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This paper describes an approach for the reduction of plasm: mﬁ%age in self-assembly

based porous ultra low-k organosilica dielectrics. The concept.s b d‘g??etention of the partially

decomposed sacrificial organic phase (template) into the pores oﬁhe low-k film during plasma

exposure. The amount of the template residues can contrelﬁd by varying the hard-bake process

time. It is shown that those residues are uniformly

isgriblited throughout the film in the form of

pore wall coatings. After plasma processing\,% aifiing residues are removed by means of a

UV cure. Plasma damage to the underlyin %hca matrix was assessed by exposure of the

differently hard-baked low-k films to }ry}neqich Ar1/SF¢ plasma. The thickest coating, estimated
a

to be around 0.4 nm, enables a nea\ﬂ’qq e-free etch process without any carbon depletion or k-

value degradation along with lm}h{inkage induced by post-etch UV-curing (< 4.5%). These

results highlight the ﬁ%}Of a simple and scalable route for damage-free integration of highly
porous self-asse& ow-k dielectrics.

The degra

ly bas
4

@sic properties of porous organosilica (OSG) low-k dielectrics during patterning

process is ofie of/he challenges for integration of these materials into the damascene interconnects fabrication

processf Fhe pr era(is particularly severe for ultra low-k dielectrics with porosity exceeding 20-30%, i. e. beyond
ti

the percolation Blreshold.2 In this case the pores become fully interconnected which allows deep penetration of

d%wasma species and extraction of organic groups from the OSG matrix.> Over the last decade, different

\sfve&s for the mitigation of plasma damage to the low-k dielectrics have been investigated. The proposed
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Publish |n>g1 ions can be roughly grouped in two categories. The first one includes the methods focused on optimization of a
particular element of the low-k patterning process, e. g. the plasma chemistry, the composition/structure of the
dielectric or the introduction of a post-etch low-k restoration process. Another group of methods rely on a
conceptually different approach for the processing or patterning of the porous dielectric. The unifying idea of these
methods is a temporary, partial or complete elimination of porosity. The first exam{, dopted from the membrane
community, is the temporary addition of extra polymer, i.e. the Post-Porosity la®e\:r%ion (P4)** technique,

where pore “stuffing” and “de-stuffing” steps are added to the interconneet flowsin another example porous

rew}uts\ga es and/or etch by-products at

89
1%

dielectric densification occurs through in-situ capillary condensation

_—

cryogenic temperatures.*’ Other approaches inspired by the same principle arépost-integration porogen remova

and effective porogen control (EPC)' strategies which rely @tchi the low-k film with a fully or partially

preserved sacrificial phase. Unlike the P4 and cryogenic ®tching Scl;)nes, the latter approaches are less universal
L

and their performance in terms of k-value presewatiq‘f{sv

low-k employed. So far the efficiency of these pWaS briefly demonstrated on PECVD films as well as
icle

spin-on dielectrics with acrylic polymers bas na%pa s. In this work we investigate a similar approach applied
.
to a solution-processed low-k material, ation of which involves co-self-assembly of templating surfactant

1

h film shrinkage is strongly linked to the type of

molecules and organosilica precurso 12 Avoutstanding representative of such dielectric materials is a family of

periodic mesoporous organosilicas (PMOs)y which are being actively investigated as a potential successor of

PECVD dielectrics into adyariegd techmology nodes."> "> We showed that the partially decomposed polyethylene

oxide based surfact(?n cules commonly used during PMO synthesis'® can act as an efficient plasma protective
phase and can be completely re

ved after the etching step, thus creating prerequisites for damage-free patterning

of the self-asse y@sed low-k films.

}C’}n N, (further referred as hard-baked or HB) for different times to capture various stages of the template
decomposition. The combination of 120 min hard-bake with an additional UV-curing (A > 200 nm) at a susceptor

temperature of 385°C for 2 minutes (further referred as UV) was used as a reference condition producing a

2
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Publi Shilmg: 1anically stable and template free low-k film. Due to the additional heating induced by UV-absorption, the
actual wafer temperature during the UV-curing process was about 400°C. The low-k films were characterized using
FTIR spectroscopy (Nicolet 6800), spectroscopic ellipsometry (Sentech SE801) and ellipsometric porosimetry with
toluene as adsorbate'’. To evaluate the protective role of the template residues, the obtained films were exposed to
an Ar/SF¢ discharge in a commercial magnetically enhanced dual-frequency C actor Vesta™ from Tokyo
Electron Ltd. The plasma was ignited and maintained at 120 mTorr using tot o%‘;)fxw (400W + 100W of
100 MHz and 13.67 MHz RF power supplies, respectively) and equal flows of Ar SF¢ gases set to 100 sccm.
Apart from ellipsometry and FTIR, the analysis of the plasma induc&@a performed with TOF SIMS
depth profiling (TOFSIMS IV from ION-TOF GmbH operating in ua‘l-‘l;ea configuration) and complemented with
HF-dipping test (aqueous 0.2% HF, 60s) revealing the thickfiess of rbon-depleted low-k layer."® Dielectric
constant of the low-k films was estimated from capacitan easure(aith E4980A Precision LCR Meter on planar

L
metal-insulator-semiconductor structures formed by Q&ion f 70 nm Pt contact pads on top of n-Si/SOG-2.2

stacks."’

The proposed approach relies on three k ?Tbﬁlents. fast OSG matrix cross-linking compared to the template
.

decomposition rate; the protective role of the'incompletely decomposed sacrificial phase; and the complete template

residues removal during the post-etch Wstep.

®w e 120 min HB + UV
——2min HB + UV
----------- 120 min HB
- ---=--30 min HB
vi-C-H, - - - 10 min HB
Moisture & -OH —2min HB

Absorbance, a. u.
Absorbance, a. u.

— W) 1200 1400 1600 2800 3000 3200 3400 3600 3800 4000
3 Wavenumber, cm™ Wavenumber, cm”

% 1,\IR-absorbance spectra of SOG-2.2 low-k films hard-baked (HB)/ hard-baked and UV-cured (HB+UV) for different

To address the first element, we investigated how the properties of the SOG-2.2 films evolve as a function of

hard-bake time. Compositional changes of both the organosilica matrix and the sacrificial phase can be measured by

3
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Publish |F|',g1 ., see Figure 1. The absorbance in the wavenumber range 1000-1150 cm™ corresponding to asymmetric Si-O-Si
bond stretching® experiences no significant changes already after the shortest tested hard-bake time (Figure 1a).
Meanwhile the absorbance from asymmetric C-H stretching in -CH,- group at around 2925 cm™,*® which can be
largely associated with the sacrificial phase in the pores, reduces continuously over 2 hours of hard-bake (Figure
1b). Another critical aspect such as template removal efficiency of the UV-curi s assessed by applying this
treatment to the hard-baked SOG-2.2 films containing the smallest and the lar est%":% sacrificial phase, i. e.

hard-baked for 2 and 120 minutes. After UV cure, both films show the lo F absorbance in the range of

wavenumbers corresponding to -CH,- groups indicating effective remo%p ate.
onditi

—
TABLE I. Properties of SOG-2.2 films prepared under differ&c ns of the hard-bake sequence.
: =~ N
Hard-bake Thickness, Pore ra%s, Open
sequence nm nm porosity, %
N P
0 min HB 217.8%0.9 \ i
2 min HB 1953%2.1 0.8 25.6
10 min HB 1 : 0.9 27.7
30 min HB 4%6 9 0.9 31.1
120 min HB 0209 1.1 35.0
2 min HB + U w} 1420 11 38.6
120 minﬁ'& 191.8+£0.5 1.2 37.9
More evidence suppo 'né@s of FTIR analysis can be found in Table I. After 2 minutes bake, the film
thickness reduces from @Qn\(j}w to ~195 nm, 2-3 nm above the steady-state value of ~192 nm reached after
long bake, indicatiné mos

ilm shrinkage occurs over the first two minutes of the hard-bake, due to the
condensation 0 @ted silanol (Si-OH) groups. For extended bake time, the thickness variation does not exceed

3%, whichdndicates thatighe OSG matrix is largely cross-linked and mechanically robust after only 2 min hard-bake.

Such fdst matrix éning can be attributed to well-defined separation between the sacrificial template phase and

the’OSG matrix<This is generally prone to the self-assembly based spin-on low-k films and is even more prominent
in the SOG-2.2 material under test because of relatively short PEO-block within the surfactant molecule.”’
hsidgred together with FTIR results, these data indicate clearly that the OSG matrix cross-linking is a fast

phenomenon while sacrificial organics have decomposition rate at least one order of magnitude slower.
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Publishin g Regarding the pore structure of the hard-baked films, it can be noted that both open porosity and average pore
radius simultaneously increase with hard-bake time. This supports the assumption of the uniform distribution of the
template residues throughout the SOG-2.2 layer (validated in the next section). In turn, it makes it feasible to assume
that the template residues stay in the low-k films as pore wall coating. The thickness of this coating can be roughly
estimated as a difference between the average pore radii measured in the film ofdinterest and in the film cleaned
from the template residues by long hard-bake and additional UV-curing. Following thh:%ch, we calculated that
after 2 min hard-bake the template residues take up to 30% of the open porous velumetand cover the pore walls with
a layer of about 0.3-0.4 nm thick. Another important remark about the r‘e)'t;w\ture which should be made before
discussing the interaction of the low-k films with plasma is relate to?ﬁe organization of the porous volume. It was
found that SOG-2.2 films have disordered “worm-like” por@ange thigure S1 in Supplementary Material)

which implies vertical interconnectivity of the pore chanhgels and ‘tals makes it susceptible to the diffusion of

The second key element addresses the abilit&*%mglate residue coatings to protect the OSG matrix from

plasma processing, with emphasis on highl ging“F* radicals. Samples with different levels of template
.

residues (Table I) were exposed to the plasma for 35s (further referred as ETCH), then half of the etched

samples was UV-cured to get templat&x\eﬂgj&-k films. To evidence the carbon-depleted top layer formed during
es W

the etch process, the UV-cure amp\ ere pre-measured with ellipsometry and then immersed into 0.2% aqueous

plasma-generated species.

HF solution for 60s. The obse thickness loss gives an estimate of the low-k damage depth. As can be seen in
Figure 2, the thicknessflos a{sed }y HF-dip inversely correlates with the amount of the template residues present
in the low-k films durih«{ing. The largest damage depth of approximately 52 nm is found in the SOG-2.2 layer
UV-cured prior to'thefetch process, while this value is about 10 times smaller for the film hard-baked for 2 minutes
and hosting O‘}{ of }e emplating organics.
ﬂ
Q S
w <
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FIG. 2. The thickness of the SOG-2.2 films after 35s Ar/SFg etch an&st-et‘c‘fjJV—treatment (pristine thickness ~ 200nm). The
part of the film removed by subsequent 0.2% HF dip is indicated mued. e

While the HF-dip test provides an indirect in 'camrbon depletion, TOF-SIMS depth profiling gives a

better insight into the carbon distribution within the lew-k layer. Figure 3 shows the C intensity as a function of

sputter time for the films with the largest and th allest tested amount of the template residues retained before the
etch process, i. e. for the hard-bak seq;lee eferred in Table I as “2 min HB” and “120 min HB + UV”,
respectively. The level of carbon is cm two process stages — after hard-bake and after etching followed by
UV-cure step. In case the filins followed just the hard-bake sequence, the carbon intensity remains more or less

constant throughout the layer, )hus irming the uniform decomposition of the sacrificial organic template during
As e

the hard-bake annea ed, the most significant changes in the carbon profiles appear after plasma etch.

In agreement th% results of HF-dip test, the carbon depletion is particularly significant in the material

containing thie loyes ount of the template residues before etching. In this case the depleted region exceeds half of
ness, O

the filmethick %he contrary, the C loss is almost negligible in the case of the film hard-baked for 2 minutes.

To e st)e that the carbon preserved in the organosilica matrix during etching is still present in its original

fo (Si—C}h groups), FTIR spectra of the samples before and after the plasma exposure were compared, as shown

Mguge 4. Although the initial height and position of Si-CH; peak at around 1275 cm™ slightly varies (which might
be related to proximity of the template residues), the relative absorbance changes caused by the plasma can be

compared. The spectra support the previous findings and additionally provide an evidence of the largely intact
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Publish imgrix organics in the case of 2 min hard-baked film. The slight decrease of the peak intensity after etching can be
attributed to partial replacement of Si-CHj; groups with Si-H, Si-OH or its fluorinated form Si-CH,F;,. However

since neither Si-H, Si-OH or concomitant moisture appear in the full spectra (not shown), the fluorination is the

most plausible chemical change. /

—0— 2 min HB ‘j\

—O0—2min HB + ETCH + UV

:,'100000—5 —0— 120 min HB + UV

= il —0—120 min HB + UV + ETCH + UV \
—
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FIG. 3. TOF SIMS carbon (C") depth profiles reco s a funetion of sputter time on SOG-2.2 low-k films which followed
different hard-bake sequence and identical etch process w s){:cessive UV-cure.
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FIG. "4~ Th absorbance peak (normalized by the film thickness) corresponding to C-H vibrations within Si-CH; group
regorded orﬁOG-Z.Z films before and after exposure to Ar/SF¢ plasma.

Sln*order to understand the underlying damage reduction mechanism we need to refer to the plasma conditions
used. The plasma-induced damage of the porous organosilica material is attributed to different interactions with

species generated in the discharge, i.e. free reactive radicals, ions or VUV photons. In the case of Ar/SF4 plasma
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Pub|ishi1|qsgc in this work, the impact of fluorine radicals is considered as the dominating low-k damage mechanism due to
strong plasma dissociation of the SFs molecule® compared to the relatively low VUV-induced damage caused by
small fraction of Ar in the total flow.”® The interaction between F-radicals and porous silica-based low-k films has
been recently well described by Rakhimova et al.**** Exposure to F-radicals forms the carbon depleted layer in low-
k film as a result of two propagating processes — fluorination of Si-CHj; groups as{well as the material etching via
elimination of —CF; groups and subsequent reaction with the exposed Si-O d@htﬁx. The rate of both
processes, relying on diffusion of F-radicals, is strongly affected by the pore stgucture,of the low-k dielectric. As a
consequence, the protective impact of the template residue coating c baﬁ@te to the substantially reduced

—
open porosity and pore dimensions, reducing significantly F* diffasion through, the porous matrix. In addition, the

presence of sacrificial organics covering the pore walls could glso*steri hinder the fluorination of Si-CHj; groups

thus protecting the organosilica matrix from unwanted modification e;al at the topmost part of the low-k film where
L

the concentration of fluorine radicals is the highest. \\

TABLE II. k-values and ﬁWduced by post-etch UV-curing.

. \ k-value  Shrinkage
Processing sequenee, (100 kHz) o

120 min HB + \\ 221007 -

2 min HB - UV 2224007 45
30 min HB + ETEH + UV 264008 1.6
140 min BB + UV + ETCH+ UV 3.09+0.09 08

).

£
Finally, to assesz/the licaylity of the proposed low-k patterning sequence, we measured the dielectric

constant after the

c§me—k processing and estimated the film shrinkage caused by the post-etch template

removal by WV- (Table II). The latter should be minimized to exclude the potential risk of hard-mask

SOG-212 comesgat the expense of the film shrinkage of about 4% which is twice lower than the value reported for

thé late por removal approach.’

)

In ary, this work demonstrates that the partial decomposition of the typical PEO-based templating
.
lecules during hard-bake of self-assembly based low-k dielectrics leads to formation of protective organic

coatings. These are uniformly covering the pore surface of a mechanically robust OSG matrix. The resulting

modified pore structure as well as passivation of the matrix minimizes its interaction with diffusing reactive F*

8
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Publi Shi]ﬂg; na radicals. By optimization of hard-bake time, we achieved nearly damage-free plasma etching of highly

porous dielectric films. The additional post-etch UV-curing step efficiently removes the remaining template
residues. We believe, that the proposed strategy based on simple modification of the standard damascene

metallization flow could be of special interest for integration of such promising sub class of self-assembly based

SUPPLEMENTARY MATERIAL \
See Supplementary Material for the details of SOG-2.2 film p nd for the dielectric constants of the

low-k films before plasma etching. K
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