible, if

any, pressure drop there through.

[0091] Mass flow verification system 200 may further
include a controller 224. Controller 224 may control the
operation of and be electronically (or otherwise) coupled to
isolation valves 203-210 and 226-230, temperature sensor
211, and pressure sensors 212 and 214. Controller 224 may
be, e.g., a general purpose computer and/or may include a
microprocessor or other suitable computer processor or CPU
(central processing unit) capable of executing computer
readable instructions/software routines. Controller 224 may
include a memory for storing data and computer readable
instructions/software routines executable thereon. Flow
restrictor characterization data may be stored in the memory

of controller 224.

[0092] Controller 224 may be configured via user input
commands and the stored computer readable
instructions/software routines to set a set point for MFC
99B, select a flow path through one of the differently-sized
flow restrictors 216-220, control the opening and closing of
each of the isolation wvalves 203-210 and 226-230, record and

process temperature and pressure measurements via

_24_



WO 2018/004856 PCT/US2017/033073

temperature sensor 211 and pressure sensors 212 and 214, and
determine mass flow rates based on the recorded temperature
and pressure measurements and Equation 2, as described
herein. Controller 224 may also be configured to control
other aspects of mass flow verification system 200,
including, e.g., input/output peripherals, power supplies,

clock circuits, and/or the like.

[0093] In some embodiments, controller 224 may not be
included in mass flow verification system 200. Instead,
controller 224 may be, e.g., a system controller of an
electronic device manufacturing system to which mass flow
verification system 200 is connected. Data and computer
readable instructions/software routines configured to
operate mass flow verification system 200 for verifying mass
flow rates as described herein may be stored on a non-
transitory computer-readable medium, such as, e.g., a
removable storage disk or device. The data and computer
readable instructions/software routines may be transferred
from the non-transitory computer-readable medium to the

system controller to perform mass flow verification.

[0094] Mass flow verification system 200 may be operated
by setting MFC 99B via controller 224 to a desired mass flow
rate (i.e., a desired set point) to be verified, selecting
via controller 224 an appropriate flow path through one of
differently-sized flow restrictors 216-220 based on stored
characterization data (wherein controller 224 opens and
closes the appropriate isolation valves 203-210 and 226-
230), taking downstream pressure measurements via pressure
sensor 214 (to confirm choked flow) and upstream temperature
and pressure measurements via temperature sensor 211 and
pressure sensor 212, and determining via controller 224 a

mass flow rate using Equation 2. This process may be
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repeated for verifying other mass flow rates of MFC 99B. If
a determined mass flow rate is found to be outside of MFC
99B’' s specified accuracy, MFC 99B may be adjusted (if
possible) or replaced. Note that unlike mass flow
verification system 100, flowing gas through the highest
flow path first is not done in mass flow verification system
200 because pressure sensor 214 is coupled such that
downstream pressure may be directly measured at each of

differently-sized flow restrictors 216-220.

[0095] FIG. 3 illustrates another mass flow verification
system 300 in accordance with one or more embodiments. Mass
flow verification system 300 may be used in atmospheric
applications (i.e., non-vacuum applications) and,
alternatively, may be also in reduced-pressure applications,

as described further below.

[0096] A mass flow controller (MFC) 99C may be coupled to
mass flow verification system 300 at inlet 302 of mass flow
verification system 300. In some embodiments, MFC 99C may
represent a plurality of MFCs coupled to inlet 302 via a
common manifold or header having a common outlet, wherein
MFC 99C as described below may represent the one MFC of the
plurality of MFCs to be verified (i.e., the only MFC of the
plurality of MFCs flowing gas during verification). MFC 99C
may be a part of, or coupled to, a gas delivery apparatus of
an electronic device manufacturing system. MFC 99C may be
configured to flow a gas at one or more specified mass flow
rates (i.e., one or more set points) to one or more process
chambers of the electronic device manufacturing system.

Mass flow verification system 300 is configured to verify
one or more of the specified mass flow rates of MFC 99C

based on choked flow principles.
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[0097] Mass flow verification system 300 may include a
plurality of isolation valves 303-310, 331, and 333; a
temperature sensor 311; pressure sensors 312 and 314, a
plurality of differently-sized flow restrictors 316-320, a
gas temperature acclamation accelerator 321, an outlet 322,
a dead-end tank 325, a vacuum pump 332, and an input port

334.

[0098] Input port 334 may be coupled to a source of CDA
(clean dry air) or nitrogen. Vacuum pump 332 may be, e.g.,
a venturi vacuum generator, and may have an exhaust port 335
that may be coupled to an abatement system of an electronic
device manufacturing system or other suitable apparatus for
receiving discharged gases. Dead-end tank 325 may have a
volume of, e.g., about 25 liters. Dead-end tank 325 may

have other volumes in other embodiments.

[0099] The plurality of isolation valves 303-310, 331,
and 333 may be coupled downstream of inlet 302. Isolation
valves 303 and 305 may be part of a bypass flow path 323
coupled between inlet 302 and outlet 322 that bypasses the
plurality of differently-sized flow restrictors 316-320.
Isolation valve 304 may be a main verification system valve.
Isolation valves 303-310, 331, and 333 may be any suitable
electronically-controllable isolation valve capable of
stopping gas flow there through across a range of pressures
created by vacuum pump 332 and the choked flow conditions

within mass flow verification system 300.

[00100] The plurality of differently-sized flow
restrictors 316-320 are coupled in parallel and downstream
of inlet 302. Each of the differently-sized flow
restrictors 316-320 is configured to allow a different
maximum flow rate there through than the other differently-

sized flow restrictors 316-320. In some embodiments, for
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example, flow restrictor 316 may have the highest flow rate
there through, while flow restrictor 317 may have a high
flow rate there through, but less than flow restrictor 316.
Flow restrictor 318 may have a medium flow rate there
through (i.e., less than flow restrictors 316 and 317),
while flow restrictor 319 may have a low flow rate there
through (i.e., less than each of flow restrictors 316-318).
And flow restrictor 320 may have the lowest flow rate there
through (i.e., less than each of flow restrictors 316-319).
In some embodiments, the differently-sized flow restrictors
316-320 may be precision flow restrictors. In other

embodiments, standard flow restrictors may be used.

[00101] As shown in FIG. 3, each one of the differently-
sized flow restrictors 316-320 is coupled in series with
inlet 302 and a respective one of isolation valves 306-310.
That is, flow restrictor 316 is coupled in series with
isolation valve 306, flow restrictor 317 is coupled in
series with isolation valve 307, flow restrictor 318 is
coupled in series with isolation valve 308, flow restrictor
319 is coupled in series with isolation valve 309, and flow
restrictor 320 is coupled in series with isolation wvalve
310. In some embodiments as shown, the differently-sized
flow restrictors 316-320 are coupled downstream of their

respective isolation valves 306-310.

[00102] In other embodiments, the number of differently-
sized flow restrictors and their respective series-coupled
isolation valve may be more or less than that shown
depending on the range of mass flow rates to be verified by
mass flow verification system 300. The greater the range of
mass flow rates to be verified, the larger the number of
series—connected differently-sized flow restrictor/isolation

valve pairs.
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[00103] Temperature sensor 311 and pressure sensor 312 may
each be coupled downstream of inlet 302 and upstream of flow
restrictors 316-320. Pressure sensor 314 may be coupled
downstream of flow restrictors 316-320 and in particular to
dead-end tank 325. Temperature sensor 311 may be a
thermocouple, and pressure sensors 312 and 314 may each be a
manometer. In some embodiments, temperature sensor 311 may
include more than one thermocouple, and pressure sensor 312
and/or 314 may include more than one manometer. In some
embodiments, pressure sensor 312 may be a 1000 Torr
manometer, and pressure sensor 314 may a 10 Torr manometer.
Other embodiments may have pressure sensors of other Torr
values and/or may have more than two pressure sensors,
depending on the range of mass flow rates to be verified by
mass flow verification system 300 and the base wvacuum

pressure established by vacuum pump 332.

[00104] The gas temperature acclamation accelerator 321
may be coupled upstream of temperature sensor 311. The gas
temperature acclamation accelerator 321 may be used to
ensure uniform gas temperature distribution upstream of the
flow restrictors 316-320, which may improve the accuracy of
mass flow verification system 300. The gas temperature
acclamation accelerator 321 may be an inactive structure
that includes a porous mesh material having an optimum
amount of surface area that may result in negligible, if

any, pressure drop there through.

[00105] As shown in FIG. 3, dead-end tank 325 is coupled
to outlet 322 and downstream of and in series with each one
of the differently-sized flow restrictors 316-320. Vacuum
pump 332 1s coupled downstream of dead-end tank 325 and in
series between dead-end tank 325 and input port 334. The

dead-end tank 325, vacuum pump 332, and isolation wvalves 331
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and 333 have been included in mass flow verification system
300 to create choked flow conditions across flow restrictors
316-320 for a sufficient period of time during which mass
flow verification may be performed, as described further

below.

[00106] Mass flow verification system 300 may further
include a controller 324. Controller 324 may control the
operation of and be electronically (or otherwise) coupled to
isolation wvalves 303-310, 331, and 333, temperature sensor
311, pressure sensors 312 and 314, and vacuum pump 332.
Controller 324 may be, e.g., a general purpose computer
and/or may include a microprocessor or other suitable
computer processor or CPU (central processing unit) capable
of executing computer readable instructions/software
routines. Controller 324 may include a memory for storing
data and computer readable instructions/software routines
executable thereon. Flow restrictor characterization data

may be stored in the memory of controller 324.

[00107] Controller 324 may be configured via user input
commands and the stored computer readable
instructions/software routines to set a set point for MFC
99C, select a flow path through one of the differently-sized
flow restrictors 316-320, control the opening and closing of
each of the isolation wvalves 303-310, 331, and 333, set a
base vacuum pressure via vacuum pump 332, record and process
temperature and pressure measurements via temperature sensor
311 and pressure sensors 312 and 314, and determine mass
flow rates based on the recorded temperature and pressure
measurements and Equation 2, as described herein.

Controller 324 may also be configured to control other

aspects of mass flow verification system 300, including,
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e.g., input/output peripherals, power supplies, clock

circuits, and/or the like.

[00108] In some embodiments, controller 324 may not be
included in mass flow verification system 300. Instead,
controller 324 may be, e.g., a system controller of an
electronic device manufacturing system to which mass flow
verification system 300 is connected. Data and computer
readable instructions/software routines configured to
operate mass flow verification system 300 for verifying mass
flow rates as described herein may be stored on a non-
transitory computer-readable medium, such as, e.g., a
removable storage disk or device. The data and computer
readable instructions/software routines may be transferred
from the non-transitory computer-readable medium to the

system controller to perform mass flow verification.

[00109] Prior to mass flow verification, MFC 99C may be
set to a zero set point (that is, no flow there through),
isolation valves 304, any one of 306-310, 331, and 333 may
be opened, and vacuum pump 332 may be operated to create a
base vacuum pressure in dead-end tank 325 and at outlet 322
sufficient to create choked flow conditions across
differently-sized flow restrictors 316-320 during mass flow
verification. The base vacuum pressure may range in some
embodiments from 200 Torr to 1 Torr, and once achieved,

isolation valves 331 and 333 may be closed.

[00110] In response to establishment of a base vacuum
pressure, mass flow verification system 300 may be operated
by setting MFC 99C wvia controller 324 to a desired mass flow
rate (i.e., a desired set point) to be verified, selecting
via controller 324 an appropriate flow path through one of
differently-sized flow restrictors 316-320 based on stored

characterization data (wherein controller 324 opens and
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closes the appropriate isolation valves 303-310), measuring
downstream pressure via pressure sensor 314 (to measure the
base vacuum pressure) and measuring upstream temperature and
pressure via temperature sensor 311 and pressure sensor 312.
Note that the base vacuum pressure initially established in
dead-end tank 325 and at outlet 322 may be temporary as gas
flows through the selected flow path into dead—-end tank 325.
Thus, the choked flow condition across the flow restrictor
in the selected flow path may also be temporary and,
accordingly, the measurements of temperature and pressure
should be made during the time that choked flow is

maintained.

[00111] FIG. 3A illustrates a graph 300A of pressure
versus time in mass flow verification system 300 in
accordance with one or more embodiments of the disclosure.
Pressure curve 38l represents a pressure measured by
downstream pressure sensor 314 at dead-end tank 325, and
pressure curve 382 represents a pressure measured by
upstream pressure sensor 312. Shortly after gas begins
flowing through MFC 99C (i.e., at about 1 sec), the vacuum
pressure in dead-end tank 325 begins to steadily rise, as
shown by pressure curve 381l. Pressure measured by upstream
pressure sensor 312 also rises, but then remains constant
for about 4.5 seconds, in some embodiments, before rising
again, as shown by pressure curve 382. Choked flow occurs
during this constant pressure choked flow duration 383.
Accordingly, upstream temperature and pressure measurements
should be made during this time which, in some embodiments,
is between about 2.0 to 6.5 seconds after initiating gas

flow through MFC 99C.

[00112] Furthermore, because pressure sensor 312 is

coupled upstream of isolation valves 306-310, which are
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upstream of differently-sized flow restrictors 316-320,
pressure measurements made by pressure sensor 312 may not be
the same as those that would have been made directly
upstream of differently-sized flow restrictors 316-320

(i.e., between a flow restrictor and its respective
isolation valve). FIG. 3A also includes a pressure curve
384 that represents a pressure that would be measured
directly upstream of one of flow restrictors 316-320 if a
respective pressure sensor were located between each one of
the differently-sized flow restrictors 316-320 and isolation
valves 306-310. Although the difference between the two
pressures may be small, as indicated by pressure curves 382
and 384 (e.g., about 10 Torr in some embodiments), the
difference may be enough to adversely affect the accuracy of

the determined mass flow rate for verification purposes.

[00113] Therefore, in order to determine an accurate mass
flow rate, the pressure measured by pressure sensor 312 may
be converted to a pressure value that would have been
measured had a pressure sensor been located directly
upstream of the flow restrictor in the selected flow path.
In some embodiments, a suitable model-based computation
algorithm based on known fluid mechanics may be used to
account for the pressure difference between the location of
pressure sensor 312 and locations directly upstream of each

one of differently-sized flow restrictors 316-320.

[00114] The data shown in FIG. 3A may be based on analyses
of an MFC set point of 100 slm of hydrogen ramping up in one
second, a 25 liter dead-end tank with a 2.5 mm orifice and a
0.7 conductance valve, 100 Torr initial base wvacuum
pressure, and pressure downstream of the MFC maintained

under 600 Torr to prevent MFC starvation.
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[00115] In response to measuring the upstream temperature
and converting the measured upstream pressure, controller
324 may determine a mass flow rate using Equation 2. This
process may be repeated for verifying other mass flow rates
of MFC 99C. 1If a determined mass flow rate is found to be
outside of the specified accuracy of MFC 99C, MFC 99C may be

adjusted (if possible) or replaced.

[00116] In some embodiments, mass flow verification system
300 may not include dead-end tank 325, wherein vacuum pump
332 may be directly coupled to outlet 322. In these
embodiments, vacuum pump 332 may be capable of 50 slm or
higher continuous flow, which may be sufficient to maintain

a stable base vacuum pressure during verification.

[00117] FIG. 4 illustrates another mass flow verification
system 400 in accordance with one or more embodiments. Mass
flow verification system 400 may be used in atmospheric
applications (i.e., non-vacuum applications) and,
alternatively, may also be used in reduced-pressure

applications.

[00118] A mass flow controller (MFC) 99D may be coupled to
mass flow verification system 400 at inlet 402 of mass flow
verification system 400. In some embodiments, MFC 99D may
represent a plurality of MFCs coupled to inlet 402 via a
common manifold or header having a common outlet, wherein
MFC 99D as described below may represent the one MFC of the
plurality of MFCs to be verified (i.e., the only MFC of the
plurality of MFCs flowing gas during verification). MFC 99D
may be a part of, or coupled to, a gas delivery apparatus of
an electronic device manufacturing system. MFC 99D may be
configured to flow a gas at one or more specified mass flow
rates (i.e., one or more set points) to one or more process

chambers of the electronic device manufacturing system.
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Mass flow verification system 400 is configured to verify
one or more of the specified mass flow rates of MFC 99D

based on choked flow principles.

[00119] Mass flow verification system 400 may include a
plurality of isolation valves 403-410, 426-430, 431, and
433; a temperature sensor 411; pressure sensors 412 and 414,
a plurality of differently-sized flow restrictors 416-420, a
gas temperature acclamation accelerator 421, an outlet 422,
a dead-end tank 425, a vacuum pump 432, and an input port

434.

[00120] Input port 434 may be coupled to a source of CDA
(clean dry air) or nitrogen. Vacuum pump 432 may be, e.g.,
a compact vacuum pump, and may have an exhaust port 435 that
may be coupled to an abatement system of an electronic
device manufacturing system or other suitable apparatus for
receiving discharged gases. Dead-end tank 425 may have a
volume of, e.g., about 25 liters. Dead-end tank 425 may

have other volumes in other embodiments.

[00121] The plurality of isolation valves 403-410, 426-
430, 431, and 433 may be coupled downstream of inlet 402.
Isolation valves 403 and 405 may be part of a bypass flow
path 423 coupled between inlet 402 and outlet 422 that
bypasses the plurality of differently-sized flow restrictors
416-420. Isolation wvalve 404 may be a main verification
system valve. Isolation wvalves 403-410, 426-430, 431, and
433 may be any suitable electronically-controllable
isolation valve capable of stopping gas flow there through
across a range of pressures created by vacuum pump 432 and
the choked flow conditions within mass flow verification

system 400.

[00122] The plurality of differently-sized flow

restrictors 416-420 are coupled in parallel and downstream
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of inlet 402. Each of the differently-sized flow
restrictors 416-420 is configured to allow a different
maximum flow rate there through than the other differently-
sized flow restrictors 416-420. In some embodiments, for
example, flow restrictor 416 may have the highest flow rate
there through, while flow restrictor 417 may have a high
flow rate there through, but less than flow restrictor 416.
Flow restrictor 418 may have a medium flow rate there
through (i.e., less than flow restrictors 416 and 417),
while flow restrictor 419 may have a low flow rate there
through (i.e., less than each of flow restrictors 416-418).
And flow restrictor 420 may have the lowest flow rate there
through (i.e., less than each of flow restrictors 416-419).
In some embodiments, the differently-sized flow restrictors
416-420 may be precision flow restrictors. 1In other

embodiments, standard flow restrictors may be used.

[00123] As shown in FIG. 4, each one of the differently-
sized flow restrictors 416-420 is coupled in series with
inlet 402 and a respective one of isolation valves 406-410.
That 1is, flow restrictor 416 is coupled in series with
isolation valve 406, flow restrictor 417 is coupled in
series with isolation valve 407, flow restrictor 418 is
coupled in series with isolation valve 408, flow restrictor
419 is coupled in series with isolation valve 409, and flow
restrictor 420 is coupled in series with isolation wvalve
410. In some embodiments as shown, the differently-sized
flow restrictors 416-420 are coupled downstream of their

respective isolation valves 406-410.

[00124] In other embodiments, the number of differently-
sized flow restrictors and their respective series-coupled
isolation valve may be more or less than that shown

depending on the range of mass flow rates to be verified by
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mass flow verification system 400. The greater the range of
mass flow rates to be verified, the larger the number of
series—connected differently-sized flow restrictor/isolation

valve pairs.

[00125] Temperature sensor 411 and pressure sensor 412 may
each be coupled downstream of inlet 402 and upstream of the
differently-sized flow restrictors 416-420. Pressure sensor
414 may be coupled downstream of the differently-sized flow
restrictors 416-420 and in particular to dead-end tank 425.
As shown in FIG. 4, each one of the sub-plurality of
isolation valves 426-430 has a respective first port 436-439
(except isolation valve 430 which shares first port 439 with
isolation valve 429) coupled to temperature sensor 411 and
to pressure sensor 412. Each one of the sub-plurality of
isolation valves 426-430 also has a second port coupled
between a respective one of the differently-sized flow
restrictors 416-420 and a respective one of isolation wvalves
406-410. That 1is, isolation valve 426 has a second port 446
coupled between flow restrictor 416 and isolation valve 406,
isolation valve 427 has a second port 447 coupled between
flow restrictor 417 and isolation wvalve 407, isolation valve
428 has a second port 448 coupled between flow restrictor
418 and isolation valve 408, isolation valve 429 has a
second port 449 coupled between flow restrictor 419 and
isolation valve 409, and isolation wvalve 430 has a second
port 450 coupled between flow restrictor 420 and isolation

valve 410.

[00126] In some embodiments, the sub-plurality of
isolation valves 426-430 may each be a suitable mini-valve
configured to allow temperature sensor 411 and pressure
sensor 412 to accurately measure temperature and pressure,

respectively, directly upstream of each one of the
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differently-sized flow restrictors 416-420 when its

corresponding isolation valve 426-430 1is open.

[00127] Temperature sensor 411 may be a thermocouple, and
pressure sensors 412 and 414 may each be a manometer. 1In
some embodiments, temperature sensor 411 may include more
than one thermocouple, and pressure sensor 412 and/or 414
may include more than one manometer. In some embodiments,
pressure sensor 412 may be a 1000 Torr manometer, and
pressure sensor 414 may a 10 Torr manometer. Other
embodiments may have pressure sensors of other Torr values
and/or may have more than two pressure sensors, depending on
the range of mass flow rates to be verified by mass flow

verification system 400.

[00128] The gas temperature acclamation accelerator 421
may be coupled upstream of temperature sensor 411. The gas
temperature acclamation accelerator 421 may be used to
ensure uniform gas temperature distribution upstream of the
flow restrictors 416-420, which may improve the accuracy of
mass flow verification system 400. The gas temperature
acclamation accelerator 421 may be an inactive structure
that includes a porous mesh material having an optimum
amount of surface area that may result in negligible, if

any, pressure drop there through.

[00129] As shown in FIG. 4, dead-end tank 425 is coupled
to outlet 422 and downstream of and in series with each one
of the differently-sized flow restrictors 416-420. Vacuum
pump 432 1is coupled downstream of dead-end tank 425 and in
series between dead-end tank 425 and input port 434. The
dead-end tank 425, vacuum pump 432, and isolation wvalves 431
and 433 have been included in mass flow verification system
400 to create choked flow conditions across flow restrictors

416-420 for a sufficient period of time during which mass
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flow verification may be performed, as described further

below.

[00130] Mass flow verification system 400 may further
include a controller 424. Controller 424 may control the
operation of and be electronically (or otherwise) coupled to
isolation valves 403-410, 426-430, 431, and 433; temperature
sensor 411; pressure sensors 412 and 414, and vacuum pump
432. Controller 424 may be, e.g., a general purpose
computer and/or may include a microprocessor or other
suitable computer processor or CPU (central processing unit)
capable of executing computer readable instructions/software
routines. Controller 424 may include a memory for storing
data and computer readable instructions/software routines
executable thereon. Flow restrictor characterization data

may be stored in the memory of controller 424.

[00131] Controller 424 may be configured via user input
commands and the stored computer readable
instructions/software routines to set a set point for MFC
99D, select a flow path through one of the differently-sized
flow restrictors 416-420, control the opening and closing of
each of the iscolation wvalves 403-410, 426-430, 431, and 433;
set a base vacuum pressure via vacuum pump 432; record and
process temperature and pressure measurements via
temperature sensor 411 and pressure sensors 412 and 414; and
determine of mass flow rates based on the recorded
temperature and pressure measurements and Equation 2, as
described herein. Controller 424 may also be configured to
control other aspects of mass flow verification system 400,
including, e.g., input/output peripherals, power supplies,

clock circuits, and/or the like.

[00132] In some embodiments, controller 424 may not be

included in mass flow verification system 400. Instead,
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controller 424 may be, e.g., a system controller of an
electronic device manufacturing system to which mass flow
verification system 400 is connected. Data and computer
readable instructions/software routines configured to
operate mass flow verification system 400 for verifying mass
flow rates as described herein may be stored on a non-
transitory computer-readable medium, such as, e.g., a
removable storage disk or device. The data and computer
readable instructions/software routines may be transferred
from the non-transitory computer-readable medium to the

system controller to perform mass flow verification.

[00133] Prior to mass flow verification, MFC 99D may be
set to a zero set point (that is, no flow there through),
isolation valves 404, any one of 406-410, 431, and 433 may
be opened, and vacuum pump 432 may be operated to create a
base vacuum pressure in dead-end tank 425 and at outlet 422
sufficient to create choked flow conditions across the
differently-sized flow restrictors 416-420 during mass flow
verification. The base vacuum pressure may range in some
embodiments from 200 Torr to 1 Torr, and once achieved,

isolation valves 431 and 433 may be closed.

[00134] In response to establishment of a base vacuum
pressure, mass flow verification system 400 may be operated
by setting MFC 99D via controller 424 to a desired mass flow
rate (i.e., a desired set point) to be verified, selecting
via controller 424 an appropriate flow path through one of
differently-sized flow restrictors 416-420 based on stored
characterization data (wherein controller 424 opens and
closes the appropriate isolation valves 403-410 and 426-
430), measuring downstream pressure via pressure sensor 414

(to measure the base vacuum pressure), and measuring
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upstream temperature and pressure via temperature sensor 411

and pressure sensor 412.

[00135] As in mass flow verification system 300, these
measurements should be made during the time that choked flow
is maintained via dead-end tank 425, as illustrated by
choked flow duration 383 of FIG. 3A, which in some
embodiments may be about 2.0 - 6.5 seconds after initiating
gas flow through MFC 99D. This choked flow duration may be
based on analyses of an MFC set point of 100 slm of hydrogen
ramping up in one second, a 25 liter dead-end tank with a
2.5 mm orifice and a 0.7 conductance valve, 100 Torr initial
base vacuum pressure, and pressure downstream of the MFC

maintained under 600 Torr to prevent MFC starvation.

[00136] Because pressure sensor 412 is coupled such that
pressure measurements can be made directly upstream of the
differently-sized flow restrictors 416-420, the pressure
measurements do not need to be converted via model-based
computation algorithms as in mass flow verification system

300.

[00137] In response to measuring upstream temperature and
pressure, controller 424 may determine a mass flow rate
using Equation 2. This process may be repeated for
verifying other mass flow rates of MFC 99D. If a determined
mass flow rate is found to be outside of the specified
accuracy of MFC 99D, MFC 99D may be adjusted (if possible)

or replaced.

[00138] In some embodiments, mass flow verification system
400 may not include dead-end tank 325, wherein vacuum pump
432 may be directly coupled to outlet 422. 1In these
embodiments, vacuum pump 432 may be capable of 50 slm or
higher continuous flow, which may be sufficient to maintain

a stable base vacuum pressure during verification.
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[00139] Although mass flow verification systems 300 and
400 include their own vacuum pump for atmospheric
applications, each may be used in an electronic device
manufacturing system employing its own system vacuum pump
for reduced-pressure applications. In some reduced-pressure
applications, connection from a system vacuum pump of an
electronic device manufacturing system to a mass flow
verification system outlet, such as, e.g., outlets 122 or
222, may not be direct. Instead, such a connection may
involve several flow path restrictions and/or other
complexities within the electronic device manufacturing
system that may adversely affect the ability of the system
vacuum pump to provide and maintain a stable and
satisfactory base vacuum pressure to enable mass flow
verification during choked flow in either mass flow
verification system 100 or 200. Thus, the dead-end tank and
vacuum pump arrangement of mass flow verification systems
300 and/or 400 may allow those systems to be alternatively
used in such reduced-pressure applications to initially and
quickly achieve a stable base vacuum pressure that
temporarily maintains choked flow for mass flow

verification.

[00140] FIG. 5 illustrates an electronic device
manufacturing system 500 in accordance with one or more
embodiments. Electronic device manufacturing system 500 may
include an MFC 599, a mass flow verification system 560, and
a process chamber 570. In some embodiments, MFC 599 may
represent a plurality of MFCs coupled via a common manifold
or header to a common outlet, wherein MFC 599 as described
below may represent the one MFC of the plurality of MFCs to
be verified (i.e., the only MFC of the plurality of MFCs

flowing gas during verification).
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[00141] Process chamber 570 may be coupled to a flow path
572 coupled to mass flow controller 599 via an isolation
valve 573. Process chamber 570 may be configured to receive
one or more process chemistries via MFC 599 and to have a
reduced-pressure chemical vapor deposition process, or a
reduced-pressure epitaxy process, or one or more deposition,
oxidation, nitration, etching, polishing, cleaning, and/or

lithography processes performed therein.

[00142] Mass flow verification system 560 may have an
inlet 502 and an outlet 522. 1Inlet 502 may be coupled to
MFC 599 via isolation wvalve 573. Mass flow verification
system 560 may be any one of mass flow verification systems

100, 200, 300, or 400.

[00143] In those embodiments where electronic device
manufacturing system 500 operates under a reduced-pressure
application, mass flow verification system 560 may be any
one of mass flow verification systems 100, 200, 300, or 400.
Mass flow verification system 560 may be coupled via outlet
522 to a system vacuum pump 565 of electronic device
manufacturing system 500 via an isolation valve 575. System
vacuum pump 565 may also be coupled to process chamber 570

via isolation valve 575.

[00144] In those embodiments where electronic device
manufacturing system 500 operates under an atmospheric
application, mass flow verification system 560 may be mass
flow verification system 300 or 400. In these embodiments,
system vacuum pump 565 may be excluded from electronic

device manufacturing system 500.

[00145] The operation of electronic device manufacturing
system 500 and/or mass flow verification system 560 may be
controlled by a controller such as, e.g., one of controllers

124, 224, 324, or 424.
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[00146] FIG. 6 illustrates a method 600 of verifying a
mass flow rate in accordance with one or more embodiments.
At process block 602, method 600 may include causing a gas
to flow through only one of a plurality of differently-sized
flow restrictors during a choked flow condition. For
example, referring to FIG. 2, controller 224 may set MFC 99B
to a particular mass flow rate, close isolation valves 205
and 207-210, open isolation wvalve 203 for flow through main
flow path 201, and open isolation valves 204 and 206 to
allow gas to flow from MFC 99B through only flow restrictor
216.

[00147] At process block 604, a pressure upstream of the
one of the plurality of differently-sized flow restrictors
may be measured to obtain a measured pressure value during
the choked flow condition. For example, again referring to
FIG. 2, controller 224 may open isolation valve 226 and
close isolation valves 227-230 and receive a measured

pressure value from pressure sensor 212,

[00148] At process block 606, method 600 may include
measuring a temperature upstream of the one of the plurality
of differently-sized flow restrictors to obtain a measured
temperature value during the choked flow condition.
Continuing with the FIG. 2 example, controller 224 may
receive a measured temperature value from temperature sensor

211.

[00149] And at process block 606, method 600 may include
determining a mass flow rate by applying a predetermined
flow restrictor coefficient, a predetermined gas correction
factor, and a predetermined temperature value to the
measured pressure value and the measured temperature value.
For example, controller 224 may determine a mass flow rate

based on the measured values of pressure and temperature by
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applying Equation 2 and the appropriate predetermined flow
restrictor coefficient, predetermined gas correction factor,
and predetermined temperature value stored in a memory of
controller 224 for flow restrictor 216 and the particular

gas flowed there through.

[00150] The above process blocks of method 600 may be
executed or performed in an order or sequence not limited to
the order and sequence shown and described. For example, in
some embodiments, process block 604 may be performed
simultaneously with or after process block 606 (in such
cases, the appropriate isolation values 226-230 are opened
and closed as described for process block 604 prior to any

temperature and/or pressure measurement).

[00151] In some embodiments, a non-transitory computer-
readable medium, such as, e.g., a removable storage disk or
device, may include computer readable instructions stored
thereon that are capable of being executed by processor,
such as, e.g., controllers 124-424, to perform process

blocks 602, 604, 606, and 608 of method 600.

[00152] The foregoing description discloses only example
embodiments of the disclosure. Modifications of the above-
disclosed assemblies, apparatus, systems, and methods may
fall within the scope of the disclosure. Accordingly, while
example embodiments of the disclosure have been disclosed,
it should be understood that other embodiments may fall
within the scope of the disclosure, as defined by the

following claims.
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CLAIMS

What is claimed is:

1. A mass flow verification system, comprising:

an inlet;

a first pressure sensor and a temperature sensor each
coupled downstream of the inlet;

a plurality of isolation valves coupled downstream of
the inlet;

a plurality of differently-sized flow restrictors
coupled in parallel and downstream of the inlet, each one of
the plurality of differently-sized flow restrictors coupled
in series with the inlet and a respective one of the
plurality of isolation valves;

an outlet coupled downstream of and in series with each
one of the plurality of differently-sized flow restrictors;
and

a controller coupled to the first pressure sensor, the
temperature sensor, and the plurality of isolation valves,
wherein the controller is configured to determine a mass
flow rate in response to a temperature measured by the
temperature sensor under a choked flow condition and a first
pressure measured by the first pressure sensor under the

choked flow condition.

2. The mass flow verification system of claim 1, wherein
the controller is configured to:

cause a gas to flow through only one of the plurality
of differently-sized flow restrictors by closing some of the
plurality of isolation valves;

measure pressure via the first pressure sensor to

obtain a measured pressure value in response to flowing the
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gas through the one of the plurality of differently-sized
flow restrictors;

measure temperature via the temperature sensor to
obtain a measured temperature value in response to flowing
the gas through the one of the plurality of differently-
sized flow restrictors; and

determine a mass flow rate by applying a predetermined
flow restrictor coefficient, a predetermined gas correction
factor, and a predetermined temperature value to the

measured pressure value and the measured temperature value.

3. The mass flow verification system of claim 2, wherein
the controller is configured to determine the mass flow rate
by multiplying the measured pressure value by:

the predetermined flow restrictor coefficient;

the predetermined gas correction factor; and

a ratio of the predetermined temperature value to the

measured temperature value.

4. The mass flow verification system of claim 1, wherein
each one of the plurality of differently-sized flow
restrictors is coupled upstream of the respective one of the

plurality of isolation wvalves.

5. The mass flow verification system of claim 1, wherein
each one of the plurality of differently-sized flow
restrictors is coupled downstream of the respective one of

the plurality of isolation valves.

6. The mass flow verification system of claim 5, wherein
the first pressure sensor and the temperature sensor are

each coupled between each one of the plurality of
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differently-sized flow restrictors and the respective one of

the plurality of isolation valves.

7. The mass flow verification system of claim 6, wherein:

the plurality of isolation valves comprises a sub-—
plurality of isolation valves; and

each one of the sub-plurality of isolation valves has a
first port coupled to the first pressure sensor and to the
temperature sensor and has a second port coupled between a
respective one of the plurality of differently—-sized flow
restrictors and the respective one of the plurality of

isolation wvalves.

8. The mass flow verification system of claim 1, further
comprising:

a tank coupled downstream of and in series with each
one of the plurality of differently-sized flow restrictors;
and

a vacuum pump coupled downstream of the tank and in
series between the tank and an input port, the vacuum pump

having an exhaust port.

9. The mass flow verification system of claim 1, further
comprising a vacuum pump coupled to the outlet, the vacuum

pump having an exhaust port.

10. An electronic device manufacturing system, comprising:

a mass flow controller;

a mass flow verification system having an inlet and an
outlet, the inlet coupled to the mass flow controller, the
mass flow verification system comprising:

a plurality of isolation valves coupled downstream

of the inlet; and
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a plurality of differently-sized flow restrictors
coupled in parallel and downstream of the inlet, each one of
the plurality of differently-sized flow restrictors coupled
in series with the inlet, a respective one of the plurality
of isolation valves, and the outlet;

a controller coupled to the plurality of isolation
valves and configured to receive a pressure measurement and
a temperature measurement upstream of the plurality of
differently-sized flow restrictors under a choked flow
condition through only one of the plurality of isolation
valves, the controller also configured to determine a mass
flow rate in response to receiving the pressure measurement
and the temperature measurement; and

a process chamber coupled to a flow path coupled to the
mass flow controller and configured to receive one or more

process chemistries via the mass flow controller.

11. The electronic device manufacturing system of claim 10,
wherein the controller is configured to determine a mass
flow rate by applying a predetermined flow restrictor
coefficient, a predetermined gas correction factor, and a
predetermined temperature value to the pressure measurement

and the temperature measurement.

12. The electronic device manufacturing system of claim 10,
wherein the mass flow verification system further comprises:
a tank coupled downstream of and in series with each
one of the plurality of differently-sized flow restrictors;
and
a vacuum pump coupled downstream of the tank and in
series between the tank and an input port, the vacuum pump

having an exhaust port.
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13. A method of verifying a mass flow rate, the method
comprising:

causing a gas to flow through only one of a plurality
of differently-sized flow restrictors during a choked flow
condition;

measuring a pressure upstream of the one of the
plurality of differently-sized flow restrictors to obtain a
measured pressure value during the choked flow condition;

measuring a temperature upstream of the one of the
plurality of differently-sized flow restrictors to obtain a
measured temperature value during the choked flow condition;
and

determining a mass flow rate by applying a
predetermined flow restrictor coefficient, a predetermined
gas correction factor, and a predetermined temperature value
to the measured pressure value and the measured temperature

value.

14. The method of claim 13, further comprising reducing
pressure via a vacuum pump and a tank coupled downstream of
the plurality of differently-sized flow restrictors to

create a choked flow condition.

15. A non-transitory computer-readable storage medium on
which computer readable instructions are stored, wherein the
computer readable instructions, when executed by a
processor, cause the processor to perform the method of

claim 13.
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