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ANISOTROP~C NITRIDE ETCH PROCESS WITH HIGH SELEC7IVITY TO 
OXIDE AND PHOTORESIST LAYERS IN A DAMASCENE ETCE SCHEME 

FIELD OF THE INVENTION 

The present invention relates to patterning lines 
in a silicon nitride layer formed on a semiconductor wafer 
or on another multilayer structure. 

BACKGROUND OF THE INVENTION 

In semiconductor fabrication, it is ofte~ 
desirable to anisotropically etch thick· dielectric films 
with high aspect ratio features (e.g., 4:1 or greater) 
without excessive erosion of an accompanying photoresist and 
with a high selectivity to oxide layers (e.g., silicon 
oxide) . In many applications, the profile of the patterned 
nitride must be vertical. Current state-of-the-art nitride 
etch processes do not achieve etch profiles which are 
sufficiently vertical or etch processes which have' 
sufficient selectivity to oxide. 

As an example of such an application, formation of 
device gates by a damascene etch process requires that a 
nitride material be etched vertically to a thin thermal 
oxide material underneath the nitride. The stop layer of 
thermal oxide material is removed, and an even thinner gate 

~ oxide is grown in its place. The thickness of the stop 
layer is constrained by the ability to ·remove it without 
significant undercut, whereas the thickness of the grown 
gate oxide is determined by the device performance 
characteristics. A gate conductor is then deposited and 
polished down to the nitride. 
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In a standard gate etch process, a hard mask is 
needed to ensure adequate and controllable selectivity to 
the thin stop layer of thermal oxide material. Patterning 
of the hard mask with resist in place is the primary 
contributor to nested and isolated line variation. More 
particularly, Figs. lA and lB show a standard (i.e., non­
damascene) gate etch process of a multilayer structure 10. 
Structure 10 includes conductive gate stack 12, silicon ·· 
nitride hard mask 14, nested lines 16a of a photoresist 
layer, and an isolated line 16b of the photoresist layer. 
After th.e photoresist layer is deposited on top of silicon 
nitride hard mask layer 14, the hard mask layer is etched to 
form a pattern in the hard mask layer corresponding to the 
pattern of the photoresist layer. The photoresist is 
subsequently stripped, leaving the patterned silicon nitride 
hard mask layer 14 shown in Fig. lB. As can be seen from 
Fig. lB, the portion of silicon nitride hard mask layer 14 
which was under isolated lines 16b is eroded laterally 
during the mask etch process, .and the silicon nitride. hard 
mask layer displays significant across-chip line width 
variation (ACLV) . 

The difference in photoresist loading in the local 
region of the nested and isolated lines is the major 
contributing factor which causes the nested-to-isolated etch 
bias. For example, nearly 100% of the area near isolated 
line 16b is open (i.e., free o~ photoresist); in contrast, 
only about 50% of the area near nested lines 16a is open. 
The plasma chemistry is chosen to be reactive with silicon 
nitride, and the local concentration of reactive species 
(e.g., ions, radicals, and polymer precursors) in the 
etchant g~s will be depleted in the vicinity of isolated 

line 16b due to the relatively high loc"al loading of silicon 
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nitride. The large area of nitride surrounding isolated 
line 16b acts as a sink for the reactive species. 

Similarly, the local presence of more resist near 
n~sted lines 16a tends to shift the local plasma chemistry 
relative to the resist-poor regions near isolated line 16b. 
Specifically, the erosion of photoresist acts as a source of 
polymer precursors. Therefore, the region of hard mask 
layer 14 near isolated line 16b is exposed to a less 
polyrr.erizing chemistry than that near nested lines 16a, 
there~y causing the lateral erosion in the etched hard mask 
under the isolated line as shown in Fig. lB. 

In a standard hard mask gate etch scheme as shown 
in Figs. lA and lB, silicon is etched selective to thermal 
oxide (not shown, but formed as a thin layer over gate stack 
12) , typically ·in a chloride- or bromide-based e,tchant gas. . < 
Because the gate conductor etch is nonselective to the 
substrate (i.e., gate stack 12), any breakthrough of the 
the

1

rrr..al oxide leads to catastrophic attack of the underlying 
silicon. This risk becomes especially important as the gate 
oxide thickness is scaled down to increase device speed. As 
gate line widths are reduced, the aspect ratio of the gate 
stack increases. Stability of the gate stack in a hard mask 
gate etch scheme becomes an issue at very aggressive ground 
rules. 

In the gate formation process, it is often 
necessary to strip a sacrificial thermal oxide layer and 
then grow a fresh gate oxide, as shown in Fig. 2. The 
thickness of a sacrificial thermal oxide layer 20 is 
constrained by the degree of anisotropy of the etch during 
stripping of the oxide. Any undercut of thermal oxide layer 
20 will cause a foot 22 to form after the subsequent 
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polysilicon 24 (gate conductor) fills the gate hole of a 
silicon nitride layer 26. Foot 22 degrades device 
performance. 

Moreover, in any isotropic etch such as that shown 
in Fig. 4B, ions 51 are not accelerated toward a silicon 
nitride layer 50 in a uniform direction. Consequently, 
etching proceeds in every direction, undercutting a 
photoresist layer 52 and limiting the packing density of the 
devices. In Fig. 4B, silicon nitride layer 50 could be 
formed over a silicon substrate (not shown) . 

Although the art of etching silicon nitride is 
well developed, some problems inherent in this technology 
still exist. One particular problem is etching for high 
aspect ratio silicon nitride levels, while retaining high 
selectivity to both ph6toresist and oxide layers. 
Therefore, a need exists for a process for patterning 
silicon nitride with a high aspect ratio while maintaining 
high selectivity to photoresist and oxide layers and 
avoiding subsequent loss of image integrity. 

SUMMARY OF THE INVEN~ION 

To meet this and other needs, and.in view of its 
purposes, the present invention provides a process for 
anisotropically etching a trench in a silicon nitride layer 
of a multilayer structure in a damascene etch scheme. The 
process comprises the steps of: exciting an etchant gas 
comprising a· polymerizing agent, a hydrogen source, an 
oxidant, 'and a noble gas diluent to form a high density 
plasma, tn which the etchant gas has high nitride 
selectivity to a silicon oxide layer (formed over a 
substrate and below the nitride layer) and to a photoresist 
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layer (formed over the nitriqe layer}; and introducing the 

high density plasma to etch the exposed portion of the 

silicon nitride layer to form the trench extending to the 

silicon oxide layer. 

In the present invention, the polymerizing agent 

is selected from the group consisting of at least one of 

CF4 , C2F6 , and C3F8 ; the hydrogen source is selected from ·the 

group consisting of at least one of CHF3, CH2F2, CH3F, and 

H2; the oxidant is selected from the group consisting of at 

least one of CO, C02, and 02; and the noble gas diluent is 

selected from the group consisting of at least one of He, 

Ar, and Ne. In a preferred embodiment of the present 

invention, the oxidant comprises a carbon-containing oxidant 

component, such as C02, and an oxidant-noble gas component, 

such as 0 2 in He. The concentrations of the constituents 

are selected to achieve an etchant gas having a high nitride 

selectivity to photoresist, such as at least about 3:1 and 

preferably at least about 4:1, and a high nitride 

selectivity to oxide, such as at least about 4:1 and 

preferably at least about 5:1. 

According to another embodiment of the present 
invention, the power source used to control the 

directionality of the p~asma, such as a radio frequency (RF) 

power source, is decoupled from the power source used to 
excite the etchant gas, such as a coil. Preferably,- an RF 

power source is applied to the side of the structure 

opposite the side having the silicon nitride layer being 
etched. 

- The present invention is also directed to a 

process for making a metal oxide semiconductor field effect 

transistor (MOSFET) comprising the steps of: forming a 
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silicon oxide layer over a substrate having at least two 
shallow trench isolation regions; forming a silicon nitride 
layer over the oxide layer; depositing a photoresist over 
the nitride layer so that the photoresist defines a window 
at which the nitride layer is exposed; exciting an etchant 
gas having constituents as described above to form a high 
density plasma; introducing the high density plasma to etch 
the exposed.portions of the nitride layer to the oxide layer 
in a dacascene etch process, thereby leaving a gate hole in 
the nitride layer at the window; depositing a gate conductor 
in the ~ate hole; and removing at least a part of the 
silicon nitride layer wherein the gate conductor forms a 
gate pillar. 

The present invention is also directed to an 
etchant gas composition used to etch a trench in a silicon 
nitride layer. of a multilayer structure, .in a damascene etch 
scheme. The etchant gas composition comprises a 
polymerizing agent, a hydrogen source, an oxidant, and a 
noble gas diluent, as discussed above, and has high nitride 
selectivity to a silicon oxide layer and to a photoresist 
layer. 

It is to be understood that both the foregoing 
general description and the following detailed description 
are exemplary, but are not restrictive, of the invention. 

BRIEF DESCRIPTION OF THE DRAWING 

The invention is best understood from the 
following detailed description when read in ~onnection with 
the accompanying drawing. It is emphasized that, according 
to common practice, the various features of the drawing are 
not to scale. On the contrary, the dimensions of the 

i11iJiiiDf 
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various fe~tures are-arbitrarily expanded or reduced for 

clarity. Included in the drawing are the following figures: 

Fig. lA shows the profile of a multilayer 

structure to be etched by a standard.gate etch process; 

Fig. lB shows the profile of the multilayer 

structure 0£ Fig. lA after a conventional nitride etch 
process and a conventional photoresist strip process; 

Fig. 2 shows the profile of a multilayer structure 

having an undesirable undercut of an oxide layer as a result 

of a conventional isotropic etch; 

Fig. 3A shows the profile of a multilayer 

structure~repared for a damascene gate etch process 
according to the present invention; 

Fig. 3B shows the profile of the multilayer 

structure of Fig. 3A after a nitride etch p~ocess according 
to the present invention; 

Fig. 4A shows the profile of a nitride layer 

etched using a biased substrate according to the present 
invention; 

Fig. 4B shows the profile of a nitride layer 
etched using a conventional process with an unbiased 
substrate; and 

Figs. SA through SL show profiles of a multilayer 

structure at different stages during the manufacture of a 

metal oxide semiconductor field effect transistor. 
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., DETAILED DESCRIPTION OF THE INVENTION 

The present invention provides a nitride etch 
process and composition that have increased selectivity to 

photoresist and oxide and that provide tunable anisotropy, 

in a damascene etch scheme. A dry etch process is described 

which enables a more efficient nitride etch. The 

preferential etchant gas is a mixture of C2FG, CH3F, C02, .He, 
02, and Ar. The present invention allows for anisotropic 
etching of silicon nitride, stopping on a thi~ layer of 

silicon dioxide, as is required in the formation of gate 

conductors. The formation of gate conductors (or "gates") 

is desirable in semiconductor devices such as dynamic random 

access memories '(DRAMs) and logic devices. 

Figs. 3A and 3B show a damascene gate etch process 
which forms trenches (rir patterns) in a silicon nitride 

layer 31 of a multilayer structure 30. Multilayer structure 
30 also includes a semiconductor substrate 32, a thin oxide 

layer 33, and a photoresist layer 34 which forms nested 
lines 35a and an isolated line.35b. In a damascene gate 

etch process, contrasted with a standard gate etch process 
as shown in Figs. lA and lB, photoresist layer 34 is used to 

pattern lines or trenches in silicon nitride layer 31 with 

the majority of the nitride layer remaining on the structure 

after etching. The resist is then stripped and the trenches 
36a and 36b formed in silicon nitride layer 31 are filled 
with a gate conductor 37. 

As shown in Figs. 3A and 38, a damascene gate 

formation process requires near 100% loading of resist near 

isolated-line 35b and a 50% loading of resist near nested 

lines 35a. By tailoring the etch chemistry for a high 

nitride selectivity to photoresist, the local variation in 
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the res.ist .;loading becomes. i~ss important than in the 
standard etch process, because the etch process must by 

design be reactive to nitride. In other words, the process 

can be designed to be insensitive to a variation of 100% to 
5~% local loading of photoresist, but cannot be designed 

insensitive to a variation of 100% to 50% local loading of 

silicon nitride (as shown in Fig. lA), because the etch is 

designed to.react with nitride. More specifically, during 

the etch of silicon nitride hard mask 14 around isolated 

line 16b of the photoresist, the etchant gas reacts with the 
nitride residing under the isolated line as shown in FIG. 
lB; in a damascene gate etch process, there is not such a 

high degree of silicon nitride exposed near any line. 

The constituents of the etchant gas of the present 

invention are important to develop a gas which has high 

nitride selectivities to a silicon oxide layer and to a 
photoresist layer. "Nitride selectivityn to oxide and to 

photoresist means the ratio of the etch rates of nitride to 

oxide and nitride to photoresist, respectively. The etchant 

gas of the present invention includes a polymerizing agent, 

a hydrogen source, an oxidant, and a noble gas diluent. 

Preferably, these constituents are combined in such a way to 

achieve a. nitride selectivity to oxide of at least about 4: 1 

and to photoresist of at least about 3:1. More preferably, 

the-nitride selectivity to oxide is at least about 5:1 and 
to photoresist is at least about 4:1. 

The polymerizing agent of the etchant gas of the 

present invention is a precursor species that results in the 

formation of a passivation layer. The polymerizing agent is 

preferably a fluorocarbon selected from the group consisting 

of at least one of CF4, C2F6, and C3Fe. The fluorine aids in 

the reaction of nitride in the silicon nitride layer, but 
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not with silicon in the silicon oxide (or silicon dioxide) . 
layer. The polymerizing agent decreases undercut and 

controls taper of the nitri<le because of its role as a down­
hole supplier of CFx polymer precursors. In particular, a 

decrease in the amount of polymerizing agent makes the 

profile more vertical. Also, an increase in the amount of 

polymerizing agent improves the nitride selectivity to 

oxide. 

The hydrogen source of the etchant gas of the 

present invention enhances chemical etching of nitride 

(suggested by increasing isotropy) and improves selectivity 

to photoresist (by both polymerization and fluorine 

scavenging) . The hydrogen source is preferably selected 

from the group consisting of at least one of CHF3, CH2F2, 

CH3 F, and H2 • Hydrogen should be avoided in some 

environments for safety reasons because it is ~lammable. By 

increasing the amount of hydrogen source, the nitride 

selectivity to photoresist improves. 

The present invention also uses an oxidant to aid 
in the removal of the dielectric layer by ion enhanced 

etching in the vertical direction. The oxidant is an 

oxygen-containing compound of at least one of CO, C02 , and 

02. The addition of the oxidant reduces selectivity to 

photoresist, because the photoresist does not suffer from 
micro-loading as does silicon nitride. By increasing the 

polymer content to preserve resist, etch stop occurs more 
readily in a high aspect ratio feature. An oxidant is a 

compound that will readily react with a polymerizing agent 

to form ·a product (such as a COFx compound) which is more 

volatile ·than the original fluorocarbon. The oxidant 

addition assists in removal of the passivation layer and 

switches the gas phase plasma chemistry C/F ratio to lower 
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v.alues, th~reby further enhan~ing etch rate and decreasing 

passivation polymer formation. An increase in the amount of 

oxidant increases selectivity to oxide. Preferably, the 

oxidant comprises a carbon-containing oxidant component, 

such as C02 , and a oxidant-noble gas component, such as 0 2 

in He. 

The final constituent of the etchant gas is a .· 

noble gas diluent, preferably selected from the group 

consisting of at least one of He, Ar, and Ne. Without the 

noble gas, the etchant gas of the present invention does not 

have high selectivity to oxide. Thus, the amount of noble 

gas should be increased if the selectivity to oxide is not 

high enough. 

Exemplary embodiments within the scope of the 

present invention include gas mixtures of 1%-10% by volume 

polymerizing agent; 5%-30% by volume hydrogen source; 1%-25% 

by volume carbon-containing component; 0.1%-20% by volume 

oxidant-noble gas component (i.e., oxidant in a relative 

concentration of about 30% in a noble gas}; and 0.1-50% by 

volume of noble gas. Preferably, the etchant gas includes 

3%-8% by volume polymerizing agent; 10%-30% by volume 

hydrogen source; 5%-15% by volume carbon-containing 

component; 5%-15% by volume oxidant-noble gas component 

(i~e., oxidant in a relative concentration of about 30% in a 

noble gas); and 10%-50% by volume of noble gas. Even.more 

preferably, the polymerizing agent is C2F6; the hydrogen 

source is CH3F; the carbon-containing component is C02 ; the 

oxidant-noble gas component is 0 2 in He; and the noble gas 

diluent is Ar. 

The particular concentrations of the constituents 

to achieve the purposes of the present invention can be 

i 
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adjusted depending on the _n.e~.Os of the particular 
application, based on the functions of each constituent as 
discussed above. For example, if the etchant gas shows 
insufficient nitride selectivity to oxide, then the 
concentration of the oxidant should be increased, the 
concentration of the polymerizing agent should be increased, 
or a combination of both. In addition, the presence of the 
noble gas.diluent contributes to selectivity to oxide. 

Further, if the etchant gas shows insufficient 
nitride selectivity to photoresist, then the concentration 
of the hydrogen source should be increased. If, after 
increasing the concentration of the hydrogen source, an 
adequate nitride.selectivity to photoresist still cannot be 
achieved, then the particular compounds of the polymerizing 
agent and the hydrogen source should be selected in a way 
which increases the H:F ratio.of the.etchant gas. A 
reduction in both the hydrogen and the oxidant from the 
above conditions yields similar profiles because the loss of 
the ·hydrogen source (e.g., CH3F) is balanced by reduction of 
the oxidizer (e.g., CO}. 

The taper angle can also be controlled by varying 
the relative concentrations of the etchant gas. For 
example, an increase in the dose of polyrnerizing·agent 
(e.g., C2F6), with the other constituents constant, 
increases the degree of taper of a trench in a nitride 
layer. The ability to carefully control taper angle in a 
high aspect ratio nitride feature enables easier fill of the 
hole during later processing. 

~According to the present invention, the etchant 
gas is excited to form a high density plasma. The power 
source used to control the directionality of the plasma is 
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decoupled trom the. power so:urce used to excite the etchant 

gas to form the high densfty plasma. Thus, a decoupled 

power source incorporates independent control of bias on the 

wafer from the plasma generation mechanism. The term 
"decoupled" is used because the· ion bombardment energy is 

primarily controlled by the bias to the wafer, whereas the 

ion flux (and plasma. density) is primarily controlled by the 

power appli~d to the generating structure (e.g., coils in an 

inductive plasma source). 

This structure is shown in Fig. 4A, in which the 

etchant gas is in~roduced to a chamber 40 (shown in dashed 
lines), and the etchant gas is excited by a first power 

source 41 to form a high density plasma having ions 42. A 

second power source, such as RF power source 4·3, is 

decoupled from first power source 41. Preferably, the 

pressure of chamber 40 is maintained at about 2 to 40 
millitorrs by using a vacuum pump 45 which is coupled to 
chamber 40. 

A"biased substrate, such as that used by the 

decoupled plasma source, oscillates the potential of the 

wafer platen, typically by several thousand volts. Although 

a cer~ain fraction of this potential is shielded by the 

plasma electrons (sheath capacitance) and wafer-chuck 

capacitance, the acceleration of the ions striking the wafer 
is much larger, typically an acceleration corresponding to 

50 to 500 V. This additional energy accelerates etching in 

a direction normal to the wafer surface, and is responsible 
for the anisotropic etchirig in the present invention. 

· In a biased substrate, as shown in Fig. 4A, RF 

power source 43 is applied to the back of a substrate 48, 

namely the side of the substrate opposite the layer being 
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etched ( suc;h as a ·silicon nitride layer) . In Fig. 4A, 
substrate 48 could represent a silicon nitride layer formed 
over a silicon substrate (not shown) . RF power source 43 
accelerates ions 42 toward the substrate, thereby increasing 

'the etch rate in that direction. The pattern on photoresist 
49 is transferred directly to the underlying layers, thus 
maximizing packing density. 

A high density plasma refers to the charged 
particle density in the plasma. In a conventional or 
typical _density plasma, the ion density is typically less 
than about 1011 cm-3

, whereas in a high density source the 
fractional ionization is above 10 11 cm-3

• High density 
plasma sources accelerate the plasma electrons in a 
direction normal to reactor boundaries, so that the electron 
mean free path is long compared to the plasma dimensions. 
This long mean free path permits a lower operating pressure, 
but also requires a higher degree of ionization to sustain 
the plasma with the higher ion wall flux. 

The process of the present invention was 
demonstrated on an Applied Materials High Density Plasma dry 
etch chamber, although other high density sources (e.g., Lam 
9100) can be used. It is within the scope of the invention 
that any similar chamber containing a gas mixture of the 
present invention will produce the desired results. The 
pressure of the chamber is preferably in the ra~ge rretween 
about 2 and 40 millitorrs. 

The etching ·of a nitride layer described above can 
be incorporated in a process for making a metal oxide 
semiconductor field effect transistor (MOSFET) as 
illustrated in Figs. SA-SL. The process steps do not 
necessarily have to be executed in the order illustrated and 
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described ... The fabrication scheme, according to the present . 
invention, is particularly well suited for the formation of 

MOSFETs with very thin gate oxides (e.g., < Snm). 

In the example described below, the formation of a. 

MOSFET begins with a substrate 130, which can be any known 

semiconductor substrate such as a silicon substrate. 

Substrate 130 is covered by a pad oxide layer 13S and a 

silicon nitride layer 131, as shown in Fig. SA. The pad 

oxide layer 13S is typically between S nm and 20 nm thick. 

An 8 nm thick Si02 layer may be used as pad oxide layer 135. 

The oxide layer 13S may be made by rapid thermal processing 

(RTP) or furnace processing. The silicon nitride layer 131 

may consist of Si3N4 and may have a thickness of about 90 

nm. The silicon nitride layer 131 can be made using a high 

temperature, low pressure chemical vapor deposition (LPCVD) 

process. Other deposition processes can be used, including 

plasma enhanced chemical vapor deposition (PECVD) . 

Alternatively, the silicon nitride layer can be sputtered. 

Next, a single-layer photoresist 132 is spun onto 

silicon nitride layer 131. By conventional lithography, 

photoresist layer 132 is then patterned to define etch 

windows 133 for a subsequent etch step, as shown in Fig. SB. 

Etch windows 133 expose portions of silicon nitride layer 

131 for a subsequent damascene etch. In a damascene etch 

process, most of the silicon nitride layer is covered by· a 

photoresist layer; in a standard etch process, only selected 

lines of photoresist are used to cover corresponding lines 

of nitride. Instead of using a single-layer photoresist, a 

multi-layer resist, or any other mask including a hard-baked 

mask, can· be used. The shape and size of the etch windows 

133 define the lateral dimensions of the shallow trench 

isolation (ST!) trenches to be etched next. Such STI 
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trenches (~lso known as field oxide isolation trenches) are 

typically us_ed in MOS technology to provide for isolation 

between adjacent transistors. Local oxidation of silicon 

(LOCOS) or poly-buffered LOCOS can· be used instead of STis. 

As shown in Fig. SC, the resist pattern is now 

transferred into the layered structure underneath by an 

appropriate:etch technique. This step is non-critical .. The 

depth DsTI of the STI trenches 134 may be 100 nm or more. 

Before filling the ST! trenches 134 with a suitable 

isolator, a thin oxide layer 146 may be thermally grown 

inside the trenches 134, as shown in Fig. SD. This growth 

is recommended in particular if the trenches 134 are to be 

filled by tetra ethyl ortho silicate (TEOS), which i~ a 

deposited oxide. Deposited TEOS usually has irregular 

surface states at the interface with silicon substrate 130. 

In the absence of oxide layer 146, such irregular surface 

states could adversely affect the operation of silicon 

substrate 130. 

In the present example, photoresist 132 is 

removed, a thin thermal oxfde layer 146 is formed, and then 

TEOS 136 is deposited such that all STI trenches 134 are 

filled down to the bottom, as shown in Fig. SD. TEOS 136 

can be deposited using a LPCVD process. Many other 

materials can be used instead of TEOS, as long as a 

sufficient isolation of adjacent transistors (which ere not 

s~own in Figs. SA-SL) is guaranteed. An advantage of TEOS 

is that it provides a good stopping layer for any subsequent 

chemical mechanic polish (CMP) planarization step. 

' As schematically illustrated in Fig. SE, the upper 

surface of the structure is next planarized using a CMP 

step. In the present embodi~ent, the CMP step removes the 
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excess TEO~ 136 and stops on the silicon nitride layer 131. 

The upper surface 137 of layer 131 is now completely flat. 
After CMP, the thickness of this silicon nitride layer 131 

is slightly reduced to about 75 nm. 

In a subsequent step (see Fig. SF), the dielectric 

stack (DsT) on top of the pad oxide layer 135 is completed 
by forming additional layers on top of the planarized 
surface 137. In the present example, the dielectric stack 

comprises: 

• A Si3N4 layer 131 (reduced to about 

75 nm thickness); and 

• A Si3N4 layer 138 (about 50 nm thick) . 

In the present· embodiment, the dielectric stack is 

formed on top of a semiconductor structure which already 

comprises certain layers and structur_al elements, such as 
STI or LOCOS trenches. Nonetheless, the dielectric stack 
can be formed on any kind of semiconductor structure, 

including a simple substrate, a preprocessed substrate, a 
semiconductor device comprising other circuits, and so 

forth. The stack may also include additional silicon 
nitride layers. 

In a subsequent step (not shown, resultinq in Fig. 

SG), a photo-lithographic process is used to define the 

lateral size (i.e., the gate length; L~re, and gate width, 

Wc1\1'1d and the shape of the gate pillars to be formed. The 

expression "gate pillar" is used in the present application 

to describe gate structures protruding from the 
semiconductor structure. The pillar can have any shape and 

size, as long as the side walls are vertical (i.e., 
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perpendicular with respect to the semiconductor structure). 

It should be noted, ~owever, that gate pillars having too 

high an aspect ratio tend to fall over after formation. 

This step is not illustrated because there are 

many different ways to define the lateral size and shape of 

the gate pillars. Basically, as shown in Fig. SG, an etch 

window l~O is provided in a resist mask 148. The size arid 

shape of etch window 140 is about the same as the lateral 

size and shape of the gate pillar to be formed. The length 

of etch window 140 defines the length of the gate hole 150 

which in turn ultimately defines .the gate length. This gate 

length then determines the effective channel length. 

In order to form the gate hole 150, a gate 

formation reactive ion etch {RIE) process is used to 

transfer the etch window 140 provided in the resist mask 148 

into the dielectric stack. The gate formation RIE process 

is that described above in connection with Figs. 3A and 3B. 

As discussed above, the RIE process can be optimized to 

ensure proper etching of the various silicon nitride layers 

of the dielectric stack. 

In the present example, the gate formation RIE 

process is designed to etch the nitride layers 138 and 131 

of.the dielectric stack and to stop on the pad oxide layer 

135, as illustrated in Figure SG. It is important that the 

selectivity to pad oxide is 4:1 or better, because otherwise 

the pad oxide 135 may be strongly attacked and its thickness 

reduced. The depth DGATE of the gate hole 150 (which is 

about the same as the thickness of the dielectric stack 

Dn~K in ~igure SF) defines the height of the gate pillar 

including gate oxide, both yet to be formed. The pillar 

serving as the gate typically is between 100 nm and 200 nm 

!: 
1: 
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high. Future MOSFETs will have a gate length of 50 nm and 

even less. Such short gates can be easily made using the 

inventive process. The width (out of the paper plane) of 

conventional gate electrodes is between 2µm and 50µm. 

After having defined the gate hole 150 in the 

dielectric stack, the remainder of pad oxide 135 may be 

removed _from the bottom of the gate hole. This can be done 

using a hydrofluoric acid (HF) dip. HF is well suited 

because it attacks oxide layer 135, but does not attack 

silicon substrate 130. Before the removal of pad oxide 

layer 13S at the bottom of gate hole lSO, the resist L48 is 

removed. After pad oxide layer 13S is completely removed, 

as shown in Fig. SH, a precisely defined gate oxide 149 may 

be formed as shown in Fig. SI. The thickness and quality of 

this gate oxide 149 are independent of the thickness and 

quality of the pad oxide layer 13S. The gate oxide 149 may 

also be thicker than the pad oxide layer 13S, if so desired. 

Before the formation of gate oxide 149, a 

sacrificial oxide l~yer (not shown) may be formed at the 

bottom of gate hole 150. This sacrificial oxide layer is 

then etched away and the structure is heated. This short 

sequence of steps heals possible damage {caused by the gate 

formation RIE) of silicon substrate 130 at the bottom of 

gate hole 150. 

As illustrated in Figure SI, gat.e conductor 

material 141 is deposited in gate hole 150 and within 

uppermost silicon nitride layer 138 of the dielectrit stack .. 

It is important to ensure that gate conductor material 141 

complet~ly fills the gate hole lSO. The gate conductor 

material 141 may be potysilicon, deposited by LPCVD (e.g., 

at about 6S0°cr. Instead of polysilicon, amorphous silicon 
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can be-used and transformed into polysilicon at a later 

point in time. In fact, any material which is suitable as a 

gate conductor may be "filledn into the gate hole lSO. The 

present invention is not limited to polysilicon gates. 

The polysilicon may. or may not be doped. Dopants 

can be introduced into the polysilicon either during the 

polysilicon-deposition or afterward. It is an advantage--0f 

the inventive process that the polysilicon gate does not 

necessarily have to be doped when the source and drain 

regions are implanted. The polysilicon gate may be 

silicided, in one of the subsequent fabrication steps, and a 

cap dielectric may be deposited to protect the gate during 

subsequent processing, if deemed appropriate. 

After deposition of the gate conductor material 

141, a planarization step may be conducted. Well suited is 

a CMP process. After planarization, the uppermost silicon 

nitride layer 138 of the dielectric stack is exposed, as 

illustrated in Figure SJ. 

Then, the dielectric stack must be removed. The 

silicon nitride layers 138 and 131 are stripped using hot 

phosphoric acid. After complete removal of the dielectric 

stack, a protruding pillar of gate conductor material 141 

with vertical side walls 142 is uncovered, as shown in 

Figure SK. The processing can now be continued in a­

standard CMOS technology as described, for example, by R. 

Colclaser, in "Microelectronics Processing and Device 

Design,n chapter 10, pages 266-69 (John Wiley & Sons, 1988). 

· During subsequent steps, one may define the source 

region 143 and drain region 144--if not already done so 

earlier--by implantation of suited dopants, as shown in Fig. 
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5L. A channel 145 {situated underneath the pillar and 

between drain region 144 and source region 143) is ~hus 

defined. The channel length is about the same as t~e gate 

length because the source-channel.and drain-channel 

interfaces are steep and abrupt (well defined), and the 

overlap is minimized, as discussed above. 

Although illustrated and described above ~ith 

reference to certain specific embodiments, the present 

invention is nevertheless not intended to be limited to the 

details shown. Rather, various modifications may be made in 

the details within the scope and range of equivaler.ts of the 

claims and without departing from the invention. 



-··----··· 
-~. 

- -~ ... ······---- .. 

\· lll\llt 1111111111111111111111 . 
•.•·.c·L Ms·• 

22 

What is Claimed: 

1. A process for anisotropically etching a 
trench in a silicon nitride layer of a multilayer structure 
including: (i) a substrate; (ii) a silicon oxide layer 

formed over said substrate; (iii) said silicon nitride layer 

formed over said oxide layer; and (iv) a photoresist layer 

formed over.said silicon nitride layer and defining a window 

to expose a portion of said silicon nitride layer for 
damascene etch, said process comprising the steps of: 

exciting an etchant gas comprising a polymerizing 

agent, a hydrogen source, an oxidant, and a noble gas 

diluent to form a high density plasma, wherein said etchant 

gas has high nitride selectivity to said silicon oxide layer 

and to said photoresist layer; and 

introducing said high density plasma to etch the 

exposed portion of said silicon nitride layer to form said 

trench extending to said silicon oxide layer! 

2. The process of claim 1, wherein said 
pol0nerizing agent is selected from the group consisting of 

at least one of CF4, C2F6, and C3Fe. 

3. .The process of claim 1, wherein said hydrogen 
source is selected from the group consisting of at least one 

of CHF3, CH2F2, CH3F, and H2. 

4. The process of claim 1, wherein said oxidant 

is selected from the grou~ consisting of at least one of CO, 
C02, and 02. 
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§. The process of claim 1, wherein said noble 
gas diluent is selected from the group consisting of at 
least one of He, Ar, and Ne. 

6. The process of claim 1, wherein said oxidant 
comprises a carbon-containing oxidant component and an 
oxidant-noble gas component. 

7. The process of claim 6, wherein: 

said polymerizing agent is C2F6; 

said hydrogen source is CH3F; 

said noble gas diluent is Ar; 

said carbon-containing component is· C02; and 

said oxidant-noble gas component is 02 in He. 

8. The process of claim 6, wherein: 

said polymerizing agent is added in an amount of 
about 0.1-25% by volume; 

said hydrogen source is added in an amount of 
about 5-30% by volume; 

said noble gas diluent is added in an amount of 
about 0.1-50% by volume; 

said carbon-containing component is added in an 
amount of about 1-25% by volume; and 
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S?id oxidant-noble gas component is added in an 

amount of about 0.1-20% by volume in a relative 

concentration of about 30% ·oxidant in said noble gas. 

9. The process of claim 8, wherein: 

said polymerizing agent is added in an amount of 

about 3-8% by volume; 

said hydrogen source is added in an amount of 

about 10-30% by volume; 

said carbon-containing component is added in an 

amount of about 5-15% by volume; 

said oxidant-noble gas component is added in an 

amount of about 5-15% by volume in a relative concentration 

of about 30% oxidant in said noble gas; and 

said noble gas diluent is added in an amount of 

about 10-50% by volume. 

10. The process of claim 1, wherein said etchant 

gas has a nitride selectivity to said silicon oxide layer of 

at least about 4:1 and to said photoresist layer of at least 

about 3:1. 

11. The process of claim 10, wherein said etchant 

gas has a nitride selectivity to said silicon oxide layer of 

at least about 5:1 and to said photoresist layer of at least 

about 4:1. 

12. The process of claim 1 further comprising 

appl~ing a power source to said multilayer structure to 
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control the directionality of said high density plasma on . ·; 

said multilayer structure. 

13. The process of claim 12, wherein the step of 
applying a power source comprises·applying an RF power 
source to the side of said multilayer structure opposite 
said silicon nitride layer. 

14. The process of claim 12, wherein the step of 
exciting said etchant gas uses a coil, and said power source 
is decoupled from said coil. 

15. The process of claim 1, wherein the step of 
exciting said etchant gas includes forming said high density 
plasma having a density of at least 1011 cm-3

• 

16. The process of claim 1, further comprising 
the steps of: 

introducing said etchant gas into a chamber; and 

maintaining the pressure of said chamber between 
about 2 to 40 millitorrs by usirig a vacuum pump coupled to 
said chamber. 

• 
17. A process for making a metal oxide 

semiconductor field effect transistor comprising the-steps 
of: 

forming a silicon oxide layer over a substrate; 

' depositing at least two shallow trench isolation 
regions in said substrate to define a space between said at 
least two shallow trench isolation regions; 
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forming a silicon nitride layer over said silicon 
·; 

oxide layer; 

depositing a photoresist over said silicon nitride 

layer, wherein said photoresist defines a window to expose a 

portion of said silicon nitride layer for damascene etch, 

wherein said portion is over said space; 

exciting an etchant gas comprising a polymerizing 

agent, a hydrogen source, an oxidant, and a noble gas 

diluent to form a high density plasma, wherein .said etchant 

gas has high nitride selectivity to said silicon oxide layer 

and to said photoresist; 

introducing said high density plasma to etch the 

exposed portion of said silicon nitride layer to said 

silicon oxide layer, thereby leaving a gate hole in said . 

silicon nitride layer at said window; 

depositing a gate conductor in said gate hole;·and 

removing at least a part of said silicon nitride 

layer wherein said gate conductor forms a gate pillar 

extending over said space. 

18. The process of claim 17, wherein said etchant 

gas has a nitride selectivity to said silicon oxide lay~r of 

at least aborit 4:1 and to said photoresist of. at least about 
3: 1. 

19. The process of claim 18, wherein said etchant 

gas has ~ nitride selectivity to said silicon oxide layer of 

at least about 5:1 and to said photoresist layer of at least 
about 4:1. 
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~O. The process of claim 17, further comprising: 

removing said silicon oxide layer at the bottom of 
said gate hole after the step of introducing said high 
density plasma to etch the exposed portion of said silicon 
nitride layer; and 

forming a thin gate oxide at the bottom of said 
gate hole before the step of depositing a gate conductor in 
·said gate hole. 

21. The process of claim 20, wherein said thin 
gate oxide is formed by heating said substrate. 

22. The process of claim 17, wherein: 

said polymerizing agent is selected from the g~oup 
consisting of at least one of CF4 , C2F6 , and C3Fe; 

said hydrogen source ·is selected from the group 
consisting of at least one of CHF3 , CH2F2, CH3F, and H2i 

said oxidant is selected from the group consisting 
of at least one of CO, C02 , and 0 2 ; and 

said noble gas diluent is selected from the group 
consisting of at least one of He, Ar, and Ne. 

23. A composition for etching a trench in a 
silicon nitride layer of a multilayer structure in damascene 
etch scheme, said composition comprising an etchant gas 
comprising a polymerizing agent, a hydrogen source, an 
oxidant, and a noble gas diluent and having high nitride 
selectivity to silicon oxide and to photo~esist. 

' 
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2j. The composition of claim.23, wherein: 

said polymerizing agent is selected from the group 

consisting of at least one of CF4 , C2F61 and C3Fe; 

said hydrogen source is selected from the group 

consisting of at least one of CHF3, CH2F2, CH3F, and H2; 

said oxidant is selected from the group consisting 
of at least one of CO, C02, and 02; and 

said noble gas diluent is selected from the group 

consisting of at least one of He, Ar, and Ne. 

25. The composition of claim 23, wherein said 
oxidant comprises a carbon-containing oxidant component and 

an oxidant-noble gas component. 

26. The composition of claim 25, wherein: 

said polymerizing agent is C2F6; 

said hydrogen source is CH3F; 

said noble gas diluent is Ar; 

said carbon-containing component is C02 ; and 

said oxidant-noble gas component is 02 in He. 

27. The composition of claim 25, wherein: 

said polymerizing agent is .added in an amount of 
about 0.1-25% by volume; 
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said hydrogen source is added in an amount of ·; 

about 5-30% by volume; 

said noble gas diluent is added in an amount of 
about 0.1-50% by volume; 

said carbon-containing component is added in an 
amount of about 1-25% by volume; and 

said oxidant-noble gas component is added in an 
amount of about 0.1-20% by volume in a relative 
concentration of about 30% oxidant in said noble gas. 

28. The composition of claim 27, wherein: 

said polymerizing agent is added in an amount of 
about 3-8% by volume; 

said hydrogen source is added in an amount of 
about 10-30% by volume; 

said carbon-containing component is added in an 
amount of about 5-15% by volume; 

said oxidant-noble gas component is added in an 
amoµnt of about 5-15% by volume in a relative concentration 
of about 30% oxidant in said noble gas; and_ 

said noble gas diluent is added in an amount of 
about 10-50% by volume. 

·29. The composition of claim 23, wherein said 
etchant gas has a nitride selectivity to said silicon oxide 
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layer of at least about 4:1 and to said photoresist layer of 
·,; 

at least about 3:1. 

30. The composition of claim 23, wherein said 

etchant gas has ~ nitride selectivity to said silicon oxide 

layer of at least about 5:1 and to said photoresist layer of 

at least about 4:1. 

-: 


