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(57) ABSTRACT 

A method of depositing a film on a Substrate. In one 
embodiment, the method includes depositing a first portion 
of the film using a high density plasma to partially fill a gap 
formed between adjacent features formed on the Substrate. 
The film deposition proceSS is then Stopped before or shortly 
after the entry of the gap pinches off and the film is etched 
to widen entry to the gap using a two step etching process 
that includes a first physical etch Step that forms a plasma 
from a Sputtering agent introduced into the processing 
chamber and biases the plasma towards the SubStrate and a 
Subsequent chemical etch Step that forms a plasma from a 
reactive etchant gas introduced into the processing chamber. 
After the etching Sequence is complete, a Second portion of 
the film is deposited over the first portion using a high 
density plasma to further fill the gap. 

31 Claims, 5 Drawing Sheets 
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HIGH DENSITY PLASMACVD PROCESS 
FOR GAPFILL INTO HIGH ASPECT RATIO 

FEATURES 

BACKGROUND OF THE INVENTION 

One of the primary steps in the fabrication of modern 
Semiconductor devices is the formation of a thin film on a 
Semiconductor Substrate by chemical reaction of gases. Such 
a deposition process is referred to as chemical vapor depo 
sition (“CVD”). Conventional thermal CVD processes Sup 
ply reactive gases to the Substrate Surface where heat 
induced chemical reactions take place to produce a desired 
film. Plasma-enhanced CVD (“PECVD) techniques, on the 
other hand, promote excitation and/or dissociation of the 
reactant gases by the application of radio-frequency ("RF") 
energy to a reaction Zone near the Substrate Surface, thereby 
creating a plasma. The high reactivity of the Species in the 
plasma reduces the energy required for a chemical reaction 
to take place, and thus lowers the temperature required for 
Such CVD processes as compared to conventional thermal 
CVD processes. These advantages are further exploited by 
high-density-plasma (“HDP) CVD techniques, in which a 
dense plasma is formed at low vacuum preSSures So that the 
plasma Species are even more reactive. 
Any of these CVD techniques may used to deposit 

conductive or insulative films during the fabrication of 
integrated circuits. For applications Such as the deposition of 
insulation films as premetal or intermetal dielectric layers in 
an integrated circuit or for shallow trench isolation, one 
important physical property of the CVD film is its ability to 
completely fill gaps between adjacent Structures without 
leaving voids within the gap. This property is referred to as 
the film's gapfill capability. Gaps that may require filling 
include Spaces between adjacent raised Structures Such as 
transistor gates, conductive lines, etched trenches or the like. 
AS Semiconductor device geometries have decreased in 

Size over the years, the ratio of the height of Such gaps to 
their width, the So-called "aspect ratio,” has dramatically 
increased. Gaps having a combination of a high aspect ratio 
and a Small width present a challenge for Semiconductor 
manufacturers to fill completely. In short, the challenge 
usually is to prevent the deposited film from growing in a 
manner that closes off the gap before it is filled. Failure to 
fill the gap completely results in the formation of voids in the 
deposited layer, which may adversely affect device 
operation, for example by trapping undesirable impurities. 
One process that the Semiconductor industry has devel 

oped to improve gapfill capability of insulation films uses a 
multistep deposition and etching process. Such a proceSS is 
often referred to as a deposition/etch/deposition (“dep/etch/ 
dep') process. Such dep/etch/dep processes divide the depo 
Sition of the gapfill layer into two or more StepS. Separated by 
a plasma etch Step. The plasma etch Step etches the upper 
corners of the first deposited film more than the film portion 
deposited on the Sidewall and lower portion of the gap, 
thereby widening the gap and enabling the Subsequent 
deposition Step to fill the gap without prematurely closing it 
off. Typically, dep/etch/dep processes can be used to fill 
higher-aspect-ratio Small-width gaps than a Standard depo 
Sition Step for the particular chemistry would allow. 
Most of the early dep/etch/dep processes known to the 

inventors were limited to thermal CVD and PECVD pro 
cesses. HDP-CVD processes generally have Superior gapfill 
capabilities as compared to these other types of CVD 
processes because HDP-CVD deposition process provide 
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2 
for a Sputtering component to the deposition proceSS Simul 
taneous with film growth. For this reason, HDP-CVD tech 
niques are Sometimes referred to as Simultaneous dep/etch 
proceSSeS. 

It has been found in practice, however, that while HDP 
CVD processes generally have better gapfill capabilities 
than similar non-HDP-CVD processes, for certain gap 
widths there remains a limit to the aspect ratio of gaps that 
can be filled. In View of this limit, Semiconductor manufac 
turers have developed various dep/etch/dep techniques for 
HDP-CVD processes. All of the techniques known to the 
present inventors employ a Single Step etch proceSS in which 
the material deposited in the preceding deposition Step is 
etched using either a physical etch (i.e., anisotropic etch), a 
chemical etch (i.e., isotropic etch) or an etch step that 
Simultaneously combines physical and chemical compo 
nents. While a number of these processes are able to produce 
films having improved gapfill characteristics as compared to 
other CVD techniques, further improvements and/or alter 
native approaches are desirable. Such improved processes 
are particularly desirable in light of the aggressive gapfill 
challenges presented by integrated circuit designs employ 
ing minimum feature sizes of 0.10 microns and less. 

BRIEF SUMMARY OF THE INVENTION 

Embodiments of the present invention pertain to a high 
density plasma CVD dep/etch/dep gapfill process that 
employs a multistep etching technique to widen the entry to 
the gap being filled after the first deposition Step. Embodi 
ments of the invention have Superior gapfill capabilities as 
compared to similar non-dep/etch/depHDP-CVD processes. 
One embodiment of the invention provides a method of 

depositing a dielectric film to fill a gap or trench formed 
between two adjacent raised features formed on the Sub 
Strate. The method includes depositing a first portion of the 
dielectric film using a high density plasma formed from a 
first gaseous mixture flown into the proceSS chamber to at 
least partially fill the gap. The film deposition process is then 
Stopped before or Shortly after the entry of the gap pinches 
off and the film is etched to widen entry to the gap using a 
multistep etching process that includes a first physical etch 
Step and a Subsequent chemical etch Step. The physical etch 
Step Sputter etches the first portion of film by forming a 
plasma from a Sputtering agent introduced into the process 
ing chamber and biasing the plasma towards the Substrate. 
After the physical etching Step, the film is chemically etched 
by forming a plasma from a reactive etchant gas introduced 
into the processing chamber. After the etching Sequence is 
complete and entry to the gap has been widened, a Second 
portion of the film is deposited over the first portion by 
forming a high density plasma from a Second gaseous 
mixture flown into the process chamber to further fill the 
gap. 

According to another embodiment, a method of deposit 
ing a Silica glass film on a Substrate having a trench formed 
between adjacent raised Surfaces of the Substrate is dis 
closed. The method comprises transferring the SubStrate into 
a Substrate processing chamber and depositing a first portion 
of the silica glass film over the Substrate and within the 
trench by forming a high density plasma process that has 
Simultaneous deposition and Sputtering components from a 
first deposition gas comprising a Silicon Source and an 
oxygen Source. Next, deposition of the Silica glass film is 
Stopped and a multistep etching process is begun. The first 
Step of the etching proceSS Sputter etches the first portion of 
the film by biasing a high density plasma formed from a 
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Sputtering agent introduced into the processing chamber 
towards the Substrate. The next Step chemically etches the 
first portion of the film with reactive species formed from an 
etchant gas. After the multistep etching Sequence, a Second 
portion of the Silica glass film is deposited over the Substrate 
and within the trench by forming a high density plasma 
process that has simultaneous deposition and Sputtering 
components from a Second deposition gas comprising a 
Silicon Source and an oxygen Source. 

These and other embodiments of the invention along with 
many of its advantages and features are described in more 
detail in conjunction with the text below and attached 
figures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a flowchart depicting the Steps associated with 
one embodiment of the present invention; 

FIGS. 2A-2E are simplified cross-sectional views of a 
substrate that illustrate the profile of film growth as the 
Substrate is processed according to the Steps depicted in FIG. 
1; 

FIG. 3A is a simplified, cross-sectional view of an exem 
plary Substrate processing System with which embodiments 
of the present invention may be used; 

FIG. 3B is a Simplified cross-sectional view of a gas ring 
that may be used in conjunction with the exemplary CVD 
processing chamber of FIG. 3A, and 

FIG. 4 is a flowchart depicting the Steps associated with 
another embodiment of the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

Embodiments of the invention pertain to a multistep high 
density plasma process for depositing dielectric material into 
high aspect ratio features. Embodiments of the invention 
permit the dielectric material to be deposited with Substan 
tially 100% gapfill at increased aspect ratioS as compared to 
Similar non-dep/etch/dep processes. For example, for gaps 
having a width of 0.13 microns substantially 100% gapfill is 
can be achieved by embodiments of the invention for aspect 
ratios of 6:1 and even higher. Embodiments of the invention 
are useful for a variety of different applications and are 
particularly useful for the fabrication of integrated circuits 
having minimum feature sizes of 0.13 microns or less. 

In Some embodiments of the invention, the dep/etch/dep 
proceSS is performed as a continuous process without the 
need for Separate plasma generation in each of the individual 
phases. The continuity of Such a proceSS results in increased 
proceSS uniformity acroSS a wafer. In particular, Such con 
tinuity results in the same gas distribution for the deposition 
gases and for the etchant gas during their respective phases. 
Thus, even if this distribution includes some degree of 
nonuniformity, the multiple phases of the process tend to 
compensate. In regions of a wafer where the deposition is 
greater than average, the degree of etching tends to Similarly 
be greater than average. Conversely, in regions of a wafer 
where the deposition is less than average, the degree of 
etching tends to Similarly be less than average. 

In order to better appreciate and understand the present 
invention, reference is made to FIG. 1, which is a flowchart 
depicting the StepS associated with one embodiment of the 
invention, and FIGS. 2A-2E, which are simplified cross 
sectional views of a substrate that illustrate the profile of film 
growth as the Substrate is processed according to the Steps 
depicted in FIG.1. The process discussed below with respect 
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4 
to FIGS. 1 and 2A-2E is for an undoped silica glass (USG) 
film that may be used, for example, in a shallow trench 
isolation (STI) application. It is to be understood, however, 
that the techniques of the present invention are applicable to 
other applications Such as intermetal dielectric (IMD) layers 
and premetal dielectric (PMD) among others. Also, the 
techniques of the present invention are applicable to the 
deposition of a variety of materials using HDP-CVD tech 
niques. These materials, the use of which is application 
dependent, include phosphorous Silica glass (PSG), boron 
doped silicate glass (BSG), borophosphosilicate glass 
(BPGS), carbon-doped silica glass (SiOC) and silicon 
Oxynitride among others. 
AS Shown in FIG. 1, the proceSS Starts by loading a 

Substrate into a Substrate processing chamber (step 10). 
Referring to FIG. 2A, the Substrate has one or more gaps 
formed between adjacent raised features. The raised features 
may be, for example, adjacent metal lines, transistor gates or 
other features. In FIGS. 2A-2E, however, the raised features 
represent areas of a Silicon Substrate 20 between trenches 
etched in the Substrate, Such as trenches in a shallow trench 
isolation (STI) structure. The STI structure shown in FIGS. 
2A-2E also includes silicon nitride portions 22 above the 
raised features and a Silicon oxide interface or glue layer 24 
between the Silicon nitride portions 22 and Silicon Substrate 
20. Also shown in FIGS. 2A-2E is an oxide liner layer 26, 
Such as an in Situ Steam generation (ISSG) oxide or other 
thermal oxide layer. In Some applications trench 15 has an 
aspect ratio of between about 6:1 to 8:1 and the formation of 
a highly conformal film such as oxide liner 26 in trench 15 
may increase the aspect ratio even further to, for example 
10:1 or higher. 
Once the Substrate is properly positioned, a high density 

plasma is formed from a deposition gas to deposit a first 
layer of Silica glass on the SubStrate using a deposition 
process that has simultaneous deposition and Sputtering 
components (FIG. 1, Step 12). The deposition gas includes a 
Silicon Source, Such as monosilane (SiH), an oxygen 
Source, Such as molecular oxygen (O), and optionally an 
inert gas, Such as helium (He) or argon (Ar). Referring to 
FIG. 2B, deposition of this first layer 28 results in a partial 
filling of gap 15. The profile of layer 28 within and outside 
of the gap will depend on the parameters used during 
deposition Step 12 as well as the length of time of Step 12. 

Generally, conventional silica glass HDP-CVD deposi 
tion techniques result in direct Silicon oxide deposition on 
the horizontal Surfaces of the Substrate, Such as Surface 21 
within gap 15 and Surfaces 23 above the raised portions of 
Substrate 20 that define the gap. The deposition proceSS also 
results in indirect deposition (often referred to as 
re-deposition) of silicon oxide on sidewalls 25 due to the 
recombination of material Sputtered from the Silicon oxide 
film as it grows. In certain Small-width, high-aspect-ratio 
applications where the techniques of the present invention 
are most beneficial, the continued growth of the Silicon 
oxide film results in formations 29 on the upper Section gap 
Sidewall that grow toward each other at a rate of growth 
exceeding the rate at which the film grows laterally on lower 
portions of the sidewall as shown in FIG. 2B. If deposition 
Step 12 continues long enough, the final result of this process 
is a void 32 that forms within the gap when the two opposing 
portions of formations 29 on the upper Sidewall contact each 
other. 

In Some embodiments of the invention, the deposition of 
layer 28 is stopped prior to or just after formations 29 
contact each other and a multi-step etching proceSS is 
performed that reduces the height of the layer 28 over the 

Page 9 of 15



US 6,802,944 B2 
S 

raised features and widens the entry 30 to gap 15. The 
multi-step etch process includes a first primarily anisotropic, 
physical etch step (step 14) and a Subsequent chemical etch 
Step that is primarily an isotropic etch (step 16). As shown 
in FIGS. 2C and 2D, which illustrate Substrate 20 after 
having undergone physical etch Step 14 and chemical etch 
Step 16, respectively, the etching process widens the entry to 
gap 15 thereby enabling a Subsequent deposition step (FIG. 
1, step 18) to deposit a second layer of material 34 over the 
Substrate to completely fill the gap in a void-free manner as 
shown in FIG. 2E. 

In Some embodiments layer 34 is deposited using Sub 
Stantially the same process as layer 28 in Step 12. In other 
embodiments, however, deposition parameters for layer 34 
are adjusted to optimize the deposition-to-etch ratio (dep/ 
etch ratio) for the aspect ratio of the remaining portion of 
gap 15 to be filled. In some embodiments the dep/etch ratio 
is between about 10–25:1 in each steps 12 and 18. When the 
deposition proceSS is completed, the plasma is extinguished 
and the Substrate is transferred out of the chamber. 

Depending on how aggressive the gapfill requirement is 
for a particular application, a Sequence of deposition/etch 
StepS may be repeated multiple times before a final deposi 
tion Step. Such a sequence of repeated etch Steps may 
include repeating the multistep etch process of StepS 14 and 
16 between Subsequent deposition processes or may employ 
a single one of StepS 14 and 16 or a combined etch Step that 
includes both physical and chemical etch components in a 
Single Step. Also, passivation Step 17 may be repeated after 
each etch Sequence and before the next deposition Sequence 
if desired. 

In one embodiment the transition to the etching Step 14 is 
effected by stopping the flow of the Silicon Source gas, 
adjusting other gas flows as discussed further below and 
increasing the RF bias power applied to the SubStrate while 
maintaining the plasma from the deposition Step. Similarly, 
transitions to other Steps also maintain a plasma in the 
chamber while varying gas flows, chamber preSSure, RF 
power levels and other parameters. Embodiments that main 
tain a plasma while transitioning to Subsequent Steps are 
performed in an in Situ in a single chamber. In other 
embodiments, however, the plasma is extinguished between 
each Step, gas flows and other parameters are adjusted in 
preparation for the next step and a plasma is reformed. Such 
embodiments can be in Situ processes performed in a single 
chamber or in different chambers of a multi-chamber main 
frame System or eX situ processes performed in different 
chambers. In Some embodiments, in Situ processes are 
preferred for throughput and performance reasons. 

Referring to FIG. 2C, the Sputtering component of etch 
Step 14 etches corners of the Structure, Such as film peaks 31 
and formations 29, at a faster rate than flat Surfaces are 
etched. Thus, etch step 14 reduces the height of layer 28 over 
the raised Surfaces without significantly etching the bottom 
of the partially filled trench 15. Thus, comparing the height 
of these figures in FIG. 2B to those in FIG. 2C, X-X is 
greater than X-X. In Some embodiments, X-X is at least 
two and a half times X-X. In other embodiments X-X is 
at least five times X-X and in Still other embodiments X-X 
is at least ten times X-X. For example, in some embodi 
ments X-X=1000-1500 A while X-X=0-400 A. Also, in 
Some embodiments etching at the corners occurs at a rate 
between 3-6 times faster than etching on the flat Surfaces in 
step 14. Etch step 14 also opens the entry to gap 30 a little 
bit. Etch Step 16 then uses primarily isotropic etching 
techniques to open the entry to gap 30 further. 

The Sputter etching of Step 14 can be achieved by accel 
erating ions towards the Substrate during the etching proceSS 
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6 
as is known to those of skill in the art. In Some embodiments, 
Sputtering is performed by biasing the Substrate and intro 
ducing one or more Sputtering agents Such as argon, helium 
and/or oxygen. Other embodiments use other known Sput 
tering agents Such as neon, Xenon or Similar gases. A 
combination of oxygen and argon or another inert gas is used 
in one particular embodiment. In this embodiment, the 
addition of oxygen provides an additional Sputtering com 
ponent and also helps improve center-to-edge uniformity of 
the process. It is desirable to Strictly control the Sputtering 
process of etch step 14 so that corners 33 of the underlying 
features are not clipped off. 

In Some embodiments physical etch Step 14 employs a 
very low pressure of, for example, between 1.0 and 4.0 
mTorr, in order to reduce collisions between ions and 
increase their means free path thereby increasing the aniso 
tropic nature of the etch process. Also, while the predomi 
nant etching mechanism in Step 14 is vertical, anisotropic 
Sputter etching, a relatively Small isotropic component may 
be incorporated into Step 14 to prevent Sputter material from 
redepositing on Sidewall 25 thus narrowing the trench pro 
file. To achieve this effect, Some embodiments add a flow of 
between about 10-100 sccm of nitrogen trifluoride (NF) or 
a similar etchant. 

In contrast to Step 14, etch Step 16 is primarily an isotropic 
etch Step that etches layer 28 equally, or almost equally, in 
all directions. To this end, etch Step 16 employs a signifi 
cantly higher flow of a reactive etchant than the reactive 
etchant flow used in step 14. In some embodiments, the 
reactive etchant flow in step 16 is at least 300 percent higher 
than in step 14 while in other embodiments it is at least 500 
percent higher. In Some Specific embodiments, the reactive 
etchant, for example NF, is flowed into the chamber at a 
rate of between 300-600 sccm NF. The invention is not 
limited to this particular etchant, however, and contemplates 
using any etchant known to etch Silica glass in either Step 14 
or step 16. 

In Some embodiments, a flow of oxygen is also added to 
Step 16 in order to dilute the etchant gas and provide a more 
controllable etch rate. The relatively high volume of gas 
flowed into the chamber during etch step 16 results in a 
considerably higher pressure than the pressure employed in 
Step 14. In Some embodiments, chamber pressure is between 
about 25-100 mTorr in step 16. 
The combination of separate etch steps 14 and 16 allows 

gaps having a particularly aggressive gapfill requirements to 
be completely filled in situations where a single etch Step 
does not. For example, the inventors have found that in Some 
Situations a single, primarily physical etch Step cannot widen 
the entry to gap 30 sufficiently for the gap to be filled in a 
Subsequent deposition Step without forming a void. 
Similarly, while a single, primarily chemical or purely etch 
Step opens the entry to gap 30 relatively quickly, it also 
etches the bottom of the trench at essentially or approxi 
mately the Same rate as other Surfaces. Thus, in a pure 
chemical etch X-X=X-X and in a primarily chemical etch 
X-X-sX-X. Also, the inventors have found that the mul 
tistep etch approach of the present invention to be Superior 
to a Single etch Step that combines both physical and 
chemical etch components because including a Sufficiently 
high flow rate of reactive etchant gas in Such a Single Step 
process to adequately open gap 30, results in the bottom of 
the partially filled trench being etched too quickly because 
of the directionality imparted into the process due to the bias 
power component associated with a physical etch. 

In embodiments where deposition Step 12 is stopped 
shortly after formations 29 of film 28 contact each other 
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forming a void within gap 15, etch StepS 14 and 16 reopen 
the gap to expose the temporarily formed Void while wid 
ening the entry to the gap. In embodiments where deposition 
Step 12 is stopped prior to formations 29 forming a Void, etch 
StepS 14 and 16 widen the gap entry. 

In Some embodiments, the Surface of the etched film is 
passivated (FIG. 1, Step 17) prior to depositing a second 
portion of the gapfill material in order to remove fluorine or 
other halogen atoms that may be incorporated in the film due 
to the etching Steps. In one embodiment the Surface of the 
film is passivated by exposing the Substrate to a passivation 
gas that is Selected to chemically react with Surface of the 
film to remove any fluorine or other halogen atoms. Suitable 
passivating gases include molecular oxygen (O), OZone 
(O), nitrous oxide (N2O) and molecular nitrogen (N) in 
combination with any of the preceding. Further details of 
techniques that can be used to passivate layer 28 after an 
etchant Step are discussed in U.S. application Ser. No. 
10/138,189, filed May 3, 2002, entitled “HDP-CVD DEP/ 
ETCH/DEP PROCESS FOR IMPROVED DEPOSITION 
INTO HIGH ASPECT RATIO FEATURES,” and having 
Dongqing Li, et al. listed as coinventors which is hereby 
incorporated by reference in its entirety. 

Embodiments of the present invention can be imple 
mented using a variety of high density plasma CVD Sub 
Strate processing chambers including chambers in which a 
plasma is formed by the application of RF energy to a coil 
that at least partially Surrounds a portion of the chamber and 
chambers that use ECR plasma formation techniques. An 
example of an inductively-coupled HDP-CVD chamber in 
which embodiments of the method of the present invention 
can be practiced is Set forth below. 

FIG. 3A illustrates one embodiment of a high density 
plasma chemical vapor deposition (HDP-CVD) system 110 
in which a gapfill dielectric layer according to the present 
invention can be deposited. System 110 includes a chamber 
113, a substrate support 118, a gas delivery system 133, a 
remote plasma cleaning system 150, a vacuum system 170, 
a source plasma system 180A, a bias plasma system 180B. 
The upper portion of chamber 113 includes a dome 114, 

which is made of a ceramic dielectric material, Such as 
aluminum oxide or aluminum nitride. Dome 114 defines an 
upper boundary of a plasma processing region 116. Plasma 
processing region 116 is bounded on the bottom by the upper 
surface of a substrate 117 and a substrate support 118, which 
is also made from an aluminum oxide or aluminum ceramic 
material. 

Aheater plate 123 and a cold plate 124 Surmount, and are 
thermally coupled to, dome 114. Heater plate 123 and cold 
plate 124 allow control of the dome temperature to within 
about +10° C. over a range of about 100° C. to 200° C. 
Generally, exposure to the plasma heats a Substrate posi 
tioned on Substrate support 118. Substrate support 118 
includes inner and outer passages (not shown) that can 
deliver a heat transfer gas (sometimes referred to as a 
backside cooling gas) to the backside of the Substrate. 

The lower portion of chamber 113 includes a body 
member 122, which joins the chamber to the vacuum 
system. A base portion 121 of substrate support 118 is 
mounted on, and forms a continuous inner Surface with, 
body member 122. Substrates are transferred into and out of 
chamber 113 by a robot blade (not shown) through an 
insertion/removal opening (not shown) in the side of cham 
ber 113. Lift pins (not shown) are raised and then lowered 
under the control of a motor (also not shown) to move the 
Substrate from the robot blade at an upper loading position 
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157 to a lower processing position 156 in which the substrate 
is placed on a Substrate receiving portion 119 of Substrate 
support 118. Substrate receiving portion 119 includes an 
electrostatic chuck 120 that can be used to secure the 
Substrate to SubStrate Support 118 during Substrate proceSS 
ing. 
Vacuum system 170 includes throttle body 125, which 

houses twin-blade throttle valve 126 and is attached to gate 
valve 127 and turbo-molecular pump 128. Gate valve 127 
can isolate pump 128 from throttle body 125, and can also 
control chamber pressure by restricting the exhaust flow 
capacity when throttle Valve 126 is fully open. The arrange 
ment of the throttle valve, gate valve, and turbo-molecular 
pump allow accurate and Stable control of chamber pres 
Sures as low as about 1 mTorr. 

Source plasma system 180A is coupled to a top coil 129 
and side coil 130, mounted on dome 114. A symmetrical 
ground shield (not shown) reduces electrical coupling 
between the coils. Top coil 129 is powered by top source RF 
(SRF) generator 131A, whereas side coil 130 is powered by 
side SRF generator 131B, allowing independent power 
levels and frequencies of operation for each coil. In a 
specific embodiment, the top source RF generator 131A 
provides up to 2,500 watts of RF power at nominally 2 MHz 
and the side source RF generator 131B provides up to 5,000 
watts of RF power at nominally 2 MHz. The operating 
frequencies of the top and Side RF generators may be offset 
from the nominal operating frequency (e.g. to 1.7–1.9 MHz 
and 1.9-2.1 MHz, respectively) to improve plasma 
generation efficiency. 
A bias plasma system 180B includes a bias RF (BRF) 

generator 131C and a bias matching network 132C. The bias 
plasma system 180B capacitively couples substrate portion 
117 to body member 122, which act as complimentary 
electrodes. The bias plasma system 180B serves to enhance 
the transport of plasma species (e.g., ions) created by the 
Source plasma system 180A to the surface of the Substrate. 
In a specific embodiment, bias RF generator provides up to 
5,000 watts of RF power at 13.56 MHz. 
RF generators 131A and 131B include digitally controlled 

Synthesizers and operate over a frequency range between 
about 1.8 to about 2.1 MHz. Each generator includes an RF 
control circuit (not shown) that measures reflected power 
from the chamber and coil back to the generator and adjusts 
the frequency of operation to obtain the lowest reflected 
power, as understood by a perSon of ordinary skill in the art. 
Matching networks 132A and 132B match the output imped 
ance of generators 131A and 131B with their respective coils 
129 and 130. The RF control circuit may tune both matching 
networks by changing the value of capacitors within the 
matching networks to match the generator to the load as the 
load changes. The RF control circuit may tune a matching 
network when the power reflected from the load back to the 
generator exceeds a certain limit. One way to provide a 
constant match, and effectively disable the RF control circuit 
from tuning the matching network, is to Set the reflected 
power limit above any expected value of reflected power. 
This may help Stabilize a plasma under Some conditions by 
holding the matching network constant at its most recent 
condition. 

A gas delivery System 133 provides gases from Several 
sources 134A... 134E via gas delivery lines 138 (only some 
of which are shown). In the particular example illustrated 
below, gas Sources 134A. . . 134E include Separate Sources 
for SiH, O, Ar and NF as well as one or more sources for 
the extended cleaning process. AS would be understood by 
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a perSon of Skill in the art, the actual Sources used for Sources 
134A. . . 134E and the actual connection of delivery lines 
138 to chamber 113 varies depending on the deposition and 
cleaning processes executed within chamber 113. Gas flow 
from each source 134A . . . 134E is controlled by one or 
more mass flow controllers 135A . . . 135E and 135A . . . 
135Das is known to those of skill in the art. 

Gases are introduced into chamber 113 through a gas ring 
137 and/or a top nozzle 145. FIG. 3B is a simplified, partial 
cross-sectional view of chamber 113 showing additional 
details of gas ring 137. In Some embodiments, one or more 
gas Sources provide gas to ring plenum 136 in gas ring 137 
via gas delivery lines 138 (only some of which are shown). 
Gas ring 137 has a plurality of gas nozzles 139 (only one of 
which is shown for purposes of illustration) that provides a 
uniform flow of gas over the Substrate. Nozzle length and 
nozzle angle may be changed to allow tailoring of the 
uniformity profile and gas utilization efficiency for a par 
ticular process within an individual chamber. In one specific 
embodiment, gas ring 137 has 124 gas nozzles 139 made 
from an aluminum oxide ceramic. 

Gas ring 137 also has a plurality of gas nozzles 140 (only 
one of which is shown), which in a specific embodiment are 
co-planar with and shorter than Source gas nozzles 139, and 
in one embodiment receive gas from body plenum 141. Gas 
nozzles 139 and 140 are not fluidly coupled in some embodi 
ments where it is desirable to not mix gases (e.g., SiH and 
O) introduced through gas ring 137 before injecting the 
gases into chamber 113. In other embodiments, gases may 
be mixed prior to injecting the gases into chamber 113 by 
providing apertures (not shown) between body plenum 141 
and gas ring plenum 136. Additional valves, such as 143B 
(other valves not shown), may shut off gas from the flow 
controllers to the chamber. 

In embodiments where flammable, toxic, or corrosive 
gases are used, it may be desirable to eliminate gas remain 
ing in the gas delivery lines after a deposition or cleaning 
process. This may be accomplished using a 3-way valve, 
such as valve 143B, to isolate chamber 113 from a delivery 
line 138 and to vent delivery line 138 to vacuum foreline 
144, for example. As shown in FIG. 3A, other similar valves, 
such as 143A and 143C, may be incorporated on other gas 
delivery lines. Such 3-way valves may be placed as close to 
chamber 113 and remote plasma source 150 as practical, to 
minimize the Volume of the unvented gas delivery line 
(between the 3-way valve and the chamber). Additionally, 
two-way (on-off) valves (not shown) may be placed between 
a mass flow controller (“MFC) and the chamber or between 
a gas Source and an MFC. 

Referring again to FIG. 3A, chamber 113 also has top 
nozzle 145 and top vent 146. Top nozzle 145 and top vent 
146 allow independent control of top and side flows of the 
gases, which improves film uniformity and allows fine 
adjustment of the film's deposition and doping parameters. 
Top vent 146 is an annular opening around top nozzle 145. 
In one embodiment, one Source, e.g., SiH, Supplies Source 
gas nozzles 139 and top nozzle 145 through separate MFCs 
(not shown). Similarly, separate MFCs may be used to 
control the flow of oxygen to both top vent 146 and gas 
nozzles 140 from a Single Source of oxygen. The gases 
supplied to top nozzle 145 and top vent 146 may be kept 
Separate prior to flowing the gases into chamber 113, or the 
gases may be mixed in top plenum 148 before they flow into 
chamber 113. In other embodiments, separate sources of the 
Same gas may be used to Supply various portions of the 
chamber. 
A remote plasma cleaning System 150, Such as a micro 

wave plasma Source or torodial plasma Source, is provided 
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10 
to periodically clean deposition residues from chamber 
components in a dry cleaning operation. The cleaning Sys 
tem includes a remote plasma generator 151 that creates a 
plasma from one or more cleaning gas Source in Sources 
134A... 134E (e.g., molecular fluorine, nitrogen trifluoride, 
other fluorocarbons or equivalents alone or in combination 
with another gas Such as Argon) in reactor cavity 153. The 
reactive Species resulting from this plasma are conveyed to 
chamber 113 through cleaning gas feed port 154 via appli 
cator tube 155. The materials used to contain the cleaning 
plasma (e.g., cavity 153 and applicator tube 155) must be 
resistant to attack by the plasma. The distance between 
reactor cavity 153 and feed port 154 should be kept as short 
as practical, Since the concentration of desirable plasma 
species may decline with distance from reactor cavity 153. 
Generating the cleaning plasma in a remote cavity does not 
Subject chamber components to the temperature, radiation, 
or bombardment of the glow discharge that may be present 
in a plasma formed in situ. Consequently, relatively Sensitive 
components, Such as electrostatic chuck 120, do not need to 
be covered with a dummy wafer or otherwise protected, as 
may be required with an in Situ plasma cleaning process. 

System controller 160 controls the operation of system 
110. Controller 160 may include, for example, a memory 
162, Such as a hard disk drive and/or a floppy disk drive and 
a card rack coupled to a processor 161. The card rack may 
contain a single-board computer (SBC), analog and digital 
input/output boards, interface boards and Stepper motor 
controller boards. System controller 160 operates under the 
control of a computer program Stored on the hard disk drive 
or through other computer programs, Such as programs 
Stored on a removable disk. The computer program dictates, 
for example, the timing, mixture of gases, RF power levels 
and other parameters of a particular process. 

FIG. 4 is a flowchart depicting the Steps associated with 
deposition of a Silica glass film according to one specific 
embodiment of the present invention implemented in the 
exemplary chamber described with respect to FIGS. 3A-3B. 
The process depicted in FIG. 4 begins by transferring a 
substrate into substrate processing chamber 113 (step 40). 
Next, argon is flowed into the chamber with the throttle 
Valve 126 in a closed position in order to pressurize the 
chamber in preparation for Striking a plasma (Step 42). Once 
the preSSure has reached a Sufficient level, a plasma is 
formed by applying RF power to top coil 129 (step 44), the 
throttle valve is partially opened and RF power is applied to 
side coil 130 (step 46). 
A flow of oxygen gas is then added to the argon flow and 

the throttle valve is fully opened so that chamber pressure is 
Set entirely by the rate at which gases are introduced into the 
chamber (step 48). Next, the plasma is maintained with 
flows of oxygen and argon in order to heat the Substrate prior 
to initiating deposition of the Silica glass layer (step 50). In 
Some embodiments, heating Step 50 heats the Substrate to a 
temperature of at least 400 C. and, in some other 
embodiments, above 500 C. Typically heating step 50 uses 
source RF power only (no bias RF power) in order to ensure 
the underlying Substrate features are not Sputtered. Also, in 
Some embodiments the Substrate is not chucked to Substrate 
support 113 during heating step 50. 
Once the Substrate reaches a Sufficient temperature, the 

substrate is chucked to substrate support 118 and a flow of 
Silane is added to the oxygen and argon flows to initiate the 
Silica glass deposition process (step 52). The argon flow is 
then Stopped, the flow rates of the Silane and oxygen are 
increased to levels optimized for gapfill capabilities during 
the deposition of the first portion 28 of the silica glass film 
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and bias power is applied to the pedestal (step 54). Some 
embodiments of the invention exclude a flow of argon from 
the deposition gas during Step 52 in order to minimize 
Sidewall redeposition that results in closing of the gap as 
discussed above with respect to FIG. 2B. Other embodi 
ments of the invention add a flow of hydrogen and/or helium 
to the proceSS gas in order to further improve gapfill capa 
bilities as described in U.S. patent application Ser. No. 
09/854,406, filed May 11, 2001, entitled “Hydrogen 
Assisted Undoped Silicon Oxide Deposition Process For 
HDP-CVD,” having Zhengquan Tan et al. listed as coinven 
tors; and U.S. patent application Ser. No. 10/137,132, filed 
Apr. 30, 2002, entitled “Method for High Aspect Ratio HDP 
CVD Gapfill,” having Zhong Qiang Hua et al. listed as 
coinventors and are incorporated herein by reference in their 
entirety. 

Deposition of first portion 28 of the silica glass layer is 
Stopped after a predetermined time by Stopping the flow of 
the silane source and switching the bias power OFF (step 
56). Oxygen flow is increased slightly in step 56 in order to 
compensate for the Stoppage of the Silane Source and prevent 
the plasma from being extinguished. In Some embodiments 
the substrate temperature reaches levels above 550 C. 
during the deposition of the Silica glass layer. Accordingly, 
Some embodiments maintain an unbiased, oxygen only 
plasma during step 56 for between 5-20 seconds in order to 
allow the temperature of the Substrate to cool to a tempera 
ture less than 550° C. and preferably between 350 and 500 
C. Allowing the Substrate to cool between deposition and 
etch steps enables layer 28 to be etched in a more control 
lable fashion. 

Next, the RF bias power is switched back ON and flows 
of argon and NF are introduced along with the oxygen to 
initiate the first physical etch Step of the multistep etch 
process according to the invention (step 58). AS explained 
above, a relatively small flow of NF is added to the process 
in order to prevent material Sputtered away by oxygen and 
argon ions from redepositing on the Sidewalls of the trench. 
Also, the addition of oxygen to the process improves etch 
uniformity as well as providing additional Sputtering. 

After the completion of physical etch step 58, the flow of 
argon is stopped, bias power is turned OFF and the flow of 
NF is increased as part of a chemical etch step (Step 60). 
Chamber pressure is also increased during the chemical etch 
step to enable a higher etch rate. While the inclusion of 
oxygen along with the reactive etchant gas in Step 60 is 
optional, it provides a number of advantages including 
reducing the etch rate of the process to a more controllable 
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rate, reducing the number of particles generated during the 
etch process and Subsequent deposition proceSS and also 
improving the uniformity of the etch process So that fewer 
Silicon-rich pockets (etch defects) are formed on the Surface 
of the etched Substrate. Some embodiments of the invention 
introduce a hydrogen Source, Such as H, into the etchant gas 
in step 60 in order to improve the etch selectivity of the 
process to Silicon nitride and/or Silicon. 
As described above with respect to FIG. 1 and FIGS. 2B 

through 2D, etch steps 58 and 60 widen the entry 30 to gap 
15 while reducing the height of material deposited over the 
Surfaces Surrounding the gap thereby enabling the gap to be 
filled in one or more Subsequent deposition Steps. 
The embodiment shown in FIG. 4 transitions from etch 

Step 60 to a Subsequent deposition Step by increasing the RF 
power levels applied to top and side coils 129 and 130, 
respectively, and reducing the flow rates of NF and oxygen. 
Then, the flow of NF is stopped altogether and RF bias 
power is applied to bombard the surface of the substrate with 
an oxygen-only plasma (step 62) to reduce the amount of 
fluorine incorporated into the gapfill layer at the interface of 
the layers formed before and after the etch step as well as to 
reduce the number of Silicon-rich pockets formed. 

After the passivation Step is completed, RF power levels 
for the top and Side coils as well are increased, the bias 
power level is increased, the flow rate of oxygen is reduced 
and Silane and argon are introduced into the chamber to 
deposit top portion 34 of the Silica glass layer over the 
substrate (step 64). After top portion 34 is deposited, the 
flows of Silane and argon are stopped, the chamber is purged, 
the plasma is extinguished and the Substrate is dechucked 
(step 66) prior to transferring the substrate out of the 
chamber altogether (step 68). 

Depending on the height of gap to be filled as well as the 
width of the gap and its profile (e.g., whether or not it has 
a reentrant profile), additional etch and deposition sequences 
similar to the step 58, 60 and 64 sequence may be repeated 
one or more times as necessary prior to depositing the top 
portion 34 of the Silica glass layer. 

Table 1 below lists the proceSS parameters according to an 
embodiment of the present invention implemented in the 
Ultima HDP-CVD chamber manufactured for Applied 
Materials and outfitted for 200 mm substrates. The gas flow 
rates and other parameters set forth in Table 1 below are 
optimized for a deposition proceSS run in the Ultima cham 
ber. A perSon of ordinary skill in the art will recognize that 
these rates and parameters are in part chamber Specific and 
will vary if chambers of other design and/or volume are 
employed. 

TABLE 1. 

EXEMPLARYRANGES FOR PROCESS PARAMETERS 

Dep 1 Physical Etch Chemical Etch Dep 2 
Parameter (Step 54) (Step 58) (Step 60) (Step 64) 

Top RF Power 3000-5100 W 500-5000 W SOO-2OOOW 3OOO-5100 W 
(1.8 MHz) 

Side RF Power 3OOO-4800 W 1500-5000 W SOO-2OOOW 3OOO-4800 W 

(2.1 MHz) 
Bias RF Power 600-4OOOW 100-3OOOW OW 600-4000 W 

(13.56 MHz) 
SiH. Flow 20-160 sccm 20-160 sccm 
O, Flow (1.4-2.2) x 0-400 sccm 100-400 sccm (1.4-2.2) x 

SiH. Flow SiH flow 
Air Flow 0-160 sccm 50-160 sccm 0-20 sccm 0-160 sccm 
NF, Flow 10-150 sccm 300-600 sccm 
Pressure 1.5-6.0 mTorr 1.0–4.0 mTorr 25-100 mTorr 1.5-6.0 mTorr 
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Having fully described several embodiments of the 
present invention, many other equivalents or alternative 
embodiments of the present invention will be apparent to 
those skilled in the art. For example, while the invention 
described with respect to an undoped Silicate glass layer, the 
invention can also be used to improve the gapfill capabilities 
of phosphosilicate glass (PSG), boron-doped silicate glass 
(BSG), boron phosphosilicate glass (BPGS) layers and 
fluorine-doped silicon glass (FSG) as well as other types of 
materials by adding an appropriate dopant gas Such as PH 
for PSG, BH for BSG or SiF for FSG in one or more of 
the film deposition Steps. Also, in other embodiments, an 
oxygen Source Such as NO or CO2 can be used instead of 
O and a silicon Source other than monosilane may be used. 
Examples of Suitable Silicon Sources include other Silane 
family members such as, SiH, Si-Hs, etc.; TEOS or SiF 
among others. 

In still other embodiments, chemical etch step 16 can be 
performed by introducing remotely dissociated etchant 
atoms into the chamber. For example, in one embodiment, a 
fluorine etchant gas can be flowed into remote plasma 
system 150 and remotely dissociated fluorine atoms formed 
within system 150 can be transported to the HDP-CVD 
chamber to perform etch step 16. Also, while some embodi 
ments of the invention switch bias power off during step 16, 
other embodiments may contemplate applying a relatively 
Small amount of bias power (e.g., 25 percent or less of the 
bias power applied in Step 14) to the Substrate during the 
chemical etch Step. AS Such, the above description is illus 
trative and not restrictive. These equivalents and/or alterna 
tives are intended to be included within the scope of the 
present invention. 
What is claimed is: 
1. A method of depositing a film on a Substrate disposed 

in a Substrate processing chamber, the method comprising: 
depositing a first portion of the film over the substrate by 

forming a high density plasma from a first gaseous 
mixture flown into the proceSS chamber; 

thereafter, Sputter etching part of the deposited first por 
tion of the film by forming a plasma from a Sputtering 
agent introduced into the processing chamber and bias 
ing the plasma towards the Substrate; 

thereafter, chemically etching part of the deposited first 
portion of the film by forming a plasma from a reactive 
etchant gas introduced into the processing chamber; 
and 

thereafter, depositing a Second portion of the film Over the 
first portion by forming a high density plasma from a 
Second gaseous mixture flown into the process cham 
ber. 

2. The method of claim 1 wherein the bias power is 
Switched OFF during the chemical etching step. 

3. The method of claim 1 wherein the first and second 
gaseous mixtures are Silica glass deposition gases. 

4. The method of claim 3 wherein the first and second 
gaseous mixtures each comprise Silane and oxygen. 

5. The method of claim 1 wherein the sputter etching 
includes a flow of a reactive etchant gas that is less than a 
flow of the reactive etchant gas in the chemical etch. 

6. The method of claim 5 wherein the reactive etchant 
flowed into the chamber in the sputter etch and chemical 
etch is the same gas and wherein the flow rate of the reactive 
etchant is at least 300 percent higher in the chemical etch 
than in the Sputter etch. 

7. The method of claim 6 wherein the flow rate of the 
reactive etchant is at least 500 percent higher in the chemical 
etch than in the Sputter etch. 
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8. The method of claim 6 wherein the reactive etchant is 

a fluorine-containing gas. 
9. The method of claim 6 wherein the sputter etch and 

chemical etch each include a flow of an oxygen-containing 
gaS. 

10. A method of depositing a Silica glass film on a 
Substrate disposed in a Substrate processing chamber, the 
Substrate having a trench formed between adjacent raised 
Surfaces, the method comprising, in order: 

depositing a first portion of the Silica glass film over the 
Substrate and within the trench by forming a high 
density plasma process that has simultaneous deposi 
tion and Sputtering components from a first deposition 
gas comprising a Silicon Source and an OXygen Source; 

Stopping deposition of the Silica glass film and Sputter 
etching the first portion of the film by biasing a high 
density plasma formed from a Sputtering agent intro 
duced into the processing chamber towards the Sub 
Strate, 

thereafter, chemically etching the first portion of the film 
with reactive Species formed from an etchant gas, and 

thereafter, depositing a Second portion of the Silica glass 
film over the Substrate and within the trench by forming 
a high density plasma process that has simultaneous 
deposition and Sputtering components from a Second 
deposition gas comprising a Silicon Source and an 
OXygen Source. 

11. The method of claim 10 wherein the high density 
plasma is continuously maintained between depositing a first 
position of the Silica glass film and the Sputter etching. 

12. The method of claim 11 wherein the reactive species 
in the chemically etching the first portion of the film are 
dissociated remotely from a fluorine etchant gas and trans 
ported into the chamber. 

13. The method of claim 11 wherein the reactive species 
in the chemically etching the first portion of the film are 
generated within the chamber by a high density plasma. 

14. The method of claim 13 wherein the high density 
plasma is continuously maintained between depositing a first 
portion of the Silica glass film and depositing a Second 
portion of the Silica glass film. 

15. The method of claim 14 wherein the reactive etchant 
flowed into the chamber in the sputter etch and chemical 
etch is the same gas and wherein the flow rate of the reactive 
etchant is at least 300 percent higher in the chemical etch 
than in the Sputter etch. 

16. The method of claim 15 wherein the Sputter etch and 
chemical etch each include a flow of an oxygen-containing 
gaS. 

17. The method of claim 16 further comprising, after 
chemically etching the first portion of the film, exposing the 
first portion of the film to a passivation gas consisting of an 
oxygen Source with or without an inert gas. 

18. The method of claim 16 wherein the trench is part of 
a shallow trench isolation Structure formed on a Silicon 
Substrate. 

19. The method of claim 16 wherein the silicon Source in 
the first and Second deposition gases comprises monosilane 
(SiH). 

20. The method of claim 19 wherein the oxygen source in 
the first and Second deposition gases comprises molecular 
oxygen (O2). 

21. The method of claim 20 wherein the first and second 
deposition gases each further comprise an inert gas as a 
Sputtering component. 

22. The method of claim 16 wherein the plasma is not 
biased towards the substrate while chemically etching the 
first portion of the film. 
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23. The method of claim 10 wherein the sputter etching 
etches at least two and a half times more of the Silica glass 
film over the raised Surfaces than at a bottom of the trench. 

24. The method of claim 10 wherein the sputter etching 
etches at least five times more of the Silica glass film Over the 
raised Surfaces than at a bottom of the trench. 

25. The method of claim 10 wherein the sputter etching 
etches at least ten times more of the Silica glass film Over the 
raised Surfaces than at a bottom of the trench. 

26. A method of depositing a Silica glass film on a 
Substrate disposed in a SubStrate processing chamber, the 
Substrate having a trench formed between adjacent raised 
Surfaces, the method comprising: 

forming a high density plasma within the Substrate pro 
cessing chamber to heat the Substrate to a temperature 
of at least 400 C. prior to depositing the Silica glass 
film on the Substrate; 

maintaining the high density plasma while (i) flowing a 
first process gas comprising a Silicon Source and an 
oxygen Source into the processing chamber to deposit 
a first portion of the Silica glass film over the Substrate 
and in the trench using a deposition process that has 
Simultaneous deposition and Sputtering components, 
(ii) flowing a Sputtering gas comprising an inert gas, an 
oxygen Source and a fluorine etchant into the proceSS 
chamber while biasing the plasma towards the Substrate 
to Sputter etch the first portion of the Silica glass film; 
(iii) Switching off bias power that biases the plasma 
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towards the Substrate and flowing a fluorine etchant and 
Oxygen Source into the chamber in order to chemically 
etch the first portion of the Silica glass film, wherein a 
flow rate of the fluorine etchant is at least 300 percent 
higher than a flow rate of the fluorine etchant in the 
Sputter etch; and (iv) flowing a second process gas 
comprising a Silicon Source and an oxygen Source into 
the processing chamber to deposit a Second portion of 
the Silica glass film over the first portion using a 
deposition process that has simultaneous deposition 
and Sputtering components. 

27. The method of claim 26 wherein the sputter etch and 
chemical etch each include a flow of an oxygen-containing 
gaS. 

28. The method of claim 27 wherein the trench is part of 
a shallow trench isolation Structure formed on a Silicon 
Substrate. 

29. The method of claim 26 wherein the sputter etching 
etches at least two and a half times more of the Silica glass 
film over the raised Surfaces than at a bottom of the trench. 

30. The method of claim 26 wherein the sputter etching 
etches at least five times more of the Silica glass film over the 
raised Surfaces than at a bottom of the trench. 

31. The method of claim 26 wherein the sputter etching 
etches at least ten times more of the Silica glass film over the 
raised Surfaces than at a bottom of the trench. 
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