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1
HIGH PURITY FLUID DELIVERY SYSTEM

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a divisional of U.S. patent application
Ser. No. 09/995,067, filed on Nov. 26, 2001, now abandoned
which 1s incorporated by reference 1n 1ts entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present mvention relates generally to fluid delivery
systems, and more particularly, to improved fluid delivery
systems and methods that are suitable for the direct applica-
tion of ultra-pure tluids to a water surface in processes such as
CMP, photolithography and dielectric processes.

2. Description of Related Art

Many industries such as semiconductor, pharmaceutical,
and bio-technology experience fluid delivery problems due to
the typically low tlow rates, the use of abrasive and aggressive
chemical fluids, and the need for contaminant {ree, accurate,
compact, and real-time fluid delivery and/or blending sys-
tems.

Generally the semiconductor industry uses the word “tool”™
to refer to a system comprised of pieces of hardware that
perform an operation on a waler surface. These operations
include the creation of thin films with some form of chemical
deposition or tluid coating process, the etching of films 1n
precise patterns, the polishing of films to reduce deposited
films to a planar surface and the cleaning of surfaces to
remove unneeded films, particles and chemaical contaminants.
The tool can either be stand alone or incorporated with other
tools 1n a cluster structure where multiple sequential opera-
tions on the water are done 1n one location.

For example, Chemical-Mechanical Planarization (CMP)
1s a critical process in the semiconductor industry that
involves a process to flatten the water surface of a semicon-
ductor by applying an ultra-pure fluid containing small abra-
stve particles and a reactive agent between the water surface
and a polishing pad. In most applications, the polishing pad
rotates at a controlled speed against the wafer to flatten the
surface. Over-polishing the waler can result 1n altering or
removing critical wafer structures. Conversely, under-polish-
ing of the water can result 1n an unacceptable water surface.
The polishing rate of the water 1s highly dependent upon the
delivery rate of the fluid and the total amount of fluid deliv-
ered during a polishing operation.

In addition to fluid tlow rate, prevention of contaminants in
the fluid being applied to the polishing pad 1s critical. It 1s a
problem 1n some applications that the instruments used to
control the process are a source of contaminants to the process
material. This 1s undesirable for use 1n systems where mate-
rial an ultra high of purity must be delivered to a user’s
application. For example, the metal flow tube of a typical
Coriolis flowmeter can be a source of contaminates. This 1s
the case 1n the fabrication of semi-conductor waters, which
requires the use of maternial that 1s free of contaminants
including 1ons migrating irom the flow tube wall. This
released material can cause the chips on a semi-conductor
waler to be defective. The same 1s true for a glass tlow tube,
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which can release the leaded 1ons from the glass into the
material flow. The same 1s also true for the tlow tubes formed
of conventional plastics.

Because prevention of 1onic contaminants 1s critical, the
majority of CMP processes utilize peristaltic pumps along
with a suitable high purity tubing material to supply fluid to
the polishing pad. While the clean tlow path non-intrusive
characteristic of peristaltic pumps 1s acceptable for CMP
applications, the use of these pumps to attempt to control fluid
flow rate 1s very 1naccurate since they are operated open-loop
with no tlow measurement feedback

Another process used in the semiconductor industry
requiring accurate control of fluid flows and a contaminant
free environment 1s the photolithography process. As 1is
known 1n the art, photolithography 1s a process that applies a
light sensitive polymer, known as resist, to the wafer surface.
A photomask containing a pattern of the structures to be
fabricated on the water surface 1s placed between the resist
covered waler and a light source. The light reacts with the
resist by either weakening or strengthening the resist poly-
mer. After the resistis exposed to light, the water 1s developed
with the application of fluid chemicals that remove the weak-
ened resist.

A modification of this process applies a host of new liquuds
to the water surface to create films that will become an inte-
gral part of the final semiconductor. The primary function of
these films 1s to act as an isulator between electrical con-
ducting wires. A variety ol “spin-on” materials are being
evaluated with a wide variety of chemical compositions and
physical properties. The key difference between the lithogra-
phy process and the spin-on deposition 1s that any defect in
the film (such as a void, bubble or particle) 1s now perma-
nently embedded 1n the structure of the semiconductor and
could result in non-functioning devices and a financial loss
for the semiconductor producer.

Both of these processes take place in a tool called a *““track.”
The purpose of the track 1s to apply a precise volume of fluid
to the surface of a stationary or slowly spinning water. After
the liquid application, the water rotation speed 1s rapidly
increased and the liquid on the water surface 1s spun off the
edge. A very thin, consistent thickness of liquid remains from
the center of the water to the edge. Some of the variables that
affect liquid thickness include the resist or dielectric viscos-
ity, solvent concentration in the resist or dielectric, the
amount of resist/dielectric dispensed, speed of dispense, etc.

The track will also provide additional processing steps
alter liquid application that changes the liquid to a polymer
using a bake process that also removes any solvent 1n the film.
Dielectric films can also be exposed to other chemical treat-
ments to convert the liquid film to the proper solid structure.
The track also controls the environment around the wafer to
prevent changes i humidity or temperature and chemical
contaminants from affecting the performance of the film.
Track system performance 1s determined by the accuracy and
repeatability of liquid delivered to the water surface 1n addi-
tion to minimizing defects in the film caused by voids,
bubbles and particles.

Problems associated with currently available tluid delivery
systems used 1n processes such as CMP and spin-on applica-
tions mclude the nability to provide closed loop tlow mea-
surement, the inability to provide an accurate fluid delivery
rate based on changing head pressure of the pump system,
variances in the volume of tubing used in the pump, and
pulsations from the pump. Further, periodic weekly or even
daily calibration of the pump may be required. Other prob-
lems associated with current fluid delivery systems involve
contamination of the fluid from shedding tubing particles.
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Additional factors typically important 1in these industries
include the need for real-time fluid property data such as flow
rate, fluid temperature, viscosity, density and pressure. While
all of the foregoing tluid properties can be measured using a
combination of various mstruments such as differential pres-
sure transmitters, viscometers, densitometers, pressure trans-
mitters, temperature elements or a combination of the mstru-
ments and a control system to calculate the fluid property
values, the use these nstruments can be expensive, have
significant space requirements, require increased mainte-
nance, and provide a greater potential for fluid leakage and
process contamination. Therefore, there 1s a need for an effi-
cient, compact and contaminant free solution to fluid delivery
systems 1n the foregoing industries.

In other processes there 1s an increased need for a real-time
blending system of multiple fluids requiring a high-purity
flow path. In addition, blending based on a volumetric basis 1s
generally unacceptable since typical blending formulas are
based on molar ratios. Current blending methods include
adding multiple tluids to a container on a weigh scale 1 an
off-line manner, as shown 1n FIG. 1. Multiple fluids, A
through N, flow 1nto a container 11 placed on a scale 12. One
fluid 1s allowed to run through a flow valve 13 at a time. The
scale total 1s examined and when the desired amount of Fluid
A has been added, the valve 13 1s closed. The same process 1s
repeated with the remaining fluids. Eventually, a total mixture
1s obtained. If too much or too little of any flud has been
added the process must continue until the proper mass of each
fluid, within some acceptable error band, has been added.

Another known approach uses a level sensor to measure the
volume of each fluid of the blend as it 1s being added to the
vessel. This requires a very precise knowledge of the volume
of the vessel with small increments of vessel height.

Unfortunately, the current batch production method can
result 1n too much or too little of the final product being
available when needed. Since having too little product avail-
able would shut a process down, extra product 1s always
produced, meaning some product will be left over and not
used. Since these products often have a limited shelf life (e.g.
several hours) this excess product must be disposed of. This
disposal 1s costly for several reasons. The product is typically
uses very expensive chemicals, and the fluid mixture can
often be very hazardous meaning 1t must be disposed of in a
controlled and costly manner.

As technology develops, the need for manipulation of the
blending formulas based on the differences in the product
requirements, and additional new material components con-
tinues to 1ncrease, thus requiring a greater need for tlexible,
accurate and contaminant free real-time continuous blending
systems. Another important factor includes the need for accu-
rate pressure control to ensure proper blending and accurate
fluid tlow rates to the processing tool.

Thus, there 1s a need for flmd delivery systems that address
shortcomings associated with the prior art.

SUMMARY OF THE INVENTION

In one aspect of the present mvention a fluid delivery
system 1ncludes a flow control device, a Coriolis mass flow-
meter having a flow-tube made of a high-purity plastic mate-
rial, and a controller, such as a PID controller. The Coriolis
flowmeter provides output signals to the controller indicating,
for example, mass flow rate, temperature, and/or density mea-
surements ol a process fluid. The control device receives a
setpoint signal and the flowmeter output signals, and provides
a control output signal to the tflow control device to vary the
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4

control device’s output 1n order to provide the desired flow
rate for the fluid delivery system.

The Coriolis mass flowmeter’s tlow-tube 1s made of the
high-purity plastic material to prevent transierring unwanted
(c.g. metal) 1ons to the process fluid. Perfluoralky (PFA)
plastic 1s a suitable material for the tlow tube. The flow control
device may be embodied by, for example, a control valve, a
pump, or a controlled pressurized reservoir. In exemplary
embodiments, the control valve 1s a pinch valve having a
solenoid or stepper motor actuator.

In accordance with other aspects of the invention, a recir-
culating fluid distribution system includes a fluid reservoir
and a distribution conduit in fluid communication with the
reservoilr. The distribution conduit has a plurality oftool drops
for providing fluid from the reservoir to tools attached to the
tool drops. A tlow control device, such as a variable output
pump or a pinch valve, 1s 1 fluid commumication with a
Coriolis mass tlowmeter that has a flow-tube made of a high-
purity plastic material. A pressure transmitter 1s 1n fluid com-
munication with the Coriolis mass tlowmeter. A controller
receives a setpoint signal and output signals from the Coriolis
flowmeter and the pressure transmitter, and provides a control
output signal to the flow control device to vary the tlow
control device output to maintain a predetermined pressure
and flow rate 1n the distribution conduit.

In accordance with still further aspects of the invention, a
fluid delivery system, includes a reservoir having an inlet for
receiving a gas to pressurize the reservoir and an outlet for
dispensing tluid contained 1n the reservoir. A first flow control
device 1s connected to the reservoir inlet and a second tlow
control device 1s 1n fluid communication with the reservoir
outlet to control fluid flow out of the reservoir. A Coriolis
mass tlowmeter 1s 1n tluid communication with the second
flow control device. The Coriolis flowmeter has a tlow-tube
made of a high-purity plastic material, such as PFA A con-
troller recetves a setpoint signal and output signals from the
Corolis flowmeter, and provides control output signals to the

first and second flow control devices to vary the pressure of
the reservoir and the tlow rate of fluid from the reservorr.

BRIEF DESCRIPTION OF THE DRAWINGS

Other objects and advantages of the invention will become
apparent upon reading the following detailed description and
upon reference to the drawings 1n which:

FIG. 1 schematically 1llustrates a prior art off-line blending
system;

FIG. 2 1s a block diagram schematically illustrating a fluid
delivery system 1n accordance with the present invention;

FIG. 3 1s a perspective view of a Coriolis flowmeter having
a high purity tlow tube suitable for use 1n the various embodi-
ments of the present mvention;

FIG. 4 schematically illustrates a pinch valve in accor-
dance with the present invention;

FIG. S 1s a block diagram 1llustrating aspects of a real-time,
high purity blending system 1n accordance with embodiments
ol the present invention;

FIG. 6 15 a block diagram 1llustrating a recirculating tfluid
distribution system 1n accordance with embodiments of the
present invention;

FIG. 7A schematically illustrates a high punty pressure
transmitter 1n accordance with aspects of the present mnven-
tion;

FIG. 7B illustrates an alternative embodiment of a high
purity pressure transducer containing an encapsulated sap-
phire sensor;
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FIG. 8 1s a block diagram conceptually 1llustrating aspects
of a high purity fluid delivery system for a CMP process tool

in accordance with embodiments of the present invention;

FI1G. 9 15 a block diagram conceptually illustrating aspects
of an alternative high punity fluid delivery system for a CMP
process tool 1n accordance with embodiments of the present
imnvention;

FIG. 10 1s a block diagram 1llustrating a closed-loop fluid
delivery system for a spin-on process in accordance with
embodiments of the present invention; and

FIG. 11 1s a block diagram illustrating an alternative
closed-loop fluid delivery system for a spin-on process 1n
accordance with embodiments of the present invention.

While the 1invention 1s susceptible to various modifications
and alternative forms, specific embodiments thereol have
been shown by way of example 1n the drawings and are herein
described 1n detail. It should be understood, however, that the
description herein of specific embodiments 1s not mntended to
limit the invention to the particular forms disclosed, but on the
contrary, the intention 1s to cover all modifications, equiva-
lents, and alternatives falling within the spirit and scope of the
invention as defined by the appended claims.

DETAILED DESCRIPTION OF THE INVENTION

[lustrative embodiments of the invention are described
below. In the interest of clarity, not all features of an actual
implementation are described 1n this specification. It will of
course be appreciated that in the development of any such
actual embodiment, numerous implementation-specific deci-
s1ons must be made to achieve the developers’ specific goals,
such as compliance with system-related and business-related
constraints, which will vary from one implementation to
another. Moreover, 1t will be appreciated that such a develop-
ment effort might be complex and time-consuming, but
would nevertheless be a routine undertaking for those of
ordinary skill in the art having the benefit of this disclosure.

FI1G. 2 schematically 1llustrates a fluid delivery system 100
in accordance with exemplary embodiments of the invention.
The mass flow-based delivery system 100 1s suitable, for
example, to control the flow of fluid to a tool or a work piece
supported by a tool, such as a polishing pad of a CMP system
or a track used for semiconductor spin-on applications. In
general, the system 100 includes a flow control device 110, a
mass flowmeter 112, and a controller 114.

The controller 114 receives a setpoint signal representing a
desired parameter, such as mass tlow rate. The controller 114
also receives an output signal from the flowmeter 112. The
flowmeter signal 1s conditioned and processed by the control-
ler 114, which then provides a control output signal to the
flow control device 110 so as to vary the fluid tlow rate. The
controller 114 1s electronic and has an electronic interface,
and may comprise, for example, a proportional-integral-de-
rivative (PID) controller. The setpoint input to the controller
114 1s typically an electronic signal, suchas a0-5V, 420 mA
signal or a digital word. A pneumatic setpoint interface could
also be used. The controller 114 may also include a valve
override feature, where an additional signal 1s sent 1nto the
controller 114 that causes the controller 114 to 1gnore the
setpoint and fully open or close the flow control device 110.
This feature 1s often used for shutting the flow off or purging
the system.

In certain embodiments, such as fluid delivery systems for
chemical blending applications, the mass flowmeter 112 1s
preferably a Coriolis mass tlowmeter. A direct mass flowme-
ter 1s generally preferable over a volumetric flowmeter since
the desired chemaical reactions typically are driven on a mole
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(mass) basis. Volumetric flow rate measurements can be made
and corrected to standard conditions resulting 1n the equiva-
lent of a mass measurement. However, additional information
1s required (flumd density, temperature, and/or pressure) mak-
ing the measurement more difficult and costly. Mass flow rate
measurements are typically more accurate than volumetric
measurements which are converted to a mass measurement
and, this accuracy results in a higher quality final product.
This would increase the process yield and thus improve the
profitability of companies utilizing this invention.

Many applications, such as those associated with the semi-
conductor, pharmaceutical, and bio-technology industries,
require the flow path (all surfaces wetted by the process fluid)
of fluid delivery systems be constructed of high purity, chemi-
cally inert/resistant, materials to protect the purity of the
chemicals used. Plastics are desirable because the ultra pure
chemicals used 1n the semiconductor watfer fabrication pro-
cesses can be contaminated 1f metal 1ons are leached or
removed from metal flow tubes due to a variety of mechanical
and chemical processes. High purity grade plastics are thus
used 1n these industries since this generally prevents transier-
ring unwanted (e.g. metal) 1ons to the process material. In
addition, the smooth surface finish inherent 1n the manufac-
turing of a plastic flow tube reduces the ability of bacteria to
attach to the tube and contaminate the fluid with organic
materials.

The wetted path of the flowmeter 112 1s designed such that
1t has no cracks, crevices, etc. that could harbor bacteria. A
suitable high purity plastic 1s PFA (pertluoroalkoxy copoly-
mer), which 1s an advanced fluoropolymer with superior
chemical resistance and mechanical properties. A variety of
fluorinated polymers such PVDF and PTFE are also suitable.

In addition to using high purity materials, the high purity
flow path should have a constant diameter and no intrusions or
multiple tlow paths—a dual tube sensor or a curved tlow path
should be avoided. This minimizes pressure drop, reduces the
shear rate on the fluid to a minimum, which is critical in some
industries and applications. It also prevents plugging with
certain materials, such as slurries.

A suitable Coriolis mass flowmeter having a flow-tube
made of a high-purity plastic maternial 1s shown in FIG. 3. The
Corolis flowmeter 50 has a tlow tube 52 1nserted through legs

67, 68 of a base 51. The flow tube 52 1s preferably made of
PFA. Pick offs LP0 and RP0 and a driver D are coupled to the
flow tube 52. The flowmeter 50 recerves a process material
flow from a supply tube 54 and extends the flow through a
connector 38 to the flow tube 52. The tlow tube 52 1s vibrated
at 1ts resonant frequency with material flow by the driver D.
The resulting Coriolis deflections are detected by pick offs
L.P0 and RP0 which apply signals over conductors 62 and 64
to meter electronics (not shown), which determines the phase
difference between the Coriolis detlections and applies out-
put signals based thereon. As shown in FIG. 2, the output
signal may correspond to a veservoir output flow from the
reservoir 118. Suitable Coriolis tlowmeters having high
purity tlow tubes are disclosed in detail 1n the imncorporated
application entitled “Flowmeter for the Precision Measure-
ment of an Ultra-Pure Matenial Flow.”

The flow control device 110 may comprise a control valve.
As with the mass tlowmeter 112, in high purity applications
the control device must be made of materials that will mini-
mize contamination of the fluid. Moreover, the control device
110 should be designed to have no places where stagnant fluid
can collect and no sliding or rubbing parts that could create
particles 1n the fluid.

For example, an all-plastic diaphragm valve made from
plastics that are acceptable 1n high purity chemical environ-
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ments could be used. For slurries, however, such a valve 1s not
the 1deal solution. Pinch valves have proven to be a good
solution to slurry control. A suitable pinch valve 120 1n accor-

dance with the present invention 1s conceptually illustrated 1n
FIG. 4. An actuator 122 forces a ram 124 onto a flexible tube
126 and against a reference surface 128 to pinch the tube 126
closed. The tube 126 1s preferably made of a high purity
plastic such as PFA. The tube’s flexibility allows the tubing
walls to conform around any trapped particles or imperfec-
tions 1n the walls to provide a tight seal. The flow path 1s
straight through, mining pressure drop and turbulence. The
fluid contacts only the flow tube 126 preventing wear or
corrosion of the other valve parts and preventing metal con-
tamination of the slurry in the case of high purity applications,
such as semiconductor polishing operations.

The actuation of known pinch valves 1s usually bi-stable—
on and off. Some known pinch valves have a manual actuator
with a multi-turn handle, but this type of valve would not be
conducive to closed loop tlow control. Other pinch valves are
used for dispensing applications 1n batch processes, in which
the amount of material dispensed is controlled by the time that
the valve 1s on. This does not allow dynamically controlling
the flow rate.

A valve that has only two states can be controlled by
applying varying current or voltage to the valve actuator. In
one embodiment, pulse-width modulation (PWM) 1s used to
control the valve. PWM 1s achieved by generating a square
wave signal at a frequency above the valve’s mechanical
response frequency. The duty cycle of the signal 1s varied to
determine the appropriate voltage or current sent to the
device. For example, 11 the PWM signal operates between
0-12 volts, 0% duty cycle=0 volts, 50% duty cycle=6 volts,
and 100% duty cycle=12 volts. The “averaging” takes place
because the signal 1s at a frequency above the valve’s
mechanical response frequency. The position of the valve 1s
based on the average current that 1s supplied. The resulting,
supply voltage 1s proportional to the pulse width of the signal.

If the signal frequency 1s too low, the valve will have time
to respond completely to on and off signals creating a pulsed
flow output, which 1s generally not desirable. A typical pinch
valve actuator 1s a solenoid, which has a spring element with
a preload adjustment that determines the current required to
close the solenoid. Adjusting the pre-load on the valve spring
can 1mprove the valve’s control range. In other implementa-
tions, the solenoid plunger element 1s replaced with a spring-
suspended plunger. The spring-suspended plunger minimizes
the non-linear valve response due to friction, which mini-
mizes the hysteresis and dead band common 1n available
solenoid-actuated pinch valves.

An alternative approach to the PWM-controlled solenoid s
to use a stepper motor actuator, which translates a controlled,
deterministic angular rotation to a linear ram drive by a worm
gear type arrangement. Stepper controllers can be designed to
produce a specific number of steps proportional to an analog,
signal mput. Backlash, and thus valve hysteresis can be mini-
mized by any number of appropriate worm gear designs that
mimmize backlash. A stepper motor generally provides
immunity to temperature and pressure fluctuations, which
may cause changes in the pinch tubing. A stepper motor 1s a
means to control position, so the stepper 1s immune changes
in the pinch tubing. With a pinch valve, the pinch tube 1s an
integral part of the system—current 1s applied to the valve
actuator, which applies force to the pinch tube, which pinches
the tube. If the tube properties change due to temperature or
pressure, the amount the tube closes, and thus the tlow rate
with a solenoid, changes. Moreover, a stepper actuator can
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remain at the last position to provide fast response to achiev-
ing setpoint at the start of a fluid delivery cycle.

The Coriolis flowmeter 112 and flow control device 110
may be configured as an integral unit, housed 1n a single
enclosure 116, and additionally the controller 114 may also
be housed 1n the same enclosure 116 to provide an integrated
high purity, Coriolis mass flow controller. A suitable high
purity, Coriolis mass flow controller 1s disclosed in additional
detail in the incorporated application entitled “High Purity
Coriolis Mass Flow Controller.”

Alternatively, the flow control device 110 may comprise a
variable output pump, such as a peristaltic pump. In still
further embodiments, a pressurized vessel or reservoir 1n
which the pressure 1s varied to change the flow rate of fluid
dispensed from the vessel functions as the flow control device
110. For example, referring to FIG. 2, a fluid reservoir 118
may be variably pressurized to vary the tflow rate of flud
exiting the reservoir 118. Controlling the fluid flow rate 1n this
manner may be in addition to, or 1n place of, the 1llustrated
flow control device 110. Such alternative flow control devices
are discussed 1n further detail herein below 1n conjunction
with further exemplary embodiments of the mvention.

FIG. 5 illustrates a real-time blending system 200 1n accor-
dance with aspects of the present invention. The 1llustrated
system 1s high purity, corrosion resistant and mass based to
address shortcomings associated with the prior art. At least
two key factors are needed to achieve these features. One 1s a
high purity flow path, and another 1s a mass tlow rate mea-
surement. Accordingly, the system 200 includes Coriolis
flowmeters 212 having high punty plastic flow tubes as
described above. The Coriolis flowmeters 212 provide a den-
sity measurement that may be used as a feedback of the actual
blend concentration when the blend 1s a binary solution of a
heavy component such as an acid with water. Solids concen-
tration 1n a slurry can also be monitored using the density
measurement. In addition to mass tlow rate and density, the
flowmeters 212 may be configured to provide additional mea-
surement output signals, such as a temperature measurement.

Using the mass tlowmeters 212 allows real-time, on-line
blending of multiple fluid streams 220. As noted above, a
mass flow rate measurement 1s preferred over a volumetric
flow rate measurement since the desired chemical reactions
are typically driven on a mole (mass) basis.

The real time blending system 200 further includes tlow
control devices 210, such as the pinch valves described above.
The flowmeters 212 provide output signals indicative of, for
example, fluid flow rate, temperature and density to the con-
troller 214. Based on pre-determined or real-time fluid stream
flow rate setpoint parameters, the controller 214 sends control
signals to the flow control devices 210 in order to supply the
desired amount of blended fluid to a work piece. In this
manner, the various fluids 220 are merged to form a single
fluid stream that 1s provided to a common conduit 216. A
mixing chamber 218 may further be provided to achieve
complete blending of the tluids 220. Additionally, check
valves (not shown) may be provided to ensure the individual
fluid streams 220 are not contaminated due to variations 1n
fluid stream supply pressures.

A man-machine-nterface (MMI) may further be provided.
The MMI provides an interface that, for example, communi-
cates the values and status of input and output signals as well
as providing predetermined alarms when the value of a pro-
grammed 1nput signal or other measurement falls outside of
an accepted range of values. In addition, the input and output
signals between the various components of the system 200
can all be connected over a single pair fieldbus cable. Further,
in certain embodiments, the system 1s also capable of calibra-
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tion, testing and maintenance of the system via the controller
214, as well as configuration and selection of the pre-config-
ured blending recipes. While the system 200 invention as
illustrated 1n FIG. 4 shows the flowmeter 212, flow control
device 210 and controller 214 as separate components, i1t
should be appreciated that various combinations of these
components may be configured as an integral unit in a com-
mon enclosure.

A recirculating fluid distribution system 300 1s illustrated
in FIG. 6. The distribution system 300 includes a Coriolis
flowmeter 312 having a tflow tube made of a high purity
plastic material as discussed above. The tlowmeter 312 1s in
fluid communication with a flow control device, such as a
pinch valve 310, and a pressure transmitter 330. A controller
314 receives measurement signals from the flowmeter 312
and the pressure transmitter 330, and provides a control signal
to the valve 310. The controller 314, Coriolis flowmeter 312,
pressure transducer 330 and valve 310 may be individual
components, or may be combined as an integral flow and
pressure control system.

A reservoir 316 contains fluid to be delivered to a plurality
of tool drops 350 via a conduit 351. The tool drops 350 are
cach connectable to a respective tool 352 such as a cleaning,
cetching or CMP tool to provide fluid to the tool 352. A
distribution module 354, such as apump, circulates tluid from
the reservoir 316 through the system 300. Alternatively, an
inert gas such as nitrogen may be supplied to the reservoir 316
to pressurize the reservoir 316 and circulate the tluid.

The Coriolis mass flowmeter 312 allows a user to monitor
flow rate 1n the system 300. Via the mass flow and pressure
control system, a minimum pressure can be maintained at
cach of the tool drops 350 to eliminate pressure based dis-
pense fluctuations that could affect the performance of the
associated tools 352. A miniaturized version of the pressure/
flow controller can be used to maintain a pressure and mass
flow rate to each tool to compensate for variations in loop
pressure. Such pressure/tlow controllers associated with each
tool could be individually operated, or the controller 314
could act as a master controller.

As noted above, the Coriolis mass flowmeter 312 can pro-
vide a density measurement which can be used as a feedback
of the actual blend concentration when the blend 1s a binary
solution of a heavy component such as an acid with water.
Solids concentration 1n a slurry can also be monitored using
the density measurement.

Paste

As noted above, to achieve a high purity system the entire
flow path must be made of a hugh purity, chemically inert/
resistant material. FIG. 7A schematically illustrates a high
purity pressure transmitter 330 with the wetted process con-
nection mcluding the pressure diaphragm constructed out of
a single piece of high purity plastic. A key requirement of any
instrumentation used in a high purity distribution system 1s
that none of the devices can be a source of leaks. Threaded
connections are avoided; the preferred method of making
process connections 1s the use of a face to face seal. Fabricat-
ing the process connection 360 out of a single piece of plastic
assures that there are no threaded connections, which can be
a source of leaks.

The pressure transmitter 330 includes a sensor holder 358,
which may be constructed ol polypropylene since 1t 1s not part
of the flow path. A pressure chamber 360 constructed of a
high purity material such as PFA 1s nested in the sensor holder
358. The pressure chamber 360 defines a process fluid in-take
guide 361 extending therefrom. To provide stable pressure
measurement performance, a ceramic pressure sensor 362 1s
bonded to a high purity diaphragm 364 (for example, 1 mm
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thick PFA) and any relaxation of the plastic (also called creep)
1s compensated for by elastomer o-rings 366 situated on top of
the ceramic sensor 362, which maintains the ceramic sensor
against the plastic diaphragm 364 with a constant force. In
this manner, the entire wetted part of the pressure transmitter
330 1s PFA or another suitable high purity plastic material.

An alternative pressure sensor 331 i1s shown 1 FIG. 7B.
The pressure sensor 331 uses a small capacitance pressure
sensor 370 constructed from sapphire. The sensor 1s encap-
sulated 1n a high purity material such as PFA 372 and extends
into the pressure chamber 360 1n such a way that the fluid
pressure squeezes the sensor 370. An advantage of the
approach shown in FIG. 8B 1s no fixed reference, such as a
sturdy structure, 1s required for accurate pressure measure-
ment. The encapsulated pressure sensor 370 1s an integral part
ol the pressure chamber 360 and 1s constructed out of a single
piece of high purity plastic.

FIG. 8 1s a block diagram conceptually illustrating aspects
of a high purity fluid delivery system 400 for a CMP process
tool 1n accordance with aspects of the invention. The delivery
system 400 provides various fluds, for example, water 420,
surfactant or reactive agent 421 and slurry 422, to a process
tool 452 for application to a semiconductor water. The tool
typically includes a water support and a polishing pad. Peri-
staltic pumps 411 are 1n commumnication with each of the fluid
sources 420,421,422 to pump the respective fluids to the tool
452. Further, high purity Coriolis flowmeters 412 are placed
in-line with each fluid source to provide mass flow rate feed-
back. A closed loop system can then be achieved through the
use of control electronics and/or software, such as a PID
controller.

Another fluid delivery system 401 1s shown 1n FIG. 9, 1n
which control valves 410, such as the pinch valve disclosed
herein above, are used 1n conjunction with the high purity
Coriolis mass flowmeters 412 to achieve high purnty, closed
loop control in a CMP process. In certain embodiments, the
process tool 452 could supply an on-off signal to each indi-
vidual fluid control loop 1f the control loops are set at a desired
flowrate.

Different wafers, however, may need to be processed dif-
ferently and thus require a different “recipe” of fluids be
delivered to the polishing pad. The CMP process tool 452
could command a particular flow rate by using, for example,
standard industry protocols such as a 4-20 mA signal, to each
controller. As 1n the system 300 shown 1n FIG. 6, the CMP
tool could merely command a different recipe and the con-
troller 314 device would control the delivery rates. The main
controller 314 sets tlow rates and fluid ratios 1n real-time as
necessary.

FIG. 10 shows a closed-loop fluid delivery system 500 for
a spin-on process used in a photoresist or dielectric liquid
application process. A reservoir 518 1s pressurized with an
iert gas, such as nitrogen, which 1s supplied via a supply
conduit. The process fluid 1n the reservoir 518 may be con-
tained within a polymer bag 519 to 1solate the fluid from the
pressurizing gas. In other embodiments, a diaphragm may be
used to 1solate the process fluid from the gas. A pressure
control valve 550 1s located within the 1nert gas supply con-
duit to controllably adjust the 1nert gas being supplied to the
reservolr 518. The pressure control valve 550 1s capable of
receiving an output signal from a liquid delivery controller
514 that adjusts the position of the valve 550 from open to
close based on a pressure signal recerved from a first pressure
transmitter 330a. The controller 514 adjusts the position of
the pressure control valve 550 to increase or decrease the
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pressure of the reservoir 518, based on a predetermined pres-
sure setpoint compared to the output of the pressure transmit-

ter 530a.

The reservoir 518 1s connected to a high purity Coriolis
mass tlowmeter 512 via an outlet conduit, through which the
process fluid exits the reservoir 518. A point of use filter 560
1s provided to filter process fluid being applied to a spinning
work piece 562, which 1s controlled by a spin controller 564.

The Coriolis flowmeter 5312 in the tlow path measures the

actual flow rate and provides a signal to the liquid delivery
controller 514. If the flow of flud 1s low the pressure applied
to the liquid 1nside the reservoir 518 1s increased to provide
more tlow. Increased pressure for liquid delivery may be
necessary due to plugging of the point of use filter 560 or in
the tubing carrying the liquid. Second and third pressure
sensors 530b,530¢ upstream and downstream of the flowme-
ter 512 measure the differential pressure required to drive the
liquid through the flowmeter 512. The flow rate and differen-
tial pressure measurements provided by the tlowmeter 512
and pressure sensors 530b,530c¢ can be used to determine the
viscosity of the fluid, since the length of the tube 1s known.
The viscosity measurement would indicate any changes to the
chemical structure of the fluid. A control valve 510 controls
the flow rate of the process tluid via control signals from the
liquid delivery controller 514. A stepper driven valve would
maintain last position.

A tool controller 515, which may be the same controller as
the liguid delivery controller 514 or a separate controller,
provides control signals to the spin controller 564 and also
provides a tlow setpoint to the delivery controller 514. A fast
acting tluid on/off valve 509 1s further provided at the outlet of
the reservoir 518 in some embodiments, which 1s activated by
the liquid delivery controller 514 to turn tlow on/oil based on
the requirements from the tool controller 515. The liquid
delivery controller 514 maintains in memory a table of liquud
delivery pressure and flow rates as would be provided by the
pressure sensor 330b and Coriolis flowmeter 512, respec-
tively, correlated with various positions of the control valve
510. Based on fluid demand requirements from the tool con-
troller 515, the liqud delivery controller 514 provides opti-
mal settings of pressure on the fluid and control valve settings
to provide the proper amount of fluid during the time the valve
509 1s open.

An alternative spin-on fluid delivery system 501 1s shown
in FIG. 11. In the delivery system 501, the Coriolis flowmeter
512 1s downstream ol a metering pump 511 to act as a feed-
back mechanism to assure that the proper amount of liquid 1s
being applied to the work piece 562. Prior art metering pump
systems are typically open loop, and any plugging of the
system downstream of the pump that increases the head pres-
sure will change the fluid delivery to the work piece. The
signal from the Coriolis flowmeter 512 allows the liquid
delivery controller 514 to change the operation of the pump
511 to provide a higher output pressure to compensate for the
increased head pressure.

The particular embodiments disclosed above are 1llustra-
tive only, as the invention may be modified and practiced in
different but equivalent manners apparent to those skilled 1n
the art having the benefit of the teachings herein. Further-
more, no limitations are intended to the details of construction
or design herein shown, other than as described 1n the claims
below. It 1s therefore evident that the particular embodiments
disclosed above may be altered or modified and all such
variations are considered within the scope and spirit of the
invention. Accordingly, the protection sought herein 1s as set
forth 1n the claims below.
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What 1s claimed 1s:

1. A fluid delivery system, comprising:

a reservolr having an inlet for receiving a gas to pressurize
the reservoir and an outlet for dispensing tluid contained
in the reservoir, with the reservoir including a flexible
liner that holds the fluid and prevents the gas from pass-
ing into the fluid delivery system;

a first flow control device connected to the reservoir inlet;

a first pressure transmitter connected to the reservoir 1nlet,
the first pressure transmitter providing [an output] a
reservoir inlet pressure signal;

a second flow control device 1n fluid communication with
the reservoir outlet to control fluid tlow out of the reser-
VOIr;

a second pressure transmitter connected to the reservoir
outlet, the second pressure transmitter providing [an
output] a reservoir outlet pressure signal;

a Coriolis mass flowmeter 1n fluid communication with the
second flow control device, the Coriolis flowmeter hav-
ing a tlow-tube made of a high-purity plastic matenal,
the Coriolis flowmeter providing [an output signal] a
mass flow rate output signal of a reservoir output flow

from the veservoir and providing a density measurement
Jfor the fluid,

a controller recetving a setpoint signal, the controller
receiving the [output signals] reservoir inlet pressure
signal from the first Jand second pressure transmitters
and] pressure transmitter, the rveservoir outlet pressure
signal from the second pressurve transmitter, and the
mass flow rate output signal and the density measure-
ment from the Coriolis flowmeter and providing control
output signals to the first and second flow control
devices to vary the pressure of the reservoir and the flow
rate of flmd from the reservorr.

2. The fluid delivery system of claim 1, wherein the high-

purity plastic material comprises PFA.

3. The flmid delivery system of claim 1, wherein the second
flow control device comprises a valve.

4. The tluid delivery system of claim 3, wherein the valve
comprises a pinch valve.

5. The fluid delivery system of claim 4, wherein the pinch
valve comprises:

an actuator having a ram operatively connected thereto;

a reference surface positioned generally opposite the ram;

a high punity, flexible tube positioned between the ram and
the reference surface.

6. The fluid delivery system of claim 5, wherein the actua-

tor comprises a solenoid.

7. The fluid delivery system of claim 5, wherein the actua-
tor comprises a stepper motor.

8. The fluid delivery system of claim 1, wherein the second
flow control device comprises a pump having a variable out-
put.
9. The fluid delivery system of claim 8, wherein the pump
comprises a peristaltic pump.

[10. The fluid delivery system of claim 1, wherein the
reservolr includes a bag situated therein for containing a
fluid.]

11. The fluid delivery system of claim 1, wherein the con-
troller comprises a PID controller.

12. The fluid delivery system of claim 1, wherein the output
signal provided by the Coriolis mass flowmeter includes a
mass tlowrate measurement.

[13. The fluid delivery system of claim 1, wherein the
output signal provided by the Coriolis mass flowmeter
includes a fluid density measurement.]
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14. The fluid delivery system of claim 1, wherein the output
signal provided by the Coriolis mass tlowmeter includes a
fluid temperature measurement.

13. A fluid delivery system, comprising.

a reservoir having an inlet for veceiving a gas to pressurize
the veservoir and an outlet for dispensing fluid contained
in the reservoir, with the veservoir including a flexible
liner that holds the fluid and prevents the gas from pass-
ing into the fluid delivery system;

a first flow control device connected to the reservoir inlet,

a second flow control device in fluid communication with
the veservoir outlet to control fluid flow out of the reser-
VOoIF;

a second pressure transmitter connected to the reservoir
otutlet, the second pressure transmitter providing a res-
ervoir outlet pressure signal;

a Coriolis mass flowmeter in fluid communication with the
second flow control device, the Coriolis flowmeter hav-
ing a flow-tube made of a high-purity plastic material,
the Coriolis flowmeter providing mass flow rate output
signal of a veservoir output flow from the veservoir and
providing a density measurement for the fluid;

a thivd pressurve transmitter connected to a Coriolis mass
flowmeter output and generating a Coriolis flowmeter
output pressure; and

a controller receiving a setpoint signal and receiving the
reservolir outlet pressure signal from the second pressure
transmitter, the Coriolis flowmeter output pressuve from
the third pressure transmitter, and the mass flow rate
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Coriolis mass flowmeter, the controller providing con-
trol output signals to the first and second flow control
devices to vary the pressure of the reservoir and the flow
rate of fluid from the veservoir, and the controller deter-
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mining a fluid viscosity from the mass flow rate, the
reservoir outlet pressure, and the Coriolis flowmeter
output pressure.

16. The fluid delivery system of claim 15, wherein the
second pressuve transmitter is connected to the reservoir
outlet upstream of the Coriolis mass flowmeter.

17. The fluid delivery system of claim 135, further compris-
ing a first pressure transmitter located at the inlet of the
reservolr.

18. The fluid delivery system of claim 17, wherein the
controller calculates the viscosity of fluid flowing through the
system.

19. The fluid delivery system of claim 15, wherein the
controller further controls a tool for processing a work piece.

20. The fluid delivery system of claim 15, wherein the
controller comprises a fluid delivery controller, the system
further comprising a tool controller that controls a tool for
processing a work piece, the tool controller providing the
setpoint signal to the fluid delivery controller.

21. The fluid delivery system of claim 15, further compris-
ing a filter connected to the reservoir outlet.

22. The fluid delivery system of claim 15, wherein the
second flow control device comprises a pinch valve.

23. The fluid delivery system of claim 15, wherein the
second flow control device comprises a metering pump.

24. The fluid delivery system of claim 1, further comprising
a third pressure transmitter connected to the Coriolis mass
flowmeter output and generating a Coriolis flowmeter output
pressure, wherein the controller receives the Coriolis flow-
meter output pressure and veceives the veservoir outlet pres-
sure from the second pressuve transmitter and determines a
fluid viscosity from the mass flow rate, the rveservoir outlet
pressure, and the Coriolis flowmeter output pressure.
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