
METHOD OF FORMING SHALLOW TRENCH ISOLATION SiRUCTURES FOR INTEGRATED
cmcurrs FIELD OF THE INVENTION [00011The present invention relates
generally to semiconductor integrated circuits (ICs), and more particularly
to shallow trench isolations, BACKGROUND OF THE INVENTION 10002]In
integrated circuits (ICs), various devices such as transistors, resistors,
inductors, capacitors and varactors are configured to achieve the desired
function. These devices are electrically isolated to ensure that they
operate independently without interfering with each other. This can be
achieved by Mani:1g isolation regions to prevent carriers from moving
between neighboring siniconcluetor components. [0003]To electrically
isolate devices on the substrate, shallow trench isolations (8Th) are
twicaliy employed. STIs are formed by etching trenches in the substrate and
filling them with a dielectric material. To facilitate filling high aspect
ratio trenches, tapered or slanted sidewalls are used. The smaller the
angle of the tapered sidewalls (or the more slanted the sidewalls), the
easier it is to fill the trench. With current ground rules (GRs) and depth
requirements, etching trenches with a desired angle Q results in a merged
or pinched 'bottom surface 108, as shown in Fig. la, [00041As indicated by
Fig. lh, a trench having a width of 70 oin and a depth of 280 turn 



would merge at a tapered angle of less than 84'. In order to have a bottom
surface, the angle needs to be greater than 84. For example, the bottom
surface would be 15 rim wide for Q of 84.5, 30 em wide for Q of 86' and 45
rim wide for Q of 87.5*. Furthermore, with Q of less than 84, the depth of
the trench decreases due to pinching of the sidewalls at shallower depths.
The bottom surface of the Slits is where the ti.well and p-well implant
intersect. Pinching the bottom surface leaves little margin for overlay,
limits the angle that can be achieved for a given depth or  limits the
trench depth. These issues can result in current leakage issues which
degrade performance and/or reliability. [00051From the foregoing
discussion, it s desirable to provide STIs with a tapered profile and
flatter bottom. SUMMARY OF THE INVENTION 100061The present invention
relates to ICs. More particularly, the invention relates to a method of
forming an integrated circuit. The method includes providing a substrate
prepared with a patterned mask with an opening. The substrate is etched to
form an upper portion of a trench structure in the substrate exposed by the
opening. The upper portion of the trench structure comprises sidewalls with
a first angle Q1 with respect to a substrate surface. The substrate is
further etched to form a lower portion of the trench, wherein the lower
portion comprises a second angle Q2, wherein Q2 is less than Q1 The method
further includes filling the trench with a dielectric material in another
embodiment of the invention. [0007]An integrated circuit is presented in
one aspect of the invention. The integrated circuit comprises a substrate
having a trench and an opening of a width W. The trench includes upper and
lower portions with sidewall profile of the trench in the upper portion
having a tapered angle Qi and a tapered angle Q2 for the lower portion,
wherein Q2 is less than Q. The integrated circuit further includes a
dielectric material in the trench. 100081These and other objects, along
with advantages and features of the present invention 



herein disclosed, will become apparent through reference to the following
description and the accompanying drawings. Furthermore, it is to be
understood that the features of the various embodiments described herein
are not mutually exclusive and can exist in various combinations and
permutations.  BRIEF DESCRIPTION OF THE DRAWINGS [0009]in the drawings,
like reference characters generally refer to the same parts througnout the
different views. Also, the drawings arc not necessarily to scale, emphasis
instead generally being placed upon illustrating the principles of the
invention. In the following description, various embodiments of the present
invention are described with reference to the following drawings, in which;
[0010]Figs. la-b show conventional STI structures; [0011]Fig. 2 shows an
ST1 structure in accordance with one embodiment of the invention;
[00121Figs. 3a4 show a process for forming STI structures in accordance
with one embodiment of the invention; and [0013]Figs, 4a-b show Scanning
Electron Microscope (SEM) images olSTI structures Rained in accordance with
one embodiment: of the invention. 



DETAILED DESCRIPTION OF THE INVENTION [0014]The present invention relates
to tilling structures, such as gaps or trenches. The structures, for
example, are used in integrated circuits (ICs). Typically, the structures
are high aspect ratio structures, In one embodiment, the structures
correspond to STIs in Ks. The 1Cs can he any type of IC. [0015]Fig. 2 shows
an ST1 structure 220 in accordance with one embodiment of the invention The
STI structure comprises a trench 230 funned in a substrate 210, such as a
silicon substrate. Other types of substrates are also useful, The Si'!
structure is formed, for example, around an active area of a device to
isolate it from other device active areas. The trench, in one embodiment,
comprises a high aspect ratio trench. The trench is filled with a
dielectric material 240, such as silicon oxide. The silicon oxide can. he
formed by, for example, high density plasma (HDP) processes, Other types of
dielectric materials are also useful, For eampic,  dielectric materials
which can fill high aspect ratio structures, such as high aspect ratios
(HARP) material from Applied Materials, Inc., can be used. [0016]Typically,
STI structures within an IC can have different widths, depending on design
requirements. For example, the CC includes seri structures having minimum
widths (W;:0 in densely packed (nested) device areas and wider widths
(W,1") in less densely packed (iso)       areas. Generally, Wire depends on
the OR. For example, Winin can be equal to the GR. In the case where GR is
equal to 70 rim, then W, would be equal to 70nm. Other values of 



also be employed. For example, W,, can be less than GR. [0 17jAs shown, the
STI strueture of the IC comprises a width equal to Wrie,. The trench
comprises a depth Dr from a surface 211 of the substrate. The depth should
be sufficient to prevent punch through in the device. Typically, D1 is
about 2500 - 3000 it Other depths are also useful, depending on, for
example, design requirements. In one embodiment, the trench comprises a
high aspect ratio trench. in one embodiment, the aspect ratio of the trench
is at least about 6:1. Providing other aspect ratios is also useful.
10018.1The profile of the trench sidewall 236 comprises different tapered
angles in the upper and lower portions, In one embodiment, the upper
portion comprises a tapered angle Q and the lower portion comprises a
tapered angle less than Q The tapered angle at the lower portion should be
sufficient to facilitate filling the trench. This results in the trench
having a sidewall profile with an effective angle Q,- ihich is less than Q.
In one embodiment, Qeff can be equal to the tapered angle of the lower
portion of the bench. Other trench siclewall profiles, such as one in which
Q gradually decreases with depth to produce the desired Qeff is also
useful.. In one embodiment, Qe-ff is less than about 88. For example, Qeff
is equal to about 82-88. Preferably, Qeff is equal to about 83-870. More
preferably, Qefry is equal to about 83-84.5. In one embodiment, Qdr is
equal to about 84.5  1.5. Other Qerf angles which facilitate filling of the
trenches are also useful. For example, angles less than 82 or more than 88
can also he used.  [00191In accordance with  one embodiment,the trench.
comprises upper and lower portions 224 and 228. The upper portion comprises
a depth Dt while the lower portion comprises a depth 1)2, wherein D D,
equals to Dr. In one embodiment, ID, is about 40-80% of DT. Preferably, DI
is greater than 1-)2" In one embodiment, Di is about greater than SO% to
about 80% of DI or to about 70% of DT. hi another embodiment, D is about
60-70% orThe upper porno should be sufficiently deep to enable the lower
portion to have the desired Qtr. Preferably, the upper portion should be
sufficiently deep to enable the lower portion to have the desired
Oenwithout pinching the bottom of the trench. In another embodiment, the
upper portion should be as deep as possible to enable the tower portion to
have the desired Qdr. A transition reteon 229 between the upper and lower
portions should be smooth. The smooth transition between the tw-o portions
avoids hindering or interfering with filling of the trenches. [00201As
described, a structure having upper and lower portions with different
angles is 



provided. Having different angles for upper and lower portions provides
advantages over conventional STI structures, For example, a lower Qeff for
a given with  can be achieved without pinching the bottom surface. The
lower Qt-2 improves filling of the trenches, Also, a flatter bottom surface
238 is produced since no pinching occurs as well a.s deeper trenches with
the desired Odt for a given Wro,, can. be achieved, which result: in
improved, isolation performance, reliability and process window.
100211Figs, 3a-f show cross-sectional views Showing a process for forming
STI stmetures in accordance with one embodiment of the invention. Referring
to Fig. 3a, a substrate 310 is provided on which the IC is formed.
Typically, the substrate comprises silicon. Other types of substrates, such
as those having an epitaxiai (epi) silicon layer are also useful, In one
embodiment, the substrate is at the stage of processing just prior to
forming STI structures, The substrate is prepared with a mask layer 370.
The mask layer, for example, comprises a hard mask 380 and a soft mask 375.
The soft mask, for example, comprises photoresist. 'Ile soft  mask has a
thickness of about 2000 A. Other thicknesses are also useful. Various
techniques, such as spin-on, can be used to form the soft mask layer.
10022lAs Shown, the hard mask comprises a hard mask stack with a plurality
of layers. The hard mask stack, in one embodiment, includes a pad layer 382
and a first or primary hard mask layer 384. The pad layer is formed on the
substrate surface 311. The pad layer serves to provide adhesion and relieve
mechanical stress caused by mismatches between coefficients of thermal
expansion of the substrate and overlying layers, Typically, the pad layer
comprises silicon oxide formed by, for example, thermal oxidation such as
rapid thermal oxidation (RTP). The thickness of the pad, for example, is
about 1000-1300 A. Other materials and deposition processes can also be
useful. The primary hard mask layer comprises a material which can be
etched selectively to the substrate. Preferably, the hard mask layer
comprises a material which can be etched selectively to the substrate as
well as serving as a polish stop for the fill material. In one embodiment,
the first hard mask layer can comprise silicon nitride. Various deposition
techniques, such as chemical vapor deposition (CVD), can be employed,
100231Optionally, the hard mask stack can include a second or intermediate
hard mask layer 386. The second hard mask Layer serves to reduce reflection
due to the first hard mask. if suppression of reflectivity due to the first
hard mask is not required, the second hard mask layer can be omitted. The
second hard mask layer comprises, for example, a bottom anti-reflective
coating (BARC) layer, such as an organic material including polyimide or a
polysulfone. The thickness of the BARC layer can be about 2000 A. The
second hard mask layer can be formed using various conventional processes.
An antireflective coating (ARC) layer 388 is typically provided below the
soft mask layer. The ARC layer is used to reduce reflection during
exposure, which can impair the quality of the image being patterned. The
ARC layer comprises, for example, an organic polymer having a thickness of
about 1000 A, Other types of materials are also useful.  to locations Where
STI trenches are to be formed. Patterning the resist layer includes
exposing portions of the resist to an exposure source through a DIE3Sk and
developing it to remove exposed or unexposed portions, depending on whether
a positive or negative s'used. The openings 



in the soft mask layer expose portions of the hard mask stack. In one
embodiment, openings have different widths. For example, openings in
densely packed device regions will have a minimum width W"th, while
openings in less densely packed device regions will have a width greater
than W(Wth, can be, for example, equal to about GR. Other values of W",in.,
such as less than GR, is also usetiii. [0025]in Fig. 3c, hard mask stack is
patterned, removing portions exposed by the soft mask. As such, the
pattern. of the soft mask is transferred to the hard mask stack. The
patterned hard mask stack forms openings 379, exposing the substrate
surface. Patterning of the hard mask stack is achieved by, for example, an
anisotropic etch, such as reactive Mn etching (R1E). [0026jThe process
continues to form trenches in the substrate. In accordance with one
embodiment of the invention, a multistep etch process is employed to form
the trenches. In one embotilment, the multi-step etch process comprises
first and second etch steps. Referring to Fig, 3d, the first etch step is
performed to partially form trenches in regions unprotected by the hard
mask stack. The first etch forms first or upper portions of the trenches
having a first depth Di. The first etch step comprises a selective
anisotropic etch, such as RIB. In one embodiment, the anisotropie etch is
selective to the mask layer. The etch selectivity of substrate to mask
layer, for example, is about 10:1 to 20:1 (for e.g,, etch rate of substrate
is 10 to 20 times that of the mask material). Higher etch selectively
allows the use of a thinner mask layer. Preferably, the etch selectivity of
the first etch is at least 10:1 with respect to the mask, 100271In one
embodiment, the sidewalls of the upper portion of the trenches comprise a
first angle Qt (at least with respect to the trenches with width - siV"d").
The etch employs a  polymerizing chemistry. The first etch,for example,
employs a hydrogen bromide/oxygen   :Br/02). Other types of chemistry which
etches the substrate with the desired etch selectivity is also useful. For
example, chlorine/oxygen (0401) can also be used in the first etch step.
The polymelizing chemistry is employed to passivate the sidewalls to
achieve the desired angle Q1. (0028jIn Fig, 3e, the second etch is
performed to form lower portions to complete the 



trenches. The lower portion of the trenches comprises a depth D2, where Di
+ D2 Dr. The second etch forms trenches in which the sidewall profile
comprises a sidewall angle Q2 in the lower portion. In one embodiment, Q2
is less than Qt. The angle Q., should be sufficient facilitate filling the
trench. This results in the trench having a sidewall profile with an
effective angle QetT which is less than Qi. [none embodiment, Qaff CM be
equal to Q2 hi one embodiment, Q2 is less than about 88'. For example, Q2
is equal to about 82-88. Preferably, Q2 is equal to about 83-87. More
preferably, Q2 is equal to about 83-845. In one embodiment, Q2 is equal to
about 845 1.5. Other Q2 angles which facilitate filling of the trenches are
also useful. For example, angles less than 82' or more than 88' can also he
used. Other trench    wall profiles, such as one in which Q gradually
decreases with depth to produce the desired Q2 or Qt....if is also useFal.
[0029]The second etch comprises an =isotropic etch, such as RIE. In one
embodiment, the second etch comprises a non-selective anisotropic etch with
respect to the mask layer. The nonselective etch has an etch selectivity of
the substrate to the mask that is about, for example, I : I to 3:1.
Furthermore, the second etch comprises a less polyzing etch than the first
etch to produce a single sloping sidewall profile in the lower portion with
a flat or substantially flat bottom surface. In one embodiment, the
non-selective etch chemistry comprises carbon tetrafiuorideloctaflu
rocyclobutatteinitrogen (CF41C4F5Jls12). Other tpes of non-selective
chemistries, such as sWfiar hexafiuoride/heliurn/carbon tetratluoride
(3F6/1-1e(CF4), are also useful.  [00301In accordance with one embodiment,
Di is about 40-80% of DT, Preferably, Dt   cater than D7. In one
embodiment, D; is about greater than 50% to about 80% of DT or to about 70%
of DT. In another embodiment, Di is about 60% to 70% of Dr. The upper
portion should be sufficiently deep to enable the lower portion to have the
desired Qdf, Preferably, the upper portion should be sufficiently deep to
enable the lower portion to lia.we the desired Qeff without pinching the
bottom of the trench. In another embodiment, the upper portion should be as
deep as possible to enable the lower portion to have the desired Qcfc. The
transition between Di and D2 should be smooth. The smooth transition avoids
hindering or interfering with filling of the trenches. [0031}As described,
the soft mask remains during etching of the trenches. The soft mask gets
eroded during the non-selective etch of the lower portion of the trench.
Depending on the thickness of the soft mask, it may be completely or
partially eroded. In the case of complete erosion of the soft mask, the
exposed hard mask may also get partially eroded, There should be sufficient
amount of hard mask (e.g., silicon nitride) remaining to serve as a polish
stop for subsequent processes. By not removin.g the soft mask, a thinner
hard mask layer can be used. in alternative embodiments,soft mask may be
removed odor to etching of the substrate to form tile trenches. 



[00321The process continues to complete the STI structures by filling the
trenches with a dielectric material, as shown. in Fig. 3E For example, a
liner layer can be formed on the substrate, lining the trench sidevvalls to
relieve stress and repair etching damage to the silicon substrate. The
liner, for example, comprises silicon oxide. The liner can be folioed by,
for example, silicon oxynitride (SiON) or a Si3N4 /Sit); hybdd. An
insulating layer is then deposited on the substrate, filling the trenches.
In one embodiment, the insulating layer comprises a HARP material, such as
SRI.. Other types of insulating materials are also useful. Excess
insulating material is removed by, for example, chemical mechanical
polishing (CMP),  producing STI structures having top surfaces co-planar
with the substrate surface. After the STI structures are completed,
processing of the substrate continues to complete the IC. [0033]Figs. 4a-b
are SEM images of STI structures formed in accordance with one embodiment
of the invention. Referring to Fig. 4a, partial trenches are formed on the
substrate by a first selective anisotropic etch. As shown, the trenches are
formed in nested or densely packed device region of the substrate. The
trenches were etched to a dcpth of about 165.8 nm, about 65% of the total
depth of 257 nm. The trench etch was performed with the resist layer
remaining on top of the hard mask stack. Referring to Fig. 4b, completed
trenches are shown after a second non-selective anisotropic etch. As shown,
the trenches have sidewalls with a tapered angle of about 87.93 and flat
bottom surface, which are desirable for HARP. [00341The invention may be
embodied in other specific forms without departing from the spirit or
essential characteristics thereof. The foregoing embodiments, therefore,
are to be considered in all respects illustrative rather than limiting the
invention described herein. Scope of the invention is thus indicated by the
appended claims, rather than by the foregoing description, and all changes
that come within the meaning and range of equivalency of the claims are
intended to be embraced therein.  What is claimed is: CLAIMS 



I.A method of forming an integrated circuit comprising: providing a
substrate prepared with a patterned mask with an opening;       etching the
substrate to form an upper portion of a trench stnicture in the substrate
exposed by the opening, the upper portion of the trench structure
comprising side, ails with a first angle Q with respect to a substrate
surface; and       further etching the substrate to form a lower portion of
the trench., wherein the tower portion comprises a second angle Q2, wherein
Qi is less than Q. The methodwherein:         g the substrate comprises an
anisotropic etch selective to the patterned mask; further etching the
substrate comprises an anisotrepic etch no -elective to the patterned mask;
and the mask comprises a soft mask and a hard mask. The method of claim 2
wherein t it- soft mask remains during etching of the substrate.  4. The
method of claim 1 fhrthcr comprises full g the trench with dielectric
material to form a shallow trench isolation (STD.  5. The method ofcl4
wherein:     etching the substrate comprises an anisotropic etch selective
to the patterned mask; further etching the substrate comprises an
arnsotropic etch non-selective to the patterned mask; and 



the mask comprises a soft mask and a hard mask.  ratio process (Eclectic
material. 7.The method of claim 6 wherein: etching the substrate comprises
an Etrtisotropic etch selective to theask;       further etching the
substrate comprises an unison-epic etch non-selective to the patterned
mask; and the mask comprises a soft mask and a hard mask. 3.The method of
claim I wherein having Q2 less than Qi enables the trench to have a lower
effective Q (Qati) to improve filling, 9.The method of claim 8 wherein Q"ff
is equal to less than about 0 10: The method of claim 9 wherein Q is equal
to about 32-88'. 



11: The method of claim I wherein: a depth of the trench is equal to DT; a
depth of the upper portion is equal to Dt; and a depth of the lower portion
is equal to D2, wherein D1 is greater than D,. 12.The method of claim II
wherein having Q2 less than Qt enables the trench to have a lower effective
Q (pej) to improve filling.  effective Q (Q00 to improve filling,  15. A
method of fomaing an isolation trench comprising: providing a substrate
prepared. with a patterned mask with an opening;       etching the
substrate to form an upper portion of a trench structure in the substrate
exposed by the opening, the upper portion of the trench structure
comprising sidewalls with a first angle Qi with respect. to a substrate
surface; 



further etching the substrate to form the lower portion of the trench,
wherein the lower portion comprises a second angle Q2, wherein Q.2 is less
than Qi; and filling the trench with a dielectric material, 16. An
integrated circuit comprising:       a substrate having a trench and an
opening of a width W, the trench includes upper and lower portions with
sidcwall profile of the trench in the upper portion having a tapered angle
QJ and a tapered angle QL. for the lower portion, wherein Q2 is less than
Qi; and a dielectric material in the trench.  17. The integrated circuit of
claim 16 wherein having Q2, less than QE enables the trench to have a tower
effective Q (Qt) to improve filling.  18. The integrated circuit of claim
17 wherein Q0 is equal to less than about 88.  19. The integrated, circuit
of claim 17 wherein Q0:if is equal to about 82-88'. 13  process dielectric
material. 




