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CERAMIC SHOWERHEAD INCLUDING CENTRAL GAS INJECTOR FOR TUNABLE 
CONVECTIVE-DIFFUSIVE GAS FLOW IN SEMICONDUCTOR SUBSTRATE 

PROCESSING APPARATUS 

FIELD OF THE INVENTION 

[0001] The invention relates to semiconductor substrate processing apparatuses and more 

specifically to a ceramic showerhead including a central gas injector for tunable process gas 

delivery to a vacuum chamber of the semiconductor substrate processing apparatus. 

BACKGROUND 

[0002] Semiconductor structures are formed in semiconductor substrates in semiconductor 

substrate processing apparatus by techniques including, but not limited to, plasma etching, 

physical vapor deposition (PVD), chemical vapor deposition (CVD), plasma-enhanced chemical 

vapor deposition (PECVD), atomic layer deposition (ALD), plasma-enhanced atomic layer 

deposition (PEALD), atomic layer etch (ALE), plasma-enhanced atomic layer etch (PE-ALE), 

ion implantation, or resist removal. Semiconductor structures can be processed in plasma 

processing apparatuses including a plasma processing chamber (i.e. vacuum chamber), a gas 

source that supplies process gas into the chamber, and an energy source that produces plasma 

from the process gas. Different process gases are used for these processing techniques, as well as 

the processing of different materials of semiconductor structures. 

SUMMARY 

[0003] Disclosed herein is an inductively coupled plasma processing apparatus. The apparatus 

comprises a vacuum chamber, a vacuum source adapted to exhaust process gas and byproducts 

of the plasma processing from the vacuum chamber, and a substrate support on which a 

semiconductor substrate is supported in an interior of the vacuum chamber. A ceramic 

showerhead forms an upper wall of the vacuum chamber wherein the ceramic showerhead 

includes a gas plenum in fluid communication with a plurality of showerhead gas outlets in a 

plasma exposed surface thereof for supplying process gas to the interior of the vacuum chamber, 

and a central opening configured to receive a central gas injector. A central gas injector is 
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disposed in the central opening of the ceramic showerhead wherein the central gas injector 

includes a plurality of gas injector outlets for supplying process gas to the interior of the vacuum 

chamber. An RF energy source which inductively couples RF energy through the ceramic 

showerhead and into the vacuum chamber energizes the process gas into a plasma state to 

process the semiconductor substrate. The flow rate of the process gas supplied by the central gas 

injector and the flow rate of the process gas supplied by the ceramic showerhead can be 

independently controlled. 

100041 Further disclosed herein is a ceramic showerhead of an inductively coupled plasma 

processing apparatus. The ceramic showerhead forms an upper wall of a vacuum chamber of the 

plasma processing apparatus. The ceramic showerhead comprises a gas plenum in fluid 

communication with a plurality of showerhead gas outlets in a plasma exposed surface thereof 

for supplying process gas to an interior of the vacuum chamber, and a central opening configured 

to receive a central gas injector. The ceramic showerhead is operable to control a flow rate of the 

process gas supplied therethrough independently of a flow rate of process gas configured to be 

supplied through the central gas injector. 

[0005] Also disclosed herein is a method of plasma processing a semiconductor substrate in an 

inductively coupled plasma processing apparatus. The method comprises placing a 

semiconductor substrate on a substrate support in a vacuum chamber, wherein a plasma exposed 

surface of a ceramic showerhead including a central gas injector forms a wall of the vacuum 

chamber which faces the substrate support. Process gas is supplied into the vacuum chamber 

from gas injector outlets of the central gas injector and/or the showerhead gas outlets of the 

ceramic showerhead. The flow rates of the process gas supplied by the ceramic showerhead and 

the central gas injector are controlled independently of each other. The process gas is energized 

into a plasma state by inductively coupling RF energy produced by the RF energy source through 

the ceramic showerhead into the vacuum chamber, wherein the process gas is plasma phase 

reacted with an exposed surface of the semiconductor substrate to thereby process the 

semiconductor substrate. 
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BRIEF DESCRIPTION OF THE DRAWING FIGURES 

[0006] FIG. 1 illustrates an embodiment of a semiconductor substrate plasma processing 

apparatus in accordance with embodiments as disclosed herein. 

[0007] FIG. 2 illustrates an embodiment of a semiconductor substrate plasma processing 

apparatus in accordance with embodiments as disclosed herein. 

[0008] FIG. 3A illustrates an embodiment of a ceramic showerhead which can include a central 

gas injector, and FIG. 3B illustrates a cross section of a central portion of the ceramic 

showerhead in accordance with embodiments as disclosed herein. 

[0009] FIG. 4 illustrates an embodiment of a central gas injector which can be disposed in a 

ceramic showerhead in accordance with embodiments disclosed herein. 

[0010] FIG. 5 illustrates an example of a gas flow pattern which can be performed by a 

semiconductor substrate plasma processing apparatus in accordance with embodiments as 

disclosed herein. 

[0011] FIG. 6 illustrates an example of a gas flow pattern which can be performed by a 

semiconductor substrate plasma processing apparatus in accordance with embodiments as 

disclosed herein. 

[0012] FIG. 7 illustrates an example of a gas flow pattern which can be performed by a 

semiconductor substrate plasma processing apparatus in accordance with embodiments as 

disclosed herein. 

DETAILED DESCRIPTION 

[0013] Disclosed herein is a ceramic showerhead including a central gas injector of a 

semiconductor substrate processing apparatus wherein the ceramic showerhead including the 
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central gas injector is operable to provide a tunable convective-diffusive process gas flow into a 

vacuum chamber of a semiconductor substrate processing apparatus. The semiconductor 

substrate processing apparatus can be used for processing semiconductor substrates by 

techniques including, but not limited to, plasma etching, physical vapor deposition (PVD), 

chemical vapor deposition (CVD), plasma-enhanced chemical vapor deposition (PECVD), 

atomic layer deposition (ALD), plasma-enhanced atomic layer deposition (PEALD), atomic 

layer etch (ALE), plasma-enhanced atomic layer etch (PE-ALE), ion implantation, or resist 

removal. Preferably, the semiconductor substrate processing apparatus is an inductively coupled 

plasma processing apparatus. In the following description, numerous specific details are set forth 

in order to provide a thorough understanding of the present embodiments. It will be apparent, 

however, to one skilled in the art that the present embodiments 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 present embodiments disclosed herein. 

[0014] As used herein, a tunable convective-diffusive process gas flow refers to the ability of 

the ceramic showerhead including the central gas injector to provide a convective gas flow, a 

diffusive gas flow, or simultaneously a convective gas flow and a diffusive gas flow to an upper 

surface of a semiconductor substrate supported on a substrate support of the vacuum chamber. In 

an embodiment the ceramic showerhead can be a multizone showerhead wherein the flow rate of 

process gas delivered through each respective zone of the showerhead can be controlled. In an 

embodiment the central gas injector can be a multizone gas injector wherein the flow rate of the 

process gas delivered through each respective zone of the gas injector can be controlled. 

Additionally, as used herein, the term "about" when used with reference to numerical values 

refers to ± 10%. 

[0015] An exemplary embodiment of a multizone showerhead can be found in commonly-

assigned U.S. Application No. 2013/0126486 which is incorporated by reference herein in its 

entirety. An exemplary embodiment of a multizone gas injector can be found in commonly- 
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assigned U.S. Application No. 2010/0041238 which is incorporated by reference herein in its 

entirety. 

[0016] In semiconductor substrate processing, the method of injecting process gases into a 

vacuum chamber and the pressure of the vacuum chamber can affect the distribution of 

chemically reactive species above the surface of a semiconductor substrate and thus uniformity 

of the overall processing of the semiconductor substrate due to redeposition of semiconductor 

substrate etch by-products on regions of an upper surface thereof. To control redeposition of 

substrate by-products, the flow of process gas supplied by the ceramic showerhead including the 

central gas injector to the interior of the vacuum chamber can preferably be switched between a 

diffusive gas flow and a convective gas flow, or a convective and diffusive gas flow, while the 

pressure in the vacuum chamber during processing is variably controlled. Changes in flow rate of 

the process gas and/or pressure within the vacuum chamber can affect the redeposition of by-

product on the upper surface. For example, when a gas injector supplies a convective gas flow at 

about 10 mT, the by-product redeposition profile is relatively uniform and lean from center to 

edge of the semiconductor substrate, whereas for the same flow at a pressure of about 100 mT, 

the radial non-uniformity in by-product redeposition is increased. To reduce redeposition of by-

product, preferably the pressure and flow rate of process gas supplied by the apparatus are 

controlled (i.e. tuned) such that eddy currents are not formed above the upper surface of the 

semiconductor substrate being processed. In this manner, the residence time of by-products in 

the vacuum chamber is reduced. 

[0017] In an embodiment, a dual-mode ceramic showerhead includes a central gas injector for 

injecting process gas into a semiconductor substrate processing apparatus wherein the dual-mode 

ceramic showerhead is operable to provide a tunable convective-diffusive process gas flow into a 

vacuum chamber of a semiconductor substrate processing apparatus, such that radial by-product 

redeposition of etched material can be controlled for varying pressures in the vacuum chamber 

and for varying gas flows supplied to an interior of the vacuum chamber. Preferably, the 



-6- 

semiconductor substrate processing apparatus is an inductively coupled plasma processing 

apparatus. The inductively coupled plasma processing apparatus includes a vacuum chamber, 

and a substrate support on which a semiconductor substrate can be supported and plasma 

processed within the vacuum chamber. The ceramic showerhead forms an upper wall of the 

vacuum chamber wherein the ceramic showerhead includes a gas plenum in fluid communication 

with a plurality of showerhead gas outlets in a plasma exposed surface thereof such that process 

gas can be supplied to an interior of the vacuum chamber thereby. Preferably, the plurality of 

showerhead gas outlets are configured to supply a diffusive process gas flow to the interior of the 

vacuum chamber. 

[0018] The ceramic showerhead preferably includes a central opening which is configured to 

receive a central gas injector. The central gas injector can be vacuum sealed in the central 

opening of the ceramic showerhead. The central gas injector includes a plurality of gas injector 

outlets for supplying process gas to an interior of the vacuum chamber. The plurality of gas 

injector outlets are configured to supply diffusive process gas flow, convective process gas flow, 

or diffusive and convective process gas flow to the interior of the vacuum chamber during 

semiconductor substrate processing. The inductively coupled plasma processing apparatus 

includes an RF energy source which inductively couples RF energy through the ceramic 

showerhead and into the vacuum chamber to energize the process gas into a plasma state to 

process the semiconductor substrate. The flow rate of the process gas supplied by the central gas 

injector and the flow rate of the process gas supplied by the ceramic showerhead can preferably 

be independently controlled. 

[0019] FIGs. 1 and 2 illustrate embodiments of a semiconductor substrate processing apparatus 

which can include a ceramic showerhead 30 including a central gas injector 20 as disclosed 

herein. As shown in FIGs. 1 and 2, an inductively coupled plasma processing apparatus 10 can 

include a vacuum chamber 40 (i.e. plasma etch chamber). The vacuum chamber 40 includes a 

substrate support (lower electrode assembly) 15 for supporting a semiconductor substrate 5 in the 

interior of the vacuum chamber 40. The ceramic showerhead 30 including the central gas injector 
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20 forms an upper wall of vacuum chamber 40. Preferably, the ceramic showerhead 30 includes 

a lower vacuum sealing surface 27 which surrounds a plasma exposed surface 37 thereof and 

forms a vacuum seal with a vacuum sealing surface 41 of the vacuum chamber 40. 

[0020] Process gases can be injected to the interior of the vacuum chamber 40 through the gas 

injector 20 alone, through the ceramic showerhead 30 alone, or through both the gas injector 20 

and the ceramic showerhead 30. The flow rate of the process gas supplied by the central gas 

injector 20 and the flow rate of the process gas supplied by the ceramic showerhead 30 to the 

interior of the vacuum chamber 40 are preferably independently controlled. Further, the flow of 

process gas supplied by the ceramic showerhead 30 including the central gas injector 20 to the 

interior of the vacuum chamber can preferably be alternated between a diffusive gas flow and a 

convective gas flow, or a convective and diffusive gas flow can be supplied simultaneously. A 

gas delivery system 234 is preferably configured to control parameters of process gas supplied to 

the interior of the vacuum chamber 40 through the gas injector 20 and/or the ceramic 

showerhead 30. Parameters (e.g., temperature, flow rate, and chemical makeup) of the process 

gases supplied to the interior of the vacuum chamber by the gas delivery system 234 are 

preferably controlled by a control system 385. An exemplary embodiment of a gas delivery 

system having fast gas switching capabilities can be found in commonly-assigned U.S. Patent 

8,673,785 which is incorporated by reference herein in its entirety. Preferably, the pressure in the 

vacuum chamber 40 during processing can be variably controlled by a vacuum source 90 

wherein the control system 385 preferably controls the vacuum source 90. 

[0021] Once process gases are introduced into the interior of vacuum chamber 40, they are 

energized into a plasma state by an RF source such as an antenna 18 supplying energy into the 

interior of vacuum chamber 40. Preferably, the antenna 18 is an external planar antenna powered 

by a RF power source 240 and RF impedance matching circuitry 238 to inductively couple RF 

energy into vacuum chamber 40. However, in an alternate embodiment, the antenna 18 may be 

an external or embedded antenna which is nonplanar. An electromagnetic field generated by the 

application of RF power to planar antenna energizes the process gas in the interior of the vacuum 
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chamber 40 to form high-density plasma (e.g., 109-1012  ions/cm3) above substrate 5. During an 

etching process, the antenna 18 (i.e. a RF coil) performs a function analogous to that of a primary 

coil in a transformer, while the plasma generated in the vacuum chamber 40 performs a function 

analogous to that of a secondary coil in the transformer. 

[0022] The ceramic showerhead 30 includes a plurality of showerhead gas outlets 32 in the 

plasma exposed surface 37 thereof for supplying process gas to the interior of the vacuum 

chamber 40. Preferably the central gas injector 20 is removably mounted in a central opening 35 

of the ceramic showerhead 30 wherein a vacuum sealing surface 38 of the central gas injector 20 

forms a vacuum seal with a central vacuum sealing surface 39 of the ceramic showerhead 30. In 

an embodiment the central gas injector 20 can include a flange which forms a vacuum seal of a 

stepped bore of the ceramic showerhead 30. The central gas injector 20 includes one or more gas 

injector outlets 21 for supplying process gas therethrough into the interior of the vacuum 

chamber 40. The gas injector 20 is preferably arranged in the ceramic showerhead 30 such that a 

distal end of the central gas injector 20 is disposed below the plasma exposed surface 37 of the 

ceramic showerhead 30. 

[0023] Preferably, as shown in FIG. 1, the plurality of showerhead gas outlets 32 are in fluid 

communication with a gas plenum 31. The gas plenum 31 is preferably supplied process gas by 

at least one showerhead gas supply channel 22 disposed within the central gas injector 20. In a 

preferred embodiment, the gas plenum 31 preferably has a diameter of at least about 10 inches 

and a height of about 0.06 inch. Preferably the at least one gas supply channel 22 includes one or 

more radially extending gas passages extending outwardly from a vertical passage thereof, 

wherein the one or more radially extending gas passages are configured to align with one or 

more respective radially extending gas passages 28 of the ceramic showerhead 30, which extend 

outwardly of a wall defining the central opening 35 and are in fluid communication with the 

plurality of showerhead gas outlets 32 and the gas plenum 31, such that process gas can be 

supplied to the plenum 31 of the ceramic showerhead 30 by the central gas injector 20 and 

thereby delivered to the interior of the vacuum chamber 40. 
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[00241 Alternatively, as shown in FIG. 2, the ceramic showerhead 30 can include a plurality of 

radially extending gas passages 33 extending inwardly from an outer periphery of the 

showerhead 30 wherein the radially extending gas passages are in fluid communication with the 

gas plenum 31 and the plurality of showerhead gas outlets 32. An exemplary embodiment of a 

ceramic showerhead which includes radially extending gas passages which extend inwardly from 

an outer periphery of the showerhead 30 can be found in commonly-assigned U.S. Patent 

8,562,785 which is incorporated by reference herein in its entirety. 

[0025] FIG. 3A illustrates an embodiment of a ceramic showerhead 30 which can include a 

central gas injector in accordance with embodiments as disclosed herein. The ceramic 

showerhead 30 can be made of one or more pieces of alumina, silicon nitride, silicon oxide, 

single crystal silicon, quartz, or silicon carbide. As shown in FIG. 3, the ceramic showerhead 

includes a central opening 35 which is configured to receive a central gas injector. In a preferred 

embodiment, the ceramic showerhead 30 has a thickness of about 0.4 inch, and a diameter of at 

least about 20 inches. In a preferred embodiment, the ceramic showerhead 30 is a multizone 

ceramic showerhead having two or more zones for supplying process gas therethrough wherein 

the flow rate of the process gas supplied by each zone of the ceramic showerhead 30 can be 

independently controlled. For example, a first annular zone 33 can supply process gas at a first 

flow rate and a second annular zone 34 can supply process gas at a second flow rate. In an 

alternate embodiment, the zones can be arranged in a radial (e.g. pie shaped) configuration. 

Preferably, the showerhead gas outlets 32, (i.e. showerhead gas outlets 32a in the first zone 33 

and showerhead gas outlets 32b in the second zone 34) have a diameter of about 0.04 inch. 

Preferably, each zone includes a gas plenum in fluid communication with respective showerhead 

gas outlets thereof. In a preferred embodiment, the ceramic showerhead 30 can include at least 

one blind bore 36 configured to receive a measurement device such as a temperature probe. 

[00261 FIG. 3B illustrates a cross section of a central portion of the ceramic showerhead 30 

having the central opening 35. Preferably the central opening 35 of the ceramic showerhead 30 

has a diameter of about 1 to 1.5 inches. A vertical wall 35a defining the central opening 35 of the 
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ceramic showerhead 30 preferably includes a circumferential groove 48 disposed therein wherein 

the circumferential groove 48 can have a height of about 0.15 inch and a depth of about 0.15 

inch. The circumferential groove 48 can preferably be configured to form a vacuum seal with a 

flange of a central gas injector received in the opening 35. For example, the circumferential 

groove 48 can be configured to receive an 0-ring. 

100271 FIG. 4 illustrates an embodiment of a central gas injector 20 which can be disposed in a 

ceramic showerhead in accordance with embodiments disclosed herein. The central gas injector 

20 preferably includes an injector body formed of a dielectric material such as quartz and one or 

more gas injector outlets 21. Preferably, the central gas injector 20 is a multizone central gas 

injector having two or more zones for supplying process gas therethrough wherein the flow rate 

of the process gas supplied by each zone of the central gas injector 20 can be independently 

controlled. For example, zones can be formed by one or more central gas outlets 21a which 

preferably extend in an axial direction perpendicular to an exposed surface of the semiconductor 

substrate and a plurality of radial gas outlets 21b which preferably extend at about a 90° angle of 

the axial direction for supplying process gas to the interior of the vacuum chamber 40. 

Preferably, the one or more central gas outlets 21a are configured to receive process gas supplied 

by a first gas line and the radial gas outlets 21b are configured to receive process gas from a 

second gas line. Alternatively, a single gas line can supply gas to both the central gas outlets 21a 

and the radial gas outlets 21 b. The central gas injector 20 can preferably inject process gas into a 

vacuum chamber 40 at a subsonic, sonic, and/or supersonic velocity. 

[0028] In an alternate embodiment, the central gas injector can include one or more central gas 

outlets extending in an axial direction perpendicular to an exposed surface of the semiconductor 

substrate and a plurality of angled gas outlets extending at an acute angle to the axial direction 

for supplying process gas to the interior of the vacuum chamber. Preferably the one or more 

central gas outlets are configured to receive process gas supplied by a first gas line and the 

angled gas outlets are configured to receive process gas from a second gas line. In an alternate 

embodiment, the central gas injector 20 includes an injector body which includes at least first 
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and second gas inlets, at least first and second gas passages, and at least first and second gas 

outlets, the first gas passage being in fluid communication with the first gas inlet and first gas 

outlet, the second gas passage being in fluid communication with the second gas inlet and second 

gas outlet, the first and second gas passages being discrete from each other so as to provide 

independently adjustable flow rates of gas through the first and second outlets. An exemplary 

embodiment of a gas injector including one or more central gas outlets and a plurality of angled 

gas outlets can be found in commonly-assigned U.S. Patent No. 8,025,731, which is hereby 

incorporated herein by reference in its entirety. 

[0029] In a preferred embodiment, the gas injector outlets 21 of the central gas injector 20 can 

include an electrically conducting shield on surfaces thereof which minimizes plasma ignition 

within the plurality of gas injector outlets 21 of the central gas injector 20. The central gas 

injector 20 preferably includes a flange 23 wherein the gas injector 20 is adapted to be slidably 

fitted in the central opening 35 of a ceramic showerhead 30 with an 0-ring between the between 

the central gas injector 20 and the ceramic showerhead 30. In an alternate embodiment, the 

central gas injector 20 is adapted to fit in the central opening 35 of the ceramic showerhead 30 in 

a twist and lock arrangement. An exemplary embodiment of a twist and lock gas injector 

mounting arrangement can be found in commonly-assigned U.S. Patent Application No. 

2013/0098554 which is incorporated by reference herein in its entirety. 

[0030] Preferably a semiconductor substrate can be processed in an inductively coupled plasma 

processing apparatus 10 (see FIGs. 1 and 2) by placing a semiconductor substrate 5 on the 

substrate support 15 in the vacuum chamber 40, wherein the plasma exposed surface 37 of the 

ceramic showerhead 30 forming a wall of the vacuum chamber 40 faces the substrate support 15. 

Process gas is supplied into the vacuum chamber 40 from gas injector outlets 21 of the central 

gas injector 20 and/or the showerhead gas outlets 32 of the ceramic showerhead 30 wherein the 

flow rates of the process gas supplied by the ceramic showerhead and the central gas injector are 

controlled independently of each other. The process gas is energized into a plasma state by 
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inductively coupling RF energy produced by the RF energy source 18 through the ceramic 

showerhead 30 into the vacuum chamber 40, the process gas being plasma phase reacted with an 

exposed surface of the semiconductor substrate 5 to thereby process the semiconductor substrate 

5. Preferably, the ceramic showerhead 30 is a multizone ceramic showerhead including two or 

more zones wherein the flow rate of the process gas supplied through each of the respective 

zones is independently controlled. Preferably, the central gas injector 20 is a multizone central 

gas injector including two or more zones wherein the flow rate of the process gas supplied 

through each of the respective zones is independently controlled. 

[0031] The flow of process gas supplied by the ceramic showerhead 30 including the central 

gas injector 20 to the interior of the vacuum chamber 40 is preferably switched between a 

diffusive gas flow and a convective gas flow, or a convective and diffusive gas flow is supplied 

to the interior of the vacuum chamber 40, while the pressure in the vacuum chamber 40 during 

processing is variably controlled so as to control redeposition of semiconductor substrate etch 

by-products during etching of the semiconductor substrate. Further, the ratio of gas flow through 

at least some of the gas injector outlets 21 and showerhead gas outlets 32 are independently 

varied while etching a layer on the semiconductor substrate 5 so as to achieve uniformity in 

center-to-edge etching of the layer. The ratio of gas flow through at least some of the gas injector 

outlets 21 and showerhead gas outlets 32 are independently varied such that the residence time of 

gas species above the upper surface of the semiconductor substrate 5 is reduced. 

[0032] For example, FIGs. 5, 6, and 7 illustrate examples of gas flow patterns which can be 

performed by a semiconductor substrate plasma processing apparatus in accordance with 

embodiments as disclosed herein. As illustrated in FIGs. 5 and 6, which show high flow of a 

central gas injector 20 alone, an eddy current 150 is formed above an upper surface of a 

semiconductor substrate wherein etch by-product is recirculated above the upper surface of the 

substrate. By recirculating the etch by-product above the upper surface of the semiconductor 

substrate, redeposition of etch by-product on the upper surface of the semiconductor substrate is 

increased. However, as illustrated in FIG. 7, by supplying process gas flow with the central gas 
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injector 20 and the ceramic showerhead 30 wherein the gas flows are independently controlled, a 

non-recirculated gas flow 155 can be formed such that the eddy current can be controlled. In this 

manner etch by-product is not recirculated above the upper surface of the semiconductor 

substrate, thereby reducing redeposition of etch by-product, and residence time of gas species 

above the upper surface of the semiconductor substrate is reduced. Thus, by controlling the 

recirculation of gas flow above the upper surface of the semiconductor substrate with the tunable 

convective-diffusive gas flow, the redeposition of etch by-products on the upper surface of the 

semiconductor substrate may be likewise controlled. 

[0033] A control system, such as control system 385 (see FIGs. 1 and 2) preferably controls 

processes performed by the plasma processing apparatus, gas delivery system, and/or vacuum 

source. A non-transitory computer machine-readable medium can comprise program instructions 

for control of the plasma processing apparatus and gas delivery system. The computer program 

code for controlling the processing operations can be written in any conventional computer 

readable programming language: for example, assembly language, C, C++, Pascal, Fortran or 

others. Compiled object code or script is executed by the processor to perform the tasks 

identified in the program. 

[0034] While embodiments disclosed herein have been described in detail with reference to 

specific embodiments thereof, it will be apparent to those skilled in the art that various changes 

and modifications can be made, and equivalents employed, without departing from the scope of 

the appended claims. 
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CLAIMS: 

1. 	An inductively coupled plasma processing apparatus comprising: 

a vacuum chamber; 

a vacuum source adapted to exhaust the vacuum chamber; 

a substrate support comprising a lower electrode on which a single semiconductor 

substrate is supported in an interior of the vacuum chamber; 

a ceramic showerhead which forms an upper wall of the vacuum chamber wherein 

the ceramic showerhead includes a gas plenum in fluid communication with a plurality of 

showerhead gas outlets in a plasma exposed surface thereof for supplying a process gas 

as a diffusive gas flow to the interior of the vacuum chamber, a central opening in the 

ceramic showerhead that extends an entire thickness of the ceramic showerhead and the 

ceramic showerhead including a lower vacuum sealing surface which surrounds the 

plasma exposed surface and forms a vacuum seal with a vacuum sealing surface of the 

vacuum chamber; 

a central gas injector disposed in the central opening of the ceramic showerhead, 

wherein the central gas injector includes one or more gas injector outlets, in a surface 

thereof that is exposed inside the vacuum chamber, for supplying the process gas as a 

convective gas flow to the interior of the vacuum chamber at least in a direction towards 

a center of the semiconductor substrate, wherein 

the one or more gas injector outlets include a plurality of central gas 

outlets, wherein the plurality of central gas outlets are arranged to supply the 

process gas as the convective gas flow directly from the central gas injector into 

the vacuum chamber without passing through the gas plenum of the ceramic 

showerhead, and 
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the one or more gas injector outlets include a plurality of radial gas outlets 

arranged radially outward of the plurality of central gas outlets, wherein the 

plurality of radial gas outlets are arranged to supply the process gas as the 

diffusive gas flow radially outward from the central gas injector into the gas 

plenum of the ceramic showerhead and through the plurality of showerhead gas 

outlets; 

an RF energy source which inductively couples RF energy through the ceramic 

showerhead and into the vacuum chamber to energize the process gas into a plasma state 

to process the semiconductor substrate; and 

a control system configured to (i) control supply of the process gas as the 

convective gas flow through the central gas outlets via a first gas line at a first flow rate 

and (ii) control supply of, independently of the convective gas flow, the process gas as 

the diffusive gas flow through the showerhead gas outlets via a second gas line at a 

second flow rate, wherein the convective gas flow and the diffusive gas flow are supplied 

simultaneously, and wherein, to control the supply of the convective gas flow and the 

diffusive gas flow, the control system is further configured to select and control a 

pressure within the vacuum chamber, the first flow rate, and the second flow rate based 

on a desired eddy current above the semiconductor substrate, wherein, to achieve the 

desired eddy current, the control system is configured to independently control the first 

flow rate and the second flow rate. 

2. The plasma processing apparatus of Claim 1, wherein the one or more gas injector 

outlets include: 

an electrically conducting shield on surfaces thereof which minimizes plasma 

ignition within the one or more gas injector outlets of the central gas injector. 

3. The plasma processing apparatus of Claim 1, wherein the central gas injector at 

least one of: 
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includes a vacuum sealing surface on an outer portion thereof wherein the vacuum 

sealing surface is configured to form a vacuum seal with a central vacuum sealing surface 

of the ceramic showerhead; 

is adapted to be slidably fitted in the central opening of the ceramic showerhead 

with an 0-ring between the central gas injector and the ceramic showerhead; 

is adapted to fit in the central opening of the ceramic showerhead in a twist and 

lock arrangement; 

injects the process gas as the convective gas flow at a subsonic, sonic, supersonic 

velocity, or a combination thereof; 

is made of a dielectric material; and 

is arranged such that a distal end of the central gas injector is disposed below the 

plasma exposed surface of the ceramic showerhead. 

4. 	The plasma processing apparatus of Claim 1, wherein at least one of: 

the ceramic showerhead has a thickness of about 0.4 inch; 

the ceramic showerhead has a diameter of at least about 20 inches; 

the central opening of the ceramic showerhead has a diameter of about 1 to 1.5 

inches; 

the showerhead gas outlets have a diameter of about 0.04 inch; 

the ceramic showerhead includes at least one blind bore configured to receive a 

temperature probe; 
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a wall defining the central opening of the ceramic showerhead includes a 

circumferential groove disposed therein wherein the groove has a height of about 0.15 

inch and a depth of about 0.15 inch; 

the gas plenum has a diameter of at least about 10 inches and a height of about 

0.06 inch; and 

the ceramic showerhead is made of one or more pieces of alumina, silicon nitride, 

silicon oxide, single crystal silicon, quartz, or silicon carbide. 

5. The plasma processing apparatus of Claim 1, wherein the ceramic showerhead is 

a multizone ceramic showerhead having two or more zones for supplying the process gas 

as the diffusive gas flow therethrough, and wherein the zones are annular zones or radial 

zones. 

6. The plasma processing apparatus of Claim 1, wherein the central gas injector is a 

multizone central gas injector having two or more zones for supplying the process gas as 

the convective gas flow therethrough. 

7. The plasma processing apparatus of Claim 1, further comprising 

a non-transitory computer machine-readable medium comprising program 

instructions for control of the plasma processing apparatus. 

8. The plasma processing apparatus of Claim 1, wherein the central gas injector 

includes a showerhead gas supply channel that is connected to the gas plenum in the 

ceramic showerhead via the plurality of radial gas outlets. 


