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CLAIMS 

 

1. A method for operating a plasma chamber to increase ion energy and decrease angular 

spread of ions directed towards a surface of a substrate during an etch operation, comprising: 

 receiving a pulsed signal to drive operation of the plasma chamber, wherein the 

pulsed signal has two states including a first state and a second state; 

 operating a primary radio frequency (RF) generator at a primary frequency level 

during the first state and maintaining the primary RF generator in an off state during the 

second state, wherein operating the primary RF generator is performed to generate a primary 

RF signal that pulses between the primary frequency level and the off state, wherein 

operating the primary RF generator during the first state produces an increased charge for a 

plasma sheath formed over the substrate, wherein the increased charge adds to a thickness of 

the plasma sheath;  

operating a secondary RF generator at a secondary frequency level during the second 

state and maintaining the secondary RF generator in the off state during the first state, 

wherein operating the secondary RF generator is performed to generate a secondary RF 

signal that pulses between the off state and the secondary frequency level, wherein the 

secondary RF signal is in the off state while the primary RF signal has the primary frequency 

level and the secondary RF signal has the secondary frequency level while the primary RF 

signal is in the off state, wherein operating the secondary RF generator during the second 

state uses at least part of the increased charge of the plasma sheath produced during the first 

state as additive power to enhance the ion energy generated during the second state, the 

additive power reduces the angular spread of the ions when directed towards the surface of 

the substrate, wherein the primary and secondary RF generators are coupled via an 

impedance matching circuit to a top electrode associated with the plasma chamber; and  

continuing to operate the primary and secondary RF generators in the first and second 

states according to the pulsed signal to enhance the etch operation over multiple cycles of the 

first and second states. 

 

2. The method of claim 1, wherein the primary RF generator operates to be on during the 

first state for at least a pre-determined time period that is qualified to produce a threshold 

amount of charge for increasing of charge of the plasma sheath. 
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3. The method of claim 2, wherein the pre-determined time period is determined during 

a recipe calibration routine for etching a type of material of the surface of the substrate. 

 

4. The method of claim 2, wherein the pre-determined time period ranges between ten 

percent and fifty percent of a duty cycle of the pulsed signal.   

 

5. The method of claim 1, wherein the primary RF generator is a low frequency RF 

generator and the secondary RF generator is a high frequency RF generator, wherein the high 

frequency RF generator has a higher frequency of operation compared to the low frequency 

RF generator. 

 

6. The method of claim 1, wherein during the first state, a time constant associated with 

the plasma sheath increases, wherein at least a portion of a primary power level of the 

primary RF signal generated by the primary RF generator during the first state is added to a 

secondary power level of the secondary RF signal generated by the secondary RF generator 

during the second state to enhance the etch operation during the second state.   

 

7. The method of claim 1, further comprising operating a bias RF generator to have a 

first bias power parameter level during the first state and have a second bias power parameter 

level during the second state, wherein the first bias power parameter level is lower than the 

second bias power parameter level, wherein the bias RF generator is coupled to a chuck of 

the plasma chamber via another impedance matching circuit, wherein the first bias power 

parameter level of the bias RF generator assists in transferring ion energy that is formed 

during the first state to the second state.   

 

8. The method of claim 1, wherein said operating the primary RF generator at the 

primary frequency level during the first state increases a reactance of the plasma sheath, 

wherein the increase in the reactance of the plasma sheath correspondingly decreases current 

through the plasma sheath, wherein the decrease in the current increases an average amount 

of resistance associated with the plasma sheath, wherein the increase in the average amount 

of resistance increases an average time constant associated with the plasma sheath and the 

first and second states  to increase an amount of time for discharging of the plasma sheath 

during the first and second states, wherein the increase in the amount of time for discharging 

increases peak ion energy of the ions and reduces the angular spread of the ions. 
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9. The method of claim 1, further comprising: 

 determining that the primary RF generator is to operate at a primary power parameter 

level during the first state; 

 controlling the primary RF generator to operate at the primary power parameter level 

during the first state; 

determining that the secondary RF generator is to operate at a secondary power 

parameter level during the second state; and 

 controlling the secondary RF generator to operate at the secondary power parameter 

level during the second state. 

 

10. The method of claim 9, wherein the primary power parameter level is the same as the 

secondary power parameter level. 

 

11. The method of claim 9, wherein the primary power parameter level is different from 

the secondary power parameter level.   

 

12. The method of claim 1, wherein the top electrode faces a chuck of the plasma 

chamber, wherein the top electrode is a transformer coupled plasma coil, wherein the chuck is 

coupled via another impedance matching circuit to a bias RF generator. 

 

13. The method of claim 1, wherein the top electrode faces a chuck of the plasma 

chamber, wherein the top electrode is a transformer coupled plasma coil, wherein the chuck is 

coupled to a ground potential. 

 

14. A method for operating a plasma chamber to increase ion energy and decrease angular 

spread of ions directed towards a surface of a substrate during an etch operation, comprising: 

 receiving a pulsed signal to drive operation of the plasma chamber, wherein the 

pulsed signal has two states including a first state and a second state; 

 operating a primary radio frequency (RF) generator at a first primary frequency level 

during the first state and a second primary frequency level  during the second state, wherein 

operating the primary RF generator is performed to generate a primary RF signal that pulses 

between the first primary frequency level and the second primary frequency level, wherein 

the second primary frequency level is lower than the first primary frequency level, wherein 

operating the primary RF generator during the first state produces an increased charge for a 
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plasma sheath formed over the substrate, wherein the increased charge adds to a thickness of 

the plasma sheath;  

operating a secondary RF generator at a first secondary frequency level during the 

first state and a second secondary frequency level during the second state, wherein operating 

the secondary RF generator is performed to generate a secondary RF signal that pulses 

between the first secondary frequency level and the second secondary frequency level, 

wherein the first secondary frequency level is lower than the second secondary frequency 

level, wherein the secondary RF signal has the first secondary frequency level while the 

primary RF signal has the first primary frequency level and the secondary RF signal has the 

second secondary frequency level while the primary RF signal has the second primary 

frequency level, wherein operating the secondary RF generator during the second state uses at 

least part of the increased charge of the plasma sheath produced during the first state as 

additive power to enhance the ion energy generated during the second state, the additive 

power reduces the angular spread of the ions when directed towards the surface of the 

substrate, wherein the primary and secondary RF generators are coupled via an impedance 

matching circuit to a top electrode associated with the plasma chamber, wherein each of the 

first primary frequency level, the second primary frequency level, the first secondary 

frequency level, and the second secondary frequency level is non-zero; and  

continuing to operate the primary and secondary RF generators in the first and second 

states according to the pulsed signal to enhance the etch operation over multiple cycles of the 

first and second states. 

 

15. The method of claim 14, wherein the primary RF generator operates to be on during 

the first state for at least a pre-determined time period that is qualified to produce a threshold 

amount of charge for increasing of charge of the plasma sheath. 

 

16. The method of claim 15, wherein the pre-determined time period is determined during 

a recipe calibration routine for etching a type of material of the surface of the substrate. 

 

17. The method of claim 15, wherein the pre-determined time period ranges between ten 

percent and fifty percent of a duty cycle of the pulsed signal.   

 

18. The method of claim 14, wherein the primary RF generator is a low frequency RF 

generator and the secondary RF generator is a high frequency RF generator, wherein the high 
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frequency RF generator has a higher frequency of operation compared to the low frequency 

RF generator. 

 

19. The method of claim 14, wherein during the first state, a time constant associated with 

the plasma sheath increases, wherein at least a portion of a primary power level of an RF 

signal generated by the primary RF generator during the first state is added to a secondary 

power level of an RF signal generated by the secondary RF generator during the second state 

to enhance the etch operation during the second state.   

 

20. The method of claim 14, further comprising operating a bias RF generator to have a 

first bias power parameter level during the first state and have a second bias power parameter 

level during the second state, wherein the first bias power parameter level is lower than the 

second bias power parameter level, wherein the bias RF generator is coupled to a chuck of 

the plasma chamber via another impedance matching circuit, wherein the first bias power 

parameter level of the bias RF generator assists in transferring ion energy that is formed 

during the first state to the second state.   

 

21. The method of claim 14, wherein said operating the primary RF generator at the first 

primary frequency level during the first state increases a reactance of the plasma sheath, 

wherein the increase in the reactance of the plasma sheath correspondingly decreases current 

through the plasma sheath, wherein the decrease in the current increases an average amount 

of resistance associated with the plasma sheath, wherein the increase in the average amount 

of resistance increases an average time constant associated with the plasma sheath and the 

first and second states  to increase an amount of time for discharging of the plasma sheath 

during the first and second states, wherein the increase in the amount of time for discharging 

increases peak ion energy of the ions and reduces the angular spread of the ions. 

 

22. The method of claim 14, further comprising: 

 determining that the primary RF generator is to operate at a first primary power 

parameter level during the first state and at a second primary power parameter level during 

the second state; 

 controlling the primary RF generator to operate at the first primary power parameter 

level during the first state and at the second primary power parameter level during the second 

state; 
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determining that the secondary RF generator is to operate at a first secondary power 

parameter level during the first state and at a second secondary power parameter level during 

the second state; and 

 controlling the secondary RF generator to operate at the first secondary power 

parameter level during the first state and at the second secondary power parameter level 

during the second state. 

 

23. The method of claim 22, wherein the first primary power parameter level, the second 

primary power parameter level, the first secondary power parameter level, and the second 

secondary power parameter level are the same. 

 

24. The method of claim 22, wherein the first primary power parameter level and the 

second primary power parameter level are different from the first secondary power parameter 

level and the second secondary power parameter level.   

 

25. The method of claim 14, wherein the top electrode faces a chuck of the plasma 

chamber, wherein the top electrode is a transformer coupled plasma coil, wherein the chuck is 

coupled via another impedance matching circuit to a bias RF generator. 

 

26. The method of claim 14, wherein the top electrode faces a chuck of the plasma 

chamber, wherein the top electrode is a transformer coupled plasma coil, wherein the chuck is 

coupled to a ground potential. 

 

27. A system for operating a plasma chamber to increase ion energy and decrease angular 

spread of ions directed towards a surface of a substrate during an etch operation, comprising: 

a primary radio frequency (RF) generator having a primary power supply configured 

to generate a primary RF signal; 

a secondary RF generator having a secondary power supply configured to generate a 

secondary RF signal; 

an impedance matching network coupled to the primary power supply and the 

secondary power supply, wherein the impedance matching network is configured to receive 

the primary RF signal and the secondary RF signal to generate a modified RF signal; 

a plasma chamber having a top electrode coupled to the impedance matching network, 

wherein the plasma chamber is configured to receive the modified RF signal; 
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wherein the primary RF generator includes one or more processors configured to: 

receive a pulsed signal to drive operation of the plasma chamber, wherein the 

pulsed signal has two states including a first state and a second state; and 

operate the primary RF generator at a primary frequency level during the first 

state and maintain the primary RF generator in an off state during the second state, 

wherein primary RF generator is operated to pulse the primary RF signal between the 

primary frequency level and the off state, wherein  the operation of the primary RF 

generator during the first state produces an increased charge for a plasma sheath 

formed over the substrate, wherein the increased charge adds to a thickness of the 

plasma sheath, 

wherein the secondary RF generator includes one or more processors configured to: 

 receive the pulsed signal; and 

operate the secondary RF generator at a secondary frequency level during the 

second state and maintain the secondary RF generator in the off state during the first 

state, wherein secondary RF generator is operated to pulse the secondary RF signal 

between the off state and the secondary frequency level, wherein the secondary RF 

signal is in the off state while the primary RF signal has the primary frequency level 

and the secondary RF signal has the secondary frequency level while the primary RF 

signal is in the off state, wherein the operation of the secondary RF generator during 

the second state uses at least part of the increased charge of the plasma sheath 

produced during the first state as additive power to enhance the ion energy generated 

during the second state, the additive power reduces the angular spread of the ions 

when directed towards the surface of the substrate,  

wherein the primary and secondary RF generators are configured to continue 

operation in the first and second states according to the pulsed signal to enhance the etch 

operation over multiple cycles of the first and second states. 

 

28. The system of claim 27, wherein the primary RF generator is configured to be on 

during the first state for at least a pre-determined time period that is qualified to produce a 

threshold amount of charge for increasing of charge of the plasma sheath. 

 

29. The system of claim 28, wherein the pre-determined time period is determined during 

a recipe calibration routine for etching a type of material of the surface of the substrate. 
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30. The system of claim 28, wherein the pre-determined time period ranges between ten 

percent and fifty percent of a duty cycle of the pulsed signal.   

 

31. The system of claim 27, wherein the primary RF generator is a low frequency RF 

generator and the secondary RF generator is a high frequency RF generator, wherein the high 

frequency RF generator has a higher frequency of operation compared to the low frequency 

RF generator. 

 

32. The system of claim 27, wherein during the first state, a time constant associated with 

the plasma sheath increases, wherein the primary RF signal has a primary power level during 

the first state, wherein at least a portion of the primary power level is added to a secondary 

power level during the second state of the secondary RF signal to enhance the etch operation 

during the second state.   

 

33. The system of claim 27, wherein the plasma chamber includes a chuck, the system 

further comprising: 

a bias RF generator configured to have a first bias power parameter level during the 

first state and a second bias power parameter level during the second state, wherein the first 

bias power parameter level is lower than the second bias power parameter level; 

an impedance matching circuit coupled to the bias RF generator and the chuck of the 

plasma chamber, wherein the first bias power parameter level of the bias RF generator assists 

in transferring of ion energy that is formed during the first state to the second state.   

 

34. The system of claim 27, wherein the primary RF generator is configured to operate at 

the primary frequency level during the first state to increase a reactance of the plasma sheath, 

wherein the increase in the reactance of the plasma sheath correspondingly decreases current 

through the plasma sheath, wherein the decrease in the current increases an average amount 

of resistance associated with the plasma sheath, wherein the increase in the average amount 

of resistance increases an average time constant associated with the plasma sheath and the 

first and second states to increase an amount of time for discharging of the plasma sheath 

during the first and second states, wherein the increase in the amount of time for discharging 

increases peak ion energy of the ions and reduces the angular spread of the ions. 

 

35. The system of claim 27, wherein: 
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 the primary RF generator is configured to operate at a primary power parameter level 

during the first state; 

 the secondary RF generator is configured to operate at a secondary power parameter 

level during the second state. 

 

36. The system of claim 35, wherein the primary power parameter level is the same as the 

secondary power parameter level. 

 

37. The system of claim 35, wherein the primary power parameter level is different from 

the secondary power parameter level.   

 

38. The system of claim 27, wherein the plasma chamber includes a chuck, wherein the 

top electrode faces the chuck, wherein the top electrode is a transformer coupled plasma coil, 

the system further comprising: 

 a bias RF generator; and 

 an impedance matching circuit coupled to the bias RF generator and the chuck. 

 

39. The system of claim 27, wherein the plasma chamber includes a chuck, wherein the 

top electrode faces the chuck, wherein the top electrode is a transformer coupled plasma coil, 

wherein the chuck is coupled to a ground potential. 

 

40. The method of claim 1, wherein the secondary RF signal is in the off state while the 

primary RF signal has the primary frequency level and the secondary RF signal has the 

secondary frequency level while the primary RF signal is in the off state to pulse the 

secondary RF signal in reverse synchronization with the primary RF signal. 

 

41. The method of claim 14, wherein the secondary RF signal has the first secondary 

frequency level while the primary RF signal has the first primary frequency level and the 

secondary RF signal has the second secondary frequency level while the primary RF signal 

has the second primary frequency level to pulse the secondary RF signal in reverse 

synchronization with the primary RF signal. 

 


