In situ real-time monitoring of profile evolution during plasma etching
of mesoporous low-dielectric-constant SIO
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We have employed attenuated total reflection Fourier transforms infrared spectroscopy
(ATR-FTIRS) to monitor the profile evolution of patterned mesoporous, low-dielectric-constant
SiO, films in situ and in real time during plasma etching. A stack of patterned photoresist,
anti-reflective coating, and mesoporous $Si® etched in an inductively coupled plasma reactor,
using CHR and Ar. During etching, the IR absorbance of Si—-O-Si stretching modes near 1080 c¢cm
decreases, and the rate of decrease in Si—O—Si absorbance translates tg tam&i@l rate. When
corrected for the exponentially decaying evanescent electric field, the removal rate helps monitor the
profile evolution and predict the final etch profile. The predicted profiles are in excellent agreement
with the cross-sectional images taken by scanning electron microscopy. In a similar approach, we
calculate the absolute total number of C—F bonds in the sidewall passivation and observe its
formation rate as a function of time. Assuming that the thickness of the sidewall passivation tapers
down towards the trench bottom, we deduce that C—F formation occurs mostly in the final stage of
etching when the trench bottom meets the Ge ATR crystal and that a critical amount of C—F buildup
is necessary to maintain the anisotropic etch pro@le2005 American Vacuum Society.
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I. INTRODUCTION films.251" We take advantage of the high sensitivity to probe
the patterned surface of mesoporous Silns during etch-

The integrated circuitlC) manufacturing has witnessed ing. This nondestructive method eliminates the need for
continuous device miniaturization giving rise to numerouscross-sectional scanning electron microsc6§$EM) to ex-
engineering challenges. According to the 2003 Internationadmine the etch profile. We expect that the ATR-FTIRS tech-
Technology Roadmap for SemiconductdiERS), the IC de-  nique and our analytical approach can be applied to other
vice dimension will reach an 18 nm node by 2018or dielectric films such as i, and SiQN, during etching for
advanced microprocessors and logic devices, in particulathe purpose of process development. The wafer-level use of
such miniaturization requires a reduction in the resistancethe ATR technique in production tools, however, might be
capacitancéRC) time constant associated with metal inter- limiting, since the multilevel, intermetal dielectric architec-
connects and intermetal dielectric@he purpose is to in- ture contains metal interconnects. These metal lines, whose
crease the device operating speed despite the miniaturizatiopitch is smaller than the wavelength of IR, would prevent the
Two primary solutions exist today to reduce the RC constantevanescent wave from propagating through the dielectric
One is copper metallization, and the other is low-dielectric-film.
constant materials insulating the metal interconnects. A vari-
ety of material?_), 7such as polytetrafluoro ethyléR&FD,>*  1I. EXPERIMENT
polyimides (P1),” S"Sesqu"?xa”ega”‘_’ Mesoporous S Figure 1 illustrates a top cross-sectional view of our ex-
have been considered as viable candidates to replace the CQfisimental setup. The stainless steel, tubular plasma chamber
ventional vapor-deposition-based $in this study, we f0- 5 55 ¢y in diameter with multiple view ports. A turbomo-
cus on solgel-based mesoporous Swhose dielectric con- lecular pump (Alcatel 5900CP with 10001/s pumping
stant ranges from 1.5 to 2.0 in the 1-40 GHz ratfge speed maintains the base pressure ax@.@* Pa. The tur-
demonstrate that the patterned etch profile of SN, yomglecular pump is assisted by ali4 double-stage rotary
along with the sidewall passivation, can be monitareditu  ,21a mechanical pum(Edwards E2M4Q A gate valve con-
and in rea_l time, using attenuated total reflection Fouriek.s the conductance to the turbomolecular pump and main-
transform infrared spectrosCOpfATR-FTIRS). The ATR  iaing the chamber pressure at 1.3 Pa during etching, indepen-
technique has been previously used to study surface reagent of reactant gas flow rates. A mixture of GHEhd Ar is
tions during plasma enhanced proce§5éSas well as “re-  iyioduced to the chamber through a 10 cm diam circular gas
setting” the wall condition of commercial plasma reactors for yisyiption ring located 12.5 cm above the substrate. During

process reproducibilitﬁ In all cases, the ATR technique etching, mass flow controlle@&NIT URS 100-5 maintain
provides sub-monolayer sensitivity to examine heterogesa fiow rates of CHEand Ar constant.

neous reactions occurring on semiconductor and insulator A “stove-top-coil” inductive plasma source is mounted on

a 2.54 cm thick, 16 cm diam Pyrex window that separates the
¥Electronic mail: meister@unm.edu plasma source from vacuum. A radio frequeridy potential

347 J. Vac. Sci. Technol. A 23 (2), Mar/Apr 2005 0734-2101/2005/23 (2)/347/8/$19.00 ©2005 American Vacuum Society 347



348 Gerung et al.: In situ real-time monitoring of profile evolution 348

Matching RF Generator
Network 13.56 MHz
o Dielectric Window
0z Gas Distribution Ring
Turbo Pump o Vactubm G
1000 s

£
an KBr Lens

/i - IR
S c
Q\‘# Mirror
@ \ Matching |}
Gate Valve Network N
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at 13.56 MHz is applied to the plasma source through amhanges in the film on top of the ATR substrate, especially in
impedance matching network to maximize the power deliv-comparison to the IR absorption that stems from the changes
ery to the plasma. An independent rf potential at 13.5160n the beveled edges. In addition, the flat crystal surface area
MHz is applied to the substrate holder to control the ionis ~10 times greater than that of the two beveled edges. Note
energy?g‘21 The slight frequency offset from 13.56 MHz is also that the beveled edges face away from the plasma source
meant to avoid interference with the plasma source freand that the oxide film, deposited on the longer side of the
guency. The rf power delivered to the plasma source is mainATR crystal, faces the plasma sourndégs. 1 and 2 These
tained at 400—-800 W, while the rf power delivered to thefactors ensure that the absorption signal from the film is at
substrate is maintained at 100-150 W. Although the reactdeast two orders of magnitude greater than that from the bev-
geometry departs from commercial reactors, we expect theled edges. The ATR technique is also robust against
plasma conditionge.g., density of reactive neutrals and ions, scratches inadvertently introduced during sample transfer to
ion energy distribution, and ion angular distributiclo be  and from the plasma chamber. We have previously demon-
comparable to those of commercial reactors based on th&trated that the surface corrugation, whether introduced natu-
aforementioned rf power consumption and independent bias.

For ATR-FTIRS, a trapezoidally shaped @G#&1) crystal is
mounted on a metal substrate platen cooled by chilled water.
The choice of the ATR substrate.g., GaAs and KRS)5s Sidewall
immaterial, provided that the substrate is IR-transparent in Paxsivatlon
the mid-IR region. We also expect the effect of the substrate
on etch chemistry to be minimal prior to the endpoint, since ]
reactive radicals and energetic ions impinge almost entirely o B
on the film surface rather than on the underlying ATR sub- Mesoporous —
strate during etching. Figure 2 illustrates that the Ge crystal sio,
is coated with mesoporous SiOanti-reflective coating To IR
(ARC), and fully patterned photoresi§PR). The patterned Detector
PR serves as an etch mask. The preparation steps for the:
films will be discussed in the following section.

The Ge crystal is 5 cm long, 2 cm wide, and 2 mm thick
with two ends beveled at 45° with respect to the substrate
normal. The IR beam from a FTIR spectrometdlicolet From IR
Nexus 670 is focused onto a beveled edge. Upon entering
the crystal, the IR beam undergoed2 reflections from the Fic. 2. Conceptual layout of a partially patterned $idm on a Ge ATR
crystal top surface and exits the opposite beveled edge. Threystal. The ATR technique is used to measure the removal rate gfeSio
above arrangement renders the Ge crystal transparent to ngl as the formatlon_ rate of_C—F in t_he sidewall passivation layer. Patterned

o . . . . photoresist and anti-reflective coating are stacked on top of mesoporous

above 650 crmt. The multiple internal reflections also sig- SiO, film. The magnified cross-sectional view outlines the etch front at the
nificantly enhance the IR absorption that stems from tharench bottom.
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rally or artificially, does not cause IR to scatter upon internal ' t='0 sec‘ o Tt
reflection, provided that the corrugation dimension is less
than the IR wavelengtff:

The internal reflections create an evanescent electromag-.
netic field whose strength decays exponentially away froms
the film—crystal interface. Infrared-active dipole moments in 2
the etched mesoporous Si@lm (e.g., C—F and Si—-O-Si
stretching vibrational modg¢®bsorb the evanescent field at
their characteristic vibrational frequencies. For instance, the

0.8k 8

(ar

1.0 t=120sec B

rbance

IR absorbance peaks of Ce-F=1, 2, and 3and Si-O-Si 2 C-F, — Si-0-Si
stretching vibrational modes appear at 1200-1700 anc™
890-1195 crmt, respectively"*>** Because the evanescent  <| ]
field strength decays exponentially away from the film— '
crystal interface, the IR absorption by dipole moments near : . '

2000 1600 1200 800

the film—crystal interface is more pronounced than that away

from the interface. The mathematical correction for the ex-

ponential decay will be described in Result and DiscussiOng. 3. Time-series of IR absorbance spectra taken dusr2 min etch

The exiting IR is collimated by a KBr lens and then focusedprocess show both C—F and Si—O-Si stretching vibrational modes. Si-O-Si

onto a HgCdTe mid-range IR detector by an off-axis paraboaPsorbance becomes increasingly negative, indicating its loss, whereas C-F
. . . : . absorbance becomes increasingly positive, indicating its gain during the

loid mirror. Prior to etching, a background spectrum is taken,,

with 4 cn? resolution averaged over 50 scans. During etch-

ing, a series of sample spectra are collected with 4'cm

resolution. Each absorbance spectrum is averaged over 20aintained at this temperature for 180 min, and then cooled

scans to maintain the peak-to-peak noise level below 0.01@&lown to the room temperatuf@98 K) at the same rate. The

while achieving the time resolution of 12 s. removal of organic materials by calcination results in meso-
Figure 2 depicts partially etched parallel trenches creategores SiQ matrix. As control samples, we also prepare the

in the mesoporous Siilm during etching. The magnified mesoporous films on &i00 under the same condition.

view of a trench shows how PR, ARC, and mesoporous SiOThese control samples are used to measure the etch rate and

film are stacked on top of the Ge ATR crystal. To create thighe post-etch profile, using XSEM. The Si@m thickness

stack of films, the Ge crystal is first cleaned in 100% ethanois measured prior to coating ARC and PR, using variable-

(EtOH) to dissolve organic contaminants on the surface. Th@ngle spectroscopic ellipsometfWoolam WVASE32. The

substrate is then treated in air plasma for 2 min to increas8iO; film thickness is~2600 A for all samples.

the adhesion of a sol that contains Sim precursors. The ~ The anti-reflective coatingBrewers Science XHRi-16

sol consists of EtOH, kD, tetraethyl orthosilicatéTEOS,  and photoresistShipley i300 are sequentially spin-coated

polyoxyethylenél0) cetyl ether(Brij 56), and a trace amount ©n top of the SiQfilm at 4000 rpm for 30 s. The thickness of

of HCI. We prepare the sol by a 2-step process before spirARC and PR is 1600 and 8000 A, respectively. The photo-

coating it on the Ge crystal at 2000 rpm for 20 s. The firstr€Sist is patterned 3gy interferometric lithograptiy) de-
step is to create a stock soluti¢A2™) by mixing EtOH, scribed elsewherd*The photoresist is exposed to the 355

H,O, TEOS, and HCI at a molar ratio of 3.8: 1: 1; 5.1 "M line of a Nd:YaG laser operated at 55 mJ/pulse for 20 s,
X 10°° and heating the solution at 333 K for 90 min. The bakgd at 383 K, and thgn immersed in a devgzloper solution
purpose of heating is to expedite the hydrolysis of TEOSShipley MF702 for 1 min. The pitch(P) and width(W) of
replacing ethoxy groups with hydroxyl groupsThe second ~ the fully developed PR pattern are 0.3 and Oub% respec-
step is to dilute the prepared A2stock solution with addi- Uvely. The underlying ARC is etched either in an-@r
tional EtOH, HO, and HCI. Brij 56 is also added to set the Plasma or in a CHE~Ar plasma, depending on the desired

molar composition of EtOH, kD, TEOS, Brij 56, and HCI etch profile. The @-Ar etch results in an anisotropic profile,
at 20 5 1 0.06: & 10-2. The HCI concentration is chosen Whereas CHE-Ar plasma results in a profile where the mid-

to minimize premature condensation of TEOS while promot-Sectlon bodws gut. Thel It power dehveret(jj ]EF the plasT%
ing the self-assembly of Brij 56 surfactant to form either gSource and substrate platen, pressure, and flow rates, o

hexagonal or cubic phase templé?eThis template forma- and Ar are 100 W, 50 W, 1.3 Pa, 4 sccm, and 25 scem,

tion occurs concurrently with evaporation of EtOH angH respectively.

hence, the template formation is named evaporation induced

self-assemblyEISA).2® The prepared sol is then spin-coated !!l- RESULTS AND DISCUSSION

on the Ge crystal and allowed to dry in the ambient(288 Figure 3 shows a typical set of time-series absorbance
K and 30% relative humidity The TEOS oligomers in the spectra taken durgha 2 min etch to completely remove the
sol subsequently condense around the template upon calciexposed 2600 A thick SiQunder the etch mask. The absor-
ing the spin-coated film in an oven filled with the ambient bance by Si—-O-Si stretching vibrational modes from 890 to
air. The oven temperature is ramped at 1 K/min to 673 K,1195 cmi! decreases continuously in the negative direction

Wavenumber (cm'l)
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(Fig. 3). This observation is consistent with the fact that SiO where the IR absorband®) is normalized byd.. The absor-
is removed during etching. The pronounced noise level nedranceA corresponds to the Sidilm remaining at any given
1050 cm? is due to the fact that Si-O-Si stretching mode ismoment during etchingA is approximated by the sum of two
a strong IR absorber and that the IR intensity of the referencabsorbance spectra:
background in the said region is minimal with a 2600 A thick _
SiO, layer. A= Aot Ao @

In contrast to the Si—-O-Si absorbance, the absorbance liyhere A, is the absorbance spectrum representing the pre-
C—F vibrational modes near 1200-1700 ¢nincreases con- etch SiQ film taken with respect to the clean Ge ATR crys-
tinuously, indicating that the total amount of fluorocarbontal, and A, is the experimentally measured absorbance
(FC) deposit increases throughout the etching process. Thispectrum taken with respect to a pre-etch background where
increase may stem from fluorocarbon accumulation on théhe patterned PR and ARC are stacked on top of yet-to-be-
sidewall§"*2 and/or on the trench bottom. The work of Rue- etched SiG. A andd, are related to the extinction coefficient
geret al* and Standae#t al,>* using angle-resolved x-ray (k) of the mesoporous Sicfilm by
photoelectron spectroscofAR-XPS), demonstrates that a N AG)
thin layer of FC exists on SiQsurfaces even under heavy  k(v)= ————,
ion bombardment. Thus, we expect the FC to exist both on 47NRde(V)
the treljch bottom as well as on the sidewalls. Hoyvever, the here? and N denote the wave number in cfhand the
heavy ion bombardment on an independently biased suly,mper of internal reflections from the SiGSe interface,
strate Is 3E§5|'eved to maintain the FC accumulation ajegpectivelyNg is 12 in this case. Since, is yet unknown,
minimum-==The fluorocarbon would, therefore, accumu- the pre-etch Si@film thickness is used as the initial value of
late mostly on the sidewalf.In addition, the trench bottom d.. k is related to the real path) of the complex refractive
area remains fairly constant throughout the etch, whereas thggex (fi=n+ik) for the SiQ, film by the Kramers—Kronig
sidewall area continues to increase. Note also that we havgspersion relation:
discounted the FC deposit on trench tops from the possible o
cases discussed above. We have determined that the IR ab-  _ 4 +E{Pf vk(v) dT/] 3)

a

2

sorption contribution from the FC deposition on trench tops
is minimal when the Si@thickness is comparable to or sig- ) o _
nificantly exceeds the depth of penetration of the evanesceMheren; is the refractive index of the film at wave number
wave. That is, when the FC deposit on trench top is placedi: andP denotes the Cauchy principle value of the integral
outside or at a distance comparable to the probing depth dfom zero to infinity. However, the experimentally collected
the evanescent wave, the observed IR absorption pertains €ctrum has a finite wave number range within the mid-IR
either the sidewalls or the trench bottom. Therefore, we def€dion, and the integral cannot be evaluated from zero to
duce that the observed increase pertains mostly to the sigifinity. This limitation can be circumvented by measuring a
walls. real part(n,) of the complex refractive index at a known
Two mechanisms may contribute to the increase in flup¥¥ave numbery, and subtractingy, from . The inherent
rocarbon. (1) The fluorocarbon deposits in the sub-surface@SSUMPtion is that the difference betwerandn, is close to
pores near the exposed SiGidewalls®® For porous Sig 287 I the domains outside the experimentally accessible
with 2 nm wide pores and 30% porosity, similar to our me_wavet_numlbe(rj fat”993 i.e.,sv<v; andv,<v<eo. This as-
soporous Si@ the sub-surface pore filling may reach a depthSump lon leads to
of ~3 to 4 nm®® As the etching exposes progressively in- ~ 2 "2 Tk(P) "2 Tk(P)
creasing Si@ sidewall area with concurrent pore filling, the n=n+—|P ~2 ~2d7’_ P _~2 ~2d5 ) 4)

T 5 VY W VT

total amount of fluorocarbon increaség) the fluorocarbon

deposits externally on top of the exposed Ss@lewalls, and  wheren, is measured a¥,=15 800 cm® by spectroscopic

the total amount increases with increasing Si€dewall e||ipsometry(SE),13 The experimentally measured value of

area. We assume that the rate of diffusion of fluorocarbom, is 1.26 for the mesoporous Si@Im. The limits (7; and

precursors through the mesopores2 nm) far exceeds the 7,) of integration in the principle integral are 650 and

rate at which the exposed SiGurface increases and that the 4000 cmi?, respectively.

precursor diffusion is self-limiting due to the fluorocarbon  The value ofn, from Eq. (4) is then used to calculate the

film sealing the mesoporé%.%Thus, we expect that the in- two components of the evanescent fielg; that is parallel to

crease in C—f absorbance is primarily due to the FC the substrate surface arig}, that is perpendicular to the

build-up on top of the exposed SjQidewalls. substrate surface. The strength of these two components de-
For a quantitative analysis to obtain the absolute amounpends om, of the mesoporous SiOn,;(v), the real part of

of SiO, removal and C—Faccumulation during etching, the the complex refractive index for Ge ATR crystal; ang(v),

IR absorbance spectra in Fig. 3 need to be corrected for thie real part of the complex refractive index for vacuum.

exponentially decaying evanescent field. A similar correctiom(7) approximates the refractive index of high vacuum in

procedure has been previously describ&tl.To summarize, the etch chamber. Denoting asn,(¥) for convenienceky,

we employ the effective thicknes@,) approximatioft>®  is expressed as
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E - 2 cosh[(1 +n3,)sir? §—n3,142 c N }

o0 (1- n2) Y (1 +n3))sir? 6 - n3, 142’ ®) rms = Ek (Bk1e1— &) 4IN, (13
wheren,, (I=3 andm=1 or 2 denotesn,-to-n,, ratio. The  wherek is thekth wave number is thelth iteration, anoN
perpendicular componeri, |, is expressed as is the number of experimental data points in the absorbance

spectrum.
_ 2 cosé 6) After d, is self-consistently calculated by the procedure

LT (1 —n3)Y?’ described above, the absolute amount of .Si€maining at

each moment during etching is approximated by
The valug qfni from Eq. (4) is also used to calculate the 2,60 102 cm™ 1 (72 Ag, o_o()dP
characteristic penetration dep(t,) of the evanescent wave sio_si= =
by Nr fls, de@

X Atops (14)

X 6

_ Ny
P 2m(sir? 6 - n3)Y?’

)

whereNg;_o_g;is the total number of Si—-O-Si removefdis
the oscillator strength of Si—-O-Si stretching vibrational
where\ is the IR wavelength in vacuum, aris the inci-  mode, andA, is the top surface area of the Ge ATR crystal.
dent angle of the IR on the top surface inside the ATR crysThe integration is evaluated frorv,=984 cmi* to 7,
tal. The effective thicknesgl,) is then expressed as =1195 cm. The top surface area remains constant at 3, cm
while § decreases according to E§9). The oscillator

= n21E(2) 0,{1 - exgi- 28/d,)], ®) strength is 7.3& 10°° calculated from*
2 cosé aW n
f=1.29x 107 o, (15)
whereé is the remaining Si@film thickness.§ is calculated Nmesoporoué i + 2)
by where @, W, Niesoporous 2NA Nig denote the peak absorption
coefficient (1.72 cm?), the full width at half maximum
6= 6~ (ERX1), ©) (100 cm}) for the Si—-O-Si absorbance band, the concentra-

tion of SiO, units (~1.92x 10?2 cm™®) in the mesoporous
film, and the real partl.84) of the complex refractive index
near the 1050 ci region. We approximatBlyesoporoudy

where &,, ER, andt represent pre-etch SjJilm thickness,
etch rate measured on a blank $if®dm, and etch duration,
respectively. Since the Sidilm is partially masked during
the pattern etchg is an underestimation of remaining SiO _ ”mesoeorouN
Equation(9) also assumes that the vertical etch rate remains ~“mesoporous™ - Tthermab
constant throughout etching. To account for possible loading

effect and time-dependent etch rate, situ spectroscopic  Whe®NmesoporoudNd Ninerma d€NOte the real part of the com-
ellipsometry**® or interferometr{™* can be used for more pI_ex refractive index in the VISIb|€.' range for mesoporous
reliable estimate o@. Note that Eq(8) results in two effec- 5102 at 1.26 and that of thermal Sj@t 1.46, respectively.
tive thickness value@ andd,, ), depending on whethd,  1h€ expenmgntally m'easureq]esgporogggs identical to a re-

or B, is used in place of, As an approximation, the Ported va[ue? Nihermal IS 2.2X 107 cm™ based on the spe-
arithmetic average ofly andd,, obtained from Eq(8) is CI_fIC 4%rawty and molecula_r _we|_gh_t of therma_llly grown
used ford, in Eq. (2) to calculatek. The above procedure SiO2  Nir Of mesoporous Siis similarly approximated to
using Eqs(2)—(8) is repeated untih, andk converge. To test D€ 1.84 by Eq(16), based omys of thermal SiQ at 2.12.

(16)

their convergence, the real pést) of the complex dielectric For C-F, the total nugsber of C—-Nc_p) created during
constant(g) is first calculated by etching is calculated fro
1 1 ([2Ac®dv
g1 =N - K2, (10) Nep= — AEFG) Y% ScrX (ERXt) X L,
Nroc_p 2l vde(7)
where the subscrigtfor n; is omitted for convenience. The (17)

imaginary part(e,) is then calculated by ) _ ) )
whereo_g is the IR cross-section of C—F stretching vibra-

£,= 2nk. (11)  tional mode(2.84x 102 cm?),*® &_g is the thickness of the
fluorocarbon sidewall passivation, ahds the length of the
The magnitude of is then expressed as etched trenche¢s cm). The integration is evaluated from
7,=1200 cm?* to 7,=1700 cm?. For comparison purpose
—_[2,. 2 ; e 47
€= \e]+es. (12 only, we assume thaj-_r remains constarftat 1 nm;" con-

trary to the reported observation thét_g tapers down to-
We employ an absolute convergence criterion where the roavards the bottom of the etched trencfieFhis assumption
mean squaréms) value defined in Eq(13) is less than 10 helps visualize how the sidewall passivation thickness
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T T PR 10 etch is stopped 30 6~10% overetch after the presumed
Plasma On ARC endpoint based on the etch rates observed on identically pat-
sio, 8 terned samples. Despite the overetch, we have determined
that the underlying Ge etch is below detection limit.
Corresponding to the two etch profiles, Fig. 4 shows the
integrated absorbance of Si-O«&j;_o_g) before correcting
for the exponentially decaying evanescent walg.q_g;
qualitatively indicates that Sids removed approximately at
a constant rate for the anisotropic profile and at a rate that
varies throughout the etch for the bell-jar shaped profile. The
I Si0-Si 4 detailed quantitative information on profile evolution is ex-
ol 1. d(CorremdNS“) _/‘-ﬂ __________ A tracted fromNg;_g_gibased on Eq14). Ngi_o_gjaccounts for
) , , , . ] the exponential decay, and its time derivative conveys the
0 20 40 60 80 100 120 information on profile evolution. We employ a fifth-order
Time (sec) polynomial function(—) to fit Ng;_o_s; (®). The smoothness
of the polynomial fit reduces the noise in the calculated rate
of decreasg---). The rate of decrease is equivalent to the
removal rate of Si@ The removal rate accounts for both
lateral and vertical losses; therefore, the removal rate is dif-
ferent from the blank film etch rate. For instance, the dotted
line (---) in Fig. 4(@) indicates that the SiQremoval rate
remains nearly constant until the very end of the etch process
between 100 and 120 s. The reduced removal rate translates
) to narrowing profile, and the SEM image in Figasshows
: e ] S a slight footing near the bottom of the trench.
' s 1, For the bell-jar shaped profile in Fig(®, we demon-
1 Vg8 strate that the profile evolution of ARC and Si©@an be
0 ulbo : 2(')0 . 3(')0 : 4")0 . 560 : 6(')0 7064 successw_ely monltgred. To this end, the IR absorbar_1ce of
(b) Time (sec) characteristic vibrational modes of ARC, which appear in the
1080 cm? region, is included in the calculation &f;_o_g;
Fl'GH 4. I'”ttisglfatzgi s;?gr?:f;shd i;g-f&df) I;'(;t:g \Ifz mﬁdﬁﬂ ﬁ]anl%'ﬁ Thus, Ngi_o_gj partially reflects the removal rate of ARC in
Yégal,rebzll—jal}lshaped eptch profilpe. The correspond?ng cross—sgecilional SEl\ﬁ(_jdltlon to that of _SIQ' Th,e nonllr?eanty n th? ARC f':md
images are shown in the insets. The scale bar is 200 nm. The IR absorban&dO, removal rate is consistent with the bulging profile of
corrected for the exponentially decaying evanescent field is used to calculalaRC and the lateral erosion of SjOOne can trace Points

the total loss of Si—O-Si bonds. A nonlinear slope of total Si—O-Si Iossl_5 on the removal rate cure-) and match them with the
(Nsi_o_s) during plasma-on period foretells a deviation from perfect aniso-

tropy. The nonideal profile is particularly pronounced for the profile showncorreSponding points in the SEM image. Note that the re-
in (b). moval rate is negative with its corresponding axis on the
right hand side. Thus, the absolute removal rate increases
with increasingly negative quantity. The observed removal
changes as a function of time. M- _r deviates from a linear rate suggests that the ARC etching last350 s, after which
line, then the slope dfl._g describes a number of scenarios, SiO etch begins at a comparatively accelerated pace. In Fig.
as to whether the actua}_r tapers down towards the trench 4(b), Isi_o_sijat 350 s is~50, matching that of initialg;_o_s;
bottom, thickens towards the trench bottom, or thickens ovein Fig. 4@). Since the Si@ thickness of the sample in Fig.
the entire passivation layer while maintaining the generaf(@) is the same as that in Fig(), this equivalence vali-
tapered down cross-section. dates the demarcation of when ARC etch ends, and &ich
The SEM images in Fig. 4 illustrate two contrasting ex- begins, while supporting the positional accuracy of assigned
amples of profile evolution(a) anisotropic profile andb) numbergPoints 1-% along the etch profile. In the future, we
highly nonideal, bell-jar shaped profile. The lateral openingplan to compare the etch profiles, that are predicted and in-
of the SiQ trench is~0.15 um for both profiles. The CHF  dependently verified by XSEM, with experimentally mea-
and Ar flow rates, rf power to the plasma source, and rfsured ion energy and angular distribution functions in,SiO
power to the substrate are maintained at 22 and 45 sccm, 8@)N,4, and SiQN, cases where the etch is strongly driven by
W, and 150 W, respectively, for the anisotropic profile and aton bombardment.
11 and 50 sccm, 400 W, and 100 W, respectively, for the The absolute amount of C—F formation during etching,
bell-jar shaped profile. Another difference is that the ARC iscalculated from the absorbance of C—F stretching vibrational
etched in an @-Ar plasma for 5 min for the anisotropic mode by Eq.(17), is shown in Fig. 5. Figure (8) corre-
profile, whereas the ARC is etched under the identical consponds to Fig. @), and Fig. %b) corresponds to Fig.(8). In
ditions used in Si@etch for the bell-jar shaped profile. The contrast toNg;_o_s; Nc_g increases throughout the etch. The
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sl --m-- Uncorrected I .. ' ' plete, whereas the bell-jar shaped profile exhibits a com-
I ® Corrected N, s paratively low level of C—F bond accumulati¢®x 10'° to-
2| ‘D ~ tal at the engl Given the same Sigthickness and trench top
g i U P opening width, we infer that a critical amount of C—F exists,
2 20f ) below which a substantial lateral loss in Si@tcurs. That is,
£ g ° ! £ g g the sample corresponding to Figgbyand 5b) does not
:3 152 g4 ; have enough fluorocarbon buildup on the sidewalls and,
2 & g 2,\ therefore, not enough passivation thickness to prevent the
§ = A lateral loss.
B 12 =
i s ~
I IV. CONCLUSIONS
or Plasma On 1° We have demonstrated the use of ATR-FTIRS to monitor
0 2'0 : 4'0 : slo : slo : ulm 120 the etch profile evolution of mesoporous, low-dielectric-
(@) Time (sec) constant Si@in situ and in real time. The technique is non-
I — intrusive as well as nondestructive, eliminating the necessity
35| |-~®-Uncorrected I 4 20 to cleave the etched samples for SEM imaging. We rely on
sl ® Corrected N, . the IR absorbance of Si—O-Si stretching vibrational mode
s | ‘ ] during etching to calculate the SjQoss. When the absor-
5 25 115 9 bance spectra are corrected for the exponentially decaying
£ = - 3 strength of the evanescent wave, using the algorithm de-
= 2 = %7 g scribed in Results and Discussion, the total amount of, SiO
E“' 15 g g T 10@2 loss can be monitored in real time, and the removal rate is
5 w0l = 3 *{? calculated from the slope of total Sjdoss. The calculated
£ los = removal rate and the corresponding etch profile show good
é 51 N - agreement, further validating that the ATR technique can be
ol used to predict the profile evolution during etching. In a
LA E s O 49.0 similar a_lpproac_h, we hf_;lve investigated the quor_ocarbon ac-
. . . . cumulation during etching. The total accumulation of C-F
(b) 0 100 200 Tislgg (se:)oo S0 600 700 and the corresponding profile suggest that a critical amount

of C—F buildup is needed to maintain an anisotropic profile

Fic. 5. IR absorbance of C—F stretching vibrational mode near 1306 cm and that the most of C—F buildup occurs towards the end of
corrected for the exponentially decaying evanescent field strength is used @tching.

calculate the total number of C—F formed during etching(®ra sample

with relatively anisotropic etch profile an@) a sample with highly non-

ideal, bell-jar shaped etch profile. The insetahconceptually describes the ACKNOWLEDGMENTS
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