
(19) United States 
(12) Patent Application Publication (10) Pub. No.: US 2005/0268938A1 

Johnson et al. 

US 2005O268938A1 

(43) Pub. Date: Dec. 8, 2005 

(54) METHOD AND SYSTEM FOR SUPPLYING 
CARBON DOXDE TO A SEMCONDUCTOR 
TOOL HAVING WARIABLE FLOW 
REQUIREMENT 

(76) Inventors: Michael Clinton Johnson, Grand 
Island, NY (US); Martin L. Timm, 
Getzville, NY (US); John Fredric 
Billingham, Getzville, NY (US) 

Correspondence Address: 
PRAXAIR, INC. 
LAW DEPARTMENT - M1557 
39 OLD RIDGEBURY ROAD 
DANBURY, CT 06810-5113 (US) 

(21) Appl. No.: 

(22) Filed: 

Refrigeration 
System 12 

Cooling Coil 11 

10/862,690 

Jun. 7, 2004 

CO, 
BukTank 

O 

COBooster CO, Pump 15 Pressurization 
Means 20 Heat 

Exchanger 
29 

High-Pressure 
Carbon Dioxide 

High-Pressure Carbon 
Dioxide Feed Stream 
Heating or Cooling 

Means 74 

Publication Classification 

(51) Int. Cl." ....................................................... C23G 1100 
(52) U.S. Cl. .................................................................. 134/2 

(57) ABSTRACT 

Provided is a novel method and System for Supplying 
high-pressure carbon dioxide to an application having a 
variable carbon dioxide flow requirement. The method 
includes providing a high-pressure carbon dioxide feed 
Stream to a buffer Volume and determining the amount of 
carbon dioxide to be delivered to the application tool. The 
preSSure in the buffer Volume is maintained at a pressure that 
exceeds the pressure required by the application tool. The 
temperature in the buffer volume is further adjusted to 
modify the density of the carbon dioxide and based thereon 
the size of the buffer volume. Thereafter, the carbon dioxide 
from the buffer volume is delivered at a variable flow rate as 
required by the application tool. 
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METHOD AND SYSTEM FOR SUPPLYING 
CARBON DOXDE TO ASEMCONDUCTOR 

TOOL HAVING WARIABLE FLOW REQUIREMENT 

BACKGROUND OF THE INVENTION 

0001) 1. Field of the Invention 
0002 The present invention relates to a method for 
Supplying high-pressure carbon dioxide to an application 
having a variable carbon dioxide flow requirement. In par 
ticular, the invention relates to Supplying carbon dioxide to 
a Semiconductor application tool that has an instantaneous 
demand, which is significantly higher than its average 
demand. 

0003 2. Description of Related Art 
0004. The need for the instantaneous delivery of a fluid 
has long been known. In related applications, high preSSure 
gas Sources have been utilized where an instantaneous 
demand for fluid is necessary. For example, U.S. Pat. No. 
4,977,921 to Knight et al. discusses the use of a modified 
tube trailer to Store high pressure air or nitrogen in order to 
provide a high instantaneous flow of gas to clean out large 
size lines. U.S. Pat. No. 5,417,615 to Beard concerns the use 
of a pressurized gas Source to Store high-pressure air that is 
used to propel an amusement park ride. 
0005 U.S. Pat. No. 6,725,671 B2 to Bishop discloses the 
effect of temperature and pressure on the capacity of a 
natural gas Storage System. The temperature and pressure 
and Storage vessel wall thickneSS are chosen So as to 
minimize the cost of Storing natural gas. 
0006. In the semiconductor industry there has been a 
need to provide a high demand of fluid to an application, 
Such as a cleaning tool. In this regard, U.S. Pat. No. 
6,085,762 to Baton and U.S. Pat. No. 6,403,544 B1 to 
Davenhall et al. disclose the use of buffer volumes or ballast 
tanks in the Supply of a Supercritical fluid to a Semiconductor 
wafer processing application. The process includes Sending 
preSSure pulses of the Supercritical fluid to the application. 

0007 U.S. Pat. No. 6,612,317 B2 to Costantini et al. 
describes the use of a buffer volume or ballast tank in the 
Supply of a Supercritical fluid to a Semiconductor wafer 
processing application. Changing the pressure of the fluid in 
the buffer Volume is disclosed as a means to controlling the 
fluid delivered to the application tool, and rapid discharge of 
the fluid in the buffer volume into the wafer-processing 
chamber is shown. It will be understood that the term "buffer 
Volume', as utilized throughout the Specification and the 
claims refers to a pressure vessel Such as a ballast tank 
utilized to deliver fluid to a Semiconductor application. 
0008 One of the disadvantages associated with the 
related art Systems is that they do not recognize the Selection 
of temperature in the buffer Volume as an important factor in 
controlling the amount of carbon dioxide available for 
delivery to a Semiconductor application tool. Another dis 
advantage is that the related art does not provide a means of 
controlling the release of the pressure in the buffer vessel. 
0009. To overcome these disadvantages, it is an object of 
the present invention to provide a means for controlling the 
amount of carbon dioxide available for delivery to an 
application tool during high instantaneous demand periods. 
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0010. It is yet another object of the present invention to 
adjust the buffer Volume capacity without modifying the 
physical dimension of the buffer volume. 
0011. It is a further object of the present invention, to size 
the buffer volume by manipulating the temperature of the 
carbon dioxide once the maximum amount of carbon diox 
ide to be delivered to the Semiconductor application tool has 
been ascertained. 

0012. It is another object of the invention to replace 
expensive and oversized pumps that would be needed to 
deliver a high flow rate to the Semiconductor cleaning tool. 
0013. It is a further object to deliver the required carbon 
dioxide flow rate, instantaneously, and therefore eliminate 
the time lag that would be required when utilizing pumps to 
provide the required flow rate. 

0014. Other objects and advantages of the invention will 
become apparent to one skilled in the art on a review of the 
Specification, figures and claims appended hereto. 

SUMMARY OF THE INVENTION 

0015 The foregoing objectives are met by the process of 
the present invention. 
0016. According to one aspect of the invention, a method 
for Supplying high-pressure carbon dioxide to an application 
tool having a variable carbon dioxide flow requirement is 
provided. The method includes providing a high-pressure 
carbon dioxide feed Stream to a buffer Volume; maintaining 
the pressure in the buffer volume between a minimum 
preSSure that exceeds the pressure required by the applica 
tion tool and a maximum pressure Such that the average 
density of carbon dioxide contained in the buffer volume at 
minimum pressure is different from the average density of 
carbon dioxide contained in the buffer volume at said 
maximum pressure. 
0017. The average temperature in the buffer volume is 
adjusted to modify the difference between the average 
density of carbon dioxide contained in the buffer volume at 
the minimum preSSure and the average density of carbon 
dioxide contained in the buffer Volume at maximum preSSure 
Such that the flow requirement associated with the applica 
tion tool is Satisfied. The high-pressure carbon dioxide 
supply stream is delivered from the buffer volume at a 
variable flow rate as required by the application tool. 

0018. In accordance with another aspect of the invention, 
a System for Supplying high-pressure carbon dioxide to an 
application having a variable carbon dioxide flow require 
ment is provided. The system includes a buffer volume to 
receive a high-pressure carbon dioxide feed Stream, wherein 
the pressure in the buffer Volume is maintained between a 
minimum pressure that exceeds the preSSure required by the 
application tool and a maximum preSSure Such that the 
density of the carbon dioxide at minimum preSSure is 
different from the density of said carbon dioxide at maxi 
mum pressure, and the temperature in Said buffer Volume is 
adjusted. 

0019. A carbon dioxide purification unit is disposed 
upstream of the buffer Volume to deliver a high-pressure 
carbon dioxide feed Stream, and an application tool is 
disposed downstream of the buffer volume to receive carbon 
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dioxide from the buffer volume at a variable flow rate as 
required by the application tool. 

BRIEF DESCRIPTION OF THE FIGURES 

0020. The invention will be better understood by refer 
ence to the figures wherein like numbers denote same 
features throughout and wherein: 
0021 FIG. 1 illustrates a schematic diagram of the 
overall System for delivery of carbon dioxide to a Semicon 
ductor application tool having variable flow requirement; 
0022 FIG. 2 depicts an exemplary operational five 
minute cycle for delivery of carbon dioxide, in accordance 
with the invention; 
0023 FIG. 3 illustrates a schematic diagram of the 
overall System having a single core heat eXchanger; 
0024 FIG. 4 illustrates a schematic diagram of the 
overall System, in accordance with another embodiment 
where the apparatus upstream of pressurization means has 
been modified; 
0.025 FIG. 5 depicts a schematic diagram of the overall 
System, in accordance with another embodiment having a 
Single core heat eXchanger disposed upstream of the pres 
Surization means, and 
0.026 FIG. 6 illustrates a schematic diagram of the 
overall System, in accordance with another embodiment 
where the recirculation has been redesigned. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0027. The manufacturing of integrated circuit devices 
requires numerous complicated Steps necessary to form 
various features onto the wafer Substrate. Some of the Steps 
include cleaning the Substrate with high-pressure carbon 
dioxide. AS utilized herein the term “high-pressure carbon 
dioxide' refers to carbon dioxide at a pressure greater than 
its critical pressure of 1060 psig. In the event that the 
temperature associated with the carbon dioxide is below its 
critical temperature of 88 F. and is at high pressure it will 
be understood that the fluid is in liquid phase. On the other 
hand, if the temperature associated with the carbon dioxide 
is greater than 88 F., the fluid will be in Supercritical phase. 
Therefore, at above 1060 psig, the carbon dioxide is in one 
phase only, whether it be liquid or Supercritical (i.e. no 
discontinuous phase transition). 
0028. The semiconductor cleaning process of the present 
invention provide an effective means of Supplying high 
preSSure carbon dioxide to a Semiconductor cleaning appli 
cation which has a very high instantaneous demand for 
high-pressure carbon dioxide, but a much lower average 
demand for high-pressure carbon dioxide during a given 
operational cycle. Typically, the wafer cleaning application 
processes one wafer per cycle, and the carbon dioxide 
demand during that cycle varies from a very high rate to 
virtually zero. 
0029. As illustrated in FIG. 1, the supply system includes 
a carbon dioxide bulk tank 10 for holding the carbon dioxide 
delivered to the semiconductor application tool 100. The 
carbon dioxide removed from the bulk tank 10 is transferred 
through heat exchangers 29.30 and a carbon dioxide puri 
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fication unit 40, which is discussed in detail below, where 
particular embodiments are referenced. A high-pressure car 
bon dioxide stream 75 is generated and delivered to a buffer 
volume tank/vessel 80, which is utilized to meet the tool 
instantaneous demand for high-pressure carbon dioxide. 
0030) By way of explanation, the application tool 100 
requires a maximum instantaneous flow rate (S) of 
carbon dioxide at a certain set pressure level (P). The 
pressure in buffer volume 80 (P) must always be at least 
equal to the set pressure (i.e., P = or >P). However, to 
compensate for Some pressure drop in the line leading from 
buffer volume 80 to application tool 100, the pressure in the 
buffer volume (P) cannot drop below a minimum required 
pressure (Pi) which is greater than the pressure required 
by the application tool (i.e., P = or >P = or >P). 
0031) The average flow rate (F) of high-pressure car 
bon dioxide feed stream 75 (F) delivered to buffer volume 
80 must be equal or higher than the average flow rate (S,v) 
of high-pressure carbon dioxide supply stream 85 (S.) deliv 
ered to application tool 100. Thus, when F is greater than S, 
the pressure in buffer volume 80 increases. Conversely, 
when S is greater than F, the pressure in buffer volume 80 
will decrease. Accordingly, over the course of the processing 
cycle, when the flow rate to application tool 100 is greater 
than flow rate of high-pressure carbon dioxide feed Stream 
75, the additional carbon dioxide required by application 
tool 100 must be delivered from the carbon dioxide stored in 
buffer volume 80. 

0032. In accordance with the present invention, appli 
cants have found that properly sizing buffer volume 80, 
without replacing it or modifying the physical characteristics 
of it, allows the requisite amount of carbon dioxide to be 
delivered to the application tool during the operating cycle. 
To properly size buffer volume 80, the flow rate of carbon 
dioxide to the buffer volume and application tool 100, can be 
integrated with respect to time in order to determine the net 
change amount of carbon dioxide in the buffer volume. The 
buffer Volume Supplies the net changed amount of carbon 
dioxide by undergoing a change in pressure from a maxi 
mum preSSure to a minimum pressure when carbon dioxide 
is required by the application. The temperature in the buffer 
Volume at maximum and minimum pressure will determine 
the density of the carbon dioxide in the buffer volume. Thus, 
the Size of the buffer Volume necessary to Supply the net 
change amount of carbon dioxide can be determined. Once 
the buffer volume has been controlled, the amount of carbon 
dioxide supplied from the buffer volume to the application 
tool can be changed without changing its physical charac 
teristics by modifying the Volume temperature. 
0033. With reference to FIG. 2, application tool 100 is 
shown to have a cycle of five minutes. The tool requires 14 
lbs/min of high pressure carbon dioxide for the first minute 
of the cycle, 11 lbs/min for the third minute of the cycle, and 
no carbon dioxide during other periods of the five minute 
cycle. The average carbon dioxide demand of application 
tool 100, S., is 5 lbs/min. The flow rate of high-pressure 
carbon dioxide feed stream 75, F, remains constant at 5 
lb/min throughout the cycle. The largest carbon dioxide 
deficit that buffer volume 80 must make up is at the end of 
the third minute of the cycle. The deficit can either by 
calculated by integrating the difference between F and S for 
the entire cycle, or alternatively, by taking note of the Visual 
representation on the graph. 
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0034). As shown in FIG. 2, at the third minute, 10 
additional lbs of carbon dioxide have been sent to the 
application in high-pressure carbon dioxide Supply Stream 
85 than have entered the buffer volume through high 
pressure carbon dioxide feed stream 75. Therefore, buffer 
volume 80 must have a carbon dioxide buffer capacity of 10 
lbs. 

0035. The buffer capacity required by any application 
tool 100 can be calculated in a similar manner, as shown in 
FIG. 2. Once the required buffer capacity for buffer volume 
80 is known, buffer volume 80 can be sized. In addition to 
the required buffer capacity, one must know the density of 
carbon dioxide at the maximum and minimum preSSure 
loading of buffer volume 80. Turning back to the cycle 
depicted in FIG. 2, the maximum pressure loading of buffer 
volume 80 occurs at 0 seconds and 300 seconds. The 
minimum pressure loading of buffer volume 80 occurs at 
180 seconds. The pressure in buffer volume 80 at minimum 
loading is P. If the temperature in buffer volume 80 is 
known, the carbon dioxide density can be determined. 

0036 Preferably, the buffer volume is maintained at 
isothermal conditions during a particular cycle of operation. 
Therefore, the buffer volume temperature at maximum and 
minimum loading preSSure is approximately the Same. AS 
aforementioned, the minimum pressure loading (Pi) must 
be greater than the pressure (P) in the line required by 
application tool 100. In a preferred embodiment the maxi 
mum loading pressure is Selected to be less than or equal to 
ninety percent (90%) of the maximum allowable operating 
pressure of buffer volume 80. Operating the buffer volume 
under these conditions takes into consideration Safety con 
cerns, So that the Safety relief devices built into the System 
need not be activated, Save unforeseen emergency situations. 
0037 Upon selecting the maximum loading pressure, the 
carbon dioxide density at this particular preSSure, as well as 
at the minimum loading pressure can be determined. That 
allows for the calculation of the buffer volume, by dividing 
the buffer volume capacity by the difference in density at 
maximum and minimum loading preSSures. Once a buffer 
Volume has been constructed, the amount of carbon dioxide 
that can be delivered instantaneously, can be adjusted by 
modifying the buffer Volume temperature. 

0.038 For instance, the operator of the system indicates 
that a processing cycle of five minutes is desired, where the 
application tool 100 will requires an instantaneous 1.35 lbs 
at a pressure of 2850 psig. Since the carbon dioxide demand 
of 1.35 lbs is instantaneous, a high-pressure carbon dioxide 
stream 75 is continuously delivered to buffer volume 80, 
during the draw. The amount delivered, however, is insub 
Stantial in comparison to the amount drawn by the applica 
tion tool. An analysis similar to the one discussed and 
depicted in FIG. 2 is made at different temperature points. 
If a 50 psi pressure drop is assumed to exist in the line 
leading from the buffer Volume to the application tool, the 
minimum loading preSSure is 2900 psig. The maximum 
loading pressure for the buffer volume is selected as 3100 
psig at a temperature of 110 F. The density of carbon 
dioxide at 3100 psig and 110° F is 52.238 lb/ft. The density 
of carbon dioxide at 2900 psig and 110° F is 51.418 lb/ft. 
Thus, dividing the required buffer volume capacity of 1.35 
lbs by the difference in density (i.e., 52.238-51.418)lb/ft 
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shows that the buffer volume is 1.65 ft. Modifying this 
temperature modifies the amount of carbon dioxide deliv 
ered to the application tool. 
0039. As illustrate in the Table, below, the temperature 
associated with buffer volume 80 was modified to a tem 
perature other than 110 F., and the the calculations were 
carried out in the manner explained above. 

TABLE 

Carbon 
Dioxide Carbon 

Pressure Density Dioxide Required 
at Temperature at Density Size of 

Maximum in Buffer Maximum at 29OO Buffer 
Loading Volume 80 Loading psig Volume 90 
(psig) (F) (Ibs/ft) (Ibs/ft) (ft) 
31OO 50 61.654 61.264 3.46 
31OO 70 58.767 58.277 2.76 
31OO 85 56.445 55.855 2.29 
31OO 1OO 53.973 53.256 1.88 
31OO 110 52.238 51.418 1.65 
31OO 12O SO.433 49.492 1.43 
31OO 150 44.611 43.192 0.95 
31OO 2OO 34.5O2 32.377 O.64 

0040. As shown in the Table, the density of carbon 
dioxide decreases as buffer Volume temperature increases, 
and less total carbon dioxide is contained in buffer volume 
80. The density difference between the pressure maximum 
and minimum loading as the buffer Volume temperature 
increases. The required size of buffer volume 80 decreases 
as buffer Volume temperature increases. Similarly, the 
amount of carbon dioxide available for delivery to the 
application tool increases for a given buffer Volume as 
temperature increases, even though leSS carbon dioxide is 
contained in the buffer Volume at maximum pressure. This 
finding is unexpected, as normal practice would be to 
decrease the buffer Volume temperature at a given preSSure 
to increase the amount of carbon dioxide contained therein. 
It is of utility to the present invention, as the volume of 
carbon dioxide that may be Stored and delivered to appli 
cation tool 100 is increased. 

0041 Increasing the buffer volume temperature results in 
an increased ability of the buffer volume to deliver large 
Volumes of carbon dioxide instantaneously. Therefore, 
buffer Volume temperature must be Selected on a case by 
case basis, and balanced against the other factors which 
Suggest lower temperatures. These factors include: (a) the 
buffer volume/vessel requires thicker walls since the 
Strength of the wall material decreases as the buffer Volume 
temperature increases; (b) additional heat will be lost to the 
environment and the cost to maintain the buffer volume 
temperature will increase with the temperature; (c) more 
energy may be necessary to raise the temperature of the 
carbon dioxide in buffer volume 80 to the desired tempera 
ture. 

0042. The carbon dioxide temperature desired at appli 
cation 100 should also be a consideration in selecting buffer 
volume temperature. In a preferred embodiment the buffer 
Volume temperature should be maintained slightly above 
ambient at approximately 110 to 120 F. 
0043 Returning to FIG. 1, the entire carbon dioxide 
Supply System in accordance with one embodiment is dis 
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cussed in detail. The carbon dioxide (CO) source for the 
system is CO bulk tank 10. The tank can range in size from 
a two hundred liter Dewar to a tank holding three hundred 
tons of CO. Typically, the capacity of the bulk tanks range 
from Six tons to one hundred tons. For example, the CO2 
bulk tank 10 can be refilled from a CO delivery trailer 
without interrupting the operation of the CO Supply System. 

0044) The CO bulk tank 10 normally contains liquid 
CO, with a vapor headspace maintained at a pressure 
between 250 and 350 psig and a temperature between -9 F. 
and 10 F. A saturated liquid carbon dioxide is drawn from 
the lower part of bulk tank 10 and routed to CO booster 
pump 15. The pump raises the pressure of the CO by 
approximately 50 to 120 psi, but the temperature is increased 
only incrementally. The Subcooled liquid CO exiting 
booster pump 15 is conveyed, in part, to pressurization 
means 20. The preSSurization means can be a pump, Selected 
from a diaphragm pump, a metal diaphragm pump, a piston 
pump or other pumping means. 
004.5 The CO is pressurized in CO pressurization 
means 20 to a pressure as high as the preSSure at maximum 
loading in buffer volume 80 plus the line pressure drop 
between CO pressurization means 20 and buffer volume 80. 
The CO2 normally increases in temperature by approxi 
mately 20 F. across CO pressurization means 20, and exits 
at a temperature ranging from about 10 to 30 F. 
0046 Part of the subcooled CO liquid exiting booster 
pump 15, and which exceeds the maximum capacity of CO2 
preSSurization means 20 is circulated through backpressure 
regulator 16 and returned to CO bulk tank 10. A small 
portion of the Subcooled liquid CO2 flashes to vapor as it 
passes through backpressure regulator 16. Over time, this 
vapor would increase the pressure in CO bulk tank 10. To 
prevent this phenomenon, refrigeration System 12 conveys a 
refrigerant through cooling coil 11 in CO bulk tank 10 to 
recondense the CO2 vapor that forms from flashing acroSS 
backpressure regulator 16. This cooling also recondenses 
CO, vapor that forms due to heat leak into CO bulk tank 10 
from ambient. 

0047 The pressurized CO exiting pressurization means 
20 is conveyed through heat exchangers 29 and 30 where it 
eXchanges heat indirectly with Some or all of the CO2 
returned from CO purification unit 40. Heat exchangers 29 
and 30 allow for heat recovery from CO purification unit 40 
that takes place at a temperature greater than that of the CO2 
exiting CO pressurization means 20. The CO flows 
through heater unit 35, which raises the temperature of the 
CO to the temperature required for CO purification unit 40. 
Heater 35 is necessary because the heat recovery in heat 
exchangers 29 and 30 is not totally efficient. 
0.048 CO purification unit 40 can be selected from any 
purification device capable of operating at a temperature 
greater than the temperature of the CO exiting pressuriza 
tion means 20. Preferably, the unit operates at temperatures 
between 100° F and 1000 F., and most preferably at 
temperatures between 200 F. and 700 F. Exemplary puri 
fication units include adsorption, absorption, chemical reac 
tion, catalytic oxidation, and filtration. 
0049. Filtration at elevated temperature may be part of 
the CO purification units function. Filters such as the 
Sintered metal filters commonly used in the electronics 
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industry are known to perform better in vapor phase than in 
liquid phase applications. This is largely due to increased 
diffusivity and Brownian motion of particles in the vapor 
phase. The behavior of filters in Supercritical Service (i.e., 
preSSure greater than 1060 psig and temperature greater than 
88 F) has not been well-studied, but it is known that as the 
temperature of a Supercritical fluid increases, its behavior, 
including its diffusivity, becomes Similar to that of a gas. 

0050. When the CO purification unit 40 is operated at a 
temperature higher than the buffer volume 80 temperature, 
the CO becomes more gas-like. Therefore, filtration will be 
more effective. When a filter is included as part of CO 
purification unit 40, it should be placed downstream of any 
particle generating means of purification Such as adsorption 
and catalytic oxidation. 

0051) CO, removed from the CO purification unit 40 is 
re-routed through heat eXchanger 30, where it eXchanges 
heat indirectly with CO directed from CO pressurization 
means 20 thereto. CO that is required in buffer volume 80 
flows into high pressure carbon dioxide feed Stream heating 
or cooling means 74. Based on the pressure Sensed in buffer 
volume 80 at valve 60, CO exceeding a predetermined level 
is recirculated to the bulk tank 10. CO that is not needed in 
buffer volume 80 is routed through heat exchanger 29 where 
additional heat is recovered. CO exiting heat eXchanger 29 
flows as recirculation stream 59 through valve 60 which 
releases the preSSure to approximate the pressure of CO2 
bulk tank 10. Some of the CO will flash to vapor across 
valve 60, but this vapor is recondensed in CO bulk tank 10 
by refrigerant Supplied by refrigeration System 12 to cooling 
coil 11. 

0052 Recirculation of CO is optional, as there are times 
when it is desirable to have an average flow through CO 
pressurization means 20 and CO purification 40 that is 
greater than the average demand, S., of application 100. 
For instance, if application 100 stops drawing carbon diox 
ide because it requires maintenance, it is desirable to con 
tinue the operation of the carbon dioxide Supply System to 
maintain the removal of energy/heat from CO2 pressuriza 
tion means 20 and provide energy/heat to CO purification 
unit 40. 

0053. In this embodiment, heat recovery from CO puri 
fication 40 is performed utilizing two heat exchangers 29 
and 30 rather than one heat exchanger. Otherwise, if all the 
CO2 from purification unit 40 exchanges energy/heat with 
the CO from pressurization means 20, it would be cooled to 
a temperature below the desired temperature in buffer vol 
ume 80. The use of two heat exchangers 29 and 30 allows 
the CO2 to be sent to high pressure carbon dioxide feed 
Stream heating or cooling means 74 at a temperature close to 
that desired in buffer volume 80 upon exiting heat exchanger 
30. Accordingly, recirculation stream 59 is cooled further in 
heat eXchanger 29, prior to returning the Stream to bulk tank 
10. 

0054) The temperature of the CO routed through high 
preSSure carbon dioxide feed Stream heating or cooling 
means 74 is adjusted depending on the inlet CO tempera 
ture to that desired in buffer volume 80. Exemplary equip 
ment that may be utilized as heating or cooling means 74 
includes an air-cooled coil, a water-cooled or refrigerant 
cooled heat eXchanger, and a heater. High pressure carbon 
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dioxide feed stream 75 exits high pressure carbon dioxide 
feed Stream heating or cooling means 74 and is routed to 
buffer volume 80. 

0055. The CO in buffer volume 80 may be heated or 
cooled by buffer volume temperature adjustment means 81. 
Since high pressure carbon dioxide feed Stream heating or 
cooling means 74 adjusts the temperature of high pressure 
carbon dioxide feed stream 75 to match the temperature 
desired in buffer volume 80, the duty required of buffer 
Volume temperature adjustment means 81 is minimal. It is 
typically designed to make up for heat losses or gain 
between buffer volume 80 and ambient temperatures. Equip 
ment that may be employed for buffer volume temperature 
adjustment means 81 includes heat trace, an internal heater, 
an external band or cable heater, external cooling coils and 
internal cooling coils. Buffer volume 80 is normally insu 
lated to reduce the amount of heat eXchange with the 
ambient Surroundings. Alternatively, it may be advantageous 
for the buffer volume to be operated such that the tempera 
ture within the buffer volume/tank is lower at the bottom 
than at the top. Temperature of fluid contained in the upper 
portion of the buffer volume may be controlled by with 
drawing fluid from a lower section of the buffer volume (not 
shown), heating the fluid utilizing temperature adjusting 
means and returning this Stream to the upper portion of the 
buffer buffer volume 80. 

0056. When application tool 100 requires CO, the fluid 
exits buffer volume 80 in high-pressure carbon dioxide 
supply stream 85. The high-pressure carbon dioxide supply 
Stream 85 may then be heated or cooled using a heating or 
cooling means 86 to produce the temperature required at the 
application tool 100. It is routed through filter 88 and across 
valve 90. Utilizing filter 88 facilitates supply of particle-free 
CO even if buffer volume 80 does not have an electropol 
ished internal Surface. Valve 90 controls the flow of high 
preSSure carbon dioxide Supply Stream 85 and ensures that 
the pressure downstream of valve 90 is the pressure desired 
at application tool 100. The Co. is then routed through filter 
92 on its way to application tool 100, where it is used in 
Semiconductor wafer processing. 
0057 Turning to the embodiment shown in FIG. 3, the 
heat eXchangers can be combined into one heat eXchanger 
core 31. This arrangement may reduce the Space required for 
the CO Supply System and it may also reduce cost compared 
to having two heat eXchangers. One type of heat eXchanger 
that would be suitable for this duty would be a microchannel 
heat eXchanger Such as a Printed Circuit Heat Exchanger 
(PCHE) supplied by the Heatric division of Meggitt (UK) 
Ltd. 

0.058 FIG. 4 exhibits another embodiment of the supply 
System. The CO booster pump 15 and backpressure regu 
lator 16 shown in FIG. 1 are replaced by refrigeration 
system 13 and Subcooler heat exchanger 14. The modified 
System provides an alternate Supply of Subcooled liquid to 
CO, pressurization means 20. The CO, routed from CO, 
bulk tank 10 is Subcooled by 20 F. or more in Subcooler heat 
eXchanger 14, prior to CO2 pressurization means 20. 
0059 Refrigeration system 13 is employed to provide 
refrigerant to condenser heat eXchanger 65. Instead of recon 
densing the vapor introduced in bulk tank 10 through the use 
of cooling coil 11, the CO vapor that forms from the 
preSSure drop acroSS Valve 60 is recondensed in condenser 
heat exchanger 65 prior to returning it to CO bulk tank 10. 
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0060 Although not shown, alternatively, the supply sys 
tem could be disposed to include CO booster pump 15, 
backpressure regulator 16, in conjunction with the con 
denser heat eXchanger 65 and refrigeration System 13. 
Further, the System could contain both refrigeration System 
12 and cooling coil 11 along with refrigeration System 13 
and Subcooler heat eXchanger 14 and/or condenser heat 
exchanger 65. 
0061 Turning to FIG. 5, an embodiment is depicted 
where an alternate heat eXchanger configuration System is 
employed. Heat exchangers 29 and 30, Subcooler heat 
eXchanger 14 and condenser heat eXchanger 65 shown in 
FIG. 4 may be replaced by one heat eXchanger core, Such as 
heat eXchanger 21. Heat eXchanger 21 would include a 
high-pressure and a low-pressure Side. The advantages asso 
ciate with the employment of heat eXchanger 21 would be 
reduced Space and potentially reduced cost for the System. 
One type of heat exchanger that would be suitable for this 
duty would be a microchannel heat eXchanger Such as a 
Printed Circuit Heat Exchanger (PCHE) supplied by the 
Heatric division of Meggitt (UK) Ltd. 
0062 FIG. 6 illustrates an alternative embodiment, 
where the recirculation stream 59 is taken after high pressure 
carbon dioxide Supply Stream heating or cooling means 86 
and filter 88. It will be recognized by those skilled in the art 
that recirculation stream 59 can be taken at other points in 
the system. Other locations include downstream of valve 90, 
but upstream of high pressure carbon dioxide Supply Stream 
heating or cooling means 86, between high pressure carbon 
dioxide feed Stream heating or cooling means 74 and buffer 
volume 80, and between CO pressurization means and heat 
eXchanger 33. 
0063. In addition to using a pump as CO pressurization 
means 20, a compressor could also be employed. In the 
event that a compressor is employed as CO pressurization 
means 20, the CO2 from bulk tank 10 would need to be 
conveyed through a vaporizer before it is routed to CO2 
pressurization means 20. Therefore, CO booster pump 15 
and backpressure regulator 16 would not be utilized in Such 
arrangement. 

0064. High pressure carbon dioxide feed stream heating 
or cooling means 74 and high pressure carbon dioxide 
Supply Stream heating or cooling means 86 are optional, as 
are filters 88, 89 and 92. 
0065. The purification portion of the supply system is 
likewise, optional. In Some cases, the CO from CO bulk 
tank 10 is pure enough for use in application tool 100. If this 
is the case, heat exchangers 29 and 30, heater 35 and CO 
purification 40 are removed. The CO is routed directly from 
CO2 preSSurization means 20 to high pressure carbon diox 
ide feed Stream heating or cooling means 74. 
0066 While the invention has been described in detail 
with reference to specific embodiments thereof, it will 
become apparent to one skilled in the art that various 
changes and modifications can be make, and equivalents 
employed, without departing from the Scope of the appended 
claims. 

What is claimed is: 
1. A method for Supplying high-pressure carbon dioxide 

to an application tool having a variable carbon dioxide flow 
requirement, comprising: 
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providing a high-pressure carbon dioxide feed Stream to a 
buffer volume; 

maintaining the pressure in Said buffer Volume between a 
minimum preSSure that exceeds the pressure required 
by Said application tool and a maximum preSSure Such 
that the average density of carbon dioxide contained in 
Said buffer Volume at Said minimum pressure is differ 
ent from the average density of carbon dioxide con 
tained in Said buffer Volume at Said maximum preSSure; 

adjusting the average temperature in Said buffer Volume to 
modify the difference between the average density of 
carbon dioxide contained in Said buffer Volume at Said 
minimum pressure and the average density of carbon 
dioxide contained in Said buffer Volume at Said maxi 
mum pressure Such that the flow requirement associ 
ated with Said application tool is Satisfied; and 

delivering a high-pressure carbon dioxide Supply Stream 
from said buffer volume at a variable flow rate as 
required by the application tool. 

2. The method according to claim 1, further comprising: 
reducing the buffer Volume requisite to deliver a prede 

termined amount of carbon dioxide to the application 
tool based on the temperature adjustments to the buffer 
Volume. 

3. The method according to claim 1, wherein the flow 
requirement to the application tool is discontinuous. 

4. The method according to claim 1, wherein the appli 
cation tool is a Semiconductor application tool. 

5. The method according to claim 1, wherein the carbon 
dioxide requisite for delivery to the application tool is 
predetermined. 

6. The method according to claim 1, wherein said buffer 
Volume is at least one preSSure vessel. 

7. The method according to claim 1, further comprising: 
heating or cooling the carbon dioxide contained in Said 
buffer Volume Via a heating or cooling device. 

8. The method according to claim 1, further comprising: 
heating or cooling Said high pressure carbon dioxide feed 
Stream via a heating or cooling device. 

9. The method according to claim 1, further comprising: 
heating or cooling Said high-pressure carbon dioxide Supply 
Stream via a heating or cooling device to the temperature 
desired at the application tool. 

10. The method according to claim 1, further comprising: 
withdrawing a portion of carbon dioxide contained in Said 
buffer Volume, heating or cooling Said portion via a heating 
or cooling device and returning Said portion to Said buffer 
Volume. 

11. The method according to claim 1, wherein the high 
preSSure carbon dioxide feed Stream is Single-phase carbon 
dioxide. 

12. The method according to claim 1, further comprising: 
generating the high pressure carbon dioxide feed Stream 
from a bulk Storage tank disposed upstream of Said buffer 
Volume. 
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13. The method according to claim 1, further comprising: 
purifying the high pressure carbon dioxide feed Stream 
upstream of Said buffer Volume in a purification System. 

14. The method according to claim 13, wherein said 
purification System includes at least one particulate filter. 

15. The method according to claim 13, wherein the 
temperature associated with the purification System is 
greater than the temperature in the buffer Volume. 

16. The method according to claim 15, further compris 
ing: routing the high temperature carbon dioxide Stream 
exiting the purification System to a heat eXchanger wherein 
part of the heat contained in Said high temperature carbon 
dioxide Stream is recovered. 

17. The method according to claim 16, wherein said high 
temperature carbon dioxide Stream is routed to a heat 
eXchanger upstream of the buffer Volume producing a lower 
temperature carbon dioxide Stream and a first portion of Said 
lower temperature carbon dioxide Stream is routed to the 
buffer volume while a second portion is recirculated to the 
bulk Storage tank. 

18. The method according to claim 16, wherein the heat 
contained in Said high temperature carbon dioxide Stream is 
recovered in a Single heat eXchanger. 

19. A System for Supplying high-pressure carbon dioxide 
to an application having a variable carbon dioxide flow 
requirement, comprising: 

a buffer Volume to receive a high-pressure carbon dioxide 
feed stream, wherein the pressure in said buffer volume 
is maintained between a minimum pressure that 
exceeds the pressure required by Said application tool 
and a maximum pressure Such that the density of Said 
carbon dioxide at Said minimum preSSure is different 
from the density of Said carbon dioxide at Said maxi 
mum pressure, and the temperature in Said buffer 
Volume is adjusted; 

a carbon dioxide purification unit disposed upstream of 
Said buffer Volume to deliver a high-pressure carbon 
dioxide feed Stream; and 

an application tool disposed downstream of Said buffer 
volume to receive carbon dioxide from said buffer 
volume at a variable flow rate as required by the 
application tool. 

20. The System according to claim 19, further comprising: 

a high-pressure carbon dioxide feed Stream heating or 
cooling device disposed downstream of Said carbon 
dioxide purification unit. 

21. The System according to claim 19, further comprising: 

a carbon dioxide pressurization device disposed upstream 
of the purification unit to provide carbon dioxide Sup 
plied from a bulk Storage tank. 


