
CARBON DEPOSITION-ETCH-ASH GAP Fill PROCESS 

BACKGROUND 

[0001] Amorphous carbon films have been used in semiconductor processing to provide 

hardmasks to transfer feature patterns to a substrate for etch processes. Such carbon films 

are typically deposited using spin coating or PECVD coating. 

[0002] Recently, amorphous carbon has been used to provide gap fill for gap features 

during semiconductor processing operations. Such carbon gap-fill films may be used, for 

example, as a sacrificial layer in logic/memory semiconductor device fabrication. 

[0003] Such gap fill may be provided using spin coating techniques or by plasma-enhanced 

chemical vapor deposition (PECVD) techniques such as those used to provide hardmasks. 

Spin-on coating techniques, however, can provide poor mechanical properties that yield bad 

chemical-mechanical planarization results and prevent or hinder process integration. In 

contrast, PECVD deposited carbon films normally have good overall film properties, but 

large voids are typically formed in trench-like gap features due to poor gap-fill capability. 

SUMMARY 

[0004] In some implementations, a method may be provided in which (a) a substrate is 

provided in a semiconductor process chamber. The substrate may have a top surface and at 

least one gap feature with a gap entry width where the at least one gap feature intersects 

the top surface. The method may further include (b) performing a deposition process to 

deposit a carbon film layer on the substrate and on exposed surfaces of the at least one gap 

feature. The deposition process may be performed at least until the deposited carbon film 

layer causes the gap entry width to be reduced. The method may further include (c) 

performing an anisotropic etch process on the substrate with a dominant anisotropic axis 

substantially perpendicular to the substrate at least until the gap entry width increases from 

the gap entry width at the conclusion of (b). The method may also include (d) performing X 

additional cycles of (b) and (c), wherein X is a positive integer, and then (e) performing an 

ashing process to remove localized build-up of carbon film on the top surface of the 

substrate adjacent to the at least one gap feature produced as a result of (b) through (d). 
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[0005] In some further implementations, the method may also include (f) performing Y 

additional cycles of (a) through (el, wherein Y is a positive integer. 

[0006] In some implementations, the at least one gap feature may have a gap feature depth 

of zA, and Y may be between ~ and~. In some implementations, X may be between 
75A 40fi 

about 1 and 100, and Y may be between about 2 and 1000. In some implementations, X 

may be between about 2 and 20, and Y may be between about 10 to 100. 

[0007) In some implementations, the at least one gap feature may have a depth-to-width 

aspect ratio of up to about 12:1 and the gap entry width may be between about 30nm and 

about 140nm. 

[0008] In some implementations, the deposition process may be a plasma-enhanced 

chemical vapor deposition (PECVD) process. In some further such implementations, the 

PECVD process may use a CxHy precursor. In yet some further such implementations, the 

CxHy precursor may be C2H2. 

[0009J In some implementations, the anisotropic etch process may be a plasma etch 

process with a high ion sputtering regime as compared with the ashing process. In some 

further such implementations, the anisotropic etch process may use an etch chemistry that 

includes H2 and Ar. 

[0010] In some implementations, the ashing process may be performed under conditions 

that cause the ashing process to preferentially remove the localized build-up of carbon film 

on the top surface of the substrate adjacent to the at least one gap feature produced as a 

result of (b) through (d). 

[0011] In some implementations, (a) through (e) may be performed in a single chamber 

without performing an intervening vacuum break. 

[0012] In some implementations, the deposition process may last from between about O.5s 

to about 30s and be performed under pressure conditions of between about 0.025 Torr to 

about 8 Torr and at a temperature of between about 400 to about 500°C, may include 

providing CxHy gas to a reaction area above the substrate at a flow rate of between about 

100 sccm to about 9500 sccm, H2 gas to the reaction area at a flow rate of between about 

100 sccm to about 9500 sccm, and may include supplying high-frequency radio-frequency 

power of between about 100W to about 3000W and low-frequency radio-frequency power 

of between about 200W to about 5000W. In such implementations, the anisotropic etch 
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process may last from between about O.Ss to about 30s and be performed under pressure 

conditions of between about 0.025 Torr to about 1 Torr and at a temperature of between 

about 400 to about 500°C, may include providing H2 gas to the reaction area at a flow rate 

of between about 100 sccm to about 2000 sccm, and may include supplying high-frequency 

radio-frequency power of between about lOOW to about 1500W and low-frequency radio­

frequency power of between about 200W to about SOOOW. Additionally, in such 

implementations the ashing process may last from between about O.5s to about 30s and be 

performed under pressure conditions of between about 4 Torr to about 8 Torr and at a 

temperature of between about 400 to about 500°C, may include providing H2 gas to the 

reaction area at a flow rate of between about 5000 sccm to about9S00 sccm, and may 

include supplying high-frequency radio-frequency power of between about lS00W to about 

3000W. The flow rate of CxHy during the anisotropic etch process and the ashing process in 

such implementations may be at or about 0 scem. 

[0013] In some such implementations, at least one of the deposition process, the 

anisotropic etching process, and the ashing process may further include one or more 

operations selected from the group consisting of: supplying He gas to the reaction area at a 

flow rate of up to about 9500 sccm, supplying N2 gas to the reaction area at a flow rate of 

up to about 9500 sccm, and supplying Ar gas to the reaction area at a flow rate of up to 

about 9500 sccm. 

[0014] In some further such implementations, the ashing process may further include 

supplying low-frequency radio-frequency power of up to about SOOOW. In some 

implementations, the CxHy gas may be C2H2. 

[0015] In some implementations, the deposition process may last approximately 3s and be 

performed under pressure conditions of approximately 0.5 Torr at 450°C, and may include 

providing CxHy gas to a reaction area above the substrate at a flow rate of approximately 

300 sccm, H2 gas to the reaction area at a flow rate of approximately 200 sccm, and Ar gas 

to the reaction area at a flow rate of approximately 2000 sccm. In such implementations, 

the deposition process may also include supplying high-frequency radio-frequency power of 

approximately 400W and low-frequency radio-frequency power of approximately 2400W. 

Such implementations may also include an anisotropic etch process that may last 

approximately 9s and be performed under pressure conditions of approximately 0.3 Torr 

and 450°C, and may include providing H2 gas to the reaction area at a flow rate of 
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approximately 400 sccm and Ar gas to the reaction area at a flow rate of approximately 

5600 sccm. In such implementations, the etching process may also include supplying high­

frequency radio-frequency power of approximately 1000W and low-frequency radio­

frequency power of approximately 2000W. Such implementations may also include an 

ashing process that may last approximately 15s and be performed under pressure 

conditions of approximately 6 Torr and 450°(, and may include providing Ar gas to the 

reaction area at a flow rate of approximately 5000 sccm and supplying high-frequency 

radio-frequency power of approximately 3000W. In some such implementations, the (xHy 

gas is (2H2' 

[0016] In some alternative implementations, a method may be provided that includes (a) 

providing a substrate in a semiconductor process chamber, the substrate having a top 

surface and at least one gap feature with a gap entry width where the at least one gap 

feature intersects the top surface, (b) performing a deposition process to deposit a carbon 

film layer on the substrate and on exposed surfaces of the at least one gap feature, wherein 

the deposition process is performed at least until the deposited carbon film layer causes the 

gap entry width to be reduced, and (c) performing an anisotropic etch process on the 

substrate at least until the gap entry width increases from the gap entry width at the 

conclusion of (b). 

[0017] In some other alternative implementations, a method may be provided that includes 

(a) providing a substrate in a semiconductor process chamber, the substrate having a top 

surface and at least one gap feature with a gap entry width where the at least one gap 

feature intersects the top surface, (b) performing a deposition process to deposit a carbon 

film layer on the substrate and on exposed surfaces of the at least one gap feature, wherein 

the deposition process is performed at least until the deposited carbon film layer causes the 

gap entry width to be reduced, and (c) performing an ashing process to remove localized 

build-up of carbon film on the top surface of the substrate adjacent to the at least one gap 

feature produced as a result of (b). 

[0018] In either such alternative implementation, the methods may further include (d) 

performing X additional cycles of (b) and (c), wherein X is a positive integer. 

[0019] In some implementations, a semiconductor processing tool may be provided. The 

semiconductor processing tool may include a process chamber, one or more gas inlets into 

the process chamber and associated flow-control hardware, a low-frequency radio-
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frequency (LFRF) generator, a high-frequency radio-frequency (HFRF) generator, and a 

controller having at least one processor and a memory. The at least one processor and the 

memory may be communicatively connected with one another, and the at least one 

processor may at least be operatively connected with the flow-control hardware, the HFRF 

generator, and the LFRF generator. The memory may store computer-executable 

instructions for controlling the at least one processor to at least control the flow-control 

hardware, the HFRF generator, and the LFRF generator to: (a) perform a deposition process 

on a substrate having a top surface and at least one gap feature with a gap entry width 

where the at least one gap feature intersects the top surface to deposit a carbon film layer 

on the substrate and on exposed surfaces of the at least one gap feature, where the 

deposition process is performed at least until the deposited carbon film layer causes the gap 

entry width to be reduced, (b) perform an anisotropic etch process on the substrate with a 

dominant anisotropic axis substantially perpendicular to the substrate at least until the gap 

entry width increases from the gap entry width at the conclusion of (a), (c) perform X 

additional cycles of (a) and (b), wherein X is a positive integer, and (d) perform an ashing 

process to remove localized build-up of carbon film on the top surface of the substrate 

adjacent to the at least one gap feature produced as a result of (a) through (c). 

[00201 In some such implementations, the computer-executable instructions may further 

include instructions for controlling the at least one processor to at least control the flow­

control hardware, the HFRF generator, and the LFRF generator to e) perform Yadditional 

cycles of (a) through (el, wherein Y is a positive integer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0021] Fig. 1 depicts a process flow diagram illustrating major operations in one 

implementation of a technique for depositing a carbon film for gap-fill purposes. 

[0022] Figs. 2A-2F depict simplified cross-sectional views of a gap feature during various 

stages of a technique for depositing a carbon film for gap-fill purposes. 

[0023] Fig. 3A is a cross-sectional image of a high-aspect-ratio gap feature filled using a 

technique as described herein. 

[0024] Fig. 3B is a cross-sectional image of the high-aspect-ratio gap feature of Fig. 3A filled 

using a deposition-only technique. 
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[0025] Fig. 4A is a cross-sectional image of a low-aspect-ratio gap feature filled using a 

technique as described herein. 

[0026] Fig. 4B is a cross-sectional image of the low-aspect-ratio gap feature of Fig. 4A filled 

using a deposition-only technique. 

[0027] Fig. 5 depicts a simple block diagram showing various reactor components arranged 

for implementing the techniques described herein. 

DETAILED DESCRIPTION 

[0028] Details of one or more implementations of the subject matter described in this 

specification are set forth in the accompanying drawings and the description below. Other 

features, aspects, and advantages will become apparent from the description, the drawings, 

and the claims. Note that the relative dimensions of the following figures may not be drawn 

to scale unless specifically indicated as being scaled drawings. 

[0029] It is to be understood that the variables fiX" and flV" are used herein in two different 

capacities that are not linked to one another. In the context of a molecular formula, these 

variables indicate the quantity of various atoms within the molecule, e.g., in CxHy, values of 

X = 2 and V = 2 would yield C2H2. In the context of process cycle repetitions, such numbers 

indicate the number of respective process cycles that are performed. Thus, if C2H2 is used 

as a CxHy gas in a given process, the fact that X = 2 and V = 2 for this gas in this process does 

not require that X = 2 and V = 2 with respect to the number of process cycle repetitions for 

this process as described below. 

[0030] Disclosed herein are various new techniques that may be conducted on a PECVD 

platform that allow for filling of high aspect ratio gap features, e.g., having aspect ratios up 

to 12:1 and gap width of 30nm or less, by amorphous carbon material with reduced or 

minimal voids as compared to other PECVD techniques. The techniques described herein 

are applicable in a variety of contexts, but will be principally described in a semiconductor 

processing context. 

[0031J In one such technique, an alternated {{Deposition + Etchingh + Ashing}y process may 

be implemented on a PECVD platform, such as a Vector™ or Sequel™ tool available from 

Lam Research Corp., to deposit a carbon film onto a substrate having a gap feature, e.g., a 

trench. The substrate may have additional gap features and these additional gap features 
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may be subject to the same processing steps discussed herein and may thus also benefit 

from the described technique. 

[0032] Deposition into the trench may be conducted untH the trench opening is reduced, 

e.g., closed or narrowed to the point that continued deposition in the trench is 

unacceptably slowed, due to top deposition. The process may then be switched to an 

anisotropic etch process, and following that, to an ashing process. The general process 

operations of such a technique may include, for example: (a) a PECVD deposition regime in 

which a carbon film is deposited into a gap feature until deposition in the gap is 

unacceptably slowed or stopped due to closing of the entry to the gap feature (top) by 

deposited carbon at the top of the gap; (b) a high ion sputtering regime, in which carbon 

film is removed from the gap entry by an etch chemistry that includes H2 and Ar to reopen 

the gap for further film deposition, (c) a third regime in which the etch process conditions 

are adjusted to effect an ash process that is used to preferentially remove carbon 

accumulation on the top of the gap substrate surface adjacent to the gap entry, commonly 

referred to as "top hats." The ash operation (c) may follow a plurality of cycles of the 

deposition (a) and etch (b) operations. All three operations may then be repeated again in 

the same or a similar cycle to incrementally fill the gap. 

[0033] In other embodiments, ashing may precede etching in the cycle of operations. 

[0034] Etch/ash process optimization may be done to find a balance between sputtering 

and clipping of the underlying feature in the initial etch process to remove carbon from the 

gap entry. Optimization of the ash process may be done to minimize the effect of activity of 

ashing chemistry in the bottom of trench. Given the disclosure provided herein, one skilled 

in the art would be able to perform these optimizations without further guidance. 

[0035] The process may be implemented on a planar PECVD platform such that the 

deposition-etch-ash cycles are performed in one process path without a vacuum break. As 

described in further detail below, a chemical-physical combined etch may be used to 

preferentially remove film deposited at trench top, but with less etching of the film 

deposited in the trench. 

[0036] PECVD platform implementation has the further advantage of being less costly than 

high density plasma (HDP) gap-fill platforms. 

[0037] Fig. 1 is a process flow diagram illustrating major operations in one implementation 

of a technique for depositing a carbon film for gap-fill purposes. Simplified cross-sectional 
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views of a gap feature during various stages of such a technique are also illustrated in Figs. 

2A-2F. Elements in both Fig. 1 and Figs. 2A-2F are referenced in the following discussion. 

While Fig. 1 depicts both "begin" and "end" blocks, it is to be understood that other 

processes may precede or follow the operations shown, and that the "begin" and "end" 

blocks do not preclude such other implementations. In block 101, a substrate 201 having a 

gap feature 203 to be filled is provided to a deposition chamber, e.g., a PECVD chamber. 

The gap feature 203 may be of a size typically encountered or anticipated in current or 

future semiconductor processing operations, including narrow, high aspect ratio trenches 

(e.g., depth/width aspect ratio of 12:1, trench width=30nm) and lower aspect ratio wider 

trenches (e.g., depth/width aspect ratio of 2:1, trench width=140nm). The substrate 

surface may be a metal, a dielectric, or a semiconductor material, but may most typically be 

a semiconductor material, such as silicon. 

[0038] A carbon film 205 may then be deposited in the gap 203 using a PECVD (103) 

process. In this regard, a process gas containing a precursor for the film to be deposited in 

the gap is introduced into the chamber. Any suitable CxHy precursor, such as are used in 

amorphous carbon and ashable hard mask deposition processes, may be used. A specific 

example preferred in many implementations is acetylene (C2H2), although other precursors 

may also be used to good effect. Typically the process gas contains only one type of 

hydrocarbon precursor. Other process gases may include hydrogen, as well as nitrogen, 

helium, argon, or other inert gases. A plasma may be ignited in these process gases using a 

radio frequency source and a carbon film may then be deposited in the gap by the resulting 

plasma enhanced chemical vapor deposition process. 

[0039] The deposition process of block 103 may be conducted until the trench opening is 

closed or narrowed to the point that continued deposition in the trench is unacceptably 

slowed due to top deposition, as indicated at 207 of Fig. 2B. For example, the deposition 

rate for a deposition cycle may be unacceptably slowed when the deposition rate decreases 

to approximately 40-60% of the deposition rate at the start of the deposition cycle. In other 

implementations, there may be more or less decrease in deposition rate. 

[0040] In block lOS, an anisotropic etch operation may be performed to remove deposited 

carbon film at the gap entry. The anisotropic etch operation may be a plasma etch featuring 

a high ion sputtering regime in which carbon film is removed from the gap entry by an etch 

chemistry that includes H2 and Ar, thus reopening the gap for further film deposition. The 
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reopened gap, as illustrated in Fig. 2(, allows for further gap fill of the gap feature. The etch 

operation may be performed for a given duration, e.g., a duration that is associated with 

sufficient carbon film removal to cause the gap to generally be reopened to the point where 

the gap entry is slightly undercut. In some implementations, the gap entry may be 

reopened to a lesser degree. In some other implementations, the etch operation may be 

performed until the carbon film on the top surface of the substrate is completely, or nearly 

completely removed, and then stopped. This may prevent the etch process from also 

removing the substrate material in addition to the overlying carbon film. 

[0041] A high ion sputtering regime may, for example, be provided by a process 

environment including a high flow of Ar gas, a high level of low-frequency radio-frequency 

(LFRF) power, and a high pressure as compared to a low ion sputtering regime, which may 

feature low Ar gas flow, a low level of LFRF power, and a low pressure. 

[0042] In block 107, the deposition and etch operations of blocks 103 and 105 may be 

repeated a plurality of times (X) to continue filling of the gap. In various embodiments, X 

may range from about 1 to 100, 2 to 20, 3 to 11, or to an integer value in between. 

[0043] After a number of deposition and etch cycles, typically 2-15 in many 

implementations, for example 5, a carbon film accumulation on the top of the gap substrate 

surface adjacent to the gap entry, commonly referred to as "top hat" features 209, forms, as 

illustrated in Fig. 2D. The top hats may then be removed by conducting an ashing operation 

in block 109 with process conditions adjusted to preferentially remove the top hat carbon 

accumulation on the top surface of the substrate adjacent to the gap entry, as illustrated in 

Fig.2E. 

[0044] While etching and ashing operations may both be used to remove material from a 

substrate, the mechanisms by which they operate are distinct. 

[0045J In plasma etching processes such as high ion sputtering regime etching, the etching 

process is largely anisotropic. In such processes, ions are created, for example, by exposing 

a gas such as Ar or H2 to a high-frequency radio frequency (HFRF) electromagnetic field to 

produce a plasma; this may be done within the process chamber or remotely (other 

techniques, e.g., microwave techniques, may also be used to produce the ions). These ions 

are then accelerated towards a wafer (or substrate) by a bias voltage that is created by an 

LFRF electromagnetic field produced between two electrodes bracketing the wafer. The 

ions travel towards the wafer in directions largely perpendicular to the wafer due to the 
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bias voltage and gain energy as they accelerate. Upon reaching the wafer, the ions may 

collide with molecules or atoms within or on the wafer, e.g., carbon atoms that were 

deposited on the wafer in a previous deposition cycle. In doing so, a momentum transfer 

between the high-energy ions and the impacted atoms/molecules may cause the impacted 

atoms/molecules to be knocked free of the wafer. Thus, the mechanism for material 

removal in an anisotropic etch operation having a high ion sputtering regime is primarily a 

physical mechanism, i.e., material is removed due to momentum transfer and such material 

removal is more concentrated on surfaces that are perpendicular to the average velocity 

vector of the energetic ions than on surfaces that are parallel to such a velocity vector. As a 

result, material is generally removed at a faster rate in directions parallel to the average 

velocity vector of the ions. The phrase "dominant anisotropic axis" may be used to refer to 

the axis along which anisotropic behavior, e.g., etch rate, is greatest. 

[0046] In contrast, ashing processes are typically more isotropic in nature since they are 

largely dependent on chemical interactions for material removal rather than on the 

directional movement of energetic ions. For example, any surface that is exposed to the 

process gas used in an ashing operation may experience material removal due to the 

exposure. Additionally, in contrast to some chemical etching processes, ashing operations 

may produce a reaction product that is completely in the gas phase. Accordingly, ashing 

operations may not produce particulate byproducts that may contaminate a wafer as may 

be the case with other types of chemical material removal processes. Ashing operations for 

carbon films may, for example, utilize dissociated H2 or O2 as a process gas, which may react 

with carbon films to form such gas-phase reaction byproducts. 

[0047] As discussed above, the ashing operations may preferentially remove the 

accumulated carbon film around the edges of the gap feature, e.g., the "top hat" features, 

over the carbon film deposited in the trench features. This is largely due to the substantially 

isotropic nature of the ashing operations-the top hat features have a high exposed­

surface-area-to-volume ratio compared with the exposed-surface-area-to-volume ratio of 

the filled gap features. As a result, the top hat features experience a higher rate of chemical 

reaction with the disassociated ashing gases than the carbon-filled gap features do. 

Accordingly, the top hat features are reacted into gas phase byproducts at a much greater 

rate than the gap fill features are. 
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[0048] In block 111, the operations of blocks 103, lOS, 107 and 109 are repeated Y times 

until the gap is filled, as illustrated in Fig. 2F. In some implementations, the operations of 

blocks 103, lOS, 107, and 109 may be repeated using the same process parameters for each 

such repetition. In other implementations, however, the operations of blocks 103, lOS, 107, 

and 109 may be repeated using the different process parameters for at least one of the 

repetitions. 

[0049] Operations 103, lOS, 107, and 109 may be repeated at least once, although the 

number of repetitions may range widely (e.g., Y = 2 to 1000). Typically Y may range from 

about 10 to 100, or from 30 to 60, or any integer value in between, for example 40 or 55 

times, depending upon gap height and other considerations. In one example, Y = 55 was 

found to be suitable for a 3000A deep gap feature having a depth/width aspect ratio of 

approximately 12:1. 

[OOSO] The above-described process may be described by the following relation: 

{{Deposition + Etching}x + Ashing}y 

[OOSl] Suitable process parameters for the technique described above are presented in the 

following tables. Table 1 provides general ranges of process parameters that may be 

suitable for various implementations of the technique described above. 

TABLE 1 

Operation Deposition Etching Ashing 

..... - , ..... , .... ~-' -...., -.- -- -..... '-'-

Conditions Pressure (Torr) 0.025 to 8 0.025 to 1 4 to 8 

Temperature (DC) 400 to 500 400 to 500 400 to 500 

Deposition 
CxHy Flow (seem) 100 to 9500 0 0 

Precursor 

Process 
Hz Flow (seem) 100 to 9500 100 to 2000 5000 to 9500 

Gas 

Inert He Flow (seem) o to 9500 o to 9500 o to 9500 

Carrier Nz Flow (secm) o to 9500 o to 9500 o to 9500 

Gases Ar Flow (seem) o to 9500 o to 9500 o to 9500 

11 



High-frequency Radio-

frequency {HFRF} Generator 100 to 3000 100 to 1500 1500 to 3000 

Plasma Setpoint (W) 

Excitation Low-frequency Radio-

frequency (LFRF) Generator 200 to 5000 200 to 5000 o to 1000 

Setpoint (W) 

[0052] Table 2 provides parameters for a specific example of suitable deposition-etch-ash 

process conditions in accordance with a particular implementation of the above technique 

using C2H2 as a precursor. 

TABLE 2 

Operation Deposition Etching Ashing 

Time (s) 3 9 15 

Conditions Pressure (Torr) 0.5 0.3 6 

Temperature (0C) 450 450 450 

Deposition 
C2Hz Flow (secm) 300 0 0 

Precursor 

Process 
Hz Flow (secm) 200 400 9500 

Gas 

Inert He Flow (scem) 0 0 0 

Carrier Nz Fiow (scem) 0 0 ..... 
u 

Gases Ar Flow (sccm) 2000 5600 5000 

Plasma HFRF Generator Setpoint (W) 400 1000 3000 

Excitation LFRF Generator Setpoint (W) 2400 2000 0 

[0053] In other implementations, the technique may be modified such that mUltiple 

consecutive deposition-ashing operations are followed by an etching operation; mUltiple 

such cycles may be performed during practice of the technique. Such a technique may be 

described by the following relation: 

{{Deposition + Ashingh + Etching}y 
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[0054] Specifically, according to these implementations, the ashing operation/operations 

for a cycle is/are done prior to the etching operations for the cycle. The particular 

implementation used, i.e., the order of etch/ash or ash/etch, may be selected based on 

factors such as the aspect ratio of the gap and throughput considerations. 

[0055] In yet other implementations, the technique may include performing {Deposition + 

Etchingh cycles without any intervening ashing cycles. In other such implementations, the 

technique may include performing {Deposition + Ashingh cycles without any intervening 

etching cycles. In either case, the number of cycles that may be performed may be as low 

as single cycle, although multiple such cycles may typically be performed. 

[0056] Turning back to the example of Table 2, in some implementations, the etching and 

ashing operations may be performed using the same gases at the same temperatures. 

However, various other parameters may be changed to switch from etching to ashing. For 

example, Ar and H2 are used in both ashing and etching operations listed in Table 2, 

although the flow rate for H2 is increased over 20-fold in the ashing operation as compared 

with the etching operation. The pressure within the processing area is, somewhat similarly, 

increased nearly 20-fold. Such changes, however, are relatively low-cost in terms of process 

duration since there is no need to switch between different process gases nor to perform 

any purge cycles. The other significant change between the etch operations and the ashing 

operations is that the LFRF power is turned off during the ashing operation and the HFRF 

power is tripled as compared to the etching operation. 

[0057] In the etching operations, the application of significant LFRF power causes a large 

bias voltage to develop between the electrodes within the process chamber, drawing ions 

produced by a plasma generated by the application of HFRF power towards the wafer. The 

resulting ion bombardment of the wafer causes anisotropic material removal to occur 

largely due to momentum transfer. 

[0058] During the ashing operations, the LFRF power is stopped, causing the large bias 

voltage to drop significantly (there is still, however, some residual bias voltage due to the 

presence of HFRF-this is typically about an order of magnitude or more lower than the bias 

voltage during LFRF operations). However, the HFRF power is increased significantly-in 

this case, triple the wattage of HFRF that was supplied during the etching operations. This 

causes an increase in the amount of process gas, e.g., H2 or Ar, that is dissociated by the 

plasma generated by the HFRF electromagnetic field and that is then free to react with the 
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carbon film on the wafer. Thus, the etching operations may be considered to be "high" ion 

sputtering regime operations with respect to the ashing operations since the etching 

operations are dominated by the momentum transfer from ion sputtering, whereas the 

ashing operations may be considered to be "low" ion sputtering regime operations since 

there is little or no momentum transfer material removal occurring. 

[0059] For example, the bias voltage produced during the etching operation of Table 2, e.g., 

a high ion sputtering regime operation, by the 2000W of LFRF power and 1000W of HFRF 

power that is applied is approximately 480V, whereas the bias voltage produced during the 

ashing operation of Table 2, e.g., a low ion sputtering regime operation, by 3000W of HFRF 

and OW of LFRF is approximately 35V. As can be seen, there is nearly an order of magnitude 

djfference in bias voltage between the etching and ashing operations of Table 2. 

[0060] Focused ion beam (FIB)/scanning electron microscope (SEM) images were taken to 

compare gap-fill results achieved with two different aspect ratio trenches by a {{Deposition 

+ Etchinglx + Ashing}ytechnique in accordance with the present disclosure and with a PECVD 

deposition-only process for comparison. Referring to Figs. 3A and 3B, which depict cross­

sections of a 30nm wide, 12:1 depth/width aspect ratio filled trench gap feature, and 4A 

and 4B, which depict a 140nm wide, 2:1 depth/width aspect ratio filled trench gap feature, 

it can be clearly seen that the {{Deposition + Etchinglx + Ashing}y technique, as evidenced 

by Figures 3A and 4A, provides superior performance to the deposition-only process, as 

evidenced by Figures 3B and 4B, for both high-aspect ratio, narrow-width trenches and low­

aspect ratio, wider trenches. The fill-height was varied by using different Y values and by 

varying the etch time. 

[0061] In each case, it can be clearly seen in the images that the PECVD deposition-only 

process resulted in the formation of significant voids in the trench fill for both trench 

geometries depicted, while both trench geometries were fully filled with carbon fill material 

using the {{Deposition + Etchinglx + Ashing}y techniques outlined herein. 

[0062] The present techniques may be implemented in a PECVD reactor. Such a reactor 

may take many different forms, and may be part of an apparatus that includes one or more 

chambers or "reactors" (sometimes including multiple stations) that may each house one or 

more wafers and may be configured to perform various wafer processing operations. The 

one or more chambers may maintain the wafer in a defined position or positions (with or 

without motion within that position, e.g. rotation, vibration, or other agitation). In one 
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implementation, a wafer undergoing carbon film deposition may be transferred from one 

station to another within a reactor chamber during the process. In other implementations, 

the wafer may be transferred from chamber to chamber within the apparatus to perform 

different operations. The full film deposition may occur entirely at a single station or any 

fraction of the total film thickness may be deposited at any number of stations or chambers. 

[0063] While in process, each wafer may be held in place by a pedestal, wafer chuck and/or 

other wafer-holding apparatus. For certain operations in which the wafer is to be heated, 

the apparatus may include a heater such as a heating plate. A Vector™ (e.g., C3 Vector) or 

Sequel™ (e.g., C2 Sequel) reactor, produced by Lam Research Corp. of Fremont, CA, are 

both examples of suitable reactors that may be used to implement the techniques described 

herein. 

[0064] Fig. 5 provides a simple block diagram depicting various reactor components 

arranged for implementing the techniques described herein. As shown, a reactor 500 

includes a process chamber 524 that encloses other components of the reactor and serves 

to contain a plasma generated by a capacitive-discharge type system including a 

showerhead 514 working in conjunction with a grounded heater block 520. A high­

frequency RF generator 504 and a low-frequency RF generator 502 may be connected to a 

matching network 406 and to showerhead 514. The power and frequency supplied by 

matching network 506 may be sufficient to generate a plasma from process gas that is 

supplied to the process chamber 524, for example 100 to 5000W of HFRF power and 100 to 

5000W of LFRF power total energy. In a typical process, the HFRF component may generally 

be between 5 to 60MHz, e.g., 13.56MHz. In operations wherein there is an LF component, 

the LF component may be from 100kHz to 2MHz, e.g., 430kHz. 

[006S] Within the reactor, a wafer pedestal 518 may support a substrate 516. The wafer 

pedestal 518 may include a chuck, a fork, or lift pins to hold and transfer the substrate 

during and between the deposition and/or plasma treatment reactions. The chuck may be 

an electrostatic chuck, a mechanical chuck or various other types of chuck as are available 

for use in the industry and/or research. 

[0066} Various process gases may be introduced via inlet 512. Multiple source gas lines 510 

are connected to manifold 508. The gases may be premixed or not. Appropriate valving 

and mass flow control mechanisms may be employed to ensure that the correct process 

gases are delivered during the deposition and plasma treatment phases of the process. In 
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the case where a chemical precursor(s) is delivered in liquid form, liquid flow control 

mechanisms may be employed. Such liquids may then be vaporized and mixed with process 

gases during transportation in a manifold heated above the vaporization point of the 

chemical precursor supplied in liquid form before reaching the deposition chamber. 

[0067] Process gases may exit chamber 524 via an outlet 522. A vacuum pump, e.g., a one 

or two stage mechanical dry pump and/or a turbomolecular pump 540, may typically be 

used to draw process gases out of the process chamber 524 and to maintain a suitably low 

pressure within the process chamber 524 by using a closed-loop-controlled flow restriction 

device, such as a throttle valve or a pendulum valve. 

[0068J As discussed above, the techniques discussed herein may be implemented on a 

multi-station or single station tool. In specific implementations, a 300mm Novellus Vector™ 

tool having a 4-station deposition scheme or a 200mm Sequel™ tool having a 6-station 

deposition scheme may be used. In some implementations, the wafers may be indexed 

after every deposition and/or post-deposition plasma treatment until all the required 

depositions and treatments are completed, or mUltiple depositions and treatments may be 

conducted at a single station before indexing the wafer. 

[0069J In some implementations, an apparatus may be provided that is configured to 

perform the techniques described herein. A suitable apparatus may include hardware for 

performing various process operations and a system controller having instructions for 

controlling process operations in accordance with the present disclosure. The system 

controller will typically include one or more memory devices and one or more processors 

communicatively connected with various process control equipment, e.g., valves, RF 

generators, wafer handling systems, etc., and configured to execute the instructions so that 

the apparatus will perform a technique in accordance with the present disclosure, e.g., a 

technique such as that provided in Fig. 1. Machine-readable media containing instructions 

for controlling process operations in accordance with the present disclosure may be coupled 

to the system controller. The controller may be communicatively connected with various 

hardware devices, e.g., mass flow controllers, valves, RF generators, vacuum pumps, etc. to 

facilitate control of the various process parameters that are associated with deposition, 

etch, and ashing operations as described herein. 

[0070] In some embodiments, a system controller 530 may control all of the activities of the 

reactor 500. The system controller 530 may execute system control software stored in a 
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mass storage device, loaded into a memory device, and executed on a processor. The 

system control software may include instructions for controlling the timing of gas flows, 

wafer movement, RF generator activation, etc., as well as instructions for controlling the 

mixture of gases, the chamber and/or station pressure, the chamber and/or station 

temperature, the wafer temperature, the target power levels, the RF power levels, the 

substrate pedestal, chuck and/or susceptor position, and other parameters of a particular 

process performed by the reactor apparatus 500. The system control software may be 

configured in any suitable way. For example, various process tool component subroutines 

or control objects may be written to control operation of the process tool components 

necessary to carry out various process tool processes. The system control software may be 

coded in any suitable computer readable programming language. 

[0071] The system controller may typically include one or more memory devices and one or 

more processors configured to execute the instructions so that the apparatus will perform a 

technique in accordance with the present disclosure. Machine-readable media containing 

instructions for controlling process operations in accordance with the present disclosure 

may be coupled to the system controller. 

[0072] The method and apparatus described herein may be used in conjunction with 

lithographic patterning tools or processes, for example, for the fabrication or manufacture 

of semiconductor devices, displays, LEDs, photovoltaic panels and the like. Typically, though 

not necessarily, such tools/processes will be used or conducted together in a common 

fabrication facility. Lithographic patterning of a film typically comprises some or all of the 

following steps, each step enabled with a number of possible tools: (1) application of 

photoresist on a workpiece, i.e., substrate, using a spin-on or spray-on tool; (2) curing of 

photoresist using a hot plate or furnace or UV curing tool; (3) exposing the photoresist to 

visible or UV or x-ray light with a tool such as a wafer stepper; (4) developing the resist so as 

to selectively remove resist and thereby pattern it using a tool such as a wet bench; (5) 

transferring the resist pattern into an underlying film or workpiece by using a dry or plasma­

assisted etching tool; and (6) removing the resist using a tool such as an RF or microwave 

plasma resist stripper. In one implementation, one or more gap features on a wafer are 

filled with a carbon film using a technique as described herein. The carbon film may then be 

used, for example, for one of the purposes described herein. Further, the implementation 

may include one or more steps (1)-(6) described above. 
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[0073J Techniques, apparatus, and systems for carbon gap-fill in semiconductor processing 

using a deposition-etch-ash process are provided. The method, apparatus and systems 

described may be usefully applied to achieve substantially void-free, high-aspect-ratio 

carbon gap-fill. In addition to yielding seamless gap fill with no void formation, the 

techniques, apparatuses, and systems such as described herein may also allow for the 

deposition of dense carbon materials demonstrating superior material properties, e.g., 

higher hardness and modulus, than spin on carbon film processes provide. 

[0074] Although the foregoing concepts have been described in some detail for purposes 

of clarity of understanding, it will be apparent that certain changes and modifications may 

be practiced within the scope of this disclosure. It should be noted that there are many 

alternative ways of implementing the processes, systems, and apparatus of the present 

disclosure. Accordingly, the present implementations are to be considered as illustrative 

and not restrictive, and this disclosure is not to be limited to the details given herein. 
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