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6.022140857×10^23 mol−1.  The mole is widely used as a convenient way to express amounts 

of reactants and products of chemical reactions.  The molar volume (symbol Vm) is the volume 

occupied by one mole of a substance at a given temperature and pressure.  It is equal to the molar 

mass (M) divided by the mass density (ρ). 

[0030] FIG. 1 illustrates a prior pulse gas delivery device 102 using pressure-based pulse gas 

delivery such as presented in U.S. Patent 7,628,860, issued December 8, 2009 to Shajii et al., the 

entire contents of which are incorporated by reference.  Pressure based mole measurement 

techniques make use of a pressure (P) vs. time (t) response of a gas introduced into a known 

volume, as illustrated in FIG. 1.  Device 102 includes a chamber 104 of a known volume (V), an 

inlet valve 106 (“Vin”) located upstream of the chamber 104, and an outlet valve 107 (“Vout”) 

located downstream of the chamber 104.  Also provided are a pressure sensor 108 positioned at 

chamber 104 and a temperature sensor 110 that measures temperature of a wall of the chamber to 

provide an indication of gas temperature within the chamber. 

[0031] Initially, the device 102 may be charged from a gas supply 105 to a predetermined 

pressure by opening upstream valve 106, while downstream valve 107 is closed, allowing a flow 

of gas (Qi) to enter the device to fill the chamber or volume 104 over a period of time (“Charge” 

period Δt=(t1- t0), FIG. 2) and a change in pressure to occur.  At time t1 and pressure P1, the 

upstream valve 106 is closed (“Vin CLOSE”).  The process then includes a period (t2-t1) in 

which the gas in the chamber 104 is allowed to stabilize to a set point.  During this period, 

pressure and temperature measurements are obtained, by pressure sensor 108 and temperature 

sensor 110.  Upon opening of the downstream valve 107 (“Vout OPEN” at time t2, FIG. 2), a 

flow of gas (Qo) exits the device 102 until the valve 107 is closed again (“Vout CLOSE” at time 

t3), at a predetermined pressure P2, delivering a pulse of gas from the device to a processing tool 

111.   

[0032] The pulse gas delivery illustrated in FIG. 2 can be implemented by a program on a 

dedicated controller 112 of device 102 that executes a delivery recipe commanded from a host 

controller 114.  The pulse delivery is initiated by a trigger signal, e.g., a control signal from the 

host controller 114.  The moles of delivered gas can be estimated based on the principal of ideal 

gas law, Δn =(ΔP*V)/(R*T).   

[0033] Multiple channel pulse gas delivery employing flow rate determined based on a 

pressure drop within a delivery chamber is described in U.S. Patent No. 9,348,339, issued May 

24, 2016 to Ding et al., the entire contents of which are incorporated herein by reference. 
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control flow of fluid through the control valve 406 to control fluid delivered to a process 

chamber during the pulse of fluid.  The controller 404 controls the flow of fluid through the 

control valve 406 based on feedback from a flow sensor 410, which is provided to measure flow 

rate (Q) in the flow channel.  The flow sensor 410 includes a flow restrictor 412 within the flow 

channel 410 and upstream and downstream pressure sensors 414 and 416, respectively.  The 

control valve 406 is upstream from the restrictor 412 and the pressure sensors.   Flow control 

may also be responsive to a temperature sensor 418. 

[0039] The pulse gas delivery amount for the devices in FIGs. 3 and 4 can calculated by the 

following equation: 

         (1), 

where Δn is the delivered gas in mole, Q the measured flow rate by the flow sensor, t1 the start 

time of the pulse, t2 the end time of the pulse. 

[0040] Pulse MFC gas delivery is further described in International Patent Publication No. 

WO 2012/116281 A1, entitled “System for and Method of Fast Pulse Gas Delivery” by Junhua 

Ding et al., the entire contents of which are incorporated herein by reference.   

[0041] Improvements to the pressure based MFC of FIG. 4 are presented in the pending U.S. 

patent application 15/887,447, filed February 2, 2018 and the corresponding PCT application 

PCT/US 2019/015356, filed January 28, 2019.  In that system, an isolation valve is provided at 

the output of the MFC to initiate and terminate pulses more rapidly than can be obtained with 

just the proportional control valve.  The controller can be configured to control the flow through 

the control valve and the switching of the isolation valve based on the estimated number of 

moles of fluid delivered. 

[0042] FIG. 5 illustrates an improvement to pressure based, rate-of-decay pulse gas delivery 

systems in accordance with the present invention.  A chamber 504 has a known volume V.  The 

pressure of fluid within the chamber 504 is sensed by a pressure sensor 506, and the gas 

temperature is sensed by a temperature sensor 508.  Both sensed pressure and sensed temperature 

are fed to a dedicated controller 514 that communicates with a host controller 114.  The 

controller 514 controls operation of an upstream valve 510 and a downstream valve 512.  

Upstream valve 510 can be a conventional on/off type isolation valve to charge the volume 504, 

but it could also be a control valve.  Significantly, downstream valve 512 is not the typical on/off 

type isolation valve but is instead an adjustable control valve, the openness of which can be 
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CLAIMS 

What is claimed is: 

1. A pulse gas delivery system comprising: 

a chamber having a volume; 

a pressure sensor configured to detect pressure of gas within the chamber; 

a temperature sensor configured to detect a temperature indicative of temperature 

of the gas within the chamber; 

an upstream valve configured to control flow of a gas into the chamber; 

a downstream adjustable control valve, the openness of which can be controlled, 

configured to control flow rate of the gas out of the chamber; and  

a controller configured to control the upstream valve and the downstream control 

valve to charge the chamber to an initial pressure and to thereafter control measured flow 

rate through the downstream control valve during a gas pulse of the gas flowing out of 

the chamber to control delivered dose and period of the gas pulse, measured flow rate 

being calculated from a rate of pressure decay calculation based on the detected pressure 

and temperature, and 

wherein the controller is further configured to control the downstream control 

valve to regulate the measured flow rate of the gas out of the chamber calculated from the 

rate of pressure decay calculation during the gas pulse to a targeted flow rate set point. 

2. The pulse gas delivery system of claim 1, wherein the controller is configured to control 

opening of the downstream control valve in a feedback loop to regulate the flow rate out 

of the system during the pulse based on pressure and temperature detected during the 

pulse. 

3. The pulse gas delivery system of claim 1, wherein the controller is configured to 

calculate the flow rate Q based on the following function:  

𝑄 = −
𝑉×𝑇𝑠𝑡𝑝

𝑃𝑠𝑡𝑝

𝑑(
𝑃

𝑇
)

𝑑𝑡
   

where V represents the volume of the chamber, Tstp represents standard 

temperature, Pstp represents standard pressure, P represents the pressure of the gas within 

the chamber, and T represents the temperature of the gas within the chamber. 
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4. The pulse gas delivery system of claim 1, wherein the controller is further configured to 

calculate a dose of the gas delivered out of the chamber and to control the downstream 

control valve to deliver a prescribed dose of gas during a prescribed period of the gas 

pulse. 

5. The pulse gas delivery system of claim 4, wherein the controller is configured to 

calculate the dose of the gas delivered out of the chamber based on volume of the 

chamber, the initial pressure of the gas within the chamber as detected by the pressure 

sensor when the pulse is started, the pressure of the gas within the chamber as detected by 

the pressure sensor during the pulse, and the temperature of the gas as detected by the 

temperature sensor during the pulse. 

6. The pulse gas delivery system of claim 5, wherein the controller is configured to 

calculate the dose n(t) of the gas delivered out of the chamber at a time t during the 

pulse according to the following function: 

n(t) = V × (Pt0 - Pt)/(R × Tt),  

where V represents the volume of the chamber, Pt0 represents the pressure of the 

gas within the chamber when the pulse is started, Pt represents the pressure of the gas 

within the chamber at the time t during the pulse, and Tt represents the temperature of the 

gas at the time t during the pulse.   

7. The pulse gas delivery system of claim 1, wherein the controller is further configured to 

calculate a dose of the gas delivered out of the chamber and to control the downstream 

control valve to deliver a prescribed dose of gas during a prescribed period of the gas 

pulse. 

8. The pulse gas delivery system of claim 7, wherein the controller is configured to 

calculate the dose of the gas delivered out of the chamber based on the volume of the 

chamber, the initial pressure of the gas within the chamber as detected by the pressure 

sensor when the pulse is started, the pressure of the gas within the chamber as detected by 

the pressure sensor during the pulse, and the temperature of the gas as detected by the 

temperature sensor during the pulse. 
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9. The pulse gas delivery system of claim 8, wherein the controller is configured to 

calculate the dose n(t) of the gas delivered out of the chamber at a time t during the 

pulse according to the following function: 

n(t) = V × (Pt0 - Pt)/(R × Tt),  

where V represents the volume of the chamber, Pt0 represents the pressure of the 

gas within the chamber when the pulse is started, Pt represents the pressure of the gas 

within the chamber at the time t during the pulse, and Tt represents the temperature of the 

gas at the time t during the pulse.   

10. The pulse gas delivery system of claim 1, wherein the controller is configured to adjust 

the flow rate during the pulse to achieve a prescribed pulse shape. 

11. The pulse gas delivery system of claim 1, wherein the controller is configured to adjust 

the downstream control valve to achieve a constant flow rate during the pulse. 

12. A method of pulse gas delivery comprising:  

(i) opening an upstream valve while closing a downstream adjustable control 

valve to charge a chamber with a gas to an initial pressure; 

(ii) closing the upstream valve when the initial pressure is reached; 

(iii) once the initial pressure is reached and after the upstream valve is closed, 

opening the downstream adjustable control valve to start a pulse of the gas flowing out of 

the chamber; 

(iv) measuring flow rate from a rate of pressure decay calculation during the pulse 

of the gas based on pressure and temperature of the gas in the chamber; and 

(v) controlling openness of the downstream adjustable control valve during the 

pulse of the gas flowing out of the chamber to regulate the measured flow rate from the 

rate of pressure decay calculation to a targeted flow rate set point during the pulse of the 

gas and to deliver a prescribed dose over a prescribed period of the pulse. 

 

13. The method of pulse gas delivery as claimed in claim 12, further comprising detecting, 

during the pulse, pressure and temperature of the gas within the chamber and controlling 

the downstream control valve based on the detected pressure and temperature. 
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14. The method of pulse gas delivery as claimed in claim 12, further comprising controlling 

the downstream control valve to be closed when the prescribed dose  of gas is reached. 

15. The method of pulse gas delivery as claimed in claim 12, further comprising controlling 

the downstream control valve to be closed when a desired pulse on time is reached. 

16. The method of pulse gas delivery as claimed in claim 12, further comprising repeating (i) 

to (iv) under control of a dedicated controller for a number of pulses. 

17. The method of pulse gas delivery as claimed in claim 12 further comprising, during the 

pulse, computing a dose of gas delivered out of the chamber and controlling the 

downstream control valve to deliver a prescribed dose of gas during a prescribed pulse 

time. 

18. The method of pulse gas delivery as claimed in claim 12 further comprising adjusting 

flow rate during the pulse to achieve a prescribed pulse shape. 

19. The method of pulse gas delivery as claimed in claim 12 further comprising adjusting the 

downstream control valve during the pulse to achieve a constant flow rate during the 

pulse. 

20. A method of delivering a pulse of gas, the method comprising: 

opening an upstream valve while closing a downstream adjustable control valve 

to charge a chamber with a gas to an initial pressure; 

closing the upstream valve when the initial pressure is reached; 

once the initial pressure is reached and after the upstream valve is closed, opening 

the downstream adjustable control valve to start a pulse of the gas flowing out of the 

chamber; 

detecting a pressure of the gas within the chamber with a pressure sensor; 

detecting a temperature indicative of temperature of the gas within the chamber 

with a temperature sensor; and 

regulating measured flow rate of the gas during the pulse of the gas flowing out of 

the chamber to a targeted flow rate set point by controlling the downstream adjustable 
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control valve during the pulse of the gas, the measured flow rate being calculated from a 

rate of pressure decay calculation based on the detected pressure and temperature. 

21. The method of claim 20, wherein controlling the flow rate of the gas through the 

downstream control valve is based on feedback from the pressure and the temperature 

detected during the pulse. 

 

22. The method of claim 20, further comprising: 

 calculating the flow rate Q based on the following function:  

𝑄 = −
𝑉×𝑇𝑠𝑡𝑝

𝑃𝑠𝑡𝑝

𝑑(
𝑃

𝑇
)

𝑑𝑡
 ,  

where V represents volume of the chamber, Tstp represents standard temperature, 

Pstp represents standard pressure, P represents the pressure of the gas within the chamber, 

and T represents the temperature of the gas within the chamber. 

23. The method of claim 20, further comprising:  

calculating a dose of the gas delivered out of the chamber and controlling the 

downstream control valve to deliver a prescribed dose of gas during a prescribed period 

of the gas pulse. 

24. The method of claim 20, further comprising:  

calculating the dose of the gas delivered out of the chamber based on volume of 

the chamber, initial pressure of the gas within the chamber as detected by the pressure 

sensor when the pulse is started, the pressure of the gas within the chamber as detected by 

the pressure sensor during the pulse, and the temperature of the gas as detected by the 

temperature sensor during the pulse. 

25. The method of claim 24, further comprising:  

calculating the dose n(t) of the gas delivered out of the chamber at a time t 

during the pulse according to the following function: 

n(t) = V × (Pt0 - Pt)/(R × Tt),  

where V represents the volume of the chamber, Pt0 represents the pressure of the 

gas within the chamber when the pulse is started, Pt represents the pressure of the gas 
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within the chamber at the time t during the pulse, and Tt represents the temperature of the 

gas at the time t during the pulse.   

26. The method of claim 20, further comprising: 

adjusting flow rate during the pulse to achieve a prescribed pulse shape. 

27. The method of claim 20, further comprising: 

adjusting the downstream control valve to achieve a constant flow rate during the 

pulse. 

 


