REDUCI NG T' W STI NG | N ULTRA- Hl GH ASPECT RATI O DI ELECTRI C ETCH BACKGROUND OF
THE I NVENTION 5 [0001] The present invention relates to the fabrication of
sem conduct or devices. [0002] Pl asma-etchi ng processes are commonly used in
the fabrication of sem conductor devices. Cenerally, photoresist nmateri al
forms feature patterns on the surface of the wafer to be etched, and

features are th ICGT mg% n iy Sp
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requi renents, especially for ultra-high density structures. Wen etching
features on sem conductor wafers. the aspect ratio of an etched feature is
defined as the ratio bet weeBAGCKGROUND OETHEINVENTION] t he feature' s
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shape, and sixpesing tite wifer Qi padtiouldr tppd EfaiteHiny E4s0 0N T thothMengsidhieaad by
the mask on the top of the feature. Wien the aspect ratio of a feature

reaches 18 cdMasmaetehingisfbe gveriinreasing-aspeetiraienesded th meetaiesignyegmirements,

tw sting oc : el r,.the bot,h,omof .t he feature. .[] 0004] Fi gure
| A shows th(e";:glé‘?%d'l e gwi}ei\'}vﬂgfﬂ@ é\e}anggtgs%m{lﬁw 'o&‘b’egtc, -1+ ‘Q{‘?jﬂé’é?%#{’é‘%&cég
twisting ocewsférecthe aggect fatio Ok ohed feaGRdisidefined & the Patfd BitwEenldle @ mask 100
deposited on the surface of the wafer 110 masked four features 120, 122,

124, 126. THheaturs{srdeptid) pedthefeaturelswidtlp () arzilameter. chs odk featugestdre waf er
110 all the to t top | aye 30. The.four features 0, . , 124, 126
each has a \Rnx\%%éﬁl,og‘\ﬂlﬁ%‘}gpggﬁgﬁ%ﬁ{,ﬁ _C%tg%ggqns.téﬁﬁctg@sétﬁ%Wz%tﬁ%gvp@r f our
feat ur es5 12@ianietel of bdch ind#Adual fdbif¥é néifesSily\BecBbhstd) wHil hé of g sidevalls
of the features 120, 122, 124, 126 are not™ straight but aré curved near the

bott om of t fratyresiremains. unghangedeThus, ithmaspeetaatio dfeaoh individoél fedtare
increases as the device feature shrinks,

[0003] A new difficulty emerged recently during ultra-high aspect ratio (UHAR)
etch is twisting, which is generally defined as deviations of location, orientation,

20  shape, and size near the bottom of a feature from the pattern defined by the mask on
the top of the feature. When the aspect ratio of a feature reaches a certain threshold
while the feature’s width is very small, twisting occurs, particularly near the bottom of
the feature.

[0004]  Figure 1A shows the side view of a wafer with four etched features, where

25  twisting occurred near the bottom of each feature. In Figure 1A, a mask 100
deposited on the surface of the wafer 110 masked four features 120, 122, 124, 126.
The four features 120, 122, 124, 126 are etched into the wafer 110 all the way to the
stop layer 130. The four features 120, 122, 124, 126 each has a width, W, and a depth,
D. The aspect ratio of each of the four features 120, 122, 124, 126 is D/W. As shown

30 in Figure 1A, the sidewalls of the features 120, 122, 124, 126 are not straight but are
curved near the bottom of the features. Such deviations near the bottom of the
features 120, 122, 124, 126 from the pattern defined by the mask 100 are twisting.
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features 120, 122, 124, 126 fromthe pattern defned by the mask 100 are
tw sting. [0005]CGenerally, twisting may nanifest in one or nore of the
following forns. Lateral twisting is defrmed as deviation of the etch
profile center fromthe vertical straight Iine near the bottomof a
feature. Angular twi sting is defined as deviation of the angular

ori ent ati on [800%]he Generafy.dwistagmanmanifestienens e gf thefeHewingdomas.t om of

a 5 feature.; 9 L St i | i af file
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[ 0006] Fi gure 1B shows the top view of sanples of various forms of tw sting
near the boﬂh%%ﬁ@iarpnen@tlemegmp@mhnreﬁle figwe a pregietinedhangle aear she bottom of a

oval - shaped S | on 4 r.f. N Sz itian
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For angul ar sinpleneensly withingy siegle festreons 150, 152, 154, 156, 158 rotate so

t hat the ov re I r.aligped .wt he_ orjginal .pattern. .JFor shape
tw sting, the ossﬁg%%&!%%sowféb?p%‘f%‘f,°¥i%ﬂﬁ .cig%?a%gf.rfrg %&wfsgﬁéé'?ari n the
origi nal ovale boi@ALef the BRhéd/ featufes: WWhetwiS@idbdeats, eHe dval-Skdped crdskle
cross-sections 170, 172, 174, 176, 178 sinultaneously shift, rotate, and

change Hhapegection|is nafparfeestin size qpasHipn; edentation, skrpeeon acambinatéan therepfiInur es.

Therefore, [t 1Is L{abl.e tqQ. reduce or elimnpate.tw sti,ng [, HAR
eton. SuneBEEE R gt dineoBe s rrond o0 BHE BT I S et T,
accor dance t_aﬂetchnﬁehef the bRAS @rediio Iohgerrm @fedthter OF @idloridinal PataAP %ﬁéﬂgﬁliro r
etching a dielectric |ayer over a substrate is provided. An etch Treactor

conpri ses atwisting thecresseiectons k052, dAvel 36¢ 1 b riate sp that the qpats wonece
supplies etgch gas. into. et ch reactor first Radio Frequenc F)
sour e genelPiedaignpd pih He el SHiFin, For hapel DR LR PP BT s ¢ he
first R poye, 1601 1&6! (68 £ hb l&ﬁe!’rﬁﬂ&fegﬁigiﬂéﬂ‘ﬁ{}ﬂ%ﬁa%éﬁ?iﬁMﬁhéds@%’f'ency IS

between 100 kilo Hertz (kHz) and 600 kHz. A second RF source generates a
second RF pewehinatiantwistingcthedrdsssgetams\l 7607 2s Uppl1i76s1 ThsamsitemmadsiREhifowe r

into the etch reacgtor, ereas_ the second freqguen I s at |east .10 nega
Hort 7. (o) O 3% F s AR A1 FEBH G ERISCBE FRHE 1 AGEHS A6 JeBhe BIHBRRat e 1 or
etching a Therefore, it is desirable to reduce or eliminate twisting during UHAR etch.
SUMMARY OF THE INVENTION
20 [0007]  To achieve the foregoing and in accordance with the purpose of the present

invention, an apparatus for etching a dielectric layer over a substrate is provided. An
etch reactor comprises a top electrode and a bottom electrode. An etch gas source
supplies etch gas into the etch reactor. A first Radio Frequency (RF) source generates
a first RF power with a first frequency and supplies the first RF power into the etch
25  reactor, whereas the first frequency is between 100 kilo Hertz (kHz) and 600 kHz. A
second RF source generates a second RF power with a second frequency and supplies
the second RF power into the etch reactor, whereas the second frequency is at least 10
mega Hertz (MHz).
[06008] In another embodiment of the invention, an apparatus for etching a
30 dielectric layer over a substrate is provided. An etch reactor comprises a top electrode
and a bottom electrode. An etch gas source supplies etch gas into the etch reactor. A
first RF source generates a first RF power with a first frequency and supplies the first
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30 dielectric |ayer over a substrate is provided. An etch reactor conprises
a top electrode and a bottom el ectrode. An etch gas source supplies etch
gas into the etch reactor. A first RF source generates a first RF power
with a first frequency and supplies the first 2 RF power into the etch

reactor, whereas the first frequency is between 100 kilo Hertz (kHz) and
600 kHz. A JREpewerintothe eich repctary whergagthe dirst {reqrencydsbetwpn 100 kile Hsria

frequency a '@ﬁﬁpe €& (kPRE ' BhE r, reas
the second f eqﬁ%@c@ 'S étAI eaglp 0 on%%fﬁg%%(%. A%ﬁ'?l?%hgﬁ Sg%gt}r ce

gener at es  a frdgmentyRindSupslivs the/éebbnRFlpoknidr inte teichyreadtor, whepdak @fe debénd hird
RF power into the etch reactor, whereas the third frequency is at |east 40

MHz. [ 0009] Kreansrsyreat leass 40 megaHestz Mz rﬁm%ﬁ?Oﬁcmﬂ@Wgﬁﬁ%ﬁﬁ@tﬂﬁgi ng
f : o . . . 2
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ric layer Ps pface rode 1nside an etch

reactor, whevleesstiethitd ElegGénclyds atclyst 40MHEYer 10 the substrate. An etch gas
is delivered into the etch reactor. A first RF power with a first frequency

i s delivered0¥o tIncansthenembediment of fhe iwventioma methed farctchirg foptures inat ween
100 kHz d . d . Wi a nd. fr.e . s delivered
into t heagt C e?%éhg{%g?ﬁv?ﬁég@asga %ﬁg%\sﬂ%é%é#d i esaﬁsgr%gewaté dbet%?@g%'[cll%ﬁr VHIZV The

dielectric bhied oh & boichiibctfdd Bisiledin dt@Piehctor) Wheteas dreltiiclBctais BAEE is'dVet O
feature. 15 [0010] These and other features of the present invention will be

descri bty i terybgratetAn ¢ich gasondelivarpdinte thei atedureartar rA first&F pewerrwith avent i on
DR Nos. 1 S e dfer S B S B o Phoree Ot BFETRERTAR oxampl e,
i mgs A e R B B Ry ent s and
i n which: [ddivered igtertbe ewh feactasy whenehs thiasesondfrequendy ivatdeass 10MUFar Fhe wi t h
four etc heddielectric layer is etched to form at least one ultra-high aspect ratio feature.

15 [0010] These and other features of the present invention will be described in more
detail below in the detailed description of the invention and in conjunction with the
following figures.

BRIEF DESCRIPTION OF THE DRAWINGS
[0011]  The present invention is illustrated by way of example, and not by way of

20  limitation, in the figures of the accompanying drawings and in which like reference

numerals refer to similar elements and in which:.
':, [0012] Figure 1A (prior art) shows the side view of a wafer with four etched

features, where twisting occurred near the bottom of each feature.
[0013]  Figure 1B (prior art) shows the top view of samples of various forms of

25  twisting near the bottom of the etched features,
[0014] Figure 2 is a schematic view of an etch reactor that may be used in
practicing the invention.
[0015] Figures 3A and 3B illustrate a computer system, which is suitable for
implementing the controller used in one or more embodiments of the present

30 invention.
[0016]  Figure 4 is a high level flow chart of a process that may be used in an

embodiment of the invention.




features, where tw sting occurred near the bottom of each feature.

[0013] Figure 1B (prior art) shows the top view of sanples of various forns
of 25 twisting near the bottomof the etched features. [0014]Figure 2 is a
schematic view of an etch reactor that may be used in practicing the

I nventi on. &0015] Figures 3A and 313 illustrate a conputer system which is
sui tabl e fol0017] g@r@%ﬁh@wga@ HlsEefive sida dew of agtack to heetghedvasing the

enbodi nentsiI?JcnhQS present 30 invention. [0016] Figure 4 is a high |evel
flow chart oOf a process that nay be used in an enbodi rent of the invention.

[ 0017] Fi gur ¢00#8] S hoRiguaSB khdtbd drbflinyeathiedRiewiowop thedtfikas Figute HA etthehed
using the invention. [0018] Figure 5B shows an illustrative side view of the

stack in Fi ysing tangertidd using the invention. 5 [0019] Fi gure 5C shows an
L1 ustragt e, Vi Bl s@ s6hao: SRSHAR BN 1 okhRhSt LR Sartlle fou"
bottom of the four features etched in Figure 5B.
[0020] Figure 6 shows a comparison of twisting from using 400 kHz bias RF
power and 2 MHz bias RF power during UHAR dielectric etch processes.
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

10 [0021] The present invention will now be described in detail with reference to a
few 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 understanding 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

15  these specific details. In other instances, well known process steps and/or structures
have not been described in detail in order to not unnecessarily obscure the present
invention.

[0022]  Without wishing to be bound by the following, it is tentatively theorized
that twisting is a result of asymmetric etching in ultra-high aspect ratio (UHAR)

20  features. There are several mechanisms contributing to asymmetric etching as the
feature aspect ratio increases. The main mechanism is asymmetric deflection of
incident ion trajectories near the bottom of the UHAR features. Anisotropic reactive
ion etch (RIE) is a result of complex reactions between the exposed dielectric surfaces
and the reactive neutral radicals and ions from the plasma. The flux of the neutral

25  species to the bottom of a feature is dominated by Knudsen diffusion and the sticking
coefficient of the species to the feature sidewalls. The fluorocarbon radicals
commonly used in dielectric etch typically have high sticking coefficient, and hence
their flux to the bottom of a feature strongly depend on the aspect ratio (AR) of the
feature.

30 [0023] As a feature’s AR increases (typically greater than 10-to-1), neutral fluxes
reaching the bottom of the feature become greatly diminishes and can no longer drive
the etch reactions. At high and especially ultra-high aspect ratio (typically greater
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[ 0020] Figure 6 shows a conparison of twi sting fromusing 4-00 kHz bias RE
power and 2 MHz bias RE power during UHAR dielectric etch processes.

DETAI LED DESCRI PTI ON OF THE PREFERRED EMBODI MENTS 10 [0021] The present
invention will now be described in detail with reference to a few preferred
enbodi nents thereof as . illustrated ip the acconpanyi ng drawi ngs. _In the

fol | owi ng de'ilev #ﬁf?*&ﬁﬁdm greater than bf%f)amrlgwog%@refdwmbmrbrder to

provide a tm&ewaﬁr&%ﬁ;%fagﬁ.ntoamﬁresw&mpé;@hmefitg&eﬁﬁ Wil be

apparent, however, to one the art, tha resent i nvention
may be pr actdonsidated blypidsnmdoredenrsitg) ibn ehergp disadisaionpani the featieeB3itottond n ot her

I nstances, well known process steps and/or structures have not been
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descr i bed _ ERia _  leceieels
Lontat| Vel y ERESETAa i st R shébed il GM if flernlhcd b Bl oull phige |

ul tra-hi gh gpopntial ami the watdddRface(poternial) visich iEhdeiven by ehesappliedRadivchani sns
contributing ,to asymmetric etching as the feature aspect ratio increases.

The main ne eaey (RE)fieldset ric deflection of incident ion trajectories

near the bo 9@3 of P{ngd UHAR Jisals | roRi G I Ve ] h.(RIE)
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and the reaclid plasm£uForadxampib, Q2 hfega Hériz VL)@ d/or 160 Lm-lam?om,ealéd ux of the
neutral 25 species to the bottomof a feature is dom nated by Knudsen

di ffusi B akBOWR@s Stquite NG Pewes: 1 isaisedhto maintaip plasme idé%SiWoWhﬂéngHF R
id Il s. I .+ ad [ I S i | el,ectri tch
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bottom of aAk e wafer’s toposigfaye, hgs Galficd RachiRPeLby theimemétdiy ebdctioh flux

feature. 30@[[30023]As a feature's AR increases (typically greater than
10-to- 1), neiien the plasmasheptholrprgs dudngan REeyele. éﬁm&vg&p@p@o@ﬂomr eatly

Cepecta by OSSR, LEBRcbl e SRS L UPIR i 0Bl 1 o
especi a3 y @& aaéqit, tHeaivudhr ifthd UHAR Ehnirefsdduftiitatedd RsHbAMRRIHIY chages

over an RF cycle. This is called differential charging. In other words, more ions

reach the bottom of the UHAR features than electrons, resulting in positive

differential charging at the bottom of the UHAR features, which gives higher

differential potential at the bottom of the UHAR features.

20 [0025] Differential charging causes the increase of the potential at the bottom of
the UHAR features, which retards or deflects the incident ions towards the bottom of

the UHAR features. Differential charging also causes the slowing down of etch rate
as AR increases, a phenomenon well known as aspect ratio dependent etching
(ARDE). In other words, when incident energy is below the differential charging

25  potential, ions are deflected. On the other hand, when incident energy is above the
differential charging potential, ions are slowed down, but not deflected, causing lower
etch rate at ultra-high aspect ratio. If differential charging is asymmetrical due to
some random preferential build up of polymer residues or charges at ultra-high aspect
ratio, ion defiection becomes asymmetrical. Asymmetrical ion deflection causes

30 asymmetrical etching in some random direction, so the etch front becomes
asymmetrical. This is a feed forward mechanism: asymmetrical etch front enhances




fluxes to the bottomof the feature. lon fluxes to the bottom of the
feature is dom nated by plasma ion density, ion energy distribution, and
the feature's bottom potential due to differential charging. lons are first
accelerated by the electrical field 5 across the plasma sheath. The sheath

electrical field is termn by. t he, bul k pl asma potential and the wafer
surface pot e‘ﬁ?’?’érl‘e,m?ﬂi ﬁ&ft‘p&gﬂaﬁ g]i“\féﬂgb?'h{cﬁ@"é]%ﬁ IP.F%RP&’QSSE!F% EyeRsEi) eichkr)
fiel ds. [ 002Addiarirliafe ot RIAaATwRER Yolys BUHAR Bichadi 0 frequencies are

used to drive the plasma. For exanpl mega Hertz (MHz) and/or 60 MHz RF
power, al so [002&nowThasnveation provities powpparitus and s eskthol forretinaing tRisiagin
density, whi RF p , .al so_known as_"bias RF power," is used to
drive the plg@ﬁégggﬁ'ﬂ‘? JL%&EEAQ ricgidorgf ssmicondygtos devigese Oftethar ge

bal ance iss Mﬁﬁgg&%&ﬁﬁﬂgﬂg%ﬁ ey D6 ot Sf. sheath
col | apses during an RF cycle: Howevg?, agﬁgé%?(?]g%leﬁiom araeslﬂﬁ% t%i rectional,
and thus carmspict ratimodf at featutedis thendepth-tdawidthifiid efahe feature bpérdng nPleyioudly, As a
result, the bpttom of the UHAR features, accunul ates residual positive

char ges oved width ratiogfidetor L was,consigersd: ngh.o Mare recently. gherfgrm (hight her
words, nore abﬁ&?rart_ﬁa‘f&eltr&?tc;&hh?{zﬁ-vge%%tﬁ BRioddoihd ?ﬁg&ggﬂo%‘ﬁ%f a%k»ﬁcgg{ﬁ%’

resulting in positive different argi ng at
features, wieicbkd fiaterss isihigter stlil.f Preferably 2dn ylatdigh aspeatratib@UHAR) 868 0f t he

UHAR features. 2 p25]Differential chargi ng causes the increase of the
pot ent i E#’ a?ealt‘ﬂ's??)%‘gisdf#’%“o{‘ﬂ%g aFéé‘FH'?‘e‘QIW\ﬁH}’@HOIg&WdB%ﬁ'%LI ects the

i nci dent i ORgyb t U?ﬂ’{ﬁ t‘i:FbetE: ﬁpﬁf . oLt § € .
chargi ng al sorcgﬁ%éelgﬁllyhse}?s ow %Pa%?m o] pe R vr%g{“!‘eﬁig?e |Ir‘1sc£rtg%t58&e§¢ toa
phenonenon el additom prsfemblye tite pradenvinsteptincepplieetocdicigs foARPE in they ot her
wor ds, when  j ncident energy.is helow the differential charging 25

pgt enti ﬁl , df”&;@%@?’ﬁé’?‘iﬂbéw obo e tanei00manemetgricim)n Mere prefemblygy | s
above the il Al indnttAHpBlihoRUE feltured @;ﬁg%&éﬁcﬁc%fg VAR i br !

defl ected, caudsing [ower e rate a aspect tatio.

di fferetft i aho aivee thian @00 amn Moveréferzdly, thecpresens iventiGinalpRep teéehiapt i al  bui | d
up of polyner residues or charges at ultra-high aspect ratio, ion
def | ecti on Tsa@ussda thediglestricilaver withsy yidth of samarethandfP@st.i on causes 30

reymmot i caoTiE Mhetethof B e AT e Sl Wefr i o T one

enhances  preferably, the present invention applies to dielectric etch where the dielectric layer is

silicon oxide based. In other words, the dielectric layer is formed mainly of silicon
20  oxide with smaller amounts of other types of material mixed in.
[0028]  An apparatus and a method for reducing twisting in UHAR dielectric etch
have been discovered unexpectedly. Specifically, by replacing the 2 MHz bias RF
power with a lower frequency bias power, the twisting can be effectively reduced
without the drawbacks of the methods described above. In one or more embodiments
25  of the invention, preferably, the bias RF power has a ﬁ‘eqﬁency between 100 kilo
Hertz (kHz) and 600 kHz. More preferably, the bias RF power has a frequency
between 200 kHz and 600 kHz. Even more preferably, the bias RF power has a
frequency between 350 kHz and 450 kHz. Most preferably, the bias RF power has a
frequency of 400 kHz.
30 [0029] Figure 2 is a schematic view of an etch reactor that may be used in
practicing the invention. In one or more embodiments of the invention, an etch

reactor 200 comprises a top electrode 202 and a bottom electrode 204. Also within
6




asymmetrical differential charging, which further propagates the

asymetrical etch front, and so on. As a result, twisting occurs at UHAR
etch. [0026] The invention provides an apparatus and a nethod for reducing
twisting in UHAR dielectric etch. During the fabrication of sem conductor

devi ces, often, features are etched through a mask into a |l ayer to be
et ched over cgffgsrmwe?ooméuléﬁgﬁ@c%lorlm%u@pdawteapﬁﬂ@ hogtopyfdectrode 204.

dept h-to-w | | : . i9g. j - -1 0z W dt h
rati o of 5- ?gbefrt\i;\éag& csgjﬁltscij(}grl;e aﬁ%ﬁl E/gr eﬂ ra’eaclgjnﬁsjyl?uﬁ%y?g? %@B{%ﬂ% %spect
rati o" ref ermesk 218 if dppdbited overdhédiekictriz 1ayer @14, which takks tHe\pattérae fathect

ratio of etched features is _higher still. Preferably, an ultra-hi gh aspect

rati o (UHAR) Iepgresgo be etched. Pptionally; the bottomesincirgde 204 yprnesaiesasuitable f
dept h-t i ' -1 0 f ,
opt 6 o3n SuBedtt b AEChah e b ehdbirbstal et Mining Yl iy 7 @

preferably, fohkoldingahetubsaueM10on applies to etching features in the
dielectric layer with a wdth of no nore than 300 nanoneters (nm. Mbre

preferably, [¥30]pr e Besferablyy thedielecteie Jayedl 2 is sdicen oxigetbasad r that isnthehe
dielectric | 0 ¥ t ferably,
el eotrie, \iEtobhihe A oo ARG V3 ERRE PhoBEbL A SHREL L

with a wi dt lof ehibsticedifed haFeafubesttidito BelidehedRheS thisaldivotrit Mgellr esent
invention applies to any dielectric etch. Mire pr ef er abl t he present

i nventi &8 affi3lds t&@@%ﬁpﬁ@ﬂ@@@kw@w@lﬁ@hmmﬂo\é’ @suppliesi | i con

oxi de based., | her rd th gl ectri,c laver is formed mainly of
sihl i con 20 61')15 ceﬁ) astlﬁto\éﬁ?ﬁffcgrmaé:ﬁodg‘?ﬁsdeuﬁlpg&eh%%y Vﬁgsgcsof material m xed in.
[0028] An appgo32iuUs ATisERFE6UIESI230Ts eleREHLGIIH dofufictddi B thd dicHARceD@d. ect ri C

etch have been di scovered unexpectedly. Specifically, by replacing the 2
MHz bi as RFMaswspeaificallyathe diresr scaumgﬁﬂns bleatricgiyweonnerted to thedrottom can be

effectively yedu Wi, L.hout dra cks, of the t hods scri hed above.
T one o nEFERRANA THE Hres R¥SpucE 305 Bd kg Be P R Sore. pitag R
power hps agéiepsteiehiay RFGoWRe Bnd Applibd e BRASIRE i to IcletBl) Reakidt 2000 M
preferably, "the bias RF power has a frequency between 200 kHz and 600 kHz.

Even nore pPrefemblyl the bidsRIbpewertiias gdmgnentydetwéanciidiloyHdrtt (eblzhaisb60k Hz and
450 kHz. Mo pr ef er ahl t he  bi RF pqwer has a freque f 400 kHz. 30
[ 0029] Fi gurﬁﬁé (& pikdsrihiy, e b RF B B EPIREIR 5 eRRAO0 K 296 600cd i
practicing (i EPMERD! £ Teegrg ' E@gﬁ i Lo@, an
etch reactor 200 conpﬁ) eséngbl ’ggee gg@rp;o e 8§han %cgggﬁng?ggﬁggg 204.
Al so wit hi n450 kHz. Most preferably, the bias RF power has a frequency of 400 kHz.

20 [0033]  The bias RF power level varies according to the process needs and

generator capacity. Preferably, the bias RF power Ievel is in the range of 100 Watts

) (W) to 10000 W. More preferably, the bias RF power level is in the rangc of 500 W
to 5000 W. Most preferably, the bias RF power level is in the range of 1000 W to
4000 W for a 300-milimeter (mm) plasma etch reactor.

25 [0034] A second RF source 232 is electrically connected to the etch reactor 200.
More specifically, the second RF source 232 is electrically connected to the bottom
electrode 204. This second RF source 232 is also known as the “source RF source.”
It generates source RF power and supplies the source RF power to the etch reactor
200. Preferably, this source RF power has a frequency that is greater than the bias RF

30 power. More preferably, this source RF power has a frequency that is greater than or
equal to 10 MHz. Most preferably, this source RF power has a frequency of 27 MHz.




the etch reactor 200, a substrate 210 is positioned on top of the bottom
el ectrode 204. Over the substrate 210 is a dielectric layer 212, and this
is the layer to be etched. A mask 214 is deposited over the dielectric

| ayer 212, which masks the patterns for the features to be etched.

Optionally, ottom el ectrpode 204 incorporates a suitable 5 substrate
chucki ng mech’gﬁﬁﬁm Qptign: ?élaéblfﬁ?&:ts&wc@,wﬁé%ﬂﬁ?ﬁ’éﬂly eanagstedtp the etabihe | j ke)

for hol di ng ﬁeﬂﬁ S t gﬁeeSng]-Qi gﬁ%&]ﬁg Yoagl: | | 212
is silicon oxi g%%elg - that c‘?ﬁsﬂ t he ieﬁelﬁec re%iﬁ%%lg?hﬁéﬁ%éﬂrﬂ%kﬁg%d of
silicon oxi denttoni élactsode|20dr SimlantbshofecondRI sbyee 230 thisuhisd Risourdes3d i n.

Features are t Eﬁ% etched into this diglectric layer. 10 [0031] An etch gas
source 220 il 2S8RAWP a§ they spyige BESQUREa c It generatys apether soprdeRF ppwerandh gas

into theset chhea “g%ORfl ' t S . LI RF
source 230 ispgl?eg%l‘?lg%a y ?%ﬁrﬁ%tgttggeﬁ}%e e ch&?‘%glc gg %ﬁpﬁg}&e

speci fi cal | ygeneratedfhiyrthe sddbnd Rbfrsoarc2 262) Preferably] thivdduycelRIF powkElihstzo t he
bottom el ectrode 204. This first RF source 230 is also known as the "bias

RF source. " frequencydhsfds gicater fhandhediap BRaowserdMage preferably ribissionsceBE pover t o

the etch re | ﬂgﬁ AN Cy..bet ween

100 kil o m%ﬁg&%&%&ﬁgﬁ%ﬁgﬁgs . ?’éﬂpﬁi ra&b;I Y, %%é &5&%@&\’/\%‘#8 has a

frequency bsbweeRFAvek has afrdqied@y sf60 MBIEN nore preferably, the bias RF
bet ween 350 kHz and 450 kHz. Most preferably, the

h
E?\Qgr RF?ﬁioaéMﬁg egc ¢ lopEerueney bigs BFaqwer 230 puy bssealed piththewafesige 0 evel

varies accorg: L. C YA ferably,
Uhe. bi as RE alng Sl bRFE~ Ry AR SR IRRRIgh e R bine BN ot o
pref er abl y, niaydbehisedinRlonihintion! veiiebnd 6r inbretHighet fRgGenRly REOFoWr! Qich@907W

Most preferably, the bias RF power level is in the range of 1000 Wto 4000
Wfor a 300MHZ apgierh0 Mk tgsustaimthetnissmes Lther RF pawpraBay be anplied ¢itler sour ce

232 is el eclyi r tor_ 200 r Wfi.cally,

t he second @gﬁ%g&%%&%}%% ??géf%ﬁé}%%n %?%%’Sq%tcfplr:ége‘%ﬁ’%g‘éﬁéé’ff rode
204. Thig sewehichclr 200UTHE 1038 Erednfendl Bias HOMOP23Bmha) Be deINErSEmBS e ice. " |t
generates source RF power and supplies the source RF power to the etch

react or 200tcagpp2Q} b eapacitivg souplinge dhemighenbiequensy RF payepr 83223y be

t th he .bi RE 30 Yo} f er.abl this. . RF..
has a1 requishyeeihBinebigr Rt on b el afacihieoipngio® it rcupLRg) .
this sour ceoBB7POWK cdtdlRr D4EREBARM S todHe MK gas M&Q&Bj?.@ﬁiecﬂl@ k¥, a third

RF source 234 is electrically connected to the etc
source 230, the second RF source 232, and the third RF source 244 if it is present.

20  The controller 240 controls the flow of the etch gas into the etch reactor 200, as well
as the generation of the RF power from the three RF sources 230, 232, 234.
[0038]  Figures 3A and 3B illustrate a computer system, which is suitable for

implementing the controller used in one or more embodiments of the present
invention. The controiler 340 is shown in Figure 3. Figure 3A shows one possible
25  physical form of the computer system 300, Of course, the computer system may have
many physical forms ranging from an integrated circuit, a printed circuit board, and a
small handheld device up to a huge super computer. Computer system 300 includes a
monitor 302, a display 304, a housing 306, a disk drive 308, a keyboard 310, and a
mouse 312. Disk 314 is a computer-readable medium used to transfer data to and
30 from computer system 300.
[0039]  Figure 3B is an example of a block diagram for computer system 300.
Attached to system bus 320 is a wide variety of subsystems. Processor(s) 322 (also
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reactor 200. More specifically, the third RF source 234 is electrically
connected to the bottomelectrode 204. Simlar to the second RF source 232,
this third RF source 234 is also known as the "source RF source."” It
generates another source RF power and 5 supplies the source RF power to the
etch reactorﬁfoo, in addition to the RF power generated by the second RF
source 232. TTETeditg3F gental processing wnityro. $) axe soupled toptrrazs davings, | s

greater thanthQid Bdm ﬁmp ' r has a
frequency t hat ia}sr@gr ea@gr%ﬁ%c%%qua apgésﬁm;%sség%%gm%ﬁt hi s
sour ce RE powed-ohlyamemébrydROMY. yAois €Il Mrbwn H0the QARDOM ects @NrisRa\daRndbi as
RE power 23Q_nmy be scal.ed wth the wafersize to achieve conparabl e power
density and lgﬁfggpﬂnbﬁﬁle‘iﬂ' cctipnally g theyoPland RAM igpsedgypicaliytp tnstes dataj n
conbi nat ison Jaqts : i Sitde ”H]ﬁ?u 0 h 27 Mz

and/ or 63 M%%@ﬁggg%?ﬂlhe pﬁgigzﬁrra. her pgg?eélg@ésrr%t;&{%néoa m}éd ei t her

at t he sane ibdtdomyeiteblealf det comjrutet-réadableihedia dkscribed BEPAS| A GxbdBisk
Qf the 15 etch reactor 200. The |ow frequency bias power 230

el ectrode 2 / ] > / Ie
may be del i %éﬁéﬁalﬁwﬂlﬁl%ble@lmﬂp%lbﬂeﬂ%é%yt papises additonal dptaistayageThe

hi gher freq SpucH . V. ' . 1 t eact or
200 by eit hgr ca%%??%@@ﬁ%%ﬁpuﬁﬁgn%@?ggﬁ% |é\7}é%c’?§%# ﬁ]%a%g@fﬁ%e@%t roll er
240 is conn&izeddiitlo326apbe hsegitd storel prograiné) datalsnd the Sike Wi BAypieAly80, the

second It source 232, and the third RE source 244 if it is present. 20 The
control 1% sorendaystospas medium (suchoas & basd diskh thghis siqwes thancprimarny stosage: df 200,

as well as | f E . . fromthe three sources 230,
232, 234 0SB AREGRER I e iforadBR dhined VA e SRE T mRR o
sui tabl e f oappropisteenses, e inberpoRrd ia stabard FashionasViftudlimémé§ if fadirpent s of
t he present _invention. The controller 340 is shown in Figure 3. Figure 3A
shows one pd%4i Removabledisk 344 mayiake the fempofanymfithe cammitenmeabble wediaour se,

t he conput e&esxsﬁ@&ggglg@y have many physical forns ranging froman integrated
circuit, a printed circuit board, and a small handhel d device up to a huge

super CISTPUf0940] CorTRl 822 $y/ALEEoupIY foClavd fanﬁmwu' dSfées, fuclliazP! ay 304,
a housing 306, a disk drive 308, a keyboargﬁ%l : angﬂg m)usse 312. Disk 314

is a conput@splpe3drhiepbonsd 310 mewse 318 and aprakens 330t In generl carGidpitamputonput er
25:{ gm 288 dév?c%?’n%ylzf)eggﬂyeo : \%dleg masgla%,aégék%aﬁg, n?i'::g,lk(c)e;:wgo:alcxj'clis(:1 r'gr@p t?nres,C onputer
touch-sensitive displays, transducer card readers, magnetic or paper tape readers,

tablets, styluses, voice or handwriting recognizers, biometrics readers, or other

20 computers. CPU 322 optionally may be coupled to another computer or
telecommunications network using network interface 340. With such a network

' ) interface, it is contemplated that the CPU might receive information from the network,

or might output information to the network in the course of performing the above-
described method steps. Furthermore, method embodiments of the present invention

25  may execute solely upon CPU 322 or may execute over a network such as the Internet
in conjunction with a remote CPU that shares a portion of the processing.
[0041] In addition, embodiments of the present invention further relate to
computer storage products with a computer-readable medium that have computer code
thereon for performing various computer-implemented operations. The media and

30  computer 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 available to those
having skill in the computer software arts. Examples of computer-readable media
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Attached to systembus 320 is a wide variety of subsystens. Processor(s)
322 (also referred to as central processing units, or CPUs) are coupled to
storage devi ces, including nenory 324. Menory 324 includes random access
menory (RAM and read-only nmenory (ROM. As is well known in the art, ROM

acts to trangsfer. data and.instructions uni.:directionall o the CPU and RAM
i s used typi ﬁigﬁfifl’qf% a{erréq%%ﬁ“g “&8‘1‘8‘@63%’%%@5@? :hﬁ%s‘!"?% QOIEHY- fksedid onal
manner . Bot hmagndieesR; byA@s mebia REPh €D-ROXIY & Hifle ¢ BENbAD tol N€
conput er -readabl e nedi a descri bed below. A fixed di'sk 326 Is alsG coupl ed

bi ;jdi rect : orﬂﬂ_ﬂcyll m@dl@lwﬂB@?ﬂt:p';icalgﬁEkst ?Ethadﬂgtemmvﬁdesgmagspmidbgedcgp?ci ty
and may al so_inclu ny o e conput er-rea e | escr.i hed bel ow.
xed i ok SoeREpta o At fnd &xBGuE PG 5ol Suckian awPlcppre ECIOE AR aRiE: <
typical | $ a ciRuRteCRsIEa), préiamansle B bl&%éy(#imaﬁdh@nﬁtaﬂ?gﬁe M tn‘%gfrcﬁéats. o

slower than primary storage. It wilT be appreciated tha

retai ned wi thiampi¢saf¢onipaier 3ode imalpde machipp coge, isatleascproduced by ai compilenr at ed
in standard f i on_as .virtual ry.in menory 324, Renovabl e di sk 314 may
take the for giﬁesaﬁ?ﬁgﬁmg HEMEEIthel eb e hab e exHeir Loy COPPHEER YRS B, 15

[ 0040] CPU 33gteiptetdt. OGR! REdANI: e AL MsPbe LML dR ef®ya SUCh as
di spl ay 304, ki(-apgi/bog;d 3%8,E rr*t’);dsle 312 z?r]]ﬁ;s?)ea?(ers 330. I'#agge{ﬁl\greg??aan

i nput / out putcotpyier datamignakbembndied in adadrar whvepndrepretenting alsequence off ce,
keyboarga, m ro&ho S, touch-%iar@itive di spl ays, transducer card readers,
magneti ¢- or §{Bg oqs;lﬁgtag%%eé:pga, %A RIPEES5 y| uses, voice or handwriting

r ecogni zer s jO0¥2PITe! Fighife 4 RAURER level IRk BRky &a GORBU! R emarfBetbodd fn P! 1 0Nl 1y

may be coup 0 anGt her "conputer or ecohmuni cati ons network usi ng
net wor k i nt embadimedt of theiinvention hinconeadrneork embbdirient ef thetinventiond enpl at ed

that the CPU m ght recejye information fromthe network, qr mght output
i nf or mat i onsﬁ%ﬂgﬁé’"ﬂb? aﬁx‘%ﬂf ayerand 3 mask is)plaged en the; hogom rlectiode dnsidesany i bed

met hod st epgich BACtHRSTEY 0. "BleitdeQHE 2R Yvar 8 shbSraed %@%ek&&‘ﬁﬁs{z&“ 25

may execute sol ely upon CPU 322 or nay - execute over a ne such as the

| nt er net5 i nthealiglestd¢ layer. vehdielecteiotdyer (R0 beleadhed hdhe tch fediitei patte®t have
processing. [0 4§}Leln addi.ti on, enbodi nents of the present invention further
relate to cﬂ#ﬂgi’ nsmgsked over ta dislectsig layers perbaps b denosition wring phatotesist hat

have comutﬁ%ﬁgggegfg}ﬁgﬁ%g%rgn%gfb% gg 0%&%&_comut er-inpl enent ed

i
oper ati ons. medi a an 0 ter e y bé’'those specially designed

and const r yd043] f oEttthgasris deldeeed iafo thbetchresstord STEN 810.1 Prferfbly tie¥tchay be
of the kind well known and available to those having skill in the conputer
sof t war e arfa8 COMPEREH ecorphinatinnnfifinorecatheatCaFyreeygen, and a type of inert gas,

20  such as argon (Ar) or xenon (Xe). More preferably, the etch gas is free of nitrogen
trifluoride (NFs) and sulfur hexafluoride (SFs). Even more preferably, the etch gas is
free of hydrofluorocarbon (C,H;F,).
[0044] At the same time, a first RF power with a frequency between 100 kHz and
600 kHz is delivered into the etch reactor STEP 420. And a second RF power with a
25  frequency that is at least 10 MHz is also delivered into the etch reactor STEP 430.

The etch gas is transformed to plasma. The first, lower frequency RF power may be
delivered into the etch reactor by capacitive coupling. The second, higher frequency
RF power may be delivered into the etch reactor by either capacitive coupling or
inductive coupling. Optionally, a third RF power with a frequency that is at least 40

30  MHz is delivered into the etch reactor in addition to the second RF power. Finally,
the dielectric layer of the substrate is etched to form at least one UHAR feature
according to the masked patterns STEP 440.
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i nclude, but are not |limted to: magnetic nedia such as hard disks, floppy
di sks, and magnetic tape; optical nedia such as CD- ROV and hol ographic
devi ces; magnheto- optical nmedia such as fioptical disks; and hardware
devices that are specially configured to store and execute program code,
such as application-specific integrated 5 circuits (ASICs), programmable

| ogi ¢ devi ceEMdB] Ds)Bypsingiore BHporar (@ae biae RF mowerphd one souresREpewedoue

i gher 1 evel tage K8 BGweR {6 fils REGOUEE il schifite BweS) ot berPeBF bPar or
Conput er r eaRBERoXer@Rd oW FRquah&n sikh HHERA0D kL GAilk hidhsdinitgtfe Byurde REMPUL er

data signal enbodied in a carrier wave and representing a sequence of 10

i nstruct i onsPawris ata kigh fequensly| |ichys aeq5 23 MEHg and 60 dH2] th geistng miag ba hi gh
| evel fl f . b d i nbodi f. th
vent i on . 1180ed Y RIEPARHIeboiRl PR broEsitS Solliod B mSH ekt el (1

dielectric |famaresand a mask is placed on the bottom el ectrode inside an

etch reactor STEP 400. The dielectric |layer is over the substrate, and the
mask i s overl0846]t heFiglugs 34tshows hmilbistrativecsids wewof i stadkdy dr eiched usibg thet ched.

The etch feat t,t d ked the. di el ectri
(yer. < per napeghaa SRl bt 30 T R rele bbb 5P, whfa R Der .
layer may be sty 1ag&530x R ha85E6m bQQ43ubltele, IR masidS00 MAIGEs hth?o&rPe etch

reactor STEP 410. Preferably, the etch gas conprises a conbination o
f | uor oc 48 bodeqh@ey aredn pg etched into thet diplectoic layeef10.gas, 20 such as argon (Ar)

i 1 uori e 1907) "SRRG 7 Srodiuan b sHeiay of Wrcwackip EIgPEreesdey. ( ne

et'ch gas i s ufing thdhvBnbnO TP ARRELSID, 582 2524 AQ44dnel iﬁtﬂ?héﬁgféct{rfc”e’ a
first RF power wth a frequency betweén 100 kHz and 600 kHz 1s delivered

i nto the et ddyer BHtalbtheSHRo4ROstopbayens epaodiing-tothepatterhedmasiPS0d. rHEguency
that i t | t 10 ' | i di, h tch { STEP 430.

R N Y NN LR NG N
may be gel | ugioast eamefalb?o&tfesytufbegangz%z& 3084 bIwe AMBh F%g&?@%% econd,

hi gher frequency RF power na ellvéred into the etch reac ’ either
capaci tive thedpir fegtunes 5200522, 524, 326Upive ngniniyd twistiag ffiom thettbp aldl tHeFwayaser
with a freqég(r!lﬁ%}/t that is ,at least 40 30 MHz is delivered . intqg the etch
reactor in PE khe sideavalls of srebricatyenpse verticala| A yerticalsidavealids defired ayer

of the subs .e c t t | t HAR, f eat ur ccordipng to
the masked %)Ja ‘ﬁ"?ﬁ %@es‘éﬁ;g&%ﬁ&ﬂ ailgf’erﬂe%necn%s an§85° Hohnt %op t0'thie BStEcTh of
the sides with respect to the bottom of the feature.

20 [0048] Figure 5C shows an illustrative top view of a cross-section taken near the

bottom of the four features etched in Figure 5B. There are four features 520, 522,
i 524, 526 etched in the dielectric layer 510. Each feature is an oval with its origin at

the center of the feature. There is no lateral, angular, or shape twisting.
[0049]  Figure 6 shows a comparison of twisting from using 400 kHz bias RF

25 power and 2 MHz bias RF power during UHAR dielectric etch processes. The two
etch processes have exactly the same formula except the frequency for the bias power.
Specifically, the etch chamber pressure is 30 milli-Torr (mTorr). The etch gas
comprises 150 standard cubic centimeters per minute (sccm) of argon (Ar), 4 sccm of
C.Fs, 18 sccm of C4Fg, and 17 to 25 sccm of oxygen (O2). The source RF power is at

30 2000 watts (W) with a frequency of 27 MHz. The solid line 600 represents the
amount of twisting from using the bias RF power at 2000 W with a frequency of 400
kHz, and the dash line 610 represents the amount of twisting from using the bias RF
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[ 0045] By using two RF powers (one bias RF power and one source RF power)
or three RF powers (one bias RF power and two source RF powers) and keeping
the bias RF power at a | ow frequency, such as near 400 kHz while

mai nt ai ni ng the source RF powers at a high frequency, such as near 27 Miz

and 60 MHz, the tw ﬁpﬁ&ﬁy be 5 reduced during UHAR dielectric etch
processes, rRY¥Et ﬁé&} & Trauency ofy2 MHz s the srygeadO2) inoasesifipm e 5A

shows an il |ypskf Eﬁ(ﬁéﬁ LW frém f%kmb : j
i nvention. A pattérne ér"gglgygggﬁl?% ovZ&rSﬁ' he di e ég%fﬁf}?gwgiiég%%gmﬁl chis
in turn overless thamthel amymmt 686vistity febmiusing? MiTzbisRF pawetibstrat e. The nask

500 i ndi cat e[@g&&]at éﬂ;r 10 features are to be etched into the dielectric
| ayer 510. [ Fi ( tarindicafgdhat fwisting, i reducegd from abous davm withilnsigmaack in

Figure 5 etsqg]ﬁg{if&l : : ' 20.. 522, 524 . 526 are
et ched iﬁt o the wl%ot}lir]%qga@;@ﬁis@gs %F%H?ﬁ;e%\i%’%ﬁfgnﬁh‘gﬂ%? ??bgnFaaéﬁdaggO
accor di ng t aeviadopating 400 dHretsds BP Powdh einffadt] the Qainkl weth 1530ma 5@8dar824, 526

each have a wi dth, g\é?and a depth, D. The aspect 15 ratio of each of the
four feat ur &Evigtion o5ths bottom ellipss gap diytancenis mainlyruerto feggarningelectren f our

features 52Q.,: - 111Nl | St I r e top all e way
to the bott %n“qca%ﬁoep ygﬂgggdv\)gi% F"sm@(‘ﬁé%:th% %"t‘?ﬂéﬁ gélgﬁi‘)éelr ﬁ?;c?%?‘.’m’ b}\‘j%ng'
si dewal | i s kitftiaeRIF powbg itwipting thessédtially Ehminatet eved b @arpe lofes FloS&k iand 92

fromthe.to th‘% bottom of the sides with respect to the bottom of the
featurel020 #19b ith aspset mipRvergl-to-l.ustrati ve top view of a

- ti k : t . f L ur t ched | Lgure
S Ther o aTSI] "ARSRerbRFalsRe, Qe I o SRl of ST FbRE Dy AR
| ayer 510. Eawives,and itrie desirable t0'\elimitdté foriat Rastirbdice cidstibp 6s ARBAES Of the

feature. There is no lateral, angular, or shape tw sting. [0049] Figure 6
shows a conpassitienEferts haveheay sewiardtiis 2odl. [Her example Rmegethodvsrtoand 2

MHz bias RF ' ' tric et . The t tch
br ocesees Rk el b Folbioh iy deiusBbg et NPT gt Bl b s
power . Bpecinkitod|bay sightfizaft dibadyBRAERA beRMRE 3445 ?3@%@ bd(lal%ﬁﬁs?&?rsﬁvér@ rr).

The etch gas conprises 150 standard cubic cen S m nute (Sccm of
argon (Ar),degrades mask apd/pe subsgate selectivitycesg]tingria 1ds3 of aritdél dimensizh (€D)gen

(OD. The sour RE povwer i.s at .30 2000 watts . Wth a frequency of 27
M. The so#jngtsP Pﬁogﬁﬁ\é%t?réﬁ? gsﬂ%{oég‘t %émﬁﬁbﬁﬁfhﬁ’gls fanerepsefhe &B‘m usi ng t he
bi as RF poviceigtatidR QBro¥¥ Wetplastnal shestHe Mokvedbr, 480 nitilfod ARthds G addsillades Ne 610
represents the amount of twisting fromusing the bias RF 11 power- at 2000

Ww th a freéugedhtepdofo woset topAwofilesstrintioge The PRdsentiovanioads dslew basel i ne,
t he arr%gnt of twis ingpfoiéom usi ng 400 kHz bias RF power is significantly
| ess tHan tHETRMSIAESS ting fromusing 2 Mz bias RF power.

[0052]  The present invention has several advantages over the methods previously

used. First, it almost eliminates twisting completely for UHAR etch over a range of
O flows with AR greater than 15-to-1 and especially with AR greater than 20-to-1.
Second, it does not have any of the drawbacks that other methods have. Specifically,
25  the present invention does not result in the loss of critical dimension and top profile
distortion, and it does worsen the top profile striation.
[0053] 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
30  many alternative ways of implementing the methods and apparatuses of the present

invention. It is therefore intended that the following appended claims be interpreted
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[ 0050] The data indicate that twisting is reduced fromabout 4 nmw th
1-sigma 5 standard deviation using 2 MHz bias RF power to about 2 nmwth
1-sigma standard devi ation suing 400 kHz bias RF power. In fact, the 2 nm
with 1-sigma standard deviation of the bottomellipse gap distances is
mai nly due to .the. scanni el ectron m crosco SEM resolution limt at
about y2 nm pﬁm&u%ﬂ.ﬂﬁH%W@mbpﬁﬂy%n&@%émgﬂoaﬁo wbstfmteeanivalentsisst i ng

i s essenti al ki anadgs : in 10 UHAR etch with
aspect ratioﬁﬁoga 20-to-1Pmﬁggg?féggggggb¥%%ﬁE%%@@%# twisting is the result
of asymmetric etching in UHAR features, and it is desirable to elimnate,
or at least reduce twi sting as nuch as possible. Efforts have been nade
toward this goal. For exanple, one nethod is to suppress plasna pol yner
formati on by adjusting the etch chem stry. However, this 15 nmet hod has
significant disadvantages because | ess polynerizing chem stry severely
degrades mask and/or substrate selectivity, resulting in loss of critical
di rension (CD) and top profile distortion (striation). Mdther nethod is to
i ncrease the ion acceleration across the plasm sheath. However, this

met hod al so has di sadvantages since it tends to worsen top profile
striation. The present invention is able to 20 overcone these problens.

[ 0052] The present invention has several advantages over the nethods
previously used. First, it alnost elimnates twi sting conpletely for UHAR
etch over a range of 02 flows with AR greater than 15-to-1 and especially
with AR greater than 20-to-1. Second, it does not have any of the drawbacks
t hat ot her net-hods have. Specifically, 25 the present invention does not
result in the loss of critical dinmension and top profile distortion, and it
does worsen the top profile striation. [0053]Wile this invention has been
described in terns of several preferred enbodi nents, there are alterations,
pernut ations, and various substitute equivalents, which fall within the
scope of this invention. It should also be noted that there are 30 many
alternative ways of inplenenting the nethods and apparatuses of the present
invention. It is therefore intended that the foll ow ng appended cl ai ns be
interpreted as including all such alterations, pernutations, and various
substitute equivalents as fall within the true spirit and scope of the
present invention.

13




CLAIMS What is clainmed is: 1. A nethod for etching features in a dielectric
| ayer over a substrate, conprising: placing the substrate with the
dielectric layer on a bottom el ectrode inside an etch reactor; delivering
an etch gas into the etch reactor; delivering a first RF power with a
first frequency into the etch react ocLAWIgreas the first frequency is

bet ween 100 kHz and 600 kHz; deli1vering a second RF power with a
second frequency into the etch reactor, whereas the second frequency is at

| east %@h%ﬁ?éhﬁ is: etching the dielectric layer to format |east one
ultra-high aspect ratio (UHAR) feature, whereas the at |east one ultra-high

aspect 1r at i & etabd fer dictingfeahmésinnaligeasit &ryet bagt a300stinbd) @oRbesiRg( M) and
t he ultra-high, asﬁtl)eclé’ ratiqQ i@ gt | east 15-to-1. 2. The method of claim 1,
wher eas t hePRFNgHG subgars aith the distectng layer onmkotipm elsetraste inside an atch vasetosas
the first fpaakeneYn bRhPAE NRE et khoaNd 450 kHz. 4. The nethod of claim
1, whereas the fifst RF power Is betweerd 100 Wto 10000 W 5. The met hod of
claim 1, whéelsiering wifgstiRigpowenwith aifizst dieqGencylmtotied étoldreattos, velicieal thed fist her

conpriging: delivyeri hi r F._power with a third frequency into the
etch rt %I%Bf"),rls\mg"y%egg%{)ﬁ‘é{zﬁﬂdr |8 uency is at least 40 Mz. 7. The nethod
of claim 1, dahers@as sédond HFehRedrivith 4 S8R FrSquiineHirth kleGRth RukHE vﬁé?é%g‘gleet ween

material. 8. The nethod of claim®6, wherein the second frequency i1s
27 MHzsespril frequeppy is apleaginkd Métzneed of cl ai m 8, wherein the delivering of the

first RF po&@ﬁmg ﬁle’ H&b&b ?e%reI' td ﬁ)tnn%?least one ultra-high aspect ratio (UHAR) feature,
whereas the at least one ultra-high aspect ratio feature has a width no greater than 300

nanometers (nm) and the ultra-high aspect ratio is at least 15-to-1.

2. The method of claim 1, whereas the first frequency is 400 kHz.

3. The method of claim 1, whereas the first frequency is between 350 kHz and 450 kHz.

4. The method of claim 1, whereas the first RF power is between 100 W to 10000 W.

5. The method of claim 1, wherein twisting is minimized.

6. The method of claim 1, further comprising:
delivering a third RF power with a third frequency into the etch reactor, whereas the third
frequency is at least 40 MHz.

7. The method of claim 1, whereas the dielectric layer is of a silicon oxide based material.

8. The method of claim 6, wherein the second frequency is between 27 MHz and 40 MHz.

9. The method of claim 8, wherein the delivering of the first RF power delivers the first RF

power to the bottom electrode and wherein the delivering of the second RF power delivers the

second RF power to the bottom electrode.
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power to the bottom el ectrode and wherein the delivering of the second RF
power delivers the second RE power to the bottomelectrode. 10. The nethod
of claim9, whereas the first frequency is between 350 kHz and 450 kHz. 11.
The met hod of claim®6, wherein the second frequency is-about 27 Miz. 12.
The metyhod j Whes &l | | f fq

del i ver1 2 t hgfhf ﬂﬁlﬁg%éomr’%ﬂgr%%?lﬁﬁ%% dgpgégrhghg&gnﬁgbmﬁdwz
delivering of the second RF power delivers the second RF power to the

botto | ectt ode,.. 13.. The hod of claimi1l, whereas irst frequency
is bem\/\g‘en Snfﬁq}(’dgcffﬁ]-%&re remn %ﬁf".se‘?‘ﬂlél ‘a'léﬁg‘&?té-’l%mz- wherein the
delivering of the first RF power delivers the first RF power to the bottom

el ectrode and wherein the delivering of the second RF power delivers the
secondlRF pdlie methpdiafslaim: kil owhaseiadhe delivering of thadirstR pewverf detivers thel first RF

wh I i . 50.kHz d 45 . 6.. Th t hod
of cI P ol okt BRURME A R B RO SRR OB0EF R PEPeT g T r o
RF powsicohdRFheweotd thebettemtdatdede.17. The nmethod of claim 14, wherein the

third frequency is about 60 MHz. 18. The nethod of claim1, further
conprising delivering a third RF power with a third frequency into the etch

reacto whey, £] [ f i jn_the
secondf%"r equeﬁfgethﬁ)g%gg{a\i/\ll{elceirlf %g%ﬁé@fﬁ%ﬁ%ﬁ%%%@%s& %qgﬁn\éwggecﬁlds%ri ng
of the first RF power, the delivering of the second RF power and delivering
of the third RF power deliver the first RF power, the second RF power, and
the thi%d I?’EI]W%P&?’BC]@% LoBhersin the deivesiag oFtheirstrRE pprger driiversahe 86¥ REG | n
cl ai m gefver W 8le@oftofn e 3RAC AR WhERUPMRE YiefiverRB MR sctondRE pdYelilivers the

second RF power to the bottom electrode.

15.  The method of claim 14, whereas the first frequency is between 350 kHz and 450 kHz.

16.  The method of claim 9, wherein the delivering of the third RF power delivers the third
RF power to the bottom electrode.

17.  The method of claim 14, wherein the third frequency is about 60 MHz.

18.  The method of claim 1, further comprising delivering a third RF power with a third
frequency into the etch reactor, wherein the third frequency is at least 40 MHz, and wherein the
second frequency is between 10 MHz and 40 MHz, and wherein the delivering of the first RF
power, the delivering of the second RF power and delivering of the third RF power deliver the
first RF power, the second RF power, and the third RF power to the bottom electrode.

19.  The method, as recited in claim 18, wherein the second frequency is between 27 and 40
MHz.
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