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Rapid and Uniform Gas Switching for a Plasma Etch Process 

Background 

[0001] 	The Bosch process is a plasma etch process that has been widely used to 

fabricate deep vertical (high aspect ratio) features (with depth such as tens to 

5 hundreds of micrometers), such as trenches and vias, in the semiconductor industry. 

The Bosch process comprises cycles of alternating etching steps and deposition 

steps. Details of the Bosch process can be found in U.S. Patent No. 5,501,893, 

which is hereby incorporated by reference. The Bosch process can be carried out in 

a plasma processing apparatus configured with a high-density plasma source, such 

10 as an inductively coupled plasma (ICP) source, in conjunction with a radio 

frequency (RF) biased substrate electrode. Process gases used in the Bosch process 

for etching silicon can be sulfur hexafluoride (SF6) in an etching step and 

octofluorocyclobutane (C4F8) in a deposition step. The process gas used in the 

etching step and the process gas used in the deposition step are respectively referred 

15 to as "etch gas" and "deposition gas" hereinbelow. During an etching step, SF6  

facilitates spontaneous and isotropic etching of silicon (Si); during a deposition step, 

C4F8  facilitates the deposition of a protective polymer layer onto sidewalls as well as 

bottoms of the etched structures. The Bosch process cyclically alternates between 

etch and deposition steps enabling deep structures to be defined into a masked 

20 silicon substrate. Upon energetic and directional ion bombardment, which is present 

in the etching steps, any polymer film coated in the bottoms of etched structures 

from the previous deposition step will be removed to expose the silicon surface for 

further etching. The polymer film on the sidewall will remain because it is not 

subjected to direct ion bombardment, thereby, inhibiting lateral etching. 

25 [0002] 	One limitation of the Bosch process is roughened sidewalls of etched deep 

features. This limitation is due to the periodic etch/deposition scheme used in the 

Bosch process and is known in the art as sidewall "scalloping". For many device 

applications, it is desirable to minimize this sidewall roughness or scalloping. The 

extent of scalloping is typically measured as a scallop length and depth. The scallop 

30 length is the peak-to-peak distance of the sidewall roughness and is directly 
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correlated to the etch depth achieved during a single etch cycle. The scallop depth is 

the peak to valley distance of sidewall roughness and is correlated to the degree of 

anisotropy of an individual etching step. The extent of scallop formation can be 

minimized by shortening the duration of each etch/deposition step (i.e. shorter 

5 etch/deposition steps repeated at a higher frequency). 

[0003] 	In addition to smoother feature sidewalls it is also desirable to achieve a 

higher overall etch rate. The overall etch rate is defined as a total depth etched in a 

process divided by a total duration of the process. The overall etch rate can be 

increased by increasing efficiency within a process step (i.e. decreasing dead time). 

10 [0004] 	Fig. 1 illustrates a conventional plasma processing apparatus 100 for 

processing a substrate 120 comprises a substrate support 130 and a processing 

chamber 140 enclosing the substrate support 130. The substrate 120 may be, for 

example, a semiconductor wafer having diameters such as 4", 6", 8", 12", etc. The 

substrate support 130 may comprise, for example, a radio frequency (RF) powered 

15 electrode. The substrate support 130 may be supported from a lower endwall of the 

chamber 140 or may be cantilevered, e.g., extending from a sidewall of the chamber 

140. The substrate 120 may be clamped to the electrode 130 either mechanically or 

electrostatically. The processing chamber 140 may, for example, be a vacuum 

chamber. 

20 [0005] 	The substrate 120 is processed in the processing chamber 140 by energizing 

a process gas in the processing chamber 140 into a high density plasma. A source of 

energy maintains a high density (e.g., 1011-1012  ions/cm3) plasma in the chamber 

140. For example, an antenna 150, such as the planar multiturn spiral coil shown in 

Fig. 1, a non-planar multiturn coil, or an antenna having another shape, powered by 

25 a suitable RF source and suitable RF impedance matching circuitry inductively 

couples RF energy into the chamber to generate a high density plasma. The RF 

power applied to the antenna 150 can be varied according to different process gases 

used in the chamber 140 (e.g. etch gas containing SF6  and deposition gas containing 

C4F8). The chamber 140 may include a suitable vacuum pumping apparatus for 

30 maintaining the interior of the chamber 140 at a desired pressure (e.g., below 5 Ton, 

preferably 1-100 mTorr). A dielectric window, such as the planar dielectric window 

155 of uniform thickness shown in Fig. 1, or a non-planar dielectric window (not 
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correlated to the etch depth achieved during a single etch cycle. The scallop depth is 

the peak to valley distance of sidewall roughness and is correlated to the degree of 

anisotropy of an individual etching step. The extent of scallop formation can be 

minimized by shortening the duration of each etch/deposition step (i.e. shorter 

5 etch/deposition steps repeated at a higher frequency). 

[0003] In addition to smoother feature sidewalls it is also desirable to achieve a 

higher overall etch rate. The overall etch rate is defined as a total depth etched in a 

process divided by a total duration of the process. The overall etch rate can be 

increased by increasing efficiency within a process step (i.e. decreasing dead time). 

10 [0004] Fig. 1 illustrates a conventional plasma processing apparatus 100 for 

processing a substrate 120 comprises a substrate support 130 and a processing 

chamber 140 enclosing the substrate support 130. The substrate 120 may be, for 

example, a semiconductor wafer having diameters such as 4", 6", 8", 12", etc. The 

substrate support 130 may comprise, for example, a radio frequency (RF) powered 

15 electrode. The substrate support 130 may be supported from a lower endwall of the 

chamber 140 or may be cantilevered, e.g., extending from a sidewall of the chamber 

140. The substrate 120 maybe clamped to the electrode 130 either mechanically or 

electrostatically. The processing chamber 140 may, for example, be a vacuum 

chamber. 

20 [0005] The substrate 120 is processed in the processing chamber 140 by energizing 

a process gas in the processing chamber 140 into a high density plasma. A source of 
1119 • energy maintains a high density (e.g., 10 -10 ions/cm ) plasma m the chamber 

140. For example, an antenna 150, such as the planar multiturn spiral coil shown in 

Fig. 1, a non-planar multiturn coil, or an antenna having another shape, powered by 

25 a suitable RF source and suitable RF impedance matching circuitry inductively 

couples RF energy into the chamber to generate a high density plasma. The RF 

power applied to the antenna 150 can be varied according to different process gases 

used in the chamber 140 (e.g. etch gas containing SFs and deposition gas containing 

C4F8). The chamber 140 may include a suitable vacuum pumping apparatus for 

30 maintaining the interior of the chamber 140 at a desired pressure (e.g., below 5 Torr, 

preferably 1-100 mTorr). A dielectric window, such as the planar dielectric window 

155 of uniform thickness shown in Fig. 1, or a non-planar dielectric window (not 
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shown) is provided between the antenna 150 and the interior of the processing 

chamber 140 and foul's a vacuum wall at the top of the processing chamber 140. A 

gas delivery system 110 can be used to supply process gases into the chamber 140 

through a primary gas ring 170 and/or injectors 180 below the dielectric window 

5 155. Details of the plasma processing apparatus 100 in Fig. 1 are disclosed in 

commonly-owned U.S. Patent Application Publication Nos. 2001/0010257, 

2003/0070620, U.S. Patent No. 6,013,155, or U.S. Patent No. 6,270,862, each of 

which is incorporated herein by reference in its entirety. 

[0006] 	Gas delivery systems designed for fast gas switching are disclosed in 

10 commonly-owned U.S. Patent Nos. 7,459,100 and 7,708,859 and U.S. Patent 

Publication Nos. 2007/0158025 and 2007/0066038, the disclosures of which are 

hereby incorporated by reference. 

[0007] 	The substrate 120 preferably comprises a silicon material such as a silicon 

wafer and/or polysilicon. Various features such as holes, vias and/or trenches are to 

15 be etched into the silicon material. A patterned masking layer (e.g. photoresist, 

silicon oxide, and/or silicon nitride) having an opening pattern for etching desired 

features is disposed on the substrate 120. 

[0008] 	One problem of the apparatus 100 of Fig. 1 is that the primary gas ring 170 

is located closer to the periphery of the substrate 120 than to the center, which 

20 decreases etch rate due to the time needed for complete replacement of one process 

gas to another process gas over the surface of the substrate 120 and can lead to 

process non-unifoitiiity due to gas pressure non-uniformity across the substrate 

during processing. 

25 Summary 

[0009] 	Described herein is an inductively coupled plasma processing apparatus 

which includes a processing chamber in which a semiconductor substrate is 

processed, a substrate support on which the semiconductor substrate is supported 

during processing thereof, an antenna operable to generate and maintain a plasma in 

30 the processing chamber, a dielectric window forming a wall of the chamber, a 

showerhead plate adjacent to or incorporated in the dielectric window and a gas 

delivery system. The showerhead plate has gas holes therein in fluid communication 
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10 commonly-owned U.S. Patent Nos. 7,459,100 and 7,708,859 and U.S. Patent 
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[0007] The substrate 120 preferably comprises a silicon material such as a silicon 

wafer and/or polysilicon. Various features such as holes, vias and/or trenches are to 

15 be etched into the silicon material. A patterned masking layer (e.g. photoresist, 

silicon oxide, and/or silicon nitride) having an opening pattern for etching desired 

features is disposed on the substrate 120. 

[0008] One problem of the apparatus 100 of Fig. 1 is that the primary gas ring 170 

is located closer to the periphery of the substrate 120 than to the center, which 

20 decreases etch rate due to the time needed for complete replacement of one process 

gas to another process gas over the surface of the substrate 120 and can lead to 

process non-uniformity due to gas pressure non-uniformity across the substrate 

during processing. 

25 Summary 

[0009] Described herein is an inductively coupled plasma processing apparatus 

which includes a processing chamber in which a semiconductor substrate is 

processed, a substrate support on which the semiconductor substrate is supported 

during processing thereof, an antenna operable to generate and maintain a plasma in 

30 the processing chamber, a dielectric window forming a wall of the chamber, a 

showerhead plate adjacent to or incorporated in the dielectric window and a gas 

delivery system. The showerhead plate has gas holes therein in fluid communication 
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with a plenum below or in the dielectric window. The plenum has a gas volume of 

no greater than 500 cm3  and the gas holes extending between the plenum and a 

plasma exposed surface of the showerhead plate have an aspect ratio of at least 2. 

The gas delivery system is operable to alternately supply an etching gas and a 

5 deposition gas to the plenum and replace the etching gas in the plenum with the 

deposition gas within 200 milliseconds or replace the deposition gas in the plenum 

with the etching gas within 200 milliseconds. The plasma processing apparatus is 

operable to etch openings in silicon on the semiconductor substrate at a rate of at 

least 10µm/minute. 

10 

Brief Description Of Figures 

[0010] 	Fig. 1 shows a conventional plasma processing apparatus. 

[0011] 	Fig. 2 shows a plasma processing apparatus according to a preferred 

embodiment. 

15 [0012] 	Figs. 3, 4a and 4b show simulated perfounance of the plasma processing 

apparatus of Fig. 2 and the conventional plasma processing apparatus of Fig. 1. 

Detailed Description 

[0013] 	The plasma processing apparatus described herein can achieve higher etch 

20 rates with greater uniformity than the conventional apparatus 100 described above. 

[0014] 	According to an embodiment, as shown in Fig. 2, a plasma processing 

apparatus 200 for processing a substrate 220 comprises a substrate support 230 and a 

processing chamber 240 enclosing the substrate support 230. The substrate 220 may 

be, for example, a semiconductor wafer having diameters of 8 inches, 12 inches or 

25 larger. The substrate support 230 may comprise, for example, a radio frequency 

(RF) powered electrode. The substrate support 130 may be supported from a lower 

endwall of the chamber 240 or may be cantilevered, e.g., extending from a sidewall 

of the chamber 240. The substrate 220 may be clamped to the electrode 230 either 

mechanically or electrostatically. 

30 [0015] 	The substrate 220 is processed in the processing chamber 240 by energizing 

a process gas in the processing chamber 240 into a high density plasma. A source of 

energy generates and maintains a high density (e.g., 1011-1012  ions/cm3) plasma in 
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with a plenum below or in the dielectric window. The plenum has a gas volume of 

no greater than 500 cm3 and the gas holes extending between the plenum and a 

plasma exposed surface of the showerhead plate have an aspect ratio of at least 2. 

The gas delivery system is operable to alternately supply an etching gas and a 

5 deposition gas to the plenum and replace the etching gas in the plenum with the 

deposition gas within 200 milliseconds or replace the deposition gas in the plenum 

with the etching gas within 200 milliseconds. The plasma processing apparatus is 

operable to etch openings in silicon on the semiconductor substrate at a rate of at 

least 10|im/minute. 

10 

Brief Description Of Figures 

[0010] Fig. 1 shows a conventional plasma processing apparatus. 

[0011] Fig. 2 shows a plasma processing apparatus according to a preferred 

embodiment. 

15 [0012] Figs. 3, 4a and 4b show simulated performance of the plasma processing 

apparatus of Fig. 2 and the conventional plasma processing apparatus of Fig. 1. 

Detailed Description 

[0013] The plasma processing apparatus described herein can achieve higher etch 

20 rates with greater uniformity than the conventional apparatus 100 described above. 

[0014] According to an embodiment, as shown in Fig. 2, a plasma processing 

apparatus 200 for processing a substrate 220 comprises a substrate support 230 and a 

processing chamber 240 enclosing the substrate support 230. The substrate 220 may 

be, for example, a semiconductor wafer having diameters of 8 inches, 12 inches or 

25 larger. The substrate support 230 may comprise, for example, a radio frequency 

(RF) powered electrode. The substrate support 130 maybe supported from a lower 

endwall of the chamber 240 or maybe cantilevered, e.g., extending from a sidewall 

of the chamber 240. The substrate 220 may be clamped to the electrode 230 either 

mechanically or electrostatically. 

30 [0015] The substrate 220 is processed in the processing chamber 240 by energizing 

a process gas in the processing chamber 240 into a high density plasma. A source of 

energy generates and maintains a high density (e.g., 10n-1012 ions/cm3) plasma in 
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the chamber 240. For example, an antenna 250, such as the planar multiturn spiral 

coil shown in Fig. 2, a non-planar multiturn coil, or an antenna having another 

shape, powered by a suitable RF source and suitable RF impedance matching 

circuitry inductively couples RF energy into the chamber to generate a high density 

5 plasma. The RF power applied to the antenna 250 can be maintained at the same 

power level or varied according to different process gases used in the chamber 240 

(e.g. etch gas containing SF6  and deposition gas containing C4F8), during cycles of 

alternately supplying the etch gas or disposition gas preferably within a time period 

of less than about 1 s, more preferably less than about 200 ms. The chamber 240 is 

10 evacuated by a suitable vacuum pumping apparatus for maintaining the interior of 

the chamber 240 at a desired pressure (e.g., below 5 Ton, preferably 1-500 mTorr). 

The pressure can be maintained at the same level or varied during the etching and 

deposition cycles. A dielectric window, such as the planar dielectric window 255 of 

uniform thickness shown in Fig. 2, or a non-planar dielectric window is provided 

15 between the antenna 250 and the interior of the processing chamber 240 and fauns a 

vacuum wall at the top of the processing chamber 240. A showerhead plate 270 can 

be disposed below or be part of the dielectric window 255. A gas delivery system 

210 can be used to supply process gases into the chamber 240 through the 

showerhead plate 270. The gas delivery system alternately supplies etch gas or 

20 deposition gas into the chamber via fast switching valves (such as ALD valves) 

which open and close within 40 milliseconds, preferably within 30 milliseconds. 

The valves are on-off valves which do not direct the deposition gas to a bypass line 

while the etch gas is supplied to the showerhead or vice versa. ALD valves provide 

faster switching than MFC valves which can take 250 milliseconds to stabilize 

25 before opening or closing. 

[0016] 	In a preferred embodiment, the showerhead plate 270 is separated from the 

dielectric window 255 by a plenum 270a and the showerhead plate 270 includes gas 

injection holes 270b operable to inject one or more process gases from one or more 

zones of the plenum into the chamber 240. The total volume of the plenum 270a is 

30 preferably no more than about 500 cm3. The showerhead plate 270 is preferably 

made of an electrically insulating material, such as ceramic (e.g., alumina, silicon 

nitride, aluminum nitride, a doped silicon carbide, quartz, etc.). The gas holes have 
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the chamber 240. For example, an antenna 250, such as the planar multiturn spiral 

coil shown in Fig. 2, a non-planar multiturn coil, or an antenna having another 

shape, powered by a suitable RF source and suitable RF impedance matching 

circuitry inductively couples RF energy into the chamber to generate a high density 

5 plasma. The RF power applied to the antenna 250 can be maintained at the same 

power level or varied according to different process gases used in the chamber 240 

(e.g. etch gas containing SF() and deposition gas containing C4F8), during cycles of 

alternately supplying the etch gas or disposition gas preferably within a time period 

of less than about 1 s, more preferably less than about 200 ms. The chamber 240 is 

10 evacuated by a suitable vacuum pumping apparatus for maintaining the interior of 

the chamber 240 at a desired pressure (e.g., below 5 Torr, preferably 1-500 mTorr). 

The pressure can be maintained at the same level or varied during the etching and 

deposition cycles. A dielectric window, such as the planar dielectric window 255 of 

uniform thickness shown in Fig. 2, or a non-planar dielectric window is provided 

15 between the antenna 250 and the interior of the processing chamber 240 and forms a 

vacuum wall at the top of the processing chamber 240. A showerhead plate 270 can 

be disposed below or be part of the dielectric window 255. A gas delivery system 

210 can be used to supply process gases into the chamber 240 through the 

showerhead plate 270. The gas delivery system alternately supplies etch gas or 

20 deposition gas into the chamber via fast switching valves (such as ALD valves) 

which open and close within 40 milliseconds, preferably within 30 milliseconds. 

The valves are on-off valves which do not direct the deposition gas to a bypass line 

while the etch gas is supplied to the showerhead or vice versa. ALD valves provide 

faster switching than MFC valves which can take 250 milliseconds to stabilize 

25 before opening or closing. 

[0016] In a preferred embodiment, the showerhead plate 270 is separated from the 

dielectric window 255 by a plenum 270a and the showerhead plate 270 includes gas 

injection holes 270b operable to inject one or more process gases from one or more 

zones of the plenum into the chamber 240. The total volume of the plenum 270a is 

30 preferably no more than about 500 cm3. The showerhead plate 270 is preferably 

made of an electrically insulating material, such as ceramic (e.g., alumina, silicon 

nitride, aluminum nitride, a doped silicon carbide, quartz, etc.). The gas holes have 
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diameters of no greater than 0.06 inch and aspect ratios of at least 2. For example, 

the showerhead plate can have a thickness of at least 0.2 inch, preferably 0.2 to 0.4 

inch. However, the showerhead plate can be incorporated in a dielectric window by 

forming the window from ceramic powder with the plenum therein, sintering and 

5 drilling the gas holes in the sintered window. The vertical distance (chamber gap) 

between a bottom surface of the showerhead plate 270 and the substrate 220 can be 

varied by moving the substrate support in a vertical direction to adjust the chamber 

gap in which plasma is generated between the showerhead plate and the substrate. 

[0017] 	The substrate 220 preferably comprises a silicon material such as a silicon 

10 wafer and/or polysilicon. Various features such as holes, vias and/or trenches are to 

be etched into the silicon material. A patterned masking layer (e.g. photoresist, 

silicon oxide, and/or silicon nitride) having an opening pattern for etching desired 

features is disposed on the substrate 220. 

[0018] 	Compared to the conventional plasma processing apparatus 100 with side 

15 gas injection, the plasma processing apparatus 200 can more rapidly and uniformly 

switch the process gas in the chamber gap from the etching gas to the disposition gas 

and vice versa. In one embodiment wherein the substrate 220 has a diameter of 300 

mm and the chamber gap is greater than 4 inches, the apparatus 200 can essentially 

completely switch (e.g. at least 90%) the process gas in the plenum 270a and the gas 

20 injection holes 270b within about 200 milliseconds and essentially completely 

switch (e.g. at least 90%) the process gas in the chamber gap within about 700 

milliseconds. Such rapid gas switching enables a significant increase in the etching 

rate of openings in silicon using the plasma processing apparatus 200 to over 10 

µm/min and depending on the critical dimension (CD) of features being etched the 

25 etch rate can be higher than 20 µm/min whereas with side gas injection which 

provides etch rates of about 3µm/min. 

[0019] 	Fig. 3 and Table 1 show performance of the apparatus 100 and the 

apparatus 200 in switching from the etching gas to the deposition gas in the chamber 

gap, wherein the substrate 220 has a diameter of 300 mm and the chamber gap is 

30 greater than 4 inches. In Fig. 3, trace 310 is the wafer average mass fraction of the 

deposition gas as a function of time in the apparatus 100 and trace 320 is the wafer 

average mass fraction of the deposition gas as a function of time in the apparatus 
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diameters of no greater than 0.06 inch and aspect ratios of at least 2. For example, 

the showerhead plate can have a thickness of at least 0.2 inch, preferably 0.2 to 0.4 

inch. However, the showerhead plate can be incorporated in a dielectric window by 

forming the window from ceramic powder with the plenum therein, sintering and 

5 drilling the gas holes in the sintered window. The vertical distance (chamber gap) 

between a bottom surface of the showerhead plate 270 and the substrate 220 can be 

varied by moving the substrate support in a vertical direction to adjust the chamber 

gap in which plasma is generated between the showerhead plate and the substrate. 

[0017] The substrate 220 preferably comprises a silicon material such as a silicon 

10 wafer and/or polysilicon. Various features such as holes, vias and/or trenches are to 

be etched into the silicon material. A patterned masking layer (e.g. photoresist, 

silicon oxide, and/or silicon nitride) having an opening pattern for etching desired 

features is disposed on the substrate 220. 

[0018] Compared to the conventional plasma processing apparatus 100 with side 

15 gas injection, the plasma processing apparatus 200 can more rapidly and uniformly 

switch the process gas in the chamber gap from the etching gas to the disposition gas 

and vice versa. In one embodiment wherein the substrate 220 has a diameter of 300 

mm and the chamber gap is greater than 4 inches, the apparatus 200 can essentially 

completely switch (e.g. at least 90%) the process gas in the plenum 270a and the gas 

20 injection holes 270b within about 200 milliseconds and essentially completely 

switch (e.g. at least 90%) the process gas in the chamber gap within about 700 

milliseconds. Such rapid gas switching enables a significant increase in the etching 

rate of openings in silicon using the plasma processing apparatus 200 to over 10 

/xm/min and depending on the critical dimension (CD) of features being etched the 

25 etch rate can be higher than 20 /um/min whereas with side gas injection which 

provides etch rates of about 3 /xm/min. 

[0019] Fig. 3 and Table 1 show performance of the apparatus 100 and the 

apparatus 200 in switching from the etching gas to the deposition gas in the chamber 

gap, wherein the substrate 220 has a diameter of 300 mm and the chamber gap is 

30 greater than 4 inches. In Fig. 3, trace 310 is the wafer average mass fraction of the 

deposition gas as a function of time in the apparatus 100 and trace 320 is the wafer 

average mass fraction of the deposition gas as a function of time in the apparatus 
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200. The gas switching time in milliseconds (ms) of the apparatus 200 is 
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Time (ms) 
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0.1 206 283 
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0.4 340 560 
0.5 385 640 
0.6 435 728 
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0.9 725 
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time dependent performance of the apparatus 100 

dependent performance of the apparatus 200 in 

gas to C4F8  etching gas in the chamber gap (space 

the substrate has a diameter of 300 mm, C4F8  is 

500 sccm, and the chamber gap is at least 4 inches. 

a significant amount of SF6  remains on the wafer 

can replace essentially all of the SF6  gas with C4F8  in 

the process gas can be replaced more quickly and 

apparatus 200 preferably comprises a processing 

substrate is processed, a substrate support, a 

of the chamber, an antenna operable to inductively 

window to generate and maintain a plasma 

plate adjacent to or incorporated in the 

plate having gas holes therein in fluid 

below or in the dielectric window, the plenum having 

500 cm3, the gas holes extending between the 

of the showerhead plate wherein the gas holes 

a gas volume of no greater than 

plenum and a plasma exposed surface 
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200. The gas switching time in milliseconds (nis) of the apparatus 200 is 

significantly shorter than that of the apparatus 100. 

Deposition Gas Mass 
Fraction 

Time (ms) Deposition Gas Mass 
Fraction Apparatus 200 Apparatus 100 

0.1 206 283 
0.2 256 398 
0.3 299 482 
0.4 340 560 
0.5 385 640 
0.6 435 728 
0.7 496 832 
0.8 581 
0.9 725 

Table 1 

5 
[0020] Fig. 4a shows simulated time dependent performance of the apparatus 100 

and Fig. 4b shows simulated time dependent performance of the apparatus 200 in 

switching from SF6 deposition gas to C4F8 etching gas in the chamber gap (space 

enclosed in the dotted box), wherein the substrate has a diameter of 300 mm, C4F8 is 

10 supplied at a flow rate less than 500 seem, and the chamber gap is at least 4 inches. 

In apparatus 100, after 0.5 second a significant amount of SF6 remains on the wafer 

surface whereas apparatus 200 can replace essentially all of the SF6 gas with C4F8 in 

0.5 second. In the apparatus 200, the process gas can be replaced more quickly and 

uniformly than the apparatus 100. 

15 [0021] The plasma processing apparatus 200 preferably comprises a processing 

chamber in which a semiconductor substrate is processed, a substrate support, a 

dielectric window fomiing a wall of the chamber, an antenna operable to inductively 

couple RF energy through the dielectric window to generate and maintain a plasma 

in the processing chamber, a showerhead plate adjacent to or incorporated in the 

20 dielectric window, the showerhead plate having gas holes therein in fluid 

communication with a plenum below or in the dielectric window, the plenum having 

a gas volume of no greater than 500 cm3, the gas holes extending between the 

plenum and a plasma exposed surface of the showerhead plate wherein the gas holes 
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have an aspect ratio of at least 2. The gas delivery system is operable to alternately 

supply an etching gas and a deposition gas to the plenum and replace the etching gas 

in the plenum with the deposition gas within 200 milliseconds or replace the 

deposition gas in the plenum with the etching gas within 200 milliseconds. The 

5 plasma processing apparatus can be used to etch silicon on a semiconductor 

substrate supported on a substrate support at a rate of at least 10 Am/min 

[0022] 	The showerhead plate is preferably made of an electrically insulating 

material and includes no more than 600 gas holes, preferably less than 100 gas holes 

and the plasma generated by supplying RF power to the antenna is a high density 

10 plasma., The plasma processing apparatus is operable to essentially completely 

switch process gas in the plenum within 200 ms and in a plasma confinement zone 

(chamber gap) in the processing chamber from the etching gas to the deposition gas 

or vice versa within about 500 ms. 

[0023] 	In the preferred embodiment, the etching gas is SF6  and the deposition gas 

15 is C4F8. The showerhead plate can be bonded or vacuum sealed to the underside of 

the dielectric window disposed between the antenna and the processing chamber. In 

operation, the gas supply system does not divert the etching gas to a vacuum line 

during supply of the deposition gas to the plenum and does not divert the deposition 

gas to a vacuum line during supply of the etching gas to the plenum. If desired, the 

20 plenum can be divided into an inner zone in fluid communication with an inner 

group of the gas holes and an outer zone in fluid communication with an outer group 

of the gas holes. 

[0024] 	Processing of a substrate using the plasma processing apparatus described 

above preferably comprises (a) supporting the substrate in the chamber, (b) 

25 supplying the etching gas to the plenum and flowing the etching gas through the gas 

holes in the showerhead plate into the chamber gap, (c) energizing the etching gas in 

the chamber into a first plasma and processing the substrate with the first plasma, (d) 

supplying the deposition gas to the plenum so as to substantially replace the etching 

gas and flowing the deposition gas through the gas holes in the showerhead plate 

30 into the chamber gap, (e) energizing the deposition gas in the chamber into a second 

plasma and processing the substrate with the second plasma, (f) repeating steps (b)- 

(e) with a total cycle time of no greater than 1.8 seconds. 
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[0025] 	The etching gas preferably replaces at least 90% of the deposition gas in the 

chamber gap within a period of about 500 milliseconds in step (b), and the 

deposition gas preferably replaces at least 90% of the etching gas in the chamber gap 

within a period of about 500 milliseconds in step (d). During the process, pressure 

5 in the plenum is at least 5 Torr during steps (b)-(e). During a cycle of supplying the 

etching gas and deposition gas, a total time of supplying the etching gas can be 1.3 

seconds or less and a total time of supplying the deposition gas can be 0.7 seconds 

or less. 

[0026] 	Chamber pressure can be adjusted such that pressure in the chamber gap 

10 during supply of the etching gas is greater than 150 mTorr and pressure in the 

chamber gap during supply of the deposition gas is less than 150 mTorr. In a 

preferred process, the etching gas is supplied to the plenum at a flow rate of at least 

500 seem and the deposition gas is supplied to the plenum at a flow rate of less than 

500 seem. Preferably, the etching gas and deposition gas are supplied to the plenum 

15 through a single opening at the center of an upper side of the dielectric window and 

the chamber gap between the substrate and the showerhead plate is greater than 4 

inches. During the supply of the etching gas the substrate can be subjected to 

plasma etching of high aspect ratio openings with pressure in the chamber gap 

maintained at less than 150 mTorr for 200 milliseconds during a polymer clearing 

20 phase of the etching step and at over 150 mTorr for the remainder of the plasma 

etching step. During the supply of the deposition gas the second plasma can deposit 

a polymer coating on sidewalls of the openings with pressure in the chamber gap 

maintained at less than 150 mTorr for the entire deposition step. The etching gas 

can be one or more of C4F8, XeF2, NF3, Cl containing gas such as CC14  and the 

25 deposition gas can be one or more of C4F8, C4F6, CHF3, CH2F2. 

[0027] 	The etching gas can be supplied through a first valve to first and second gas 

lines which deliver the etching gas to inner and outer zones of the plenum wherein 

the first and second gas lines have equal conductance and the deposition gas is 

supplied through a second valve to third and fourth gas lines which deliver the 

30 deposition gas to inlets in the dielectric window in fluid communication with the 

inner and outer zones of the plenum wherein the third and fourth gas lines have 

equal conductance. Alternatively, the etching gas can be supplied through a first 

WO 2012/061277 PCT/US2011/058546 

[0025] The etching gas preferably replaces at least 90% of the deposition gas in the 

chamber gap within a period of about 500 milliseconds in step (b), and the 

deposition gas preferably replaces at least 90% of the etching gas in the chamber gap 

within a period of about 500 milliseconds in step (d). During the process, pressure 

5 in the plenum is at least 5 Torr during steps (b)-(e). During a cycle of supplying the 

etching gas and deposition gas, a total time of supplying the etching gas can be 1.3 

seconds or less and a total time of supplying the deposition gas can be 0.7 seconds 

or less. 

[0026] Chamber pressure can be adjusted such that pressure in the chamber gap 

10 during supply of the etching gas is greater than 150 mTorr and pressure in the 

chamber gap during supply of the deposition gas is less than 150 mTorr. In a 

preferred process, the etching gas is supplied to the plenum at a flow rate of at least 

500 seem and the deposition gas is supplied to the plenum at a flow rate of less than 

500 seem. Preferably, the etching gas and deposition gas are supplied to the plenum 

15 through a single opening at the center of an upper side of the dielectric window and 

the chamber gap between the substrate and the showerhead plate is greater than 4 

inches. During the supply of the etching gas the substrate can be subjected to 

plasma etching of high aspect ratio openings with pressure in the chamber gap 

maintained at less than 150 mTorr for 200 milliseconds during a polymer clearing 

20 phase of the etching step and at over 150 mTorr for the remainder of the plasma 

etching step. During the supply of the deposition gas the second plasma can deposit 

a polymer coating on sidewalls of the openings with pressure in the chamber gap 

maintained at less than 150 mTorr for the entire deposition step. The etching gas 

can be one or more of C4F8, XeF2, NF3, CI containing gas such as CCI4 and the 

25 deposition gas can be one or more of C4F8, C4F6, CHF3, CH2F2. 

[0027] The etching gas can be supplied through a first valve to first and second gas 

lines which deliver the etching gas to inner and outer zones of the plenum wherein 

the first and second gas lines have equal conductance and the deposition gas is 

supplied through a second valve to third and fourth gas lines which deliver the 

30 deposition gas to inlets in the dielectric window in fluid communication with the 

inner and outer zones of the plenum wherein the third and fourth gas lines have 

equal conductance. Alternatively, the etching gas can be supplied through a first 

-9-



WO 2012/061277 
	

PCT/US2011/058546 

valve to a single gas inlet in the center of the dielectric window and the deposition 

gas can be supplied to the single gas inlet through a second valve, the first and 

second valves being ALD valves having opening times of no greater than 30 

milliseconds. For example, fast acting Swagelok ALD valves can be used wherein 

5 fast acting solenoid valves upon receiving a signal from a controller send pneumatic 

air to a fast switching valve within 10 ms and total time to open or close the fast 

switching valve can be 30 ms or less. 

[0028] 	In this specification, the word "about" is often used in connection with a 

numerical value to indicate that mathematical precision of such value is not 

10 intended. Accordingly, it is intended that where "about" is used with a numerical 

value, a tolerance of 10% is contemplated for that numerical value. 

[0029] 	While the plasma processing apparatus operable to quickly switch process 

gas has 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 

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

appended claims. 
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I Claim: 

1.  An inductively coupled plasma processing apparatus wherein semiconductor 

substrates are subjected to plasma etching, comprising: 

a processing chamber in which a semiconductor substrate is processed; 

5 a substrate support on which the semiconductor is supported during 

processing thereof; 

a dielectric window forming a wall of the chamber; 

an antenna operable to inductively couple RF energy into the chamber and 

energize process gas into plasma in a chamber gap between the substrate support and 

10 	the dielectric window; 

a showerhead plate adjacent to or incorporated in the dielectric window, the 

showerhead plate having gas holes therein in fluid communication with a plenum 

below or in the dielectric window, the plenum having a gas volume of no greater 

than 500 cm3, the gas holes extending between the plenum and a plasma exposed 

15 	surface of the showerhead plate wherein the gas holes have an aspect ratio of at least 

2; and 

a gas delivery system operable to alternately supply process gas comprising 

an etching gas and a deposition gas to the plenum such that the etching gas in the 

plenum is replaced with the deposition gas within 200 milliseconds or the deposition 

20 	gas in the plenum is replaced with the etching gas within 200 milliseconds, the 

plasma processing apparatus being operable to etch openings in silicon material on 

the semiconductor substrate at a rate of at least 10µm/minute. 

2.  The plasma processing apparatus of Claim 1, wherein the showerhead 

25 	includes at most 600 gas holes. 

3. The plasma processing apparatus of Claim 1, wherein the plasma is a high 

density plasma. 

30 	4. The plasma processing apparatus of Claim 1, wherein the plasma processing 

apparatus is operable to essentially completely switch process gas in the chamber 

gap from the etching gas to the deposition gas or vice versa within about 500 ms. 
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5. The plasma processing apparatus of Claim 1, wherein the etching gas is SF6  

and the deposition gas is C4F8. 

5 6. The plasma processing apparatus of Claim 1, the processing chamber 

includes a single gas inlet at a center of the dielectric window through which the 

process gas is delivered to the plenum. 

7. The plasma processing apparatus of Claim 1, wherein the gas supply system 

10 does not divert the etching gas to a vacuum line during supply of the deposition gas 

to the plenum and does not divert the deposition gas to a vacuum line during supply 

of the etching gas to the plenum. 

8. The plasma processing apparatus of Claim 1, wherein the plenum comprises 

15 discrete inner and outer zones, the inner zone in fluid communication with an inner 

group of the gas holes and the outer zone in fluid communication with an outer gas 

supply inlet and an outer group of the gas holes. 

9. A method of processing a semiconductor substrate using the plasma 

20 processing apparatus of Claim 1, the method comprising: 

(a) supporting the semiconductor substrate on the substrate support in the 

processing chamber; 

(b) interrupting flow of the deposition gas and supplying the etching gas to 

the plenum such that the etching gas flows through the gas holes in the showerhead 

25 plate into the chamber gap; 

(c) energizing the etching gas in the chamber gap into a first plasma and 

plasma etching openings in the semiconductor substrate with the first plasma; 

(d) interrupting flow of the etching gas and supplying the deposition gas to 

the plenum such that the deposition gas flows through the gas holes in the 

30 showerhead plate into the chamber gap; 

(e) energizing the deposition gas in the chamber gap into a second plasma 

and depositing polymer in the openings with the second plasma; 
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(f) repeating steps (b)-(e) with a total cycle time of no greater than 1.8 

seconds. 

10. The method of Claim 9, wherein the semiconductor substrate is a silicon 

5 wafer, the etching gas replaces the deposition gas in the chamber gap within a period 

of about 500 milliseconds in step (b), and the deposition gas replaces the etching gas 

in the chamber gap within a period of about 500 milliseconds in step (d). 

11. The method of Claim 9, wherein pressure in the plenum is at least 1 Ton 

10 during steps (b)-(e). 

12. The method of Claim 9, wherein a total time of supplying the etching gas is 

1.3 seconds or less and a total time of supplying the deposition gas is 0.7 seconds or 

less. 

15 

13. The method of Claim 9, wherein pressure in the chamber gap during supply 

of the etching gas is at least 150 mTorr and pressure in the chamber gap during 

supply of the deposition gas is below 150 mTorr. 

20 14. The method of Claim 9, wherein the etching gas is supplied to the plenum at 

a flow rate of at least 500 sccm and the deposition gas is supplied to the plenum at a 

flow rate of below 500 sccm. 

15. The method of Claim 9, wherein the etching gas and deposition gas are 

25 supplied to the plenum through a single opening at the center of the dielectric 

window, pressure in the chamber gap during supply of the etching gas is at least 150 

mTorr and pressure in the chamber gap during supply of the deposition gas is less 

than 150 mTorr, the etching gas is supplied to the plenum at a flow rate of at least 

500 sccm and the deposition gas is supplied to the plenum at a flow rate of less than 

30 500 sccm. 
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16. The method of Claim 9, wherein the chamber gap between the 

semiconductor substrate and the showerhead plate is at least 4 inches. 

17. The method of Claim 9, wherein during the supply of the etching gas the 

5 semiconductor substrate is subjected to plasma etching high aspect ratio openings in 

the silicon with pressure in the chamber gap maintained below 150 mTorr for 200 

milliseconds during a polymer clearing phase and at least 150 mTorr for the 

remainder of the plasma etching step. 

10 18. The method of Claim 17, wherein during the supply of the deposition gas 

pressure in the gap is maintained at less than 150 mTorr for the entire deposition 

step. 

19. The method of Claim 9, wherein the etching gas is supplied through a first 

15 valve to first and second gas lines which deliver the etching gas to inner and outer 

zones of the plenum wherein the first and second gas lines have equal lengths and 

the deposition gas is supplied through a second valve to third and fourth gas lines 

which deliver the deposition gas to the inner and outer zones of the plenum wherein 

the third and fourth gas lines have equal lengths. 

20 

20. The method of Claim 9, wherein the etching gas is supplied through a first 

valve to a single gas inlet in the center of the dielectric window and the deposition 

gas is supplied to the single gas inlet through a second valve, the first and second 

valves being ALD valves having opening times of no greater than 30 milliseconds. 
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