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E-Beam Enhanced Decoupled Source for Semiconductor Processing 

5 Background of the Invention 

[0001] Plasma sources utilized for thin film processing in semiconductor device fabrication are 

often unable to achieve the most desirable condition for dry etching due to the inability to 

separately control ion and radical concentrations in the plasma. For example, in some 

applications, the desirable conditions for plasma etching would be achieved by increasing the 

10 ion concentration in the plasma while simultaneously maintaining the radical concentration at a 

constant level. However, this type of independent ion concentration versus radical 

concentration control cannot be achieved using the common plasma source typically used for 

thin film processing. It is within this context that the present invention arises. 

Summary of the Invention 

15 [0002] In one embodiment, a semiconductor substrate processing system is disclosed. The 

system includes a processing chamber and a substrate support defined to support a substrate in 

the processing chamber. The system also includes a plasma chamber defined separate from the 

processing chamber. The plasma chamber is defined to generate a plasma. The system also 

includes a plurality of fluid transmission pathways fluidly connecting the plasma chamber to 

20 the processing chamber. The plurality of fluid transmission pathways are defined to supply 

reactive constituents of the plasma from the plasma chamber to the processing chamber. The 

system further includes an electron beam source defined to generate an electron beam and 

transmit the electron beam through the processing chamber above and across the substrate 

support. 

25 [0003] In one embodiment, a method is disclosed for processing a semiconductor substrate. 

The method includes an operation for placing a substrate on a substrate support in exposure to 

a processing region. The method also includes an operation for generating a plasma in a plasma 

generation region separate from the processing region. The method also includes an operation 

for supplying reactive constituents of the plasma from the plasma generation region to the 

30 processing region. The method further includes an operation for injecting electrons into the 

processing region over the substrate, whereby the injected electrons modify an ion density in 

the processing region to affect processing of the substrate. 

[0004] In one embodiment, a semiconductor substrate processing system is disclosed. The 
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system includes a processing chamber and a substrate support defined to support a substrate in 

the processing chamber. The system also includes a plasma chamber defined separate from the 

processing chamber. The plasma chamber is defined to generate a plasma. The system also 

includes a plurality of fluid transmission pathways fluidly connecting the plasma chamber to 

5 the processing chamber. The plurality of fluid transmission pathways are defined to supply 

reactive constituents of the plasma from the plasma chamber to the processing chamber. The 

system further includes an electrode disposed within the processing chamber separate from the 

substrate support. A power supply is electrically connected to the electrode. The power supply 

is defined to supply electrical power to the electrode so as to liberate electrons from the 

10 electrode into the processing chamber. 

[0005] In one embodiment, a method is disclosed for processing a semiconductor substrate, in 

accordance with one embodiment of the present invention. The method includes an operation 

for placing a substrate on a substrate support in exposure to a processing region. The method 

also includes an operation for generating a plasma in a plasma generation region separate from 

15 the processing region. The method also includes an operation for supplying reactive 

constituents of the plasma from the plasma generation region to the processing region. The 

method further includes an operation for supplying power to one or more electrodes disposed 

within the processing region separate from the substrate support. The power supplied to the 

one or more electrodes injects electrons from the one or more electrodes into the processing 

20 region so as to modify an ion density in the processing region to affect processing of the 

substrate. 

[0006] In one embodiment, a semiconductor substrate processing system is disclosed. The 

system includes a processing chamber and a substrate support defined to support a substrate in 

the processing chamber. The system also includes a plasma chamber defined separate from the 

25 processing chamber. The plasma chamber is defined to generate a plasma. The system also 

includes a plurality of fluid transmission pathways fluidly connecting the plasma chamber to 

the processing chamber. The plurality of fluid transmission pathways are defined to supply 

reactive constituents of the plasma from the plasma chamber to the processing chamber. The 

system further includes a plurality of power delivery components defined to deliver power to 

30 the plurality of fluid transmission pathways, so as to generate supplemental plasma within the 

plurality of fluid transmission pathways. The plurality of fluid transmission pathways are 

defined to supply reactive constituents of the supplemental plasma to the processing chamber. 

[0007] In one embodiment, a method is disclosed for processing a semiconductor substrate. 
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The method includes an operation for placing a substrate on a substrate support in exposure to 

a processing region. The method also includes an operation for generating a plasma in a plasma 

generation region separate from the processing region. The method also includes an operation 

for supplying reactive constituents of the plasma from the plasma generation region through a 

5 plurality of fluid transmission pathways into the processing region, whereby the reactive 

constituents of the plasma affect processing of the substrate. The method further includes an 

operation for generating a supplemental plasma in the plurality of fluid transmission pathways. 

The method also includes an operation for supplying reactive constituents of the supplemental 

plasma from the plurality of fluid transmission pathways into the processing region, whereby 

10 the reactive constituents of the supplemental plasma affect processing of the substrate. 

[0008] Other aspects and advantages of the invention will become more apparent from the 

following detailed description, taken in conjunction with the accompanying drawings, 

illustrating by way of example the present invention. 

Brief Description of the Drawings 

15 [0009] Figure 1 shows a simplified schematic of a semiconductor substrate processing system 

that utilizes a plasma chamber defined separate from a substrate processing chamber, in 

accordance with one embodiment of the present invention. 

[0010] Figure 2 shows a plot of ion density in the ion source region needed to obtain a 1.0E11 

cc"1 ion density in the substrate processing chamber as a function of tube hole diameter, where 

20 the tubes represent the conveyance means between the ion source region and the substrate 

processing chamber, in accordance with one embodiment of the present invention. 

[0011] Figure 3A shows a vertical cross-section of a plasma-driven substrate processing 

system, in accordance with one embodiment of the present invention. 

[0012] Figure 3B shows a horizontal cross-section view A-A as referenced in Figure 3A, in 

25 accordance with one embodiment of the present invention. 

[0013] Figure 3C shows a variation of the horizontal cross-section view of Figure 3B in which 

the spacing between the fluid transmission pathways across the top plate is decreased, in 

accordance with one embodiment of the present invention. 

[0014] Figure 3D shows a variation of the horizontal cross-section view of Figure 3B in which 

30 the spacing between the fluid transmission pathways across the top plate is increased, in 

accordance with one embodiment of the present invention. 

[0015] Figure 3E shows a variation of the horizontal cross-section view of Figure 3B in which 

the spacing between the fluid transmission pathways across the top plate is non-uniform, in 
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accordance with one embodiment of the present invention. 

[0016] Figure 3F shows a top view of the substrate support in a system configuration in which 

an electron beam source is defined to transmit multiple spatially separated electron beams 

through the substrate processing region, above and across the substrate support, in a common 

5 direction, in accordance with one embodiment of the present invention. 

[0017] Figure 3G shows a top view of the substrate support in the system configuration in 

which multiple electron beam sources are defined to transmit multiple spatially separated 

electron beams through the substrate processing region, above and across the substrate support, 

in respective multiple directions, in accordance with one embodiment of the present invention. 

10 [0018] Figure 3H shows a rasterized temporal sequence for operation of the multiple electron 

beam sources of Figure 3G, in accordance with one embodiment of the present invention. 

[0019] Figure 4A shows an example electron beam source defined as a hollow cathode device, 

in accordance with one embodiment of the present invention. 

[0020] Figure 4B shows a front view of the conductive grid, in accordance with one 

15 embodiment of the present invention. 

[0021] Figure 5A shows a variation of the plasma-driven substrate processing system that 

implements a DC-biased surface electron beam source, in accordance with one embodiment of 

the present invention. 

[0022] Figure 5B shows a close-up view of the electrode, in accordance with one embodiment 

20 of the present invention. 

[0023] Figure 6A shows a variation of the plasma-driven substrate processing system that 

implements a planar DC-biased surface electron beam source, in accordance with one 

embodiment of the present invention. 

[0024] Figure 6B shows a close-up view of the planar electrode, in accordance with one 

25 embodiment of the present invention. 

[0025] Figure 7 shows a variation of the plasma-driven substrate processing system that 

utilizes the fluid transmission pathways as supplementary ion generation regions, in 

accordance with one embodiment of the present invention. 

[0026] Figure 8 shows a flowchart of a method for processing a semiconductor substrate, in 

30 accordance with one embodiment of the present invention. 

[0027] Figure 9 shows a flowchart of a method for processing a semiconductor substrate, in 

accordance with one embodiment of the present invention. 

[0028] Figure 10 shows a flowchart of a method for processing a semiconductor substrate, in 
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accordance with one embodiment of the present invention. 

Detailed Description 

[0029] In the following description, numerous specific details are set forth in order to provide 

a thorough understanding of the present invention. It will be apparent, however, to one skilled 

5 in the art that the present invention may be practiced without some or all of these specific 

details. In other instances, well known process operations have not been described in detail in 

order not to unnecessarily obscure the present invention. 

[0030] Plasma sources utilized for thin film semiconductor processing are often unable to 

achieve the most desirable condition for dry etching due to the inability to separately adjust ion 

10 and radical concentrations in the plasma. In many applications, the desirable conditions for 

plasma etching would be achieved by increasing the ion concentrations, while at the same time 

maintaining the radical concentration at a substantially constant level. However, it is difficult 

at best to achieve this type of adjustment through conventional plasma sources that are used for 

thin film processing. 

15 [0031] The concept of providing separate control of ion concentration and radical 

concentration in a semiconductor processing plasma is referred to herein as providing a 

decoupled ion/radical plasma source. One concept for providing the decoupled ion/radical 

plasma source is to inject radicals and ions from separate plasma sources. In various 

embodiments, these separate plasma sources can be either spatially separated or temporally 

20 separated, i.e., defined to generate primarily ion or primarily radicals at different times. 

Examples of decoupled ion/radical plasma sources that utilize spatial separation, temporal 

separation, or a combination thereof are described in co-pending U.S. Patent Application No. 

13/104,923, filed on May 10, 2011, entitled "Semiconductor Processing System Having 

Multiple Decoupled Plasma Sources." 

25 [0032] A plasma-driven substrate processing system that relies upon radical species of a 

plasma to provide some processing of the semiconductor substrate may generate the plasma in 

a plasma chamber separate from the substrate processing chamber due to differences between 

the environmental requirements, i.e., pressure, temperature, gas composition, gas flow rate, 

power supply, of the plasma chamber and the substrate processing chamber. Figure 1 shows a 

30 simplified schematic of a semiconductor substrate processing system 100 that utilizes a plasma 

chamber 101 defined separate from a substrate processing chamber 103, in accordance with 

one embodiment of the present invention. In the system 100, the plasma generation chamber 

101 is fluidly connected to the substrate processing chamber 103 by a number of fluid 
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transmission pathways 105. In this manner, the reactive species of the plasma generated within 

the plasma generation chamber 101 travel through the fluid transmission pathways 105 into the 

substrate processing chamber 103, as indicated by arrows 107. In one embodiment, some of the 

fluid transmission pathways 105 are defined to include an energizable region defined to 

5 provide supplemental electron generation to increase ion extraction from the plasma generation 

chamber 355. Upon entering the substrate processing chamber 103, the reactive species of the 

plasma interact with a substrate 109 so as to process the substrate 109 in a prescribed manner. 

[0033] In one embodiment, the term "substrate" as used herein refers to a semiconductor 

wafer. However, it should be understood that in other embodiments, the term "substrate" as 

10 used herein can refer to substrates formed of sapphire, GaN, GaAs or SiC, or other substrate 

materials, and can include glass panels/substrates, metal foils, metal sheets, polymer materials, 

or the like. Also, in various embodiments, the "substrate" as referred to herein may vary in 

form, shape, and/or size. For example, in some embodiments, the "substrate" as referred to 

herein may correspond to a 200 mm (millimeters) semiconductor wafer, a 300 mm 

15 semiconductor wafer, or a 450 mm semiconductor wafer. Also, in some embodiments, the 

"substrate" as referred to herein may correspond to a non-circular substrate, such as a 

rectangular substrate for a flat panel display, or the like, among other shapes. The "substrate" 

referred to herein is denoted in the various example embodiment figures as substrate 109. 

[0034] In most plasma processing applications, it is desirable to utilize both ion species and 

20 radical species of the plasma to process the substrate 109. Because radical species are 

electrically neutral, the radical species can travel from the plasma generation chamber 101 

through the fluid transmission pathways 105 to the substrate processing chamber 103 in 

conjunction with a flow of process gas. However, because ion species are electrically charged 

and can be electrically neutralized upon contact with a material surface, it can be difficult to 

25 achieve a controlled and efficient transfer of ions from the plasma generation chamber 101 

through the fluid transmission pathways 105 to the substrate processing chamber 103. 

[0035] It should be appreciated that injection of ions from a remote source to a substrate 

processing region can be problematic. As mentioned above, if the ion source is spatially 

separate from the substrate processing region, the ions must be transported through a 

30 conveyance means between the ion source and the substrate processing region. In different 

embodiments, the conveyance means can be defined in many different ways. For example, in 

one embodiment, the ion source is generated in a chamber physically separate from the 

substrate processing chamber and the conveyance means is defined by an array of tubes. In 
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another embodiment, a chamber for generating the ion source is separated from the substrate 

processing chamber by a plate assembly, and the conveyance means is defined by a number of 

through-holes formed through the plate assembly. It should be understood that the above-

mentioned examples of the conveyance means are provided by way example only. In other 

5 embodiments, the conveyance means can be defined in other ways, so long as the conveyance 

means provides one or more fluid transmission pathways between a region in which the 

ion/radical source, i.e., plasma, is generated and the substrate processing region. 

[0036] At best, an ion flux achievable in a secondary substrate processing chamber is a product 

of an ion density in an ion source region and the Bohm velocity, where the Bohm velocity 

10 represents the speed of ions at an edge of a surface sheath in the ion source region. The surface 

sheath represents a region in front of a material surface that is in contact with the ion source 

plasma and that is in the presence of an electric field. The total number of ions available to the 

substrate processing chamber per unit time is then the product of the ion flux in the ion source 

region, i.e., in the plasma generation chamber, multiplied by a total flow area of the 

15 conveyance means (fluid transmission pathways) between the ion source region and the 

substrate processing chamber. 

[0037] A balance equation exists in which an extra ion flux to the walls in the plasma 

processing chamber due to ions injected from the ion source region is equal to the ion flux 

injected from the ion source region through the conveyance means, as follows: 

20 nupper = vbohmZerAoPelT^ Equation 1. 
\vbohm_lowerAlossJower' 

where nupper = number density of ions in ion source region, An = addition to number density of 

ions in substrate processing chamber from ion source region, Vbohm_uPPer = Bohm velocity of 

ions in ion source region, Aopen - total area of conveyance means between ion source region 

and substrate processing chamber, A[ossjower = total area of walls of substrate processing 

25 chamber, and Vbohmjower - Bohm velocity of ions in substrate processing chamber. 

[0038] The Bohm velocity is given by Equation 2. 

Vbohm = ' cm/sec Equation 2. 

where Vbohm — Bohm velocity of ion, Te — temperature of ion (eV), and nii = mass of ion (amu). 

[0039] According to Equation 1, maximizing the ion density in the substrate processing 

30 chamber can be accomplished by one or more of the following: 1) increasing the number 

density of ions in the ion source region, i.e., increasing nupper, 2) increasing the electron 

temperature in the ion source, i.e., increasing Vb0hm_upper, and 3) minimizing ion losses in the 
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conveyance means between the ion source and the substrate processing chamber. 

[0040] A total flow area of the conveyance means between the ion source region and the 

substrate processing chamber can be quite small. For example, small tube diameters or a small 

numbers of holes of small diameter may be needed to maintain an adequate pressure 

5 differential between the higher pressure ion source region and the lower pressure substrate 

processing chamber. Therefore, because large gas densities, i.e., high gas pressures, may be 

needed in the ion source region to achieve a sufficient amount of electron production, it may 

not be feasible to simply increase the flow area of the conveyance means between the ion 

source region and the substrate processing chamber. 

10 [0041] Additionally, it can be difficult to increase the ion number density and electron 

temperature in the ion source region to the degree needed to compensate for the small flow 

area of the conveyance means between the ion source region and the substrate processing 

chamber. Figure 2 shows a plot of ion density in the ion source region needed to obtain a 

1.0E11 cc"1 ion density in the substrate processing chamber as a function of tube hole diameter, 

15 where the tubes represent the conveyance means between the ion source region and the 

substrate processing chamber, in accordance with one embodiment of the present invention. As 

shown in Figure 2, if ion densities of 1.0E11 cc4 were needed above the substrate in the 

substrate processing chamber, it may be necessary to have an ion density in the ion source 

region on the order of 1.0E12 cc"1. Achieving an ion density level on the order of 1.0E11 cc-1 

20 in the substrate processing chamber with a tube conveyance means having a diameter less than 

2 mm (millimeters) may be possible in very specialized and often impractical circumstances. 

[0042] An additional issue for separately controlling ion flux and radical flux in the substrate 

processing chamber is generating an ion flux in the presence of low electron temperature, 

particularly when the substrate processing chamber is operated at low pressure. For example, it 

25 may be difficult to generate an ion flux in a process that requires minimum "damage" to the 

substrate by maintaining an ultra low electron temperature in exposure to the substrate, such as 

in an atomic layer etching (ALE) process, which is an atomic layer deposition process that 

forms epitaxial layer on the substrate. By way of example, consider an ALE process in which a 

thin film was deposited at low electron temperature, followed by a processing step to remove a 

30 monolayer of material which requires higher electron temperature. In this example, it may be 

difficult to adjust the ion flux to accomplish the monolayer removal process step given the low 

electron temperature of the preceding ALE process step. 

[0043] It should be understood that having an ability to control the electron energy distribution 
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function (EEDF) in the substrate processing chamber is itself a means of providing separate 

(decoupled) control of ion density relative to radical density within the substrate processing 

chamber. More specifically, having an ability to control the EEDF to "select" families of 

electrons that avoid low energy dissociation processes, and favor higher energy ionization or 

5 dissociative ionization processes, can increase the ion flux relative to the radical flux within the 

substrate processing chamber, or can increase the ion flux relative to the flux of unbeneficial 

radicals within the substrate processing chamber. 

[0044] Several plasma-driven substrate processing system embodiments are disclosed herein to 

provide for adequate and large ion flux in plasma sources that exploit multiplexed ion and 

10 radical sources for ion and radical control. The plasma-driven substrate processing system 

embodiments disclosed herein also provide for achieving large ion flux with non-damaging ion 

and electron energies in applications that may require such large ion flux, such as ALE. 

[0045] Electron beam injection into the substrate processing chamber acts to lower the "bulk" 

electron temperature and plasma potential through charge addition. Therefore, the EEDF 

15 within the substrate processing chamber can be modified through electron beam injection. 

More specifically, electron beam injection into the substrate processing region has the effect of 

dropping the rate of low energy electron impact processes, e.g., dissociative electron impact 

processes. At electron energies above about 100 eV (electronvolts), electron interaction 

processes that include charged particle production have much larger cross-sections than 

20 electron interaction processes without charged particle production. Therefore, the family of 

high-energy electrons or beam-injected electrons can sustain the plasma discharge through 

high-energy electron interaction processes. The plasma-driven substrate processing system 

embodiments disclosed herein implement various types of electron injection technology to 

maximize the ion flux available to a substrate and to provide for decoupling of ion and radical 

25 flux control within the substrate processing chamber. 

[0046] Figure 3A shows a vertical cross-section of a plasma-driven substrate processing 

system 300, in accordance with one embodiment of the present invention. The system 300 

includes a chamber 301 formed by a top structure 301B, a bottom structure 301C, and 

sidewalls 301A extending between the top structure 301B and bottom structure 301C. The 

30 chamber 301 encloses a substrate processing region 302 in which the substrate 109 is held in a 

secured manner on a substrate support 303 and is exposed to reactive constituents 325 of a 

plasma 359. The substrate processing region 302 is separated from a plasma generation 

chamber 355 by a top plate 315. During operation, the reactive constituents 325 of the plasma 
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359 travel through a number of fluid transmission pathways 316 within the top plate 315 to 

reach the substrate processing region 302, as indicated by arrows 361. 

[0047] In various embodiments, the chamber sidewalls 301A, top structure 301B, and bottom 

structure 301C can be formed from different materials, such as stainless steel or aluminum, by 

5 way of example, so long as the chamber 301 materials are structurally capable of withstanding 

pressure differentials and temperatures to which they will be exposed during plasma 

processing, and are chemically compatible with the plasma processing environment. Also, in 

one embodiment, the chamber sidewalls 301A, top structure 301B, and bottom structure 301C 

are formed of an electrically conductive material, and are electrically connected to an electrical 

10 ground 357. 

[0048] In the embodiment of Figure 3 A, the plasma generation chamber 355 is formed above 

the top plate 315. The plasma generation chamber 355 is in fluid communication with both a 

process gas source 319 and each of the fluid transmission pathways 316 through the top plate 

315. The system 300 also includes a coil assembly 351 disposed to transform the process gas 

15 within the plasma generation chamber 355 into the plasma 359. In the system 300, the chamber 

top plate 301B includes a window 353 that is suitable for transmission of RF (radiofrequency) 

power from the coil assembly 351 into the plasma generation chamber 355. In one 

embodiment, the window 353 is formed from quartz. In another embodiment, the window 353 

is formed from a ceramic material, such as silicon carbide. 

20 [0049] In one embodiment, RF power is delivered to the coil assembly 351 from one or more 

RF power sources 391A-391n. Each RF power source 391A-391n is connected through 

respective matching circuitry 393 to ensure efficient RF power transmission to the coil 

assembly 351. In the case of multiple RF power sources 391A-391n, it should be understood 

that each of the multiple RF power sources 391A-391n can be independently controlled with 

25 regard to RF power frequency and/or amplitude. In one embodiment, the one or more RF 

power source 391 A-391n are defined to supply RF power having a frequency of either 2 MHz, 

27 MHz, 60 MHz, 400 kHz, or a combination thereof. 

[0050] It should be understood that the inductive power delivery system of Figure 3 A is shown 

by way of example. In other embodiments, the plasma generation chamber 355 can be defined 

30 to generate the plasma 359 in different ways. For example, in one embodiment, the plasma 

generation chamber 355 can be defined as a capacitively coupled chamber, in which the 

plasma 359 generation region of the chamber 355 is exposed to a pair of spaced apart 

electrodes that are electrically connected to one or more power supplies, such that power 
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(either direct current (DC), RF, or a combination thereof) is transmitted between the pair of 

electrodes and through the chamber 355, so as to transform the process gas delivered from the 

process gas source 319 into the plasma 359. In yet another embodiment, the plasma generation 

chamber 355 can be defined as a microwave-driven chamber. 

5 [0051] Regardless of the particular power delivery embodiment for generation of the plasma 

359, it should be understood that during operation of the system 300, process gases supplied by 

the process gas source 319 are transformed into the plasma 359 within the plasma generation 

chamber 355. As a result, reactive constituents 325 of the plasma 359 move from the plasma 

generation chamber 355, through the number fluid transmission pathways 316 of the top plate 

10 315, to the substrate processing region 302 over the substrate support 303, and onto the 

substrate 109 when disposed on the substrate support 303. 

[0052] In one embodiment, upon entering the substrate processing region 302 from the fluid 

transmission pathways 316 of the top plate 315, the process gases flow through peripheral 

vents 327, and are pumped out through exhaust ports 329 by an exhaust pump 331, as indicated 

15 by arrows 381. In one embodiment, a flow throttling device 333 is provided to control a flow 

rate of the process gases from the substrate processing region 302. Also, in one embodiment, 

the flow throttling device 333 is defined as a ring structure that is movable toward and away 

from the peripheral vents 327, as indicated by arrows 335. 

[0053] In one embodiment, the plasma generation chamber 355 is defined to operate at internal 

20 pressure up to about one Torr (T). Also, in one embodiment, the substrate processing region 

302 is operated within a pressure range extending from about 1 milliTorr (mT) to about 100 

mT. For example, in one embodiment, the system 300 is operated to provide a substrate 

processing region 302 pressure of about 10 mT, with a process gas throughput flow rate of 

about 1000 scc/sec (standard cubic centimeters per second), and with a residence time of the 

25 reactive constituents 325 within the substrate processing region 302 of about 10 milliseconds 

(ms). It should be understood and appreciated that the above example operating conditions 

represent one of an essentially limitless number of operating conditions that can be achieved 

with the system 300. The above example operating conditions do not represent or imply any 

limitation on the possible operating conditions of the system 300. 

30 [0054] The substrate support 303 is disposed to support the substrate 109 in exposure to the 

substrate processing region 302. The substrate support 303 is defined to hold the substrate 109 

thereon during performance of plasma processing operations on the substrate 109. In the 

example embodiment of Figure 3 A, the substrate support 303 is held by a cantilevered arm 305 
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affixed to a wall 301A of the chamber 301. However, in other embodiments, the substrate 

support 303 can be affixed to the bottom plate 301C of the chamber 301 or to another member 

disposed within the chamber 301. In various embodiments, the substrate support 303 can be 

formed from different materials, such as stainless steel, aluminum, or ceramic, by way of 

5 example, so long as the substrate support 303 material is structurally capable of withstanding 

pressure differentials and temperatures to which it will be exposed during plasma processing, 

and is chemically compatible with the plasma processing environment. 

[0055] In one embodiment, the substrate support 303 includes a bias electrode 307 for 

generating an electric field to attract ions toward the substrate support 303, and thereby toward 

10 the substrate 109 held on the substrate support 303. More specifically, the electrode 307 within 

the substrate support 303 is defined to apply a bias voltage across the substrate processing 

region 302 between the substrate support 303 and the top plate 315. The bias voltage generated 

by the electrode 307 serves to pull ions that are formed within the plasma generation chamber 

355 through the fluid transmission pathways 316 into the substrate processing region 302 and 

15 toward the substrate 109. 

[0056] In one embodiment, the substrate support 303 includes a number of cooling channels 

309 through which a cooling fluid can be flowed during plasma processing operations to 

maintain temperature control of the substrate 109. Also, in one embodiment, the substrate 

support 303 can include a number of lifting pins 311 defined to lift and lower the substrate 109 

20 relative to the substrate support 303. In one embodiment, a door assembly 313 is disposed 

within the chamber wall 301A to enable insertion and removal of the substrate 109 into/from 

the chamber 301. Additionally, in one embodiment, the substrate support 303 is defined as an 

electrostatic chuck equipped to generate an electrostatic field for holding the substrate 109 

securely on the substrate support 303 during plasma processing operations. 

25 [0057] The top plate 315 is disposed within the chamber 301 above and spaced apart from the 

substrate support 303, so as to be positioned above and spaced apart from the substrate 109 

when positioned on the substrate support 303. The substrate processing region 302 exists 

between the top plate 315 and the substrate support 303, so as to exist over the substrate 109 

when positioned on the substrate support 303. 

30 [0058] In one embodiment, the substrate support 303 is movable in a vertical direction, as 

indicated by arrows 383, such that a process gap distance as measured perpendicularly across 

the substrate processing region 302 between the top plate 315 and substrate support 303 is 

adjustable within a range extending from about 1 cm to about 10 cm. In one embodiment, the 
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substrate support 303 is adjusted to provide a process gap distance of about 5 cm. Also, in one 

embodiment, a vertical position of the substrate support 303 relative to the top plate 315, vice-

versa, is adjustable either during performance of a plasma processing operation or between 

plasma processing operations. 

5 [0059] Adjustment of the process gap distance provides for adjustment of a dynamic range of 

the ion flux emanating from the fluid transmission pathways 316. Specifically, the ion flux that 

reaches the substrate 109 can be decreased by increasing the process gap distance, vice versa. 

In one embodiment, when the process gap distance is adjusted to achieve an adjustment in the 

ion flux at the substrate 109, the process gas flow rate through the plasma generation chamber 

10 355 can be correspondingly adjusted, thereby providing a level of independence in the control 

of radical flux at the substrate 109. Additionally, it should be appreciated that the process gap 

distance in combination with the ion and radical fluxes emanating from the fluid transmission 

pathways 316 into the substrate processing region 302 are controlled to provide for a 

substantially uniform ion density and radical density at and across the substrate 109. 

15 [0060] It should be appreciated that the configuration of fluid transmission pathways 316 

through the top plate 315 can influence how the reactive constituents 325 of the plasma 359 are 

distributed within the substrate processing region 302. In one embodiment, the fluid 

transmission pathways 316 are formed through the top plate 315 in a substantially uniformly 

distributed manner relative to the underlying substrate support 303. Figure 3B shows a 

20 horizontal cross-section view A-A as referenced in Figure 3A, in accordance with one 

embodiment of the present invention. As shown in Figure 3B, the fluid transmission pathways 

316 are formed through the top plate 315 in a substantially uniformly distributed manner 

relative to the underlying substrate support 303. 

[0061] It should be appreciated that the spacing between the fluid transmission pathways 316 

25 across the top plate 315 can be varied among different embodiments. Figure 3C shows a 

variation of the horizontal cross-section view of Figure 3B in which the spacing between the 

fluid transmission pathways 316 across the top plate 315 is decreased, in accordance with one 

embodiment of the present invention. Figure 3D shows a variation of the horizontal cross-

section view of Figure 3B in which the spacing between the fluid transmission pathways 316 

30 across the top plate 315 is increased, in accordance with one embodiment of the present 

invention. Figure 3E shows a variation of the horizontal cross-section view of Figure 3B in 

which the spacing between the fluid transmission pathways 316 across the top plate 315 is non­

uniform, in accordance with one embodiment of the present invention. 
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[0062] In one example embodiment, a total number of the fluid transmission pathways 316 

through the top plate 315 is within a range extending from about 50 to about 200. In one 

example embodiment, a total number of the fluid transmission pathways 316 through the top 

plate 315 is about 100. It should be understood, however, that the above-mentioned example 

5 embodiments for the number and configuration of the fluid transmission pathways 316 through 

the top plate 315 are provided by way of example to facilitate description of the present 

invention. In other embodiments, essentially any number and configuration of fluid 

transmission pathways 316 can be defined and arranged through the top plate 315 as necessary 

to provide an appropriate mixture and distribution of reactive constituents 325, i.e., radicals 

10 and/or ions, within the substrate processing region 302, so as to achieve a desired plasma 

processing result on the substrate 109. 

[0063] The plasma-driven substrate processing system 300 of Figure 3A further includes at 

least one electron beam source 363 defined to generate an electron beam 367 and transmit the 

electron beam 367 through the substrate processing region 302 above and across the substrate 

15 support 303. Each electron beam source 363 is electrically connected to receive power from a 

power supply 389, such that power can be supplied to each electron beam source 363 in an 

independently controlled manner. Depending on the type of electron beam source 363, the 

power supply 389 can be defined to transmit DC power, RF power, or a combination thereof, 

to the electron beam sources 363. 

20 [0064] In one embodiment, each electron beam source 363 is defined to transmit the electron 

beam 367 along a trajectory substantially parallel to a surface of the substrate support 303 

defined to support the substrate 109. Also, each electron beam source 363 can be defined to 

generate and transmit one or multiple electron beams 367. During operation, the electron beam 

source 363 is operated to transmit the electron beam 367 through the substrate processing 

25 region 302 as an ion generating gas, such as argon, is flowed through the substrate processing 

region 302. In one embodiment, the ion generating gas is a component of a process gas mixture 

supplied from the process gas source 319, and flows into the substrate processing region 302 

through the fluid transmission pathways 316 in the top plate 315. 

[0065] Electron beam 367 injection into the substrate processing region 302, such as that 

30 provided by the electron beam source 363, causes an increase in charged particle production, 

i.e., ion production, within the substrate processing region 302 in the vicinity of the electron 

beam 367. The electron beam 367 injection into the substrate processing region 302 is 

optimized to create substantially more ions through electron impact ionization events as 
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compared to radicals through electron impact dissociation of the process gas. In one 

embodiment, a method to establish this preference for ionization relative to dissociation may 

include one or more of optimization of a position of the electron beam 367 source, 

optimization of a number of electrons injected into the processing region 302, and/or 

5 optimization of an energy of the electron beam 367. Therefore, it should be appreciated that 

electron beam 367 injection into and through the substrate processing region 302 provides for 

spatial and temporal control of an increase in ion density without substantially affecting radical 

density, thereby providing for an effective decoupling of ion density control from radical 

density control within the substrate processing region 302. 

10 [0066] The embodiment of Figure 3A also includes a number of conductive grids 365 

positioned outside a perimeter of the substrate support 303 and above the substrate support 

303. The conductive grids 365 are electrically connected to a power supply 387, so as to have a 

controlled voltage level applied to each of the conductive grids 365 in an independently 

controlled manner. Depending on the particular embodiment, the power supply 387 can be 

15 defined to transmit DC power, RF power, or a combination thereof, to the conductive grids 

365. 

[0067] In one embodiment, the conductive grids 365 are positioned at and over the electron 

beam outlet of each electron beam source 363. In this embodiment, the power to the 

conductive grid 365 can be controlled to enhance, or at least not inhibit, electron beam 367 

20 transmission from the electron beam source 363 over which the conductive grid 365 is 

positioned. And, a positive charge can be applied to a given conductive grid 365 that is 

positioned on a far side of the substrate support 303 away from an active electron beam source 

363, such that the given positively charged conductive grid 365 functions as an electrical sink 

for the electron beam 367 transmitted by the active electron beam source 363. 

25 [0068] As previously mentioned, the system 300 can include one or more electron beam 

sources 363. Figure 3F shows a top view of the substrate support 303 in a system 300 

configuration in which an electron beam source 363 is defined to transmit multiple spatially 

separated electron beams 367 through the substrate processing region 302, above and across 

the substrate support 303, in a common direction, in accordance with one embodiment of the 

30 present invention. The electron beam source 363 can be defined and operated to transmit the 

electron beams 367 in either a continuous or pulsed manner. Also, the electron beam source 

363 can be defined and operated to transmit the electron beams 367 in a spatially segmented 

manner, such that the electron beams 367 are transmitted in the single common direction over a 
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portion of the substrate support 303 at a given time. In this case, the electron beam source 363 

can be defined and operated to transmit the spatially segmented electron beams 367 in a 

temporally multiplexed manner, such that the electron beams 367 are collectively transmitted 

across an entirety of the substrate support 303 (and substrate 109 disposed thereon) in a time-

5 averaged substantially uniform manner. In this manner, the electron beams 367 collectively 

provide a substantially uniform ion generation effect across the substrate support 303 and 

substrate 109 disposed thereon. 

[0069] In the embodiment of Figure 3F, a first conductive grid 365A is disposed over the 

electron beam outlet of the electron beam source 363. This first conductive grid 365A can be 

10 powered to facilitate/enhance transmission of the electron beam 367 from the electron beam 

source 363. Also, in this embodiment, a second conductive grid 365B is disposed at a position 

opposite the substrate support 303 from the electron beam source 363. The second conductive 

grid 365B is electrically connected to the power supply 387 so as to receive a positive 

electrical charge. In this manner, the second conductive grid 365B functions as an electrical 

15 sink for the electron beams 367 transmitted in the single common direction across the substrate 

processing region 302 from the electron beam source 363. 

[0070] Figure 3G shows a top view of the substrate support 303 in the system 300 

configuration in which multiple electron beam sources 363 are defined to transmit multiple 

spatially separated electron beams 367 through the substrate processing region 302, above and 

20 across the substrate support 303, in respective multiple directions, in accordance with one 

embodiment of the present invention. Each electron beam source 363 can be defined and 

operated to transmit its electron beams 367 in either a continuous or pulsed manner. Also, the 

electron beam sources 363 can be defined and operated to transmit the electron beams 367 in a 

spatially rastered manner, such that the electron beams 367 are transmitted from a select 

25 number of electron beam sources 363 at a given time. In this case, one or more of the electron 

beam sources 363 can be operated at a given time. Also, in this embodiment, the electron beam 

sources 363 can be defined and operated to transmit the spatially rastered electron beams 367 

in a temporally multiplexed manner, such that the electron beams 367 are collectively 

transmitted across an entirety of the substrate support 303 (and substrate 109 disposed thereon) 

30 in a time-averaged substantially uniform manner. In one embodiment, each of the electron 

beam sources 363 is defined and operated to transmit its electron beam 367 over a central 

location of the substrate support 303. 

[0071] Additionally, in the embodiment of Figure 3G, each of the conductive grids 365 is 
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electrically connected to the power supply 387, such that each of the conductive grids 365 can 

be electrically charged (either positive or negative) in an independently controlled manner. In 

one embodiment, a conductive grid 365 that is disposed over the electron beam outlet of an 

active electron beam source 363 is electrically charged to either enhance transmission of the 

5 electron beam 367 or not inhibit transmission of the electron beam 367. And, another 

conductive grid 365 positioned opposite the substrate support 303 from the active electron 

beam source 363 is supplied with a positive electrical charge, such that this conductive grid 

365 functions as an electrical sink for the electron beam 367 transmitted across the substrate 

processing region 302 from the active electron beam source 363. 

10 [0072] Figure 3H shows a rasterized temporal sequence for operation of the multiple electron 

beam sources 363 of Figure 3G, in accordance with one embodiment of the present invention. 

As shown in Figure 3H, the electron beam sources 363 are defined to sequentially transmit the 

multiple spatially separated electron beams 367. For example, at a time (Time 1), a first 

electron beam source 363 is operated to transmit its electron beams 367 across the substrate 

15 support 303. At a next time (Time 2) a second electron beam source 363 adjacent to the first 

electron beam source is operated to transmit its electron beams 367 across the substrate support 

303. The remaining ones of the multiple electron beam sources 363 are operated in a sequential 

manner at successive times to transmit their electron beams 367 across the substrate support 

303. Ultimately, a final electron beam source 363 is operated at a final time (Time 16) to 

20 transmit its electron beams 367 across the substrate support 303. Then, the rasterized temporal 

sequence of electron beam source 363 operation can be repeated, as necessary. It should be 

understood that in other embodiments, the electron beam sources 363 can be activated in 

essentially any order, e.g., a non-sequential order, and for essentially any time period so as to 

achieve a desired effect on the ion density within the substrate processing region 302. 

25 [0073] It should be understood that the number of electron beam sources 363 shown in Figures 

3G and 3H are provided by way of example. In one embodiment, 36 separate electron beam 

sources 363 are deployed around the periphery of the substrate support 303, and are spaced 

apart from each other such that adjacent ones of the 36 electron beam sources 363 transmit 

their respective electron beams across the substrate support 303 at an angular difference (0) of 

30 about 10 degrees relative to the center of the substrate support 303. In other embodiments, a 

different number of electron beam sources 363 can be deployed around the periphery of the 

substrate support 303 in a substantially uniform spaced apart manner. Regardless of the 

specific number of electron beam sources deployed around the periphery of the substrate 
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support 303, it should be understood that the electron beam sources 363 can be deployed and 

operated to transmit their respective spatially rastered electron beams 367 in a temporally 

multiplexed manner, such that the electron beams 367 are collectively transmitted across an 

entirety of the substrate support 303 (and substrate 109 disposed thereon) in a time-averaged 

5 substantially uniform manner. In this manner, the electron beams 367 collectively provide a 

substantially uniform ion generation effect across the substrate support 303 and substrate 109 

disposed thereon. 

[0074] In various embodiments, the electron beam sources 363 can be defined as different 

types of electron beam sources. For example, in some embodiments, the electron beam source 

10 363 are defined as one or more of hollow cathode devices, electron cyclotron resonance 

devices, laser-driven devices, microwave-driven devices, inductively coupled plasma 

generation devices, and capacitively coupled plasma generation devices. It should be 

understood that the above-mentioned types of electron beam sources 363 are provided by way 

of example. In other embodiments, essentially any type of electron beam sources 363 can be 

15 utilized in the system 300, so long as the electron beam sources 363 are defined to generate and 

transmit the required electron beams 367 through the substrate processing region 302, so as to 

achieve a desired effect on ion density within the substrate processing region 302 and 

corresponding plasma processing result on the substrate 109. 

[0075] Figure 4A shows an example electron beam source 363 defined as a hollow cathode 

20 device 401, in accordance with one embodiment of the present invention. The hollow cathode 

device 401 is positioned outside a perimeter of the substrate support 303 and above the 

substrate support 303. The hollow cathode device 401 has an outlet region 407 oriented toward 

the substrate processing region 302 over the substrate support 303. The hollow cathode device 

401 can be disposed within the system 300 so as to be electrically and RF isolated from 

25 surrounding chamber materials. In one embodiment, the hollow cathode device 401 includes a 

pair of electrodes 403A, 403B disposed on opposite sides of an interior cavity of the hollow 

cathode device 401. One or both of the electrodes 403A, 403B are electrically connected to 

receive power from the electron beam power source 389. The electron beam power source 389 

can be defined to include a DC power supply 389A, an RF power supply 389B, or a 

30 combination thereof. The RF power supply 389B is connected to the electrodes 403A and/or 

403B through matching circuitry 389C to provide impedance matching to minimize reflection 

of the transmitted RF power from the electrodes 403A and/or 403B. 

[0076] In one embodiment, the electrodes 403A, 403B are positioned such that one electrode 
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403A is disposed opposite the hollow cathode device 401 interior from the electron beam 367 

outlet of the hollow cathode device 401, and the other electrode 403B is disposed next to the 

outlet of the hollow cathode device 401. However, it should be understood that in other 

embodiments, the electrodes 403A, 403B can be disposed in other locations and/or orientations 

5 within the interior cavity of the hollow cathode device 401. Additionally, in other 

embodiments, the hollow cathode device 401 can be defined to implement power delivery 

components other than electrodes 403A, 403B, so long as the power delivery components are 

capable of conveying power to a process gas inside the interior of the hollow cathode device 

401, so as to transform the process gas into a plasma 405. For example, in one embodiment, 

10 the walls of the hollow cathode device 401 are electrically conductive and serve the function of 

the power delivery components. In another example embodiment, the power delivery 

components are implemented as coils disposed proximate to the hollow cathode device 401. 

[0077] The hollow cathode device 401 is also connected to the electron beam gas supply 388, 

such that the process gas for the electron beam generation can be flowed in a controlled 

15 manner from the electron beam gas supply 388 into the interior of the hollow cathode device 

401. Upon entering the interior of the hollow cathode device 401, the process gas is 

transformed into the plasma 405 by the power emanating from the electrodes 403A, 403B, or 

other type of power delivery component. In one embodiment, RF power having a frequency of 

either 2 MHz, 27 MHz, 60 MHz, 400 kHz, or combination thereof is transmitted to the 

20 electrodes 403A, 403B, or other type of power delivery component, to transform the process 

gas into the plasma 405. 

[0078] Additionally, in one embodiment, the hollow cathode device 401 is defined to 

implement an energized electron beam 367 outlet region 407 to enhance electron extraction 

from the interior cavity of the hollow cathode device 401. In one embodiment, the energizable 

25 outlet region 407 itself is defined as another hollow cathode. In one version of this 

embodiment, the outlet region 407 is circumscribed by an electrode that can be powered by 

either DC power, RF power, or a combination thereof. As the reactive constituents from the 

plasma 405 flow through the energizable outlet region 407, the power emanating from the 

electrode will liberate fast electrons within the outlet region 407, which will enhance the 

30 electron beam 367 transmitted from the hollow cathode device 401. 

[0079] In one embodiment, the conductive grid 365 is disposed over the electron beam 367 

outlet region 407 of the hollow cathode device 401. More specifically, the conductive grid 365 

is disposed between the outlet region 407 of the hollow cathode device 401 and the substrate 
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processing region 302 over the substrate support 303 to facilitate extraction of electrons from 

the plasma 405 within the interior cavity of the hollow cathode device 401. Figure 4B shows a 

front view of the conductive grid 365, in accordance with one embodiment of the present 

invention. In one embodiment, the conductive grid 365 is electrically connected to receive 

5 power from the conductive grid power supply 387. The power source 387 can be defined to 

include a DC power supply 387A, an RF power supply 387B, or a combination thereof. The 

RF power supply 387B is connected to the conductive grid 365 through matching circuitry 

387C to provide impedance matching to minimize reflection of the transmitted RF power from 

the conductive grid 365. 

10 [0080] Additionally, in one embodiment, the conductive grid 365 is connected to a heater 409 

to provide for independent temperature control of the conductive grid 365, which can be used 

to maintain a cleanliness state of the conductive grid 365. In one embodiment, the conductive 

grid 365 operates as an extraction grid to extract electron flux from the plasma 405 within the 

interior cavity of the hollow cathode device 401. Additionally, in one embodiment, the 

15 conductive grid 365 can be operated in a pulsed manner such that a polarity of the electrical 

charge on the conductive grid 365 is alternated between positive and negative between pulses. 

In this embodiment, the conductive grid 365 operates to extract electron flux from the plasma 

405 when supplied with a positive charge pulse, and extract ions from the plasma 405 when 

supplied with a negative charge pulse. Thus, in this embodiment, the conductive grid 365 can 

20 be pulsed in an alternating manner between an ion extraction mode and an electron extraction 

mode. Also, this pulsing of the conductive grid provides period averaged null current and 

access to ion driven ionization processes within the substrate processing region 302. 

Additionally, another conductive grid 365 disposed opposite the substrate support 303 from the 

outlet region 407 of the hollow cathode device 401 can be operated to have a positive charge to 

25 provide an electrical sink for the electron beam 367 transmitted by the hollow cathode device 

401. 

[0081] Figure 5A shows a variation of the plasma-driven substrate processing system 300 that 

implements a DC-biased surface electron beam source 503, in accordance with one 

embodiment of the present invention. The system 300A of Figure 5A includes the DC-biased 

30 electron beam source 503 in lieu of the electron beam sources 363 and conductive grids 365. 

For ease of description, the DC-biased electron beam source 503 is referred to hereafter as an 

electrode 503. The electrode 503 is disposed within an electrically insulating member 501, 

such that a surface of the electrode 503 is exposed to the substrate processing region 302. Also, 
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the electrode 503 is disposed within the processing chamber 301 separate from the substrate 

support 303. In one embodiment, the electrode 503 is defined as a conductive band disposed 

outside a perimeter of the substrate support 303 and above the substrate support 303 within the 

substrate processing region 302 of the processing chamber 301. In one embodiment, the 

5 electrode 503 is defined as a band or strap that circumscribes the substrate processing region 

302 around the substrate support 303. 

[0082] In the system 300A, the electrode 503 is electrically connected to a power supply 505. 

In one embodiment, the power supply 505 is defined to apply electrical power to the electrode 

503 so as to attract ions within the substrate processing region 302 toward the electrode 503 

10 and liberate electrons from the electrode 503 into the substrate processing region 302. In 

different embodiments, the electrical power supplied to the electrode 503 from the power 

supply 505 can be DC power, RF power, or a combination of DC and RF power. In one 

embodiment, a negative voltage is applied to the electrode 503 by the power supply 505. 

However, in other embodiments, the voltage applied to the electrode 503 by the power supply 

15 505 can be either negative or positive. For example, in one embodiment, the power supply 505 

is defined to supply a positive voltage to the electrode 503, thereby attracting electrons and 

repelling positively charged ions. Also, in one embodiment, the power supply 505 is defined to 

apply power to the electrode 503 in a pulsed manner and/or in an alternating polarity manner. 

[0083] Figure 5B shows a close-up view of the electrode 503, in accordance with one 

20 embodiment of the present invention. In one embodiment, the electrode 503 provides a DC-

biased surface from which an incident ion flux (Jjon) generates an electron flux (je_), i.e., 

electron beam, that leaves the surface of the electrode 503 in a direction toward the substrate 

processing region 302. In one embodiment, the ions in the ion flux (Jron) that are incident upon 

the electrode 503 are non-inert and are passivating, such as Si ions. In this embodiment, the 

25 DC-biased surface of the electrode 503 can be utilized to compensate for the passivating 

species that are produced through radical interactions. In one embodiment, the electrode 503 

can be powered with either DC power, RF power, or a combination thereof. Also, in one 

embodiment, a low frequency RF power is supplied to the electrode 503. 

[0084] Additionally, in one embodiment, the electrode 503 is sized to create a hollow cathode 

30 effect within the substrate processing region 302. More specifically, if the DC-biased surface 

of the electrode 503 is defined as a large enough band or strap that circumscribes the substrate 

processing region 302, such that electrons emitted from the electrode 503 reach the opposing 

portion of the electrode 503 with sufficient energy, a hollow cathode configuration may be 



WO 2012/142038 PCT/US2012/032920 

22 

formed within the substrate processing region 302 itself, thereby further enhancing the 

ionization within the substrate processing region 302. 

[0085J Figure 6A shows a variation of the plasma-driven substrate processing system 300 that 

implements a planar DC-biased surface electron beam source 601, in accordance with one 

5 embodiment of the present invention. Relative to the system 300 of Figure 3A, the system 

300B of Figure 6A includes the planar DC-biased electron beam source 601 in lieu of the 

electron beam sources 363 and conductive grids 365. For ease of description, the DC-biased 

electron beam source 601 is referred to hereafter as a planar electrode 601. In one embodiment, 

the planar electrode 601 is defined as a planar conductive segment 601 disposed above the 

10 substrate support 303 within the substrate processing region 302. In one embodiment, the 

planar electrode 601 is implemented within the system 300B in combination with the electrode 

503 as discussed above with regard to Figures 5A-5B. 

[0086] For example, in one embodiment, the planar electrode 601 is defined on a bottom 

surface of the top plate 315 in an orientation facing the substrate support 303, so as to face the 

15 substrate processing region 302. In one embodiment, the planar electrode 601 is electrically 

insulated from the top plate 315 by an insulating member 603. Also, in this embodiment, it 

should be understood that each of the planar electrode 601 and the insulating member 603 

includes a number of through-holes formed in alignment with the number of fluid transmission 

pathways 316 present in the top plate 315, such that both planar electrode 601 and insulating 

20 member 603 avoid interfering with a flow of reactive constituents from the plasma generation 

chamber 355 into the substrate processing region 302. 

[0087] In the system 300B, the planar electrode 601 is electrically connected to a power supply 

605. In one embodiment, the power supply 605 is defined to apply a negative voltage to the 

planar electrode 601 so as to attract ions within the substrate processing region 302 toward the 

25 planar electrode 601 and liberate electrons from the planar electrode 601 into the substrate 

processing region 302. In one embodiment, the power supply 605 is defined to apply power to 

the planar electrode 601 in a pulsed manner. Also, in one embodiment, the power supply 605 is 

defined to supply a positive voltage to the planar electrode 601, thereby attracting electrons 

and repelling positively charged ions. 

30 [0088] Figure 6B shows a close-up view of the planar electrode 601, in accordance with one 

embodiment of the present invention. In one embodiment, the planar electrode 601 provides a 

DC-biased surface from which an incident ion flux (Jjon) generates an electron flux (Je-), i.e., 

electron beam, that leaves the surface of the planar electrode 601 in a direction toward the 
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substrate processing region 302. In one embodiment, the ions in the ion flux (Jj011) that are 

incident upon the planar electrode 601 are non-inert and are passivating, such as Si ions. In this 

embodiment, the DC-biased surface of the planar electrode 601 can be utilized to compensate 

for the passivating species that are produced through radical interactions. In one embodiment, 

5 the planar electrode 601 can be powered with either DC power, RF power, or a combination 

thereof. Also, in one embodiment, a low frequency RF power is supplied to the electrode 601. 

[0089] As previously discussed, a total flow area of the fluid transmission pathways 316 

between the plasma generation chamber 355 and the substrate processing region 302 can be 

quite small. For example, the fluid transmission pathways 316 can include small tube 

10 diameters or a small numbers of holes of small diameter in order to maintain an adequate 

pressure differential between the higher pressure plasma generation chamber 355 and the lower 

pressure substrate processing region 302. Therefore, because large gas densities, i.e., high gas 

pressures, may be needed in the plasma generation chamber 355 to achieve a sufficient amount 

of electron production, it may not be feasible to simply increase the flow area of the fluid 

15 transmission pathways 316 to obtain a higher ion flux from the plasma generation chamber 355 

into the substrate processing region 302. 

[0090] To overcome the geometric limits to ion transfer efficiency associated with the fluid 

transmission pathways 316, one embodiment of the present invention utilizes the fluid 

transmission pathways 316 as supplementary ion generation regions, i.e., as plasma boosters. 

20 Figure 7 shows a variation of the plasma-driven substrate processing system 300 that utilizes 

the fluid transmission pathways 316 as supplementary ion generation regions, in accordance 

with one embodiment of the present invention. In the embodiment of Figure 7, the top plate 

315 in the system 300 of Figure 3 A is replaced by an energizable top plate 701. As with the top 

plate 315, the energizable top plate 701 includes the number of fluid transmission pathways 

25 316 formed through the energizable top plate 701 so as to extend from the plasma generation 

chamber 355 to the substrate processing region 302. However, the energizable top plate 701 

includes a number of power delivery components 702 disposed proximate to each of the 

number of fluid transmission pathways 316. The power delivery components 702 are defined 

to deliver power to the fluid transmission pathways 316 so as to generate supplemental plasma 

30 704 within the fluid transmission pathways 316. The fluid transmission pathways 316 are 

defined to supply reactive constituents of both the plasma 359 and the supplemental plasma 

704 to the substrate processing region 302. 

[0091] The system 300C also includes a power source 703 defined to supply DC power, RF 
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power, or a combination thereof, to the power delivery components 702. The power delivery 

components 702 in turn function to transmit power through the fluid transmission pathways 

316 so as to transform process gas within the fluid transmission pathways 316 into the 

supplemental plasma 704. In one embodiment, the system 300C can also include a process gas 

5 source 709 in fluid communication with each of the fluid transmission pathways 316 to provide 

for supply of a secondary process gas to each of the fluid transmission pathways 316. The 

power transmitted from the power delivery components 702 can be used to transform the 

secondary process gas into the supplemental plasma 704. However, in another embodiment, 

the system 300C may not utilize the secondary process gas source 709. In this embodiment, the 

10 power delivery components 702 are defined to transform process gas that flows through the 

fluid transmission pathways 316 from the plasma generation chamber 355 into the 

supplemental plasma 704. In this embodiment, the fluid transmission pathways 316 are 

operated as plasma amplifying region. 

[0092] It should be understood that in the system 300C the fluid transmission pathways 316, 

15 power delivery components 702, and power source 703 can be defined in many ways to form 

different types of supplemental plasma 704 generation regions within the fluid transmission 

pathways 316. For example, in various embodiments, the fluid transmission pathways 316, 

power delivery components 702, and power source 703 can be defined such that the fluid 

transmission pathways 316 operate as flow-through hollow cathodes, flow-through 

20 capacitively coupled regions, flow-through inductively coupled regions, flow-through 

magnetron driven regions, flow-through laser driven regions, or a combination thereof. In other 

words, in various embodiments, each fluid transmission pathway 316 can be operated as either 

a hollow cathode, a capacitively coupled source, an inductive source (with inductive coils 

wrapping the fluid transmission pathway), through a magnetron effect, or through another kind 

25 of ionizing means, such as through irradiation of points in the fluid transmission pathway with 

focused laser light. In one embodiment, the fluid transmission pathways 316 are operated as a 

hollow cathode medium or with direct electron beam injection into the fluid transmission 

pathways 316 in order to achieve a sufficient amount of high energy electrons to produce 

significant amounts of ionization. 

30 [0093] It should be understood that generation of the supplemental plasma 704 within the fluid 

transmission pathways 316 provides for an unimpeded line-of-sight transmission of ions from 

the supplemental plasma 704 into the substrate processing region 302, thereby providing for a 

controlled increase in ion flux entering the substrate processing region 302. Additionally, in 
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one embodiment, the power delivery components 702 include electron beam sources defined to 

generate electron beams and transmit these electron beams through the fluid transmission 

pathways 316, so as to enhance ion generation within the supplemental plasma 704 formed 

within the fluid transmission pathways 316. 

5 [0094] Additionally, in one embodiment, the system 300C can optionally include an electrode 

711 disposed in the plasma generation chamber 355 to drive charged species from the plasma 

generation chamber 355 through the fluid transmission pathways 316 into the substrate 

processing region 302. Also, the electrode 711 can function to drive charged species from the 

supplemental plasma 704 within the fluid transmission pathways 316 into the substrate 

10 processing region 302. It should be understood that the electrode 711 can be connected to a 

power source to be supplied with DC power, RF power, or a combination thereof. Also, the 

polarity of the charge on the electrode 711 can be controlled and varied in a prescribed manner. 

For example, in one embodiment, power can be supplied to the electrode 711 in a pulsed 

manner. 

15 [0095] Additionally, in one embodiment, the system 300C can optionally include the electrode 

503 and corresponding power source 505, as previously discussed with regard to Figures 5A 

and 5B. Also, in one embodiment, the system 300C can optionally include the electrode beam 

sources 363, conductive grids 365, power sources 387 and 389, and electron beam gas supply 

388, as previously discussed with regard to Figures 3A through 4B. And, in one embodiment, 

20 the system 300C can optionally include the planar electrode 601 and insulating member 603, as 

previously discussed with regard to Figures 6A and 6B. In this embodiment, the planar 

electrode 601 can be operated as an extraction grid disposed within the substrate processing 

region 302 to attract charged species from the fluid transmission pathways 316 into the 

substrate processing region 302. Depending on the polarity of the electric charge supplied to 

25 the planar electrode 601, the charged species attracted from the fluid transmission pathways 

316 into the substrate processing region 302 can include either electrons or positively charged 

ions. As with the electrode 711, it should be understood that each of the electrode 503 and 

planar electrode 601 can be supplied with DC power, RF power, or a combination thereof. 

Also, as with the electrode 711, each of the electrode 503 and planar electrode 601 can be 

30 operated in an independently controlled manner, e.g., in a continuously powered manner or 

pulsed manner. 

[0096] In one embodiment, the remote plasma 359 source within the plasma generation 

chamber 355 can be used as an electron beam source to affect ion-to-radical flux control in the 
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substrate processing region 302. If the remote plasma 359 source within the plasma generation 

chamber 355 is operated with a substantially negative potential relative to the substrate 

processing region 302, then electrons can be accelerated from the negative potential of the 

plasma generation chamber 355 through the fluid transmission pathways 316 to the positive 

5 potential of the substrate processing region 302. As the energetic electrons travel through the 

fluid transmission pathways 316 and into the substrate processing region 302, the energetic 

electrons cause ionization in an energy regime in which simple dissociation processes are not 

favored. Also, if the energetic electrons scatter as they travel through the fluid transmission 

pathways 316, the energetic electrons can generate additional secondary electrons, especially 

10 given that the secondary electron generation coefficient can be very high and often higher than 

the ion generation coefficient associated with electron interaction processes. 

[0097] It should be understood that different kinds of remote plasma 359 sources can be used 

for electron beam extraction from the plasma generation chamber 355 into the substrate 

processing region 302. For example, some embodiments can operate the plasma generation 

15 region 355 as a capacitively coupled plasma 359 source generation region, an inductively 

coupled plasma 359 source generation region, or a microwave plasma 359 source generation 

region in combination with DC biasing. Also, if the electrical potential difference between the 

plasma generation chamber 355 and substrate processing region 302 is inadequate for electron 

beam extraction from the plasma generation chamber 355 into the substrate processing region 

20 302, an electron extraction grid can be used to extract electrons from the plasma generation 

chamber 355 into a secondary plasma source region, e.g., within the fluid transmission 

pathways 316, where the extracted electrons can produce more ions. 

[0098] In view of the foregoing, it should be appreciated that spatial and/or temporal 

multiplexing of electron beam injection into the substrate processing region 302 facilitates 

25 modulation of the ion flux to radical flux within the substrate processing region 302. Also, it 

should be appreciated that use of electron beam excited plasma source in combination with a 

primarily radical constituent plasma source can provide a dynamic range of ion flux-to-radical 

flux ratio control that is not achievable by any other means. 

[0099] Figure 8 shows a flowchart of a method 800 for processing a semiconductor substrate, 

30 in accordance with one embodiment of the present invention. In one embodiment, the plasma-

driven substrate processing system 300 of Figures 3A through 4B can be used to perform the 

method of Figure 8. The method 800 includes an operation 801 for placing a substrate on a 

substrate support in exposure to a processing region. The method 800 also includes an 
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operation 803 for generating a plasma in a plasma generation region separate from the 

processing region. The method 800 also includes an operation 805 for supplying reactive 

constituents of the plasma from the plasma generation region to the processing region. The 

method 800 further includes an operation 807 for injecting electrons into the processing region 

5 over the substrate, whereby the injected electrons modify an ion density in the processing 

region to affect processing of the substrate. 

[00100] In one embodiment of the method 800, injecting electrons into the processing 

region includes transmitting an electron beam along a trajectory substantially parallel to a top 

surface of the substrate. In one instance of this embodiment, the trajectory of the electron beam 

10 extends in a linear manner from a first location outside a periphery of the substrate support and 

above the substrate support to a second location outside the periphery of the substrate support 

and above the substrate support. In another instance of this embodiment, the method 800 can 

include generating an electric steering field within the processing region, such that the 

trajectory of the electron beam extends through the processing region in a non-linear manner as 

15 controlled by the electric steering field. Also, in one embodiment, the method 800 includes an 

operation for applying a positive electrical charge to a conductive grid at the second location, 

i.e., at the electron beam terminating location, such that the conductive grid functions as an 

electrical sink for the electron beam transmitted along the trajectory. In various embodiments 

of the method 800, the electrons can be injected into the processing region in a pulsed manner, 

20 or in a continuous manner. 

[00101] In one embodiment, the operation 807 for injecting electrons into the processing 

region includes transmitting multiple spatially separated electron beams through the processing 

chamber above and across a top surface of the substrate. In one instance of this embodiment, 

each of the multiple spatially separated electron beams is transmitted in a common direction, 

25 such that the multiple spatially separated electron beams are transmitted in a substantially 

parallel manner above and across the top surface of the substrate. In another instance of this 

embodiment, the multiple spatially separated electron beams are transmitted in different 

multiple directions above and across the top surface of the substrate and substantially parallel 

to the top surface of the substrate. Also, in one embodiment, different ones of the multiple 

30 spatially separated electron beams are transmitted at different times such that electrons are 

injected in a time-averaged substantially uniform manner throughout the processing region in 

exposure to the substrate. The method 800 can also include an operation for applying a bias 

voltage across the processing region from the substrate support so as to attract ions that are 
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generated as a result of the injected electrons toward the substrate. 

[00102] Figure 9 shows a flowchart of a method 900 for processing a semiconductor 

substrate, in accordance with one embodiment of the present invention. In one embodiment, 

the plasma-driven substrate processing systems 300A, 300B of Figures 5A through 6B, or 

5 combination thereof, can be used to perform the method of Figure 9. The method 900 includes 

an operation 901 for placing a substrate on a substrate support in exposure to a processing 

region. The method 900 also includes an operation 903 for generating a plasma in a plasma 

generation region separate from the processing region. The method 900 also includes an 

operation 905 for supplying reactive constituents of the plasma from the plasma generation 

10 region to the processing region. The method 900 further includes an operation 907 for 

supplying power to one or more electrodes disposed within the processing region separate from 

the substrate support, whereby the power supplied to the one or more electrodes injects 

electrons from the one or more electrodes into the processing region so as to modify an ion 

density in the processing region to affect processing of the substrate. 

15 [00103] In one embodiment, the one or more electrodes includes a conductive band 

disposed outside a perimeter of the substrate support and above the substrate support in 

exposure to the processing region, such as the electrode 503 of Figure 5 A. In one embodiment, 

the conductive band is formed as a continuous structure that circumscribes the perimeter of the 

substrate support. Also, in one embodiment, the one or more electrodes includes a planar 

20 conductive segment disposed above and over the substrate support in exposure to the 

processing region, such as the planar electrode 601 of Figure 6A. Also, in one embodiment, the 

one or more electrodes includes both a conductive band disposed outside a perimeter of the 

substrate support and above the substrate support in exposure to the processing region, and a 

planar conductive segment disposed above and over the substrate support in exposure to the 

25 processing region. 

[00104] In one embodiment, supplying power to one or more electrodes in the operation 

907 includes supplying direct current power, radiofrequency power, or a combination of direct 

current power and radiofrequency power to the one or more electrodes. Also, in one 

embodiment, the power is supplied to one or more electrodes in a pulsed manner. In another 

30 embodiment, the power is supplied to one or more electrodes in a continuous manner. Also, in 

one embodiment, supplying power to one or more electrodes in the operation 907 includes 

alternating a polarity of electric charge on the one or more electrodes. Additionally, in one 

embodiment, the method can include an operation for applying a bias voltage across the 
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processing region from the substrate support so as to attract ions that are generated as a result 

of the injected electrons toward the substrate. 

[00105] Figure 10 shows a flowchart of a method 1000 for processing a semiconductor 

substrate, in accordance with one embodiment of the present invention. In one embodiment, 

5 the plasma-driven substrate processing system 300C can be used to perform the method of 

Figure 10. In one embodiment, the plasma-driven substrate processing system 300C can be 

combined with components of one or more of the plasma-driven substrate processing systems 

300, 300A, and 300B to perform the method of Figure 10. The method 1000 includes an 

operation 1001 for placing a substrate on a substrate support in exposure to a processing 

10 region. The method 1000 also includes an operation 1003 for generating a plasma in a plasma 

generation region separate from the processing region. The method 1000 also includes an 

operation 1005 for supplying reactive constituents of the plasma from the plasma generation 

region through a plurality of fluid transmission pathways into the processing region, whereby 

the reactive constituents of the plasma affect processing of the substrate. The method 1000 

15 further includes an operation 1007 for generating a supplemental plasma in the plurality of 

fluid transmission pathways. The method 1000 further includes an operation 1009 for 

supplying reactive constituents of the supplemental plasma from the plurality of fluid 

transmission pathways into the processing region, whereby the reactive constituents of the 

supplemental plasma affect processing of the substrate. 

20 [00106] In one embodiment, generating the supplemental plasma in operation 1007 

includes operating the plurality of fluid transmission pathways as either flow-through hollow 

cathodes, flow-through capacitively coupled regions, flow-through inductively coupled 

regions, flow-through magnetron driven regions, flow-through laser driven regions, or a 

combination thereof. Also, in one embodiment, generating the supplemental plasma in the 

25 plurality of fluid transmission pathways in operation 1007 includes transmitting direct current 

power, radiofrequency current power, or a combination of direct current power and 

radiofrequency power through the plurality of fluid transmission pathways. In one 

embodiment, the power is transmitted through the plurality of fluid transmission pathways in a 

pulsed manner. In another embodiment, the power is transmitted through the plurality of fluid 

30 transmission pathways in a continuous manner. Additionally, in one embodiment, generating 

the supplemental plasma in the plurality of fluid transmission pathways in operation 1007 

includes supplying a process gas to the interior of each of the plurality of fluid transmission 

pathways. 
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[00107] In one embodiment, supplying reactive constituents of the plasma from the 

plasma generation region through the plurality of fluid transmission pathways into the 

processing region in operation 1005 includes operating an electrode disposed in the plasma 

generation region to drive charged species from the plasma generation region through the 

5 plurality of fluid transmission pathways into the processing region. Also, in one embodiment, 

supplying reactive constituents of the supplemental plasma from the plurality of fluid 

transmission pathways into the processing region in operation 1009 includes operating an 

extraction grid disposed within the processing chamber to attract charged species from the 

plurality of fluid transmission pathways into the processing region. 

10 [00108] In one embodiment, the method 1000 can further include an operation for 

injecting electrons into the processing region over the substrate, whereby the injected electrons 

modify an ion density in the processing region to affect processing of the substrate. Also, in 

one embodiment, the method 1000 can include an operation for supplying power to one or 

more electrodes disposed within the processing region separate from the substrate support, 

15 whereby the power supplied to the one or more electrodes injects electrons from the one or 

more electrodes into the processing region so as to modify an ion density in the processing 

region to affect processing of the substrate. 

[00109] While this invention has been described in terms of several embodiments, it will 

be appreciated that those skilled in the art upon reading the preceding specification and 

20 studying the drawings will realize various alterations, additions, permutations and equivalents 

thereof. The present invention includes all such alterations, additions, permutations, and 

equivalents as fall within the true spirit and scope of the invention. 

What is claimed is: 

25 
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CLAIMS 

1. A semiconductor substrate processing system, comprising: 

a processing chamber; 

a substrate support defined to support a substrate in the processing chamber; 

a plasma chamber defined separate from the processing chamber, the plasma chamber 
defined to generate a plasma; 

a plurality of fluid transmission pathways fluidly connecting the plasma chamber to 

the processing chamber, the plurality of fluid transmission pathways defined to supply 

reactive constituents of the plasma from the plasma chamber to the processing chamber; 

an electron beam source defined to generate an electron beam and transmit the 

electron beam through the processing chamber above and across the substrate support, 

wherein the electron beam source includes a hollow cathode positioned outside a perimeter of 

the substrate support and above the substrate support, the hollow cathode having an outlet 

oriented toward a region of the processing chamber over the substrate support; 

a plurality of conductive grids positioned outside a perimeter of the substrate support 

and above the substrate support, wherein a given one of the plurality of conductive grids is 

disposed between the outlet of the hollow cathode and the region of the processing chamber 

over the substrate support to facilitate extraction of electrons from the hollow cathode; and 

a heater connected to the plurality of conductive grids to control a temperature of the 

plurality of conductive grids. 

2. A semiconductor substrate processing system as recited in claim 1, wherein 

the electron beam source is defined to transmit the electron beam along a trajectory 

substantially parallel to a surface of the substrate support defined to support the substrate. 

3. A semiconductor substrate processing system as recited in claim 1, wherein 

the electron beam source is defined to transmit multiple spatially separated electron beams 

through the processing chamber above and across the substrate support in a common 

direction. 

4. A semiconductor substrate processing system as recited in claim 1, wherein 

the electron beam source is defined to transmit multiple spatially separated electron beams 

through the processing chamber above and across the substrate support in respective multiple 

directions. 
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5. A semiconductor substrate processing system as recited in claim 4, wherein 

the electron beam source is defined to sequentially transmit the multiple spatially separated 
electron beams. 

6. A semiconductor substrate processing system as recited in claim 1, wherein 

each of the plurality of conductive grids is electrically connected to a power supply so as to 

have a controlled voltage level applied to each of the plurality of conductive grids in a 

independently controlled manner. 

7. A semiconductor substrate processing system as recited in claim 6, wherein 

the power supply is defined to supply a positive charge pulse and a negative charge pulse in 

an alternating manner to the given one of the plurality of conductive grids. 

8. A semiconductor substrate processing system as recited in claim 7, wherein 

another one of the plurality of conductive grids is disposed opposite the substrate support 

from the outlet of the hollow cathode to provide an electrical sink for the electron beam to be 

transmitted by the hollow cathode. 

9. A semiconductor substrate processing system as recited in claim 1, wherein 

the hollow cathode includes a first electrode positioned inside the hollow cathode at a 

location opposite from the outlet of the hollow cathode, the hollow cathode including a 

second electrode positioned inside the hollow cathode next to the outlet of the hollow cathode 

so as to circumscribe the outlet of the hollow cathode, the second electrode connected for 

control independent of the first electrode. 

10. A semiconductor substrate processing system as recited in claim 9, further 

comprising: 

a gas supply in fluid communication with an interior region of the hollow cathode, the 

gas supply defined to supply a process gas to the interior region of the hollow cathode; 

a first power supply in electrical communication with the first electrode inside the 

hollow cathode, the first power supply defined to supply direct current power, radiofrequency 

power, or a combination of direct current power and radiofrequency power to the first 

electrode inside the hollow cathode to provide for transformation of the process gas into a 

plasma within the hollow cathode; and 
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a second power supply in electrical communication with the second electrode inside 

the hollow cathode, the second power supply defined to supply direct current power, 

radiofrequency power, or a combination of direct current power and radiofrequency power to 

the second electrode inside the hollow cathode to enhance electron extraction from the 

plasma within the hollow cathode. 

11. A method for processing a semiconductor substrate, comprising: 

placing a substrate on a substrate support in exposure to a processing region; 

generating a plasma in a plasma generation region separate from the processing 

region; 

supplying reactive constituents of the plasma from the plasma generation region to the 

processing region; and 

operating a hollow cathode to inject electrons into the processing region over the 

substrate, whereby the injected electrons modify an ion density in the processing region to 

affect processing of the substrate, the hollow cathode positioned outside a perimeter of the 

substrate support and above the substrate support, the hollow cathode having an outlet 

oriented toward a region of the processing chamber over the substrate support, operating a 

heater connected to a conductive grid disposed between the outlet of the hollow cathode and 

the region of the processing chamber over the substrate to control a temperature of the 

conductive grid, the conductive grid being one of a plurality of conductive grids positioned 

outside the perimeter of the substrate support and above the substrate support. 

12. A method for processing a semiconductor substrate as recited in claim 11, 

wherein injecting electrons into the processing region includes transmitting an electron beam 

along a trajectory substantially parallel to a top surface of the substrate. 

13. A method for processing a semiconductor substrate as recited in claim 12, 

wherein the trajectory of the electron beam extends in a linear manner from a first location 

outside a periphery of the substrate support and above the substrate support to a second 

location outside the periphery of the substrate support and above the substrate support. 

14. A method for processing a semiconductor substrate as recited in claim 13, 

further comprising: 
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applying a positive electrical charge to at least one of the plurality of conductive grids 

at the second location such that the at least one of the plurality of conductive grids functions 

as an electrical sink for the electron beam transmitted along the trajectory. 

15. A method for processing a semiconductor substrate as recited in claim 11, 

wherein the electrons are injected into the processing region in a pulsed manner. 

16. A method for processing a semiconductor substrate as recited in claim 11, 

wherein injecting electrons into the processing region includes transmitting multiple spatially 

separated electron beams through the processing chamber above and across a top surface of 

the substrate. 

17. A method for processing a semiconductor substrate as recited in claim 16, 

wherein each of the multiple spatially separated electron beams is transmitted in a common 

direction such that the multiple spatially separated electron beams are transmitted in a 

substantially parallel manner above and across the top surface of the substrate. 

18. A method for processing a semiconductor substrate as recited in claim 16, 

wherein different ones of the multiple spatially separated electron beams are transmitted at 

different times such that electrons are injected in a time-averaged substantially uniform 

manner throughout the processing region in exposure to the substrate. 

19. A method for processing a semiconductor substrate as recited in claim 16, 

wherein the multiple spatially separated electron beams are transmitted in different multiple 

directions above and across the top surface of the substrate and substantially parallel to the 

top surface of the substrate. 

20. A method for processing a semiconductor substrate as recited in claim 11, 

wherein different ones of the multiple spatially separated electron beams are transmitted at 

different times such that electrons are injected in a time-averaged substantially uniform 

manner throughout the processing region in exposure to the substrate. 


