
METHOD AND SYSTEM FOR FLOW MEASUREMENT AND VALIDATION
OF A MASS FLOW CONTROLLER RELATED APPLICATIONS AND
PATENTS [0001] This application claims benefit of
priority to United States Patent Application No.
10/887,591 entitled "Method and System for Flow
Measurement and Validation of a Mass Flow Controller"
by Stuart A . Tison; Sandeep Sukumaran and James
Barker, filed July 9 , 2004 and United States Patent
Application No. 10/946,031 entitled "Method and System
for Flow Measurement and Validation of a Mass Flow
Controller" by Stuart A . Tison; Sandeep Sukumaran and
James Barker, filed September 21, 2004. TECHNICAL
FIELD QF THE INVENTION [0002] The invention relates in
general to methods and systems for validating the
performance of a mass flow controller, and more
particularly, to validating the performance of a mass
flow controller using a rate of rise flow standard.
BACKGROUND OF THE INVENTION [0003] Modern
manufacturing processes sometimes require precise
stoichiometric ratios of chemical elements during
particular manufacturing phases . To achieve these
precise ratios, different process gases may be
delivered into a process chamber during certain
manufacturing phases. A gas panel may be used to. 



deliver these process gasses to a process tool with
one or more chambers or reactors. . A gas panel is an
enclosure containing one or more gas palletsdedicated
to deliver process gases to the process tool. The gas
panel is in turn composed of a group of gas pallets,
which is itself composed of a group of gas sticks.
[0004] A gas stick assembly may contain several
discrete components such as an inlet fitting, manual
isolation valve, binary controlled pneumatic isolation
valves, gas filters, pressure regulators, pressure
transducers, inline pressure displays, mass flow
controllers and an outlet fitting. Each of these
components is serially coupled to a common flow path
or dedicated channel for one particular process gas. A
manifold and a valve matrix channel the outlet of each
gas stick to the process chamber. [0005] To achieve a
certain stoichiometric ratio, a process tool
controller asserts setpoints to the mass flow
controllers, and sequences the valve matrices,
associated with certain gas sticks. The indicated flow
value is output by the mass flow controller of each
gas stick and monitored by the process tool
controller. [0006] A mass flow controller (MFC) is
constructed by interfacing a flow sensor and
proportioning control valve to a control system. The
flow sensor is 



coupled to the control system by ah analog to digital
converter. The control valve is driven by a current
controlled solenoid valve drive circuit. A mass flow
measurement system is located upstream of the control
valve. The control system monitors the setpoint input
and flow sensor output while refreshing the control
valve input and indicated flow output. Closed loop
control algorithms executed by the embedded control
system operate to regulate the massflow of process gas
sourced at the inlet fitting through the proportioning
control valve and outlet fitting such that the
real-time difference or error between the setpoint
input and indicated flow output approaches zero or
null as fast as possible with minimal overshoot and as
small a control time as possible. As over 500 species
of gases may be used in the manufacturing of certain
electronic components, the operation of each of the
respective mass flow controllers is critical.
Typically, these mass flow controllers are validated
using the process chamber itself. FIGURE 1 depicts one
such prior art system where process chamber 130 is
used as a flow verification tool. To verify mass flow
controller 120, a setpoint signal is input to mass
flow controller 120 which in turn begins flowing gas
to process chamber 130. As the volume of process 



chamber 130 is known, a primary flow measurement
technique known as rate-of-rise may be utilize to
measure the flow into that volume. This method
utilizes the conservation of mass principle and the
equation of state of the gas to derive a relationship
between the pressure in a fixed volume and the flow
(mass flow) into that volume. The equation is given
as, where DP is the change in pressure over the
interval Dt , R is the universal gas constant, T is
the absolute temperature of the gas, and V is the
volume of the measurement chamber. Eq. 1 utilizes the
idealgas equation as the equation of state; similar
equations can be derived for other equations of state
. [0008] Unfortunately, the volume of typical process
chamber 130, which may be on the order of 20 to 60
liters makes measurements of small flow
extraordinarily time consuming. Additionally, process
chamber 130 may exhibit large temperature gradients
throughout its volume, distorting both the measurement
and calculation of the mass flow into process chamber
130. [0009] FIGURE 2 shows the amount of time required
to achieve a given change in pressure for some typical
flow rates using typical process chamber 130 of
between 20 and 60 liters. Due to many other
constraints, a 



minimum pressure of 0.1 Torr may be required to
initiate the measurement, and 0.3 Torr minimum
accumulated pressure required to make the measurement.
A s a result, to perform a single flow point
validation of a 2 seem flow can require up to 5
minutes and verification of a mass flow controller may
then take as long as 30 minutes. This lengthy
validation cycle decreases the tool availability and
adds cost to the user. [0010] In addition to the
slowness of the measurement, the accuracy of the
measurement is typically no better than 5% of the
reading. The primary contributing errors are: errors
in temperature, errors in chamber volume, and
unaccounted for gases (adsorption or desorption) .
[0011] Other methods of validating mass flow
controller 120 may utilize a secondary volume in
parallel to process chamber 130 to measure flow.
However, these methodsdo not allow the measuring of
transient (non steadystate) performance of mass flow
controller 120, and the many steps required to
determine the volume upstream of mass flow controller
120 make this technique difficult to integrate into
existing systems and may exacerbate already long time
requirements for validation. [0012] Thus, there is a
need for systems and methods for validating a mass
flow controller which can quickly 



measure dynamic performance and validate a mass flow
controller, while simultaneously improving the
accuracy of the validation process by reducing
measurement uncertainties. SUMMARY OF THE INVENTION
[0013] Systems and methods for flow verification and
validation of mass flow controllers are disclosed.
These systems and methods are capable of measuring the
dynamic performance of a mass flow controller and may
perform flow verification and measurement in one step.
[0014] According to one embodiment, two volumes may be
used in conjunction to accurately determine a total
volume during a measurement sequence, minimize false
flow conditions and reduce sensitivity to pressure
transients. A mass flow controller may be coupled to a
measurement system. The mass flow controller may be
commanded to a specified flow and the system may begin
flow measurement. Gas is accumulated in a volume
between the mass flow controller and the measurement
system and the pressure measured within this volume.
Gas may then flow Into a known volume and the pressure
measured. The various measurements taken during the
two intervals may then be used to calculate the volume
between the mass flow controller and the
measurementsystem and the flow rate. The flow rate, in
turn, may be used to determine the accuracy of the
mass flow controller relative to a setpoint. 



[0015] In one embodiment, first data pertaining to a
first volume is collected during a first interval is
collected, second data pertaining to a second volume
is collected during a second interval, the first
volume is determined and the flow calculated. [0016]
In another embodiment, the first volume comprises
calculating the first volume based on the first data
and the second data. [0017] In yet another embodiment,
the first data includes the change in pressure over
the first interval and the second data includes the
change in pressure over the second interval. [0018] In
still another embodiment, the first volume is
determined by receiving an input. [0019] In other
embodiments a system for measuring a flow through a
mass flow controller is coupled to the mass flow
controller downstream of the mass flow controller, the
system includes a chamber, a first valve coupled to
the chamber upstream of the chamber, a second valve
coupled to the chamber downstream of the .chamber and
a pressure sensor coupled to the chamber upstream of
the first valve. [0020] In still other embodiments,
the system is operable to collect first data
pertaining to a first volume during a first interval
and collect second data pertaining to a second volume
during a second interval; 



[0021] In some embodiments, the second data is
collected before the first data is collected.[0022] In
some embodiments, the first data is collected before
the second data is collected. [0023] According to yet
another embodiment, a choking orifice may be used in
conjunction with a volume to accurately determine a
flow rate irrespective of the geometry or pressure of
the volume upstream of the choking orifice.
Additionally, an error curve may be derived and fitted
utilizing error points determined using the choking
orifice. Subsequently, flow may be calculated without
use of the choking orifice and adjusted based on the
derived and fitted error curve. A mass flow controller
may be coupled to a measurement system. The mass flow
controller may be commanded to a specified flow and
the system may begin flow measurement. The various
measurements taken during this interval may then be
used to calculate the flow rate. The flow rate, in
turn, may be used to determine the accuracy of the
mass flow controller relative to a setpoint. [0024] In
one embodiment, first data pertaining to a first
volume is collected during a first interval, a first
flow is then calculated and adjusted based on an error
curve . [0025] In another embodiment, the error curve
is determined by fitting a derived error curve to a
set of error points, including a set of determined
error points, wherein 



each determined error point is determined by:
collecting second data pertaining to the first volume
during a second interval at a first setpoint, with a
choking orifice in an open position; calculating a
second flow based on the second data; collecting third
data pertaining to the first volume during a third
interval at the first setpoint, with the choking
orifice in a choked position; calculating a third
flowbased on the third data; and comparing the second
flow with the third flow. [0026] In other embodiments,
the choking orifice is operable to create a pressure
gradient in the choked position, where the pressure
upstream of the choking orifice is approximately twice
that of the pressure downstream of the choking
orifice. [0027] In yet another embodiment, the choking
orifice is operable to create the pressure gradient
when the first setpoint is at least 500 seem. [0028]
In still other embodiments, each of the set of
determined error points represents an error where the
first setpoint is at least 500 seem. [0029] In one
more embodiment, the set of error points includes a
set of observed error points, wherein each observed
error point is determined by: collecting fourth data
pertaining to the first volume during a fourth
interval at a second setpoint and calculating a fourth
flow based on the fourth data. 



[0030] In still another embodiment, the error curve is
adjusted based on a type of gas. [0031] In one
embodiment, a system is coupled to the mass flow
controller downstream of the mass flow controller, the
system comprising, a chamber, a first valve coupled to
the chamber upstream of the chamber, a pressure sensor
coupled to the chamber downstream of the chamber and a
choking orifice coupled to the chamber upstream of the
pressure sensor. [0032] In a particular embodiment,
the system is operable to collect first data
pertaining to a first volume during a first interval
and calculate a first flow. [0033] These, and other,
aspects of the invention will be better appreciated
and understood when considered inconjunction with the
following description and the accompanying drawings.
The following description, while indicating various
embodiments of the invention and numerous specific
details thereof, is given by way of illustration and
not of limitation. Many substitutions, modifications,
additions or rearrangements may be made within the
scope of the invention, and the invention includes all
such substitutions, modifications, additions or
rearrangements. BRIEF DESCRIPTION OF THE DRAWINGS
[0034] The drawings accompanying and forming part of
this specification are included to depict certain
aspects of the invention. A clearer impression of the
invention, 



and of the components and operation of systems
provided with the invention, will become more readily
apparent by referring to the exemplary, and therefore
nonlimiting, embodiments illustrated in the drawings,
wherein identical reference numerals designate the
same components. Note that the features illustrated in
the drawings are not necessarily drawn to scale.
[0035] FIG. 1 includes an illustration of a
conventional prior art system for validating a mass
flow controller using a process chamber. [0036] FIG. 2
includes a graph of the time required to achieve a
change in pressure for some typical flow rates when
utilizing a process chamber in the flow verification
process. [0037] FIG. 3 includes a block diagram of one
embodiment of a system for the validation of a mass
flow controller. [0038] FIG. 4 includes a graph of
pressure as a function of time utilizing one
embodiment of the methods depicted. [0039] FIGs. 5-8
include flowcharts depicting various embodiments of
methods to perform flow verification orvalidate the
operation of a mass flow controller. [004 0 ] FIG. 9
includes a block diagram of one embodiment of a system
for the validation of a mass flow controller. [0041]
FIG. 10 includes a block diagram of one embodiment of
the geometry of a path between a mass flow controller
and a system like that depicted in FIG. 9 . [0042]
FIG. 11 includes a block diagram of one embodiment of 



the geometry of a path between a mass flow controller
and a system like that depicted in FIG. 9 . [0043]
FIG. 12 includes a flowchart depicting one embodiment
of a method to perform flow verification or validate
the operation of a mass flow controller using the
system depicted in FIG. 9 . DESCRIPTION OF PREFERRED
EMBODIMENTS [0044] This application is related to
United States Patent Nos. 6,343,617, entitled "System
and Method of Operation of a Digital Mass Flow
Controller," by Tinsley et al. , issued on February 5
, 2002; 6,640,822, entitled "System and Method of
Operation of a Digital Mass Flow Controller," by
Tinsley et al., issued on November 4 , 2003;
6,681,787, entitled "System and Method of Operation of
a Digital Mass Flow Controller,"' by Tinsley et al .,
issued on January 27, 2004; 6,389,364, entitled
"System and Method for a Digital Mass Flow
Controller," by Vyers, issued on May 14, 2002;
6,714,878, entitled "System and Method for a Digital
Mass Flow Controller," by Vyers, issued on March 30,
2004; 6,445,980, entitled "System and Method for a
Variable Gain Proportional- Integral (PI) Controller,"
by Vyers, issued on September 3 , 2002; 6,449,571,
entitled "System and Method for Sensor Response
Linearization," by Tariq et al., issued on September
10, 2002; 6,575,027,entitled "Mass Flow Sensor
Interface Circuit," by 



Larsen et al ., issued on June 10, 2003; 5,901,741,
entitled "Flow Controller, Parts of Flow Controller,
and Related Method," by Mudd et al., issued on May 11,
1999; 5,850,850, entitled "Flow Controller, Parts of
Flow Controller, and Related Method," by Mudd, issued
on December 22, 1998; 5,765,283, entitled "Method of
Making a Flow Controller," by Mudd, issued on June 16,
1998. All patents and applications cited within this
paragraph are fully incorporated herein by reference.
[0045] The invention and the various features and
advantageous details thereof are explained more fully
with reference to the nonlimiting embodiments that are
illustrated in the accompanying drawings and detailed
in the following description. Descriptions of well
known starting materials, processing techniques,
components and equipment are omitted so as not to
unnecessarily obscure the invention in detail. It
should be understood, however, that the detailed
description and the specific examples, while
indicating preferred embodiments of the invention, are
given by way of illustration only and not by way of
limitation. After reading the specification, various
substitutions, modifications, additions and
rearrangements which do not depart from the scope of
the appended claims will become apparent to those
skilled in the art from this 



disclosure . [0046] Attention is now directed to
systems and methods for flow verification and
validating mass flow controllers which are capable of
measuring the dynamic performance of a mass flow
controller. Embodiments of these systems and methods
allow for the capturing of thetransient flow behavior
of a flow controller in addition to its steady state
behavior and may be operable to calculate flow with an
update rate of at least 50ms. A s such the measurement
system and method is capable of measuring mass flow
controller overshoot, stabilization time, .response
time, repeatability of the mentioned variables and to
make a quantitative measurement of volume under
dynamic flow conditions and can be used for primary
volume calibration. [0047] According to one
embodiment, two volumes may be used in conjunction to
accurately determine a total volume during the
measurement sequence, minimize false flow conditions
and reduce sensitivity to pressure transients. The
mass flow controller may be coupled to a measurement
system. The mass flow controller may be commanded to a
specified flow and the system may begin flow
measurement. Gas may be accumulated in a volume
between the mass flow controller and the measurement
system and the pressure measured within this volume.
Gas may then flow into a known volume and the pressure
measured. The various measurements taken during the 



two intervals may then be used to calculate the volume
between the mass flow controller and the measurement
system and the flow rate, the flow rate in turn may be
used to determine the accuracy of a mass flow
controller relative to a setpoint. Similarly, these
systems and methods may also allow the testing of the
leak through of valves within a mass flow controller.
By signaling a flow rate of zero to a mass flow
controller, detected changes in pressure may be
attributed to leak through of those valves. [0048]
These systems and methods may employ a rate-of-rise
technique to measure the performance of a mass
flowcontroller, combining the gas equation of state
and conservation of mass principles to derive a
similar equation to Eq. 1 , where mass flow may be
determined by: where DP is the change in pressure over
the interval Dt , R is the universal gas constant, T
is the absolute temperature of the gas, Z is the gas
compressibility factor, and V is the volume of the
measurement chamber. The gas compressibility factor Z
is typically equal to unity for light gases and can be
significantly less than unity for heavier molecules
such as WFg. Use of the compressibility factor may
improve the accuracy of flow measurements with
non-ideal, compressible gases. Turning now to FIGURE 3
, an exemplary embodiment of a hardware arrangement
which may be incorporated into the 



flow of gas in parallel to a process chamber to
implement the systems and methods of the present
invention is depicted. Rate of rise system (ROR) 300
may be utilized to measure the accuracy of mass flow
controller 120 with respect to a setpoint. Rate of
rise system 300 may be incorporated in the flow of gas
through gas stick 302 to process chamber 130. In one
particular embodiment, valve.s 350, 370 are downstream
of mass flow controller 120 and upstream of process
chamber 130. ROR 300 may contain chamber 305 between
valves 330, 310 and pressure sensor 320 downstream of
valve 310. Pressure sensor may be of the type commonly
known in the art, capable of measuring pressures from
.1 Torr to 1000 Torr. Chamber 305 typically has
avolume of anywhere from lOcc up to a liter, compared
with a typical volume of between 10 and 60 liters for
process chamber 130. [0050] ROR 300 may be coupled
into the flow of gas downstream of mass flow
controller 120 and valve 350, and upstream of valve
370 and process chamber 130. The physical volume of
the coupling between valves 350, 370 and 310 is
represented by volume 360. In many cases, ROR 300 is
coupled to the gas stick using 316L stainless steel
tubing with a .25 to .5 inch diameter, though other
material such as nickel or tungsten may used in the
case where gas stick 302 is being utilized to
transport a specialized gas. Gas flows from gas supply
110 to 



mass flow controller 120, which regulates the volume
of gas which passes through in response to a setpoint,
usually between .1 seem and 100 liters a minute. If
valves 310, 350 are open and valve 370 is closed, gas
flows from mass flow controller 120 into chamber 305,
however, if valves 350, 370 are open and valve 310 is
closed gas flows from mass flow controller 120 into
process chamber 130. [0051] In certain embodiments, to
enable flow measurement with ROR 300, valve 370 is
closed to process chamber 130, valve 350 is opened to
mass flow controller 120 and valve 310 within ROR 300
is closed. Mass flow controller 120 is commanded to a
specified flow and ROR system 300 begins the flow
measurement. The gas is accumulated in volume 360
between valves 350, 370 and valve 310 within ROR
system 300. Pressure sensor 320 within ROR 300 is
upstream 'of, valve 310 and this geometry enables the
measurement of pressure within volume 360. The
pressure change as a function of time may be measured
to be used later for quantification ofthe flow
measurement. At some time Dt i valve 330 is closed and
valve 310 is opened allowing gas to flow into chamber
305 of ROR 300, a known volume. The pressure continues
to be monitored as a function of time with pressure
sensor 320 in ROR 300. [0052] A typical plot of the
pressure change as a function of time is given in
FIGURE 4 . In this figure, the initial 



pressure change depicted is that occurring in a sample
volume 360 and the pressure change and time interval
are DP i and Dt i receptively. The second slope
starting at approximately 10 seconds is when valve 310
is open and valve 330 is closed. In the case the
accumulating volume is the combination of volume 360,
and the known volume of chamber 305. The pressure
change with time is DP2 over the time interval Dt .
Volume 360 may then be calculated using the expression
below. [0053] Eq. 3 may then be used in conjunction
with Eq. 2 to determine the flow. The determined flow
may then be compared against the setpoint of mass flow
controller to determine the accuracy of mass flow
controller 120. [0054] Turning now to FIGURE 5 a
flowchart for one embodiment of a method for measuring
flow attributes and validating the accuracy of a mass
flow controller is depicted. This particular method
may be advantageous when measuring large flows
(greater than 200 seem) , as a larger volume is
utilized during the initialtransient measurement of
the flow, reducing measurement uncertainties . [0055]
In one particular embodiment, valve 370 may be closed
by a control system indicating that a testing or
validation of mass flow controller is to be conducted.
To begin the test valves 310, 330 are opened and a
vacuum is drawn (step 510) by pump 380 . Valve 330 is
then closed and data may be taken for the initial
state 



(Step 520) . With mass flow controller 120 flowing
based on a certain setpoint, data may then be
collected for a first interval (Step 530) . Time,
pressure and temperature may be monitored for a
certain period using sensors known in the art, such as
pressure sensor 320. In some embodiments, the length
of this period may be determined by a pressure or time
checkpoint. For example, when the pressure within
volume reaches a certain Torr, the first interval may
be concluded. The pressure at which the first interval
concludes may vary greatly depending on the flow being
measured, but is usually between 10 Torr and 1000
Torr. The first interval may also be concluded after a
predetermined amount of time, usually at least 10
seconds, but not more than 60, seconds. [0056] After
the conclusion of the first interval (Step 530), valve
310 may then be closed (Step 540) and data collected
for a second interval (Step 550) . As during the first
interval, this data may include pressure, temperature
and time, and the length of the second interval may be
determined using the same criteria as discussed with
respect to the first interval above. [0057] After the
conclusion of the second interval (Step 550) volume
360 and flow attributes may then be calculated (Steps
570, 580) using Eq. 2 and Eq. 3 . Alternatively,volume
360 may be input (Step 590) and then flow attributes
may be calculated (Step 580) using the 



entered volume. The flow may then be compared to the
original setpoint of mass flow controller 120 to
determine the accuracy of mass flow controller 120.
[0058] It will be understood by those of ordinary
skill in the art that the various steps, measurements,
and calculations may be controlled and performed in a
wide variety of ways, including by a control system
embedded within ROR system 300, or by the control
system utilized in conjunction with mass flow
controller 120, gas stick 302 and process chamber 130.
[0059] Similarly, FIGURE 6 is a flowchart of a method
for measuring flow and validating mass flow controller
120 which may be advantageous for moderate flows
(20sccm- 200 seem) where using the larger volume of
chamber 305 during the initial transient phase is not
necessarily useful. [0060] In one embodiment valve 370
may be closed by a control system indicating that a
flow measurement or validation of mass flow controller
120 is to be conducted. To conduct a test of mass flow
controller, valves 310, 330 are opened and a vacuum is
drawn (Step 610) by pump 380. Valve 310 is then closed
and data may be taken for the initial state (Step 620)
. With mass flow controller 120 flowing- based on a
certain setpoint, data may then be collected for a
first interval (Step 630) . Time, pressure and
temperature may be monitored 



for a certain period using sensors known in the art,
such as pressure sensor 320. The length of this period
may be determined by a pressure or time checkpoint, as
discussed above with respect to FIGURE 5 .[0061] After
the conclusion of the first interval (Step 630), valve
330 may then be closed valve 310 opened (Step 640) and
data collected for a second interval (Step 550) . A s
during the first interval, this data may include
pressure, temperature and time, and the length of the
second interval may be determined using the same
criteria as discussed with respect to the first
interval above. [0062] After the conclusion of the
second interval (Step 650) volume 360 and flow
attributes may then be calculated (Steps 670, 680)
using Eq. 2 and Eq. 3 . Alternatively, volume 360 may
be input (Step 690) and then flow attributes may be
calculated (Step 680) using the entered volume. The
flow may then be compared to the original setpoint of
mass flow controller 120 to determine the accuracy of
mass flow controller 120. [0063] Once volume 360
between valves 350, 370 and 310 is determined, flow
measurement may be conducted using only volume 360. In
many installations volume 360 is small (less than
20cc) , consequently the pressure change for a
specified flow rate easier to measure, typically
reducing the measurement time for a given flow rate by
a factor of five. 



[0064] FIGURE 7 illustrates one method for utilizing
volume 360 for measuring flow attributes or
verification of mass flow controller 120. This method
may be particularly effective for flow rates less than
20sccm, and allow the use of a much shorter
measurement interval. Valve 370 may be closed by a
control system indicating that a flow measurement or
validation of mass flow controller 120 is to be
conducted. To conduct a test of mass flow controller,
valves 310, 330 are opened and a vacuum is drawn (Step
710) by pump380. Valve 310 is then closed and data
taken for the initial state (Step 720) . With mass
flow controller 120 flowing based on a certain
setpoint, data may then be collected over a first
interval (Step 730) , as discussed above. [0065] After
the conclusion of the first interval (Step 730) ,
valve 310 may be opened and valve 330 closed (Step
740) . In certain cases it may be advantageous to open
valve 330 before valve 310 so pressure is maintained
in volume 360 throughout the entire first interval.
After the conclusion of the first interval (Step 730)
flow attributes may then be calculated (Step 780)
using Eq. 2 and Eq. 3 and the previously determined
measurement of volume 360 (Step 770) . Alternatively,
volume 360 may be input manually by a user (Step 790)
and then flow attributes may be calculated (Step 780)
. The calculated flow may then be compared to the
setpoint of 



mass flow controller 120 to determine the accuracy of
mass flow controller 120. [0066] Additionally, once
volume 360 between mass flow controller valve and
valve is determined, flow measurement may be conducted
using the known volumes of chamber 305 and volume 360.
This may be useful for high flow volumes where a large
measurement volume is desirable. [00 67] FIGURE 8
illustrates one method for utilizing volume 360 and
chamber 305 in combination for flow measurement or
verification of mass flow controller 120. Valve 370
may be closed by a control system indicating that a
flow measurement or validation of mass flow controller
120 is to be conducted. To conduct a test of mass flow
controller, valves 310, 330 are opened and a vacuum is
drawn (Step 810) by pump 380. Valve 330 is then
closedand data taken for the initial state (Step 820)
. With mass flow controller 120 flowing based on a
certain setpoint, data may then be collected over a
first interval (Step 830), as discussed above. [0068]
After the conclusion of the first interval (Step 830),
valve 330 may then be opened (Step 840), and flow
attributes may then be calculated (Step 880) using Eq.
2 and Eq. 3 , the previously determined measurement of
volume 360 (Step 870), and the know volume of chamber
305. Alternatively, volume 360 may be input manually
by a user (Step 890) and then flow attributes 



calculated (Step 880) . The flow is then compared to
the setpoint of mass flow controller 120 to determine
the accuracy of mass flow controller 120. [0069] In
many cases, however, the error introduced into a rate
of rise calculation may become significant. More
particularly, as flow rates rise, the length of the
line comprising volume 360 or other fluid elements in
the path, such as valve 350, may alter the rate of
change of pressure within volume 360 relative to the
rate of change of pressure within the known volume of
chamber 305. The alteration of the rate of change of
pressure in volume 360 depends on the geometry of
volume 360, the flow rate of mass flow controller 120,
and upon the properties of the gas flowing through gas
stick 302, and consequently can make the calculation
of a flow rate and the commensurate .verification of
mass flow controller 120 difficult. These effects may
become particularly pronounced at flow rates above 200
seem. Consequently , what is needed is a way to
eliminate or compensate for these effects when
measuring pressure and pressure changes or calculating
the volume and flow rates.[0070] In certain
embodiments of the systems and methods disclosed, a
choking orifice may be used in conjunction with a
volume to accurately determine a flow rate
irrespective of the geometry or pressure of the volume
upstream of the choking orifice. Additionally, an 



error curve may be derived and fitted utilizing error
points determined using the choking orifice.
Subsequently, flow may be calculated without use of
the choking orifice and adjusted based on the derived
and fitted error curve. FIGURE 9 depicts one
embodiment of a hardware arrangement which may be
incorporated into the flow of gas in parallel to a
process chamber which can physically compensate for
the upstream pressure dependence through fluid
shorting, or choking of the flow upstream of the
measuring device. A s described above with respect to
FIGURE 3 , rate of rise system (ROR) 300 may be
incorporated in the flow of gas through gas stick 302
to process chamber 130. In the particular embodiment
depicted in FIGURE 9 , a choked orifrce 322 is coupled
between ROR 300 and valve 350, immediate to ROR 300.
Choked orifice 322 may serve to diminish the effects
of the geometry of volume 360 on pressure measurement
and improve the usability and accuracy of ROR 300.
[0071] Choking orifice 322 may decrease the
sensitivity of ROR 300 to the geometry of volume 360
through the use of a technique termed "fluid
shorting". This technique narrows the fluid path so
that pressure in volume 360 is greater than that
upstream of choking orifice 322. While many pressure
gradients may serve to diminish the effects of the
geometry of volume 360, for ideal 



efficacy choking orifice 322 should create a
pressuregradient such that the pressure in volume 360
is at least twice the pressure upstream of choking
orifice 322. This may cause the pressure upstream of
choking orifice 322 to remain substantially constant
during a constant rate of flow. In one embodiment,
choking orifice 322 may be a multi-position valve
which can be positioned according to the flow rate of
mass flow controller 120 to create the proper pressure
gradient between volume 360 and ROR 300. [0072] In
another embodiment, choking orifice 322 may be a three
way valve having the positions open, closed and choked
as is known in the art. Gas stick 302 and process
chamber 130 may function normally with choking orifice
322 in the closed position. When choking orifice 322
is in the open position, ROR 300 may function with gas
stick 302 and process chamber 130 as described with
respect to FIGURES 5-8. By placing choking orifice 322
in the choked position, however, a pressure gradient
may be created between volume 360 and ROR 300 which
allows a flow rate to be determined in ROR 300
independently of upstream pressure or volume. Because
a flow rate in ROR 300 may be determined independently
of volume 360 there is no need to take measurements
for determining the geometry of volume 360. [0073] For
example, with respect to FIGURE 5 , there is no need 



for steps 540-570 and 590. In this case utilizing
choke orifice 322, valve 370 may be closed by a
control system indicating that a testing or validation
of mass flow controller is to be conducted. To begin
the test valves 310, 330 are opened and a vacuum is
drawn (step 510) by pump 380. Valve 330 is then
closed, choked orifice 322 may be set to the choked
position and datamay be taken for the initial state
(Step 520) . With mass flow controller 120 flowing
based on a certain setpoint, data may then be
collected for a first interval (Step 530) . Time,
pressure and temperature may be monitored for a
certain period using sensors known in the art, such as
pressure sensor 320. In some embodiments, the length
of this period may be determined by a pressure or time
checkpoint. For example, when the pressure within
volume of chamber 305 reaches a certain Torr, the
first interval may be concluded. The pressure at which
the first interval concludes may vary greatly
depending on the flow being measured, but is usually
between 10 Torr and 1000 Torr. The first interval may
also be concluded after a predetermined amount of
time, usually at least 10 seconds, but not more than
60, seconds. [0074] After the conclusion of this first
interval (Step 530) flow attributes may then be
calculated (Steps 580) using Eq. 2 and Eq. 3 , without
regards to volume 360. Consequently, a second interval
is not needed and steps 



540-570 and 590 may be eliminated solely by virtue of
utilizing choking orifice 322. [0074] It will be
understood by those of skill in the art that,
utilizing choking orifice 322, a similar reduction in
steps may be achieved with the methods depicted in
FIGURES 6-8 as well, and that the volume of chamber
305 may be utilized during a single transient phase to
determine a flow rate and validate mass flow
controller 120. Additionally, it will be understood
that this same reduction in steps may be achieved
irrespective of the implementation of choking orifice
322, for example a three position valve or
multiposition valve.[0075] While choking orifice 322
may be tuned for utilization with any flow rate, in
one particular embodiment choking orifice 322 may be a
three position valve wherein the choking orifice is
tuned for use in creating a pressure gradient wherein
the pressure in volume 360 is greater than two times
the pressure upstream of choking orifice 322 for flow
rates of 500 seem or greater. [0076] For flow rates
below 500 seem, then, the error introduced by volume
360 may be compensated for mathematically. To
compensate for error mathematically an equation for an
error term as a function of major variables, including
the flow rate, geometry and type of gas may be derived
for a particular geometry of 



volume 360. The equation may give the shape of the
curve for the error introduced by a particular
geometry of volume 360. [0077] For example, an
equation can be derived for a flow correction term
which for a case where volume 360 is like that
depicted in FIGURE 10, wherein volume 360 is a
constant diameter tube. More specifically, an equation
can be developed that shows the relationship between
the average pressure in volume 360 and the average
pressure in chamber 305 which is measured. This is
given as: Pavg =1/3(P1-P2) Eq (4) [0078] The above
equation can be used in conjunction with other
equation to derive a flow correction term which will
give the difference between the flow measured using
Eq. (2) and the expected true flow which incorporates
the additional information on the expectedaverage
pressure in volume 360: Momentum Equation For
cylindrical geometry: Since the pressure gradient is
independent of R , Eq. 4.2 can be integrated to give:
Eq. (4.3) Boundary conditions u(0) = finite => A=O Eq.
(4 . 4 )(n .b. R i s radius ) Eq. (4. 5; Assuming T i
s constant Eq. (5. 2) 



In general for a quadratic function:P =ax2 where x =L
P =PLwhen x =0 P =P0i f Eq. (5. 8) i f PL i s a
function of time In one embodiment, PL P1 i f P=O
Usually, as the m term approaches zero the error
becomes smaller. For a given mass flow the error may
increase for increasing gas viscosity, the entire
volume is then composed of two sections: volume 360
and chamber 305. If the temperature is assumed to be
the same:normally the DP(t)v=DP(t)f so that Eq. (6.4;
The error in the calculated mass flow can then be
estimated by subtracting the two expressions Eq. (7.1)
The change in the average pressure can be substituted
from Eq. 7.1 for simplicity if we assume DP(t)f is
begun at t=0 and P = O then Eq. 7.2 appears to be well
behaved. As the variable volume Eq. (7 .3 ) t o
simplify, i f VT =VV? Eq. (7 . 4; The derivative of
Eq. 6.1 would yield: whereThe A term is the pressure
derivative in the chamber 305. The expected flow may
then be given by adding the results of Eq. 9 to Eq. 2
. 



The variables equivalent to a fluid path geometry term
and is denoted H , the gas viscosity is the gas
dependent term denoted G . Eq. 9 can be re written as
[0079] Unfortunately, most geometries for flow
measurement will not be as simple as that given in
FIGURE 10. However, the same formalism can be used to
derive the appropriate equation for any geometry. A
second common geometry may be the introduction of
valve 310 directly upstream of chamber 305, as
depicted in FIGURE 11. [0080] In this case the average
pressure in the tube, volume 360, is given by equation
11 below. Pavg =1/3(P1-P3) where P3=Pv and Pv is the
pressure drop across valve 3 . The same technique can
be used as was developed for Eq. 9 to develop an
alternate equation that describes this particular
geometry and it is given below:[0081] where A is the
pressure derivative directly upstream of valve 330.
[0082] Once an equation has been derived for a
particular geometry of volume 360, the actual error
induced by a particular instance of volume 360 may
then be empirically observed for flows over 500 seem
by using ROR 300 to calculate a flow rate at a series
of flow settings for mass flow controller 120 while
choking orifice 322 is in an open position versus
calculating 



flow rates at the identical series of flow settings
while choking orifice 322 in the choked position.
Bycomparing the two flow rates calculated at each of
these flow settings a set of points corresponding to
an error curve for flow rates above 500 seem may be
determined. The curve described by the derived
equation, for example Eq. 10, may then be fit to the
empirically determined error points which occur above
500 seem to generate an error equation describing a
curve representing the error induced by the geometry
of volume 360 at all flows. [0083] Additionally, in
many cases the error induced by volume 360 for flows
of 200 seem or less is statistically insignificant.
Consequently, the actual flow observed at these flow
rates may also be used in establishing points to which
the error curve described by the equation may be
fit.[0084] While fitting the curve described by the
equation to the empirically determined curve, the
variables in the error equation which describe the
error curve for a particular instance of geometry of
volume may be calculated, including the geometry term
(H) . This error curve may then be applied to
measurements and flow rates taken or calculated by ROR
300 in the future to correct the error induced by
volume 360, allowing a more accurate calculation of
the flow rate of mass flow controller 120. It will be
understood that this error 



curve may be used to correct for the error introduced
by volume 360 at all flow rates with choking orifice
322 in the open position allowing the volume of
chamber 305 to be utilized during a single transient
phase to more accurately determine a flow rate and
validate mass flow controller 120. [0085] FIGURE 12
depicts one embodiment of a methodology for
calculating a flow rate using ROR 300 and the equation
describing the error curve, as elaborated on above. In
this case, valve 370 may be closed by a control system
indicating that a testing or validation of mass flow
controller is to be conducted. To begin the test
valves 310, 330 are opened and a vacuum is drawn (step
1210) by pump 380 . Valve 330 is then closed and data
taken for the initial state (Step 1220) . With mass
flow controller 120 flowing based on a certain
setpoint, data may then be collected for a first
interval (Step 1230) . Time, pressure and temperature
may be monitored for a certain period using sensors
known in the art, such as pressure sensor 320. In some
embodiments, the length of this period may be
determined by a pressure or time checkpoint. For
example, when the pressure within volume reaches
acertain Torr, the first interval may be concluded.
The pressure at which the first interval concludes may
vary greatly depending on the flow being measured, but
is usually between 10 Torr and 1000 Torr. The first 



interval may also be concluded after a predetermined
amount of time, usually at least 10 seconds, but not
more than 60, seconds. [0086] After the conclusion of
this first interval (Step 1230) flow attributes may
then be calculated (Steps 1240) using Eq. 2 and Eq. 3
, without regards to volume 360. These flow attributes
may then be corrected for the error introduced by
volume 360 by using a previously determined error
equation (Step 1250) , as described above.
Consequently, a second interval is not needed and an
accurate flow rate may be calculated at any flow
setting with choking orifice 322 in an open position.
[0087] Additionally, in most cases, these equations
may also be tailored to take into account the gas
flowing through gas stick 302 when determining the
error introduced when a flow rate is calculated using
ROR 300. This may be done through the use of the gas
viscosity term (G as shown in Eq. 10) whose value is
determined based on the gas flowing through gas stick
302 or ROR 300. For example, gas term (G) may be one
value for nitrogen gas and another value for one type
of fluoride gas, etc. Using a different value for G
depending on the gas, the resulting error curve can
not only correct the calculated flow for the shape of
volume 360, but can also correct the calculated flow
for the viscosity of the gas flowing through gas stick



302. It will be understood by those of ordinary skill
in the art that the various steps, measurements, and
calculationsmay be controlled and performed in a wide
variety of ways, including by a control system
embedded within ROR system 300, or by the control
system utilized in conjunction with mass flow
controller 120, gas stick 302 and process chamber 130.
[0088] It will also be understood that the empirically
determined points used to fit the curve described by
the equation will be determined based on the tuning
and optimization of choking orifice 322. For example,
if choking orifice 322 is tuned for use in creating a
pressure gradient wherein the pressure in volume 360
is greater than two times the pressure upstream of
choking orifice 322 for flow rates of 200 seem or
greater, the empirically determined points may be at
flow rates of 200 seem and higher. [0089] Note that
not all of the steps described with respect to FIGURES
5-8 and 12 are necessary, that a step may not be
required, and that further steps may be utilized in
addition to the ones depicted, including additional
measurements, intervals etc. Additionally, the order
in which each element of the methods is described is
not necessarily the order in which it is utilized.
After reading this specification, a person of ordinary
skill in the art will be capable of determining which 



arrangement of steps will be best suited to a
particular implementation. [0090] In the foregoing
specification, the invention has been described with
reference to specific embodiments . However, one of
ordinary skill in the art appreciates that various
modifications and changes can be made without
departing from the scope of the invention as set forth
in the claims below. Accordingly, the specification
and figures are to be regarded in anillustrative
rather than a restrictive sense, and all such
modifications are intended to be included within the
scope of invention. Benefits, other advantages, and
solutions to problems have been described above with
regard to specific embodiments. However, the benefits,
advantages, solutions to problems, and any component
(s) that may cause any benefit, advantage, or solution
to occur or become more pronounced are not to be
construed as a critical, required, or essential
feature or component of any or all the claims.WHAT IS
CLAIMED IS: 1 . A method of measuring a flow through a
flow controller, comprising: collecting first data
pertaining to a first volume during a first interval;
collecting second data pertaining to a second volume
during a second interval; determining the first
volume; and 



calculating the flow. 2 . The method of claim 1 ,
wherein determining the first volume comprises
calculating the first volume. 3 . The method of claim
2 , wherein the first volume is calculated based on
the first data and the second data. 4 . The method of
claim 3 , wherein the first data includes the change
in pressure over the first interval and the second
data includes the change in pressure over the second
interval. 5 . The method of claim 4 , wherein
collecting second data is performed before collecting
first data. 6 . The method of claim 4 , wherein
collecting first data is performed before collecting
second data. 7 . The method of claim 1 , wherein
determining the first volume comprises receiving an
input. 8 . The method of claim 7 , wherein the first
data includes the change in pressure over the first
interval and the second data includes the change .in
pressure over the second interval.9 . The method of
claim 8 , wherein collecting second data is performed
before collecting first data. 10. The method of claim
8 , wherein collecting first data is performed before
collecting second data. 11. A method of measuring a
flow through a flow controller, comprising: collecting
first data pertaining to a first volume during a first
interval; and calculating the flow based on the first
data, wherein the first volume was previously
determined or is received as 



input . 12. The method of claim 11 wherein the first
volume was previously determined by: collecting first
data pertaining to the first volume during a first
interval; collecting second data pertaining to a
second volume during a second interval; and
calculating the first volume based on the first and
second data. 13. A method of measuring a flow through
a mass flow controller, comprising: collecting first
data pertaining to a first volume during a first
interval; and calculating the flow based on the first
data, wherein a second volume was previously
determined or is received as input . 14. The method of
claim 13, wherein the second volume is previously
determined by:collecting first data pertaining to the
first volume during a first interval; collecting
second data pertaining to the second volume during a
second interval; and calculating the second volume
based on the first or second data. 15. A system for
measuring a flow through a flow controller, wherein
the system is coupled to the flow controller
downstream of the flow controller, the system
comprising: 



a chamber; a first valve coupled to the chamber
upstream of the chamber; a second valve coupled to the
chamber downstream of the chamber; and a pressure
sensor coupled to the chamber upstream of the first
valve. 16. The system of claim 15, wherein the system
is operable to: collect first data pertaining to a
first volume during a first interval; and collect
second data pertaining to a second volume during a
second interval. 17. The system of claim 16, wherein
the first volume corresponds to the volume between the
first valve and the flow controller and the second
volume corresponds to the first volume and a volume of
the chamber. 18. The system of claim '17, wherein the
first data includes the change in pressure over the
first interval and the second data includes the change
in pressure over the second interval.19. The method of
claim 18, wherein collecting second data is performed
before collecting first data. 20. The system of claim
18, wherein collecting first data is performed before
collecting second data. 21. The system of claim 18,
wherein the system is further operable to: determine
the first volume; and 



calculate the flow. 22. The system of claim 21,
wherein the system determines the first volume by
calculation based on the first and second data. 23.
The system of claim 21, wherein the system determines
the first volume by receiving an input. 24. A method
of measuring a flow through a mass flow controller,
comprising: collecting first data pertaining to a
first volume during a first interval; calculating a
first flow; and adjusting the first flow based on an
error curve. 25. The method of claim 24, further
comprising determining the error curve. 26. The method
of claim 25, wherein determining the error curve
comprises fitting a derived error curve to a set of
error points, including a set of determined error
points.27. The method of claim 25, wherein each
determined error point is determined by: collecting
second data pertaining to the first volume during a
second interval at a first setpoint, wherein a choking
orifice is in an open position; calculating a second
flow based on the second data; collecting third data
pertaining to the first volume during a third interval
at the first setpoint, wherein the choking orifice is
in a choked position; calculating a third flow based
on the third data; and 



comparing the second flow with the third flow. 28. The
method of claim 27, wherein the choking orifice is
operable to create a pressure gradient in the choked
position, where the pressure upstream of the choking
orifice is approximately twice that of the pressure
downstream of the choking orifice. 29. The method of
claim 28, wherein the choking orifice is operable to
create the pressure gradient when the first setpoint
is at least 500 seem. 30. The method of claim 28,
wherein each of the set of determined error points
represents an error where the first setpoint is at
least 500 seem. 31. The method of claim 30, wherein
the set of error points includes a set of observed
error points. 32. The method of claim 26, wherein each
observed error point is determined by: collecting
fourth data pertaining 'to the first volume during a
fourth interval at a second setpoint; andcalculating a
fourth flow based on the fourth data. 33. The method
of claim 32, wherein each of the set of observed error
points represent an error where the second setpoint is
200 seem .or less. 34. The method of claim 26, wherein
determining the error curve further comprises
adjusting the error curve based on a type of gas . 35.
A system for measuring a flow through a mass flow
controller, wherein the system is coupled to the mass
flow 



controller downstream of the mass flow controller, the
system comprising: a chamber; a first valve coupled to
the chamber upstream of the chamber; a pressure sensor
coupled to the chamber downstream of the chamber; and
a choking orifice coupled to the chamber upstream of
the pressure sensor. 36. The system of claim 35,
wherein the system is operable to collect first data
pertaining to a first volume during a first interval;
and calculate a first flow. 37. The system of claim
36, wherein the choking orifice is operable to create
a pressure gradient where the pressure upstream of the
choking orifice is approximately twice that of the
pressure downstream of the choking orifice. 38. The
system of claim 37, wherein calculating the firstflow
further comprises adjusting the first flow based on an
error curve . 39. The system of claim 38 , wherein the
system is further operable to determine the error
curve. 40. The system of claim 39, wherein determining
the error curve comprises fitting a derived error
curve to a set of error points, including a set of
determined error points. 41. The system of claim 40,
wherein the system is operable to determine each
determined error point by: 



collecting second data pertaining to the first volume
during a second interval at a first setpoint, wherein
the choking orifice is in an open position;
calculating a second flow based on the second data;
collecting third data pertaining to the first volume
during a third interval at the first setpoint, wherein
the choking orifice is in a choked position;
calculating a third flow based on the third data; and
comparing the second flow with the third flow. 42. The
system of claim 40, wherein each of the set of
determined error points represents an error where the
first setpoint is at least 500 seem. 43. The system of
claim 42, wherein the set of error points includes a
set of observed error points. 44. The system of claim
43, wherein the system is operable to determine each
observed error point by: collecting fourth data
pertaining to the first volume during a fourth
interval at a second setpoint; andcalculating a fourth
flow based on the fourth data. 45. The system of claim
44, wherein each of the set of observed error points
represent an error where the second setpoint is 200
seem or less. 46. The system of claim 45, wherein
determining the error curve further comprises
adjusting the error curve based on a type of gas. 47.
The system of claim 37, wherein the first data is
collected with the choking orifice in the choked
position. 



48. The system of claim 47, wherein the choking
orifice is a three way valve operable to create the
pressure gradient when the first flow is above 500
seem. 49. A method of measuring a flow through a mass
flow controller, comprising: collecting first data
pertaining to a first volume during a first interval
wherein the first data is collected with a choking
orifice in a choked position and the choking orifice
is operable to create a pressure gradient in the
choked position where the pressure upstream of the
choking orifice is approximately twice that of the
pressure downstream of the choking orifice; and
calculating a first flow. 50. The method of claim 49,
wherein the choking orifice is a three way valve
operable to create the pressure gradient when the
first flow is above 500 seem. 


