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photoresist (PR) material may be deposited on the wafer and then is
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whi ch are suiateadl ﬁlch%atl&ﬁﬁv&lﬂpél‘)&aﬂir&ﬂo{ré"@pqrtion of the photoresist material. In
15 the case of positive photoresist materials, the eprsed regions are removed, and in the
case of negative photoresist materiais, the unexposed regions are removed.
Thereafter, the wafer is etched to remove the underlying material from the areas that

are no longer protected by the photoresist material, and thereby define the desired

features in the wafer.

20 In gen_eral, the coupling capacitance in an integrated circuit is directly
proportional to the dielectric constant, k, of the material used to form the dielectric
layers. The dielectric layers in conventiona} integrated circuits have traditionally been
formed of Si0O;, which has a dielectric constant of about 4.0. As a consequence of the
increasing line densities and operating frequencies in semiconductor devices,

25 dielectric layers formed of SiO, may not effectively insulate the conductive lines to

the extent required to avoid increased coupling capacitance Jevels.

In an effort to reduce the coupling capacitance levels in integrated circuits, the
semiconductor industry has engaged in research to develop materials having a
dielectric constant lower than that of 8i0,, which are suitable for use in forming the

30 dielectric layers in integrated circuits. A number of promising materials, which are
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30 dielectric layers in integrated circuits. A nunber of prom sin ¢
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High-aspect ratio openings have a high opening depth to opening diameter
ratio. A mask, such as a photoresist mask or a hard mask, is used to provide an
opening pattern. If a thick mask is required to allow the etching of a high-aspect ratio

opening, the critical dimension of the opening may be limited by the thickness of the
20 mask. |

Various generations of photoresist are being developed. New photoresists

may be less resistant to etching. Etches using such photoresists may have low

selectivities,

25 SUMMARY OF THE INVENTION

To achieve the foregoing and in accordance with the purpose of the present -
invention a method for etching a feature in an etch layer through a mask over a
substrate. The substrate is placed in a process chamber. An efch plasma is provided '
to the process chamber, where the etch plasma begins to etch. A feature is etched in

30  the etch layer with the etch plasma. At least one etch plasma parameter is ramped



30 the etch | ayer with the etch plasnma. At | east one.etch plasnma paraneter
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detailed flow chart of an enbodi nent of the providing of an etch plasma to
the process chanber. FIG 5 is a graph of flow rates of one of the gases
formng the etch gas versus 20 tine. FIG 6 is a graph of a discrete and
di sconti nuous step function ranp. FIG 7 is a graph of the photoresist :
selectivity for the baseBRHEF RESGRETIONOF THEORAWN GSnp etch. FIG's 8A .
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a controller us i i nt.s..of . th resent inventipn. 3 19 March 2007
WD. 2005/ 031835 P /%g%ggﬁygﬁgﬁgé%ﬂpusﬁategb way ol example, and not by way of

10 limitation, in the figures of the accompanying drawings and in wwhich like reference

numerals refer to similar elements and in which:
FIG. 1 is a high level flow chart of an embodiment of the invention.

F1G.’s 2A and 2B are cross-sectional schematic view of a substrate, which is

processed according to the invention.

i5 FIG. 3 is a schematic view of a process chamber that may be used in the

preferred embodiment of the invention.

FIG. 4 is a more detailed flow chart of an embodiment of the providing of an

etch plasma to the process chamber.

FIG: 5 is a graph of flow rates of one of the gases forming the etch gas versus

20 time.

FIG. 6 is a graph of a discrete and discontinuous step function ramp.

| FIG. 7 is a graph of the photoresist selectivity for the baseline main etch and
- the first ramp etch.

FIG.’s 8A and 8B illustrate a computer system, which is suitable for

25 implementing a controller used in embodiments of the present invention.



FIG'S 9A-C are photom crographs of the cross section of the feature at
various stages of the first ranp etch after the photoresist is 19Marghzo87
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enbodi nents one or nore |layers, such as an anti 4 19 March 2007
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

The present invention will now be described in detail with reference to a few
15 preferred embodiments thereof as illustrated in the accompanying drawings. In the
following description, numerous specific details are set forth in order to provide a
thorough understaﬁding of the present invention. It will be apparent, however, to one
skilled in the art, that the present invention may be practiced without some or all of
these specific details. In other instances, well known process steps and/or structures

20 have not been described in detail in order to not unnecessarily obscure the present

invention.

FIG. 1 _is a high level flow chart of an embodiment of the invention. A
substrate with an etch layer and a mask is provided to a process chamber (step 104).
FIG 2A is a cross-sectional schematic view of a substrate 204, which may be partofa
25 wafer or a layer over a wafer. An etch layer 208 is formed over the substrate 204,
Although the etch layer 208 is shown to be on the subsirate 204, in other
embodiments one or more layers may be between the etch layer 208 and the substrate
204. A mask 212 is formed over the etch layer 208, Although the mask 212 is shown

on the etch layer 208, in other embodiments one or more layers, such as an anti-

[



WO 2005/ 031835 PCT/ Q52004/ 030338 reflective coating, . my be placed between
the mask 212 and the etch layer 208. In the preferred enbodi néftMarghiZ80&t ch
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by gas sourcgglpgi‘?)aﬁFﬁtgﬁbﬁ}?u%Ff’%gﬁ?ﬂc@@ gFoured 314, .ot natbidans fowne 8 he

fi ned i ' ' 302 haust
ort by the B e B 00 o Vhe ARG R e ot 1 or

the pl asnm l§es sseleppsiggd 29 positionrdrupoh thet loiver elsitadic 368! ThihewsR& r@LeCt r ode

304 is grouy A RF sou 34 ig electrically connected to the | ower

el ectrode §gg?&&%ﬁ§8§a%{aﬁ§s %%%‘ﬁﬁ“ﬁ‘&n%meﬁh%%(?e&cﬂ?@w@aﬁm whi ch the
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308 are di sposed. The RF source 348 mang conpri se o8rce and
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first cont 86 defidevthe c@ifihed QRRAE vBRIN{eB NG HEPADLLEPLR GRS 0SH ;@
second control valve 339 connected to the et%ﬁplpglas sourge %cﬁ&a%%% athird

control vaIVQIém%? oiinEe: ¢ Brughe casinletiddhand ispabasted GonBdibs coflfreedgas
ol asma probeess neu kiR e pRaRARn? RHEEST o i dPd e BByt
pump 320. The exhaust pump 320 forms a gas outlet for the plasma processing
20 chamber. In this embodiment, the upper electrode 304 is grounded. A RF source 348
is electrically connected to the lower electrode 308. Chamber walls 352 define a
plasma enclosure in which the confinement rings 302, the upper electrode 304, and
the lower electrode 308 are disposed. The RF source 348 may comprise a 27 MHz
power source and a 2 MHz power source. Different combinations of connecting RI
25 power to the electrode are possible. A controlier 335 is controllably connected to the
RF source 348, the exhaust pump 320, the confinement rings 302, a first control valve
337 connected to the deposition gas source 312, a second control valve 339 connected
to the etch gas source 314, and a third control valve 341 connected to the additionﬁl
gas source 316. The gas inlet 343 provides gas frmﬁ the gas sources 312,314, 316
30 into the plasma processing enclosure. A showerhead may be connected to the gas

inlet 343. The gas inlet 343 may be a single inlet for each gas source or a different

inlet for each gas source or a plurality of inlets for each gas source or other possible

h



inlet 343. The gas inlet 343 may be a single inlet for each gas source or a - .
different inlet for each gas source or a plurality of inlets fl§Mas#cif0§as
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excites thef(ﬁteﬁftﬂm %Sthtg transformthe etch gas to the etch plasma. FIG'S

8A and 8B illus rg o tg eI g gy rireoba fighpas{rem thefirsiighesduoce

i mpl enent i N$i2aa saohd hd B6m3IBSs j \ of the present. invention.
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FIG 15 8A shows one possible physical formo
course, theUShpdPedbsgichans may theante trmsfpropdiinioobt efcBpEsmaReiDsh M an

i ntegraged gk hde, K daat:ed. circuit baoard, and a small handhel d device
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di spl ay 804fonathedR pongerBdbirced48its ke 16We BB 3@ 0, t@0d, 8 nmouse
812. Disk gl4 is a fhorrp. ter-readabl e 20 nedi um us’@?ﬁ%ﬁ%ﬁﬁf@e‘?ﬂbgﬁa to and
from conput%?r@% CERR eas testhegieh plasare. exanpl e of a bl ock di agram for
conputer system 800. Attached to systembus 820 is a wde variety of
subsystens. Pr@u@ssan(sH §231ut red to,..as,central praocessing
units, or CPUs) are coupl ed tuo@%f;égféfg%&%lés Plem300; W@i“g’dﬁﬁb‘ﬁaﬁ% Ty 824.
Merory 824 IPRIEMeEERS » serdmiieaddusdiin embydihRAVb 8RGréRaf RN o2 5Flgfrmr y
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(ROM . i Qwn.i-n_t he t, acts to transfer data
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printed circuit board, and a small handheld device up to a huge super computer.

Computer system 800 includes a monitor 802, a display 804, a housing 806, a disk
drive 808, a keyboard 810, and a mouse 812. Disk 814 isa computer-readable

20 medium used to transfer data to and from computer system 800,

FIG. 8B is an example of a block diagram for computer systern 800. Attached
to system bus 820 is a wide variety of subsystems. Processor(s) $22 (also referred to
as central processing units, or CPUs) are coupled to storage devices, including
memory 824. Memory 824 includes random access memory (RAM) and read-only

25 memory (ROM). As is well known in the art, ROM acts to transfer data and
instructions uni-directionally to the CPU and RAM is used typically to transfer data
and instructions in a bi-directional manner. Both of these types of memories may
include any suitable of the co_mputer—readable media described below. A fixed disk
826 is also coupled bi-directionally to CPU 822; it provides additional data storage

30 capacity and may also include any of the computer-readable media described below..
Fixed disk 826 may be used to store programs, data, and the like and is typically a

secondary storage medium (such as a hard disk) that is slower than primary storage.
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In addition, embodiments of the present invention further ré_late to computer
storage products with a computer—réadable medium that have compufer code thereon
for performing various computer-implemented operations. The media and computer

20 code may be those specially designed and constructed for the purposes of the present
invention, or they may be of the kind well known and aﬁailable to those having skill
in the computer software arts. Examples of computer-readable media include, but are
riot limited to: magnetic media such as hard disks, floppy disks, and .magnetic tape;

optical media such as CD-ROMs and holographic devices; magneto-optical media

P
W

such as floptical disks; and hardware devices that are specially configured to store and
execute program code, such as application-specific integrated circuits (ASICs),
progranunable logic devices (PLDs) and ROM and RAM devices. Examples of
computer code include machine code, such as produced by a compiler, and files
containing higher level code that are executed by a computer using an interpreter.

‘30 Computer readable media may also be computer code transmitted by a computer data

signal embodied in a carrier wave and representing a sequence of instructions that are

executable by a processor.
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defined as ﬁhproccﬁscé of changi ng plasnma paraneters to better
etch at eaé &Eﬁt phot gieten lexsyer . The changi ng of the plasma paraneters._

causes. a change in the etch plasm corrposition For exanpl e, when a gas

flow is increasegean ek E[r@a. n res ich may have

different etch prgper?ﬁg 6@5&? %‘5&%% g‘l%esl lﬂben'icwn B ile.

Li kewi se aﬁommfetmsé'on ﬁrxatmpba whewergasrlpwis ﬂwrdi@ecbaﬁbxﬁ éeh gnkn@f ch  pl asma
ties, selectivities, and effects on
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based on the natural changes in
plasma composition with different etch properties, selectivities, and effects on the

profile. Some of the reasons for changing the plasma composition by ramping are: 1)
To optimize the plasma composition for a given result based on the nataral changes in

20 etch properties that occur for a given recipe as the feature deepens. This phenomenon,
called Aspect-Ratio-Dependent-Etch (ARDE or sometimes RIE-lag), is usually
attributed to a reduced efficiency to transport species involved in the etch reaction to
the bottom of the feature. The plasma is ramped because the plasma composition

‘ naturally affects the feature differently for different feature depths, and the optimal

25 recipe for a particular result changes as the etch progresses. 2) To limit the use of
relatively “aggressive” recipes during the process. Ramping minimizes the use of
aggressive recipes as they are only used for a portion of the etching time, as needed,
rather than for the entire etch process. And 3) To minimize undesirable effects caused

in a single-step recipe by ramping the process through multiple steps.

30 Possible implementations of ramped processes are discussed in the following
section. The optimization of the etch by ramping may be used to achieve various

results, some of which are related to one another. Ong optimization provided by
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~ the process, while utilizing recipes that cause fewer striations at the beginning of the

20 ramp process.

FIG. 5 is a graph of flow rates of one of the gases forming the etch gas versus
time. Different ramp schemes may be used to either increase or decrease an etch
parameters over the ramp time. For illustration purposes, a flow rate parameter is used
here for the ramping scheme, although any number of previous listed parameters can

25 actuaily be the ramped. A linear ramp 508 is a ramp where the flow rate increases
linearly over time, as shown. A sub-linear ramp 512 is a ramp where the flow rate
increases or decreases over time in a sub-linear fashion, as shown. An example of
this type of ramping is an exponential, quadratic, or hyperbolic function, but many
other more complicated functions are also suitable. A super-linear ramp 504 isa

30  ramp where the flow rate increases or decreases over time in a super-linear fashion, as

_ shown. All of the ramps in this graph are continuous ramps that can be approximated
in praciice either with software or with a series of discrete steps that mimic the ramp.

Preferably, the ramp scheme is non-linear.
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function reepaibping alay wakh-lfdese steps. Mre preferably, the step function
ranp has at | east seven steps. Most preferably, the step function ranp has
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separate ramp functions or together at the same ramp function.

In this embodiment, the purpose of the ramping is that as the feature is first

etched, the plasma is optimized for the short feature depth. For optimizing the ramp

20  with respect to the mask selectivity for small aspect ratios, conditions much closer to
etch-stop may be used than for higher aspect ratio. For example at low aspect ratios,
an etch may take advantage of a process with plasma parameters that conserve
photoresist. This provides for an overall increased etch selectivity and increased
preservation of the mask. As the feature becomes deeper, the plasma composition is

25 ramped up to provide a more aggressive etch to etch the deeper features, but this often
sacrifices selectivity. By ramping the gas, the etch is made more aggressive according
the need specified by the depth of the step. Closely tailoring the aggressiveness to the
etch depth, as provided in a ramp of three or more steps, helps to minimize process
sacrifices such as mask etch. Using an aggressive step through out the entire etch

30 would erode the mask more quickly, requiring a thicker mask, which would increase
the critical dimensions. Inramping, aggressive etches are only used as needed for the

higher aspect ratios.

10
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optimizations that may be provided by the inventidn are etch selectivity, bow control,

=0

striation control, control of the top and bottom CD, etch rate, and profile control

{preferably forming a rebfmagular profile).

20 Examples

In an example of the invention, the substrate is a silicon substrate, the etch

layer is a silicon oxide dielectric layer, and the mask is a photoresist mask.

Baseline Main Etch

A baseline main etch of the dielectric layer is performed in the above
25  mentioned Exelan using the following recipe. The process chamber pressure was set
to about 45 millitorr. The 27 MHz RF source provided about 1500 Watts of power to
the lower electrode. The 2 Mz RF source provided about 1500 Watts of power to
the lower electrode. A flow of about 300 sccm Ar, 30 scem CqFs, and 10 scem O,
forming an etch gas was provided. A helium cooling pressure, to cool the substrate,
30 was 20 Torr. The lower electrode was maintained at 0° C. The upper electrode was

maintained at 140° C. The baseline etch was carried out for about 250 seconds.

i1



One of the advantages of the invention is providing a deeper high aspect
ratio etch with a thinner mask, which provides smaller critical®March2007

di nensi o ;. advantage that can occur concurrently, or can be
optim zeyPﬁgz&gp%at ely fromthe 10 previ ous enbodi nent >{‘f‘és2‘25’(‘}(Ii95"f3é%lucti on.
The desire is for a rectangular etch profile, wth vertical sidewalls. Bow
wdth is defined as the difference between the CD at the top and the CD at
the wi dest |ocation of the profile). The depth of the position of the bow
can nove depending on the etch process. An advantage is that a bow produced
in range of locations by a series of recipes is snoothed out relative to
bow produced at 15 single location. As illustrated here, a benefit of the

ranp is the abi Igi&yRi@Ay qREtIMAE Ul tiple etch properties at once with a

single ranmp schene. anples of ranping optimzations that nay be provided
by the invention are etch selectivity, bow_control, striation control,
control of the tofirshranmisstmaineoh compriseda Bve depipigeesivith s dfotaping
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MHz RF souncéntpined até'dC.abbetppkselectvédetwasahaipbived at 440% Re | ower el ectrode.- A
fl ow of about 300 seem Ar, 30 scan C4Fs, and 10 sccm 02 formng an etch

 gas provi ded. el i um cooki,n ssur 0 copl-the,substrate, 30 was
20 To ﬁ The | 0\?\%?%’{;1@ Pr Wﬁﬁ%""%ﬁﬁ‘f%ﬁ“ﬁ‘é‘gf’a\% Sﬁcnﬁe"ﬁ%gn‘a%ﬁg? el'ect rode was

mai nt ai ned fginind 8n Gtch LA wARERNIdRE. Q’h@ﬂré@@f&g@@ﬁ bargidd QU fok 90 sabends. 26Q

seconds. t1 19 rch 2007 2005/ 031835 PCTI US2004/ 030338 Fi rst Ranp Test

Mai n Et ch sedondstepraafip oshourddthscemett, d8mprm Salde and 7 veons Do fOpRBEs®s with
the fol | 0WAg o2 WS phddfed Br PRFRCSIRPwnlh BroViRARRAPST RTRAL 1BEESRYRS WS set

to 45 mllrto
flow of about 220 scem Ar, 21 scem CyFs, and 7 scem O3 forming an etch gas was

15 provided for 70 seconds. In a fourth step a flow of about 250 scem Ar, 23 scem CyFg,
and 8 scem O, forming an etch gas was provided for 60 seconds, which provided
coupon 2. In a fifth step a flow of about 300 scem Ar, 30 scem CyFg, and 10 scem Oz
forming an etch gas was provided for 40 seconds, which provided coupon 3.

Therefore, the flow rates of all three component gases are individually ramped up.

20 FIG. 7 is a graph of the photoresist selectivity for the baseline main etch 704
and the first ramp' etch 708. As can be seen from the graph, the initial selectivity of
the first ramp etch is much greater than the selectivity of the baseline main etch. Near
the end of the process the ramping of the first ramp etch causes the selectivity of the
first ramp etch to be about the same as the selectivity of the base line etch.. Overall,

25 much less photoresist is removed during the first ramp etch than the baseline main
etch. Therefore the first ramp etch may use a much thinner photoresist mask, which

improves the critical dimenstons of the feature.

Table 1

Bow width | Depth (um) | Aspectratio | Process time (s)

12
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the first ranp efch to be about the sane as the Zl?ﬁﬁ_ctlwty of the base
line et ch. raouestal is lessdham (30 1 aigom hbeylepth dhowsdat g2 Hy the first

ramp ekch 4, fHeE R8elRF Bloh B tHH'Iﬁbieqteﬁéb s.hm:% gk ﬁ{eeﬁrgﬂﬁmé fcHiprb@dBs gt ch may

use a rruch |nner ot ore st mask I nproves the CI‘I tical

di mensi onshrghe:ta”sgedtwiaméa reﬁa@ddecoﬁstﬁﬁpmmfdnaskDept h (um Aspect ratio
Process time (s) 12 19 March 2007 WO 2005/031835 PCTI US2004/ 030338

Basel ine 0.257 3.12 15.6 250 couponl l}lo&e,,z.58 12.9 200 coupon 0.21 3.55
17.75 330 coupon3 0.217 3.72 18.6 360 =

Bulk accumulated pr etched Accumulatéd selectivity
baseline l 16
couponl 0.11 52
coupon2 0.19 27
coupoﬁ3 | 0.23 22

Table 2 shows the bulk accumulated photoresist etched and accumulated

selectivity for the baseline etch and each coupon at various stages of the ramped etch.

10 FIG. 10A is a photomicrograph of a eross section of a feature 1004 after the
second step of the first ramp etch. The high selectivity of the first and second steps
provides a large photoresist thickness 1008. FIG. 10B is a photomicrograph of the
cross section of the feature 1004 after the fourth step of the first ramp etch. The third
and fourth etch steps allow etching to a higher aspect ratio, as shown and are closer to

15 the selectivity of the baseline. FIG. 10C is a photomicrograph of the cross sectiony of
the feature 1004 after the fifth step of the first ramp etch. The fifth step allows

ctching to a higher aspect ratio, as shown, and its selectivity is now similar to that of’

13 -



Table 1 shows the bow wi dth, depth, aspect ratio, and process time for the
base mainline etch and the different coupons of the first ranp'9darth20Phe
bow wi dt baseline main etch is 0.257 micron. Th w dth of the
vari ous &gg{}eﬂtssmg]fss? he first ranp etch is less than 0. 23&&@%&”333.03353% dept h
shows that the first ranp etch 5 provides a deeper etch depth. Table | also
shows t hat thfgaselingetch. %-ek@ﬂ%r@@t%smgraphioﬁherosasqmﬁeh of aféarum 1N 6r educed

consunpti o : T | k ;acgurul at r. etched Accuiru) at ed.

sel ecti vi tyrE t&%gggﬁ te %Eﬁ%‘%ﬁ%ﬂf{&tbﬁ¥® feﬁ@&g@we@r}@n 256 gl 23 22
Tabl e 2 shoth it het dxuldep as dierfuatatecldOR TORHTEIS thel:5haH pch BRCHTHE at ed
selectivity for thqle1 basel i ne etch_and each co)l;ﬁon at various stages of the

ranped et cHeducqdigtlarogesgiimes In addition wacicagrealit 6dtom th ysdlireenminsiclof a
feature 10 0 e st r tch.. The hjgh
sel ecti vi t%ﬂ%‘?ﬁw{ %;SIIP%?égﬁylg%g%ﬁ% es{e%%ge 10@#(@%@?@&% RSy Bﬁcgsi st

t hi ckness nod8ioukl @ily hidBedstgly photo ihd it desm@thedfio tedeptt O5E: $8GpkPN Of the
ranp etch. The third and

feature 1004, after . t.he fourth st of the first

fourth etchicdy é’bgd‘lﬁlf”é’\/\';l‘éﬁﬁ?ﬁlﬁés f(ﬁ 0 pfiheghwtoresiss arask pfer e fifd ehowepand ar e

cl oser to 1&HeotBa$ ' ;5 a phot.gm crograph
sk ST 40p of B8 gHASBL LA o Tl o RJEUAT, o) 20

of the cross section o t he featur *the first
ranp et ch. eveiethppgh thedeatprea016vimm tiedhsetine hairmetth ghest afdgpcls thafésureas

20051 091538 e B BE bl 53 B SRt ERsbend o = et sk o be
phot omi cr ogselpfor te fasCRaPetSL®idbRin Qldedet BANE ﬁla&?%:gb%gg%?l%ﬂ déﬁn@?;let he

basel i ne in etch, The feature 1016 formed from I ne etch is
not as degga%%&m% ARy efgh Wik arhidker photesasistmesskt Genvierselyt, onangulétshtidue to t he.

reduced to [ ] 4N i tion, the feature 1016 fraqm t he basel i ne
mai n etch %ﬁg%%ggggﬁ%%%%arcrlg?pgeggég\ihuﬁlaglﬂhearﬁmf’ﬁj& ?é’&t%?émfﬁ gy A8 from
the first baspvengh self limiting effect.

15 FIG. 9A is a photomicrograph of a cross section of a feature 904 after the
second step of the first ramp etch and after the photoresist has been stripped from the
coupon. FIG. 9B is a photomicrograph of the cross section of the feature 904 afier the
fourth step of the first ramp etch after the photoresist has been stripped from the
coupon. FIG. 9C is a photomicrograph of the cross section of the feature 904 after the

20 fifth step of the first ramp etch after the photoresist has been stripped from the
coupon. FIG. 9D is a photomicrograph of a cross section of a feature 916 etched
using the baseline main etch after the photoresist has been stripped. The removal of

the photoresist helps to better illustrate the improved profile provided by the

invention.
25

Second Ramp Test Main Ftch

A second ramp test main etch comprised a three step process with the
following recipe. The 27 MHz RF source provided about 1500 Watts of power to the
lower electrode. The 2 MHz RF source provided about 1500 Watts of power to the

30 lower electrode. A helium cooling pressure, to cool the substrate was 20 Torr. The

14



‘and woul d only increasingly worsen had it been etched to the depth of the
ranped etch. In addition, the thickness 1010 of the phot oresi st® Magk2®ft er

the fifthyefmbs@iea is larger than the thickness 1018 ?ETIBE%B%E&;’% esi st

mask after the baseline nmain etch, even though the feature romthe
baseline main etch is not as deep as the feature 10 1004 after the fifth
step of thdoweralectiodayvas mantaimed a ab@sti0d Cal Thewpaer #leqitade wasdrainiuprd atysed
for the fi M$ie Fanp etch to obtain a deeper feature than can be obtai ned
using the 'baséeline nmain etch with a thicker photoresist mask. Conversely,
one could use the same mask thickness for a deeper etch using the ranping.
. The basel i ne et dh arfayt sdpsoflowef sHvotR0igscamsid, L5 koo ChFgasd bectm Q5 FI G 9A

is a photonj crograph_of a cross, section of. a feature 9 af d
Step bf t nGOTFRREn i s Sk PR Hed FLpoPers Chitare muthGe R A0 o SPFi ppoq

~fromthe Cﬁ%&ﬂ?ﬁé})wﬁ Grri@Fonit Fort SHRALAHE. TnQdkamil fp 4 BEWOTHEuSERY dcemh of the
feature 904 after the fourth step of the first ranp etch after the

phot or esi stAha§ stme £.E¢, pihpednr @olorming ancibgas at #p@cegChpmbgr pressure
phot om crograph of the cross,section.of th eat ur e 904, .after t fifth
step of the"f?l:%r“% OTF -1 PV SR pf%vé&;ﬁll%f g(;(ie%ch{;&%gg%é%ﬁ Slgelp o ﬂg‘g"é’é?f rom
the coupombol 130 Rbmi &r, 30 Bt OJF; Cind P RER Bf fobmBipesetchqRisiaa padceds f eat ur e
916 etched using the baseline nain etch after the photoresist _has been

stripped. Themberpeesures! S0mborpHat prowisied foridOsscangds pEr€pre. (thyBPWARE t he
|1 OV PTT reB o8I Dol Y crhBYE Mt Bikre 22 iR TAMbed @Rl Ml N ELCh
np test nmarn et eda thr cess W

A second ra conpris ee step pr h the
follovvi ng recipe. The 27 MHz RF source provi ded about 1500 Watts of power

to’'the |ower al6cttAadeapidtem2rdgriphRE asooss sectipnafiadedusidid etded vsig s of

power to the 30 | ower el ectrode. el ium coqlin r esSsure, - -0 Ql _the

substrate %S‘?@ngé‘ﬁ[?l? t"ﬁfémfﬁfg’l@# cH]FOE’GWt %‘@%f%%?gb 1185 a

PCT/ USZ004(@%@0@%&@&@%@@&5{&%&8%&%&&@ N8¢ cathedAGHE the Gaseline upper
S :

el ectrode mai ntal ned at In a first step a flow of about 200
sccm Ar, 15etelcafiar darghoterasistdas besmstyipped. The removal of the photoresist helps to

15  better illustrate the improved profile provided by the invention. The deeper etch

provided by the second ramp test main etch may also be seen.

As shown by the first example the inventive ramping provides improved overall |
selectivity, by using lower flow rates that had the ability to conserve photoresist at the '
beginning by using less aggressive conditions. As shown by both examples the

20  inventive ramping provides narrower overall bow width, as the bow is smoothed out

| as its position is changed with the changing plasma conditions.

These examples provided famping from during a significant poxtion of the
process. In these examples, the duration of the ramping time is defined from the end
of the first step to the beginning of the last step. Under such a definition, the first

25  ramp test main etch would have ramping for a duration of about 150+70+60=280
seconds of the total 370 second etch process. The second ramp test main etches each
would have a ramp for a duration of 100 seconds under the above definition. It is
preferred that the ramping have a duration of at least 30 seconds. Itis more preferred
that the ramping have a duration of at least 100 seconds. It is most preferred that the

30  ramping have a duration of at least 200 seconds. For a continuous ratmp, the ramping

time is from the beginning to the end of the continuous ramp..

-
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formng an etch gas was provided at a process chamber pressure of 30 nforr..
The 5 first step was carried out for 150 seconds. In a second st%yereh 3908w
of about Ar, 25 sccm C4F8, and 7 sccm 02 form e as at a
053 ’ ’ .

process cha er&g%seassure of 45 mlorr. The second step W@’@%ﬁ“ﬁ@agf or 100
seconds. In a third step a flow of about 330 sccm Ar, 30 sccm CAF8, and 8
sccm 02 for mi n§ndar e ehovpedetiaition, Paveretesred dhah atlepst ppeuslf enisfors@reTor r was
provi ded f 1o 5. .The I 2 f | e
omponent  §sae8tuiiF BRI amu MR RErbIE, B BRGPRD aRlorBlhed L 6 11

i's a phot ommpiagr Mt plefdally,as $eaSET ink@ondre aicha@bluwig: Aahiiingt Bbethedssing the
second ranp test majn etch, after the photoresist has_ been stridpped. FI G

11 B is a 'PABISHISHGEsh He Brpmgecss darng 28§ sgonds elhibedddsarandi116 et ched

using the haselohRe hetkgl) 'ﬂ{eheg{)rgz fig r&l?@h%%%&irﬁor@%ﬁn%‘i%‘% (?11‘ P&ty The

renoval of the photoresi st Sto etter 1llustrate the 1 nproved
profil e prduiatied. Byeferablyi the emtipiog ocTthelwetlrest 180cH therdmvatthedo e eted. second

ranp test in etch al so, be seen. .S the first. exaople the
nvent | ve NESHEERfeb B thedunpingeoEa Ko feart S00kal Be PG S Ging | ower
fl ow rat es Mdbrdi@doly e 2hpink YcbiBs FRABRENFOPNBE B HHondf thd8rchDegi Nni ng
by using | ess aggresSive conditions. As shown by both exanples the 20

i nventive ranping provides narrower overall bow width, as the bowis

snmoot hed out  dbeinvenpesistapplicable fohamede of wehist, rcluhing puhgodimeadto

di 1 _ s ) : qur it
porti o of neREE RS B B RaPh R Al DTRLES o HETY KA BB LT, g
time i s dekidiegrehteovalid) aViginthmihg, tthiandriresitts sarete dsed thackiege i sagneof t he

| ast step. .Under, such a definition, the first 25 _rang- test main etch woul d
have ranpi fRptsdepthds ouidetheywisahs dong sgthAibickosges| CeBvaidE B8 the tot al
370 second : T : . gﬁ} ! ch woul d have
a ranmp for rﬁﬁ%@ggﬁkgﬁ&o erlé(%%leéz,gorll es@%rrfg)d%{r( S'el agoﬁgggg@nﬁgi on. It is
preferred thaserdation ofimasinginwdditioa, fardatpen etchfis eguireh shis3@ndecohitsed It i s
nore preferr

ed that.the ranping have uratign .of at |east 100 seconds.
It is rost PHSERRY CORITHIY g Fnp ?@ﬁﬁ%ﬂﬁ%ﬂaﬁ FrREIBAnERE HU east 200
seconds. Fafif@etPatdni@s fo §e@Whic {8 of MIRINBErs {id1A%hd dedifedBid G RILANI NY tO
the end of the continuous ranp. 19 Miarch 200 WO 2005/ 031835

PCT/ US20045€88831§. Under the above definition, it is preferred that at |east
about 0.5 mcrons are

In other embodiments of the invention the etch layer may be a conductive layer
such as a silicon or metal layer.

, |
20 While this invention has been described in terms of several preferred

embodiments, there are alterations, permutations, and various substitute equivalents,
which fall within the scope of this invention. It should also be noted that there are
1ﬁanjr alternative ways of implementing the methods and apparatuses of the present
invention. It is therefore intended that the following appended claims be interpreted
25 as including all such alterations, permutations, and various substitute equivalents as

fail within the true spirit and scope of the present invention.
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etched during the ranmping. More preferably, at least 1 mcrons are etched
during ranping. Mst preferably, at least 2 microns are etchedSdd@thngp07
ranpi ng. For the first ranp test main etch, the ranping occurs during 280
seconds of the 370 second 5 duration of the etch. Therefore, the ranping
occurs for 280/370=76% of the etch duration. Preferably, the ranping
occurs for at |least 10% of the duration of the etch. Mire preferably, the
ranpi ng o rtﬁscrlz?lfneﬁgs-l east 30% of the duration of the etch. Mbst
pr ef er abl y, e ranping occurs for at |least 70% of the duration of the
etch. The invention is applicable for -any type of resist, including but not
limted to 10 newer 193 nmresists that are nore easily etched, so that
i ncr eased!sel edtipethed for stchingmicapyein agreseh leyenthroygh aWﬂSéOV%ﬂﬁ)i ng, thinner
resists cmsggteu&%g)r;sglggchi eve the sane feature depth as would otherw se
be done with thicker résists. Conversely, the ranping nakes deeper etches
possi bl e for aplgtmethersabitedte irha plovesshahpert he conservation of mask. In

i this can be achieved 15 by sinply

addition, if a deeper ﬁtCh és required,,

cont i nui ng thepli"é{'r‘?%gc% BLESR PRI RDPPHEPR Rfhe Prosgisehipmber, MhgreH 1

di fferent finpe@RPLana cbRApSARoNDELRs SO a ManRBIAMNELRISapke! d the desired etch
depth and selectivity. In other enbodi nents of the i nvention the etch

| ayer may be apPiowWings sevend eigk plasmachmaesitiors iwhicoom thorsecmtdadicH glgena 20 Wi | e

this invention.has been described in terns of several preferred

enbodi men sfflpoots}'tnlé)r%ecoﬁtl’%ueﬁ??‘étféfl?eotggtf"ep@%r[‘&?tﬁﬂagﬁ%?“ nd various substitute
equi val ents,  mbigfathird wtdhlasnid@ngRRRRNORhérBinghé MVANEdOplasthd Shoul d al so
be noted that there are nmany alternative ways of inplenmenting the nethods

and appar@npeskioscontiuep feeeh the featprinitoptch layer, svherain redhied eishended t hat

t he foll quw . I i 25.as including all ,such
alterati gﬂgg,ﬁgaper tgtﬁ%ﬁ}sﬂ?ﬁggﬁ? g\;sgirvlgéﬁ{sﬂé%i@eg |0teu(iheS %pq lhllag eesﬁ?%“da ch fall

wi t hi n t hdasma@ngpisition aad thesswopel €tth plasmp canpeyitidniy @iiré agareskbrehithvar ch 2007
What is clained is: 1. AB% od for etching a _feature in an etch |ayer

t hr ough FESRRERO SURrstop than Herfirat ch plasipt PaPRRpition. aed Whereethe s etcht e i n a

process GHaMREK more selective than the second etch plasma and the second etch plasma is

more selective than the third etch plasma.
2. The method, as recited in claim 1, wherein the etch layer is a dielectric layer.

3. The method, as recited in claim 1, wherein the first etch plasma being more
selective than the second etch plasma means that the first etch plasma more
selectively etches the etch layer with respect to the mask than the second etch plasma
and wherein the second etch plasma being more selective than the third etch plasma
means that the second etch plasma more selectively etches the etch layer with respect

to the mask than the third etch plasma.

4, The method, as recited in claim 1, wherein the providing the first etch, the
second etch, and the third etch, provides a ramping of at least one etch plasma
parameter during the etching of the feature that optimizes plasma parameters to a
changing etch depth and etching with the ramped plasma until the feature is etched to
a feature depth. ' |

5. The method, as recited in claim 4, wherein the ramping occurs over a time

17



providing a first etch plasma conposition to the process chanber, wherein
the first etch plasma conposition begins etch a feature in thel®¥eabh2&@yer;
providing a second etch plasnma conposition, wherein the second etch plasna
conposi tion continues to etch the feature in the etch layer; and providing
a third etch plasma conposition, wherein the third etch plasma conposition
continues to etch the feature in to etch layer, wherein the third etch

pl asma conposition is nore aggressive with respect to etch stop than the
second et p¢riod ofprepterdhaoifpesspudson and the second etch plasma composition is
nore aggressive with respect to etch stop than the first etch plasma
conposition, and wherein the first etch plasma is nore selective than the
second et 6h pl ABametnd, dshecisddaothiratdc Whpleastia rarpingotars V@ créne t han t he

third etch plasma,. 2. The hod, as recited in claim1, wherein the etch
| ayer is gmﬂﬁ@%&%ﬁ??@“ﬁ%?%$5&63§hThe nmethod, as recited in claim1, wherein

the first etch plasma being nore selective than the second etch plasm
means that the first etch plasma nore selectively etches the etch | ayer
with respéct tohe methodsds reditd it ki dg whdreat thh rphpisges a aordlindser ei n t he
second etch plasma being nore selective than the third etch plasma neans
that the OMd etch plasma nore selectively etches the etch layer wth
respect to the mask than the third etch plasma. 4. The nmethod, as recited
inclaiml, wherein the providing the first etch, the second etch, and the

third etch, prounebed forectphpigrfcatirein 4 tegle upifermeetelh layprbranghsanaslet er
during th I of feature that optim zes plasma paraneters to a
changi ng %v%%%g%%%W’gﬁhgg?éﬁing with the ranped plasma until the feature is

etched to a fglating & sdegtate in% prddess dieinitedt, as recited in claim4, wherein
the ranping occurs_over a tinme 17 19 March 2007 period of greater than 30
seconds. 6. Thowgingom etghyplagpg tadhe prpcesspbamber, wherest thertid plaswa ng occur s

over gre 5&%@ - J.he duration of the etch. 7. The nethod, as
recited ?%%@Fé?ggﬁj é?%?' the ranping is a non-linear ranping.

providing an etch gas with a component gas, wherein the etch gas has
an etch gas flow rate and the component gas has a flow rate, and
energizing the etch gas to convert the etch gas to an etch plasma;
etching a feature in the single uniform etch layer with the etch plasma;
ramping the flow rate of the component gas during the etching of the feature
into the single uniform etch layer until the feature is etched to a feature depth, wherein
the ramping occurs for at least 30% of the duration of the etch, wherein the ramping is
at least one of a continuous ramping and a series of discrete steps that mimic a

continuous ramping.

9. ‘The method, as recited in claim 8, wherein the ramping up occurs over a time

period of greater than 30 seconds.

10.  The method, as recited in claim 8, wherein the ramping occurs over greater

than 50% of the duration of the etch.

11.  The method, as recited in claim 8, wherein the ramping is a non-linear

ramping.
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8. A nethod for etching a feature in a single uniformetch |ayer through a
mask over .a substrate, conprising: placing a substrate in a prBthash 2007

chanber; providing an etch plasma to the process chanber, wherein the etch
pl asma begins to etch, conprising: providing an etch gas with a conponent
gas, wherein the etch gas has an etch gas flow rate and the conponent gas
has a flow rate, and energizing the etch gas to convert the etch gas to an

etch pl asng; chi feature in the single uniformetch layer with the
etch pl asig‘, ﬁi‘ﬁﬁeﬁg)dtaﬁ%mﬂt n !ﬁ‘ f{;f‘"hte’r'?é“&l%?rfﬁ%‘ﬁ@r&m@ SHETAGEL he et ching
of the feature into the single uniformetch [ayer until the feature is

etched to a feature depth, wherein the ranping occurs for at |east 30% of
t he duratitdn offhe methade s regitest igicirimife wharepi thy mmpingtdebeass ewhe of a

_ _ ahisiciini debast |
Campi ng. e IRRAR R SR Bl A BOE GbERRkoin he ranping up

occurs over a tinme period of greater than 30 seconds. 10. The nethod, as
recited in,cl a%l_? 8, Wwherein the ranmping occurs over greater than 50% of
the duration of bt Asthodeps regifed mpgiaind; poareimtherampingdngrenses efflm 8, wher ei n

the ranpi LS vBnBQNvitH &Rt o fGPd:Htg- 18 19 March 2007 12, The nethod, as
recited iﬁggl a} mn8, V\hergl?é;? tohe rat Jying is a linear ranping. 13. The

nmet hod, as recited in claim8, wherein the ranping decreases etch

sel ectii vi be en.the single upiformetch |ayer and the mask. 14. The
net hod, a g/'r ec#ﬁgﬁeﬂwgﬁ‘%{w&é,mﬁﬁw& g’]hf"}‘?é“ the sheirnifosmdaxes & &t ch

aggr essi vegieregicthid. respect to etch stop. 15. The nmethod, as recited in
claim8, wherein the single uniformlayer is a dielectric layer. 16. The
nmet hod, as recited in claim8, wherein the single uniformlayer is a |lowk
diel ectrige | aypf, method, as recited in claim 8, wherein the single uniform layer is a low k

dielectric layer.

17.  Anapparatus for etching a feature in an etch layer through a mask over a
substrate, comprising:
a plasma processing chamber, comprising:
a chamber wall forming a plasma processing chamber enclosure;
a substrate support for supporting a substrate within the plasma processing
.chamber enclosure;
a pressure regulator for regulating the pressure in the plasma processing
chamber enclosure;
at least one electrode for providing power to the plasma processing chamber
enclosure for sustaining a plasma;
a gas inlet for providing gas into the plasma processing chamber enclosure;
and
a gas outlet for exhausting gas from the plasma processing chamber enclosure;
a gas source in fluid connection with the gas inlet,
a controller controllably connected to at least one of the gas source the at least
one electrode, the pressure regulator, the gas inlet, and the gas outlet, comprising:
at least one processor; and |

computer readable media, comprising:
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17. An apparatus for etching a feature in an etch layer through a mask over
a substrate, conprising: a plasma processing chanber, conpri si tMargh 2007
chanber wall form ng a plasna processi ng chanber enclosure; a substrate
support for supporting a substrate within the plasm processing chanber
encl osure; a pressure regulator for regulating the pressure in the plasnma
processi ng chanber enclosure; at |east one el ectrode for providi ng power
to the plasma processin | osure for sustaining a plasm; a gas

cha r
inlet for providi ngcﬁlggg'ieﬁ’ieﬁdat %c%ﬁgﬁﬁﬁroﬁm?t%g@h‘&‘ﬁ%ém‘@ﬁ%%ur e; and
a gas out ed frb@rche a.ddﬁﬁcjelﬂﬁoﬁ,?‘iﬁthfer 1§ RS PBRsRA | :
encl osure;. a gas %%pr ce in flui dgggqnnec?i on l\B/’?A'B%h ?xﬁg&gg%qﬁhﬁ‘{@??&g
cont r ol | eflO¥TREr Bhemsi e eonpenenbgasthas atflaverét; one of the gas source the at
| east one el ectrod u r.equl at.or, th as inlet, and the gas
outl et, conprising: g%?bﬁg%%%&%?lee&gf 5@‘2%‘?5%‘?‘“%#&? a&%ﬁmr@rd?"é@gﬁm e medi a,
conpri si ngonvefi3hd ch/pacino aRREh plepipidteatise LRARE © HeRethell Mo REOMEET Ng an etch
gas with ggcqmonent gas fromthe gas source through the gas inlet into the
pl asma pr8e&ssing chanber at a flow rate, wherein the conponent gas has a
flow rate; conputer .spadabbsib 7] | east one el ectrode
to convert the et c% gas to én&g[%g%?%ﬁrggﬁfa@t%é@gﬂégﬁgﬁ%ea Ol??}}éonte%t be etched
into the #sdh etchdyasnres idorpuingte urefaaluitch lapdewhatin thepinigng becdré fowar at e of
t he conpo tq et.ch atures.into a single uniformetch | ayer;
wher ei n t%gs%g%ﬁ?f;tgeg@@h?%oé Fe ’Wpﬁrﬁg’tth%%‘laggfsﬁ’élﬁﬁtr%‘lfﬁ of the etch,
wher ei n t watinaeg rﬁﬁﬁin‘g Al als8AS ofUMR &AL sRps &Qﬂhhﬂfé%{%ﬁlﬁfﬂmﬁ'}&nﬁﬁg. a series

g _

of discrete steps that mimc a continuous ranping.
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