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Depth-profiling plasma-induced densification of porous low- k thin films
using positronium annihilation lifetime spectroscopy
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Positronium annihilation lifetime spectroscodfPALS) has been used to depth profile the
densification induced in a porous low-dielectric cons{&hthin film by typical device integration
processing, including exposure to plasmas and oxygen ashing. Such “integration damage” has
previously been observed as an undesirable increake@acompanied by shrinkage in the porous

film thickness. PALS confirms that the structural damage is confined to a surface layer of collapsed
pores with the underlying pores being undamaged. The dense layer thickness determined by PALS
increases with plasma exposure time. 2002 American Institute of Physics.
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There have been extensive efforts to develop ultralow-oporous, methylsilsesquioxan®SQ)-like film were per-
dielectric constant thin filmgk less than 2.Ras interlayer formed to simulate the processing environment that kow-
dielectrics(ILD) to reduce the resistance—capacitance delafilms will encounter during their integration with €uThe
in integrated circuits as the microelectronics industry tatgetsblanket MSQ-like film on a Si wafer has a thickness of 280
minimum device dimensions below 0.1m. Engineering nm and porosity of 58%. Three specimens were exposed to a
nanoporosity(introducing pores at the 1-10 nm leyéhto  treatment of nitrogen-based plasma in a commercial plasma-
an insulator has become the dominant strategy to generaemhanced chemical vapor deposition tool at 350 °C for 10 s,
the much-needed ultralok-materials’ However, the pres- 30 s, and 60 s, respectively. A fourth film was treated in a
ence of accessibl@ossibly interconnectedgores generates commercial Gasonics asher for 10 s of oxygen plasma ash-
problems in porous film device integration since the poresng.
will be exposed to reactive plasmas in typical capping, etch-  All these processed films, along with a pair of unproc-
ing, and ashing processes. Ryatral 2 recently reported un- essed nonporous and porous films as control samples, were
acceptable increases knaccompanied with shrinkage of the depth profiled with PALS by varying the implantation energy
low-k film after plasma exposure. Detecting degradation ofrom 1 to 8 keV (see Ref. 5 for more details about PALS
electrical properties after integration is straightforward, butmethodology. For all the porous films, the annihilation life-
revealing the depth-dependent changes in the tiny pores héisne spectrum typically requires at least two long-lived Ps,
few applicable techniquésin this letter, we use depth- components for acceptable fitting: One component is consis-
profiled positronium annihilation lifetime spectroscopy tent with Ps annihilating with the vacuum lifetime ef140
(PALS), a probe of nanoporous structure in thin filidto  ns and the second component of Ps annihilating in the film
directly determine the effect of plasma and oxygen ashindias an intermediate lifetime45 ns. The nonporous film has
exposure on pore morphology. Understanding the fundameronly one long lifetime Ps component, i.e., a small fraction of
tal structural effects will not only facilitate prevention of Ps annihilating in a vacuum as shown in Fig. 1. This is due to
integration damage, but may also permit controlled porositypackscattered positrons that form Ps at the surface, an ever-
modification for advanced diffusion barrier development onpresent effect when using positron beams. The intensity of
low-k films. backscattered Ps depends inversely upon the implantation

In using PALS with thin films, a focused monoenergetic energy, as shown in Fig. 1. In the unprocessed porous film,
beam of positrons is implanted and forms positroni{®s however, much more Ps is detected to annihilate with the
the electron—positron bound sthia the materiaP® Ps in-  vacuum lifetime of 140 n$Fig. 1), indicating that the pores
herently localizes in the pores where its natural lifetime ofin this film are highly interconnected and open to the
140 ns is reduced by annihilation with molecular electronsvacuum® With a thermal velocity of & 10° cm/s, Ps can
during collisions with the pore surfaces. The collisionally diffuse over long distance®n the order of micronswithin
reduced lifetime is correlated with void stfeand forms the  the interconnected porous network and make tens of thou-
physical basis for probing pore structure with PALS. Thesands of attempts to probe the surface region within its life-
major advantage of depth-profiled PALS is the ability to con-time. Ps can easily escape into the vacuum if its diffusion
trol the depth distribution of Ps formation by varying the length is larger than the film thickness. Therefore, a diffusion
positron beam energy. This is the critical feature that allowsarrier is required to prevent such escaping of Ps in order to
analysis of surfaces and the depth-dependent inhomogeneitietermine the pore siZeAn 80 nm oxide-capping layer was
of the plasma-treatePT) porous lowk films. applied and a single Ps lifetime is fitted to be 45 ns, corre-

Systematic plasma treatments of an organosilicate, narsponding to an average cylindrical pore diameter of 2.5nm.
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1 _:Eon_pomus in the mesopores at low implantation energ_ies, where most
] ' . e nggzge;ﬁ% EOFOUS positrons stop clqse to the surface. At energies of 3 keV and

149 o N —v—Porous PT 30s above, more positrons are able to penetrate the dense layer
£ 12] \ // N | T TporousBTO0s and form Ps in the mesopores underneath. A Ps lifetime
e % \ : around 45 ns is fitted in the mesoporous component, consis-
g 10+ Soo T tent with that observed in the oxide-capped unprocessed film.
S 4] i This indicates that PT processing collapses surface pores
i 6 without affecting the porous structure underneaithe Ps
"§ T ] mesoporous intensity starts to decrease at 5 keV in all the
L 4 . films as a result of the deep implantation of positrons into the
;327_, 2] ] Si substrate.

Note in Fig. 2 that the Ps mesoporous intensity decreases
o S S A as the plasma treatment time increases, which means fewer
Positron implantation energy (keV) positrons are able to penetrate the densified layer at each
P i implantation energy. This indicates that the densified layer
FIG. 1. Ps vacuum intensity in the PT ang @shed films. A pair of un- grows deeper into the film with longer PT exposure. We have
processed nonporous and porous films is examined for comparison. ThQ)ugth estimated the thicknesses of the densified layers by
statistical error bars are no larger than the plotting symbols. The lines con- : : -
necting data points here and in Fig. 2 are simply to guide the eye. numnai)krlgge?szgrg?)?gjg?iIEnet\llzvsrers]ir&gtr;c\zzsggsglr;nj t?\rf]i? t;lhee
] ] - ] ~dense layer is simply formed as a result of the pore collapse
The fitted intensities of Ps in the vacuum of the PT films 34 the underneath pore structure has not been affected.
and the Q ashed sample are also plotted in Fig. 1. All thesegjnce the positron implantation profile is a function of the
treated films present a S|m_|lar mte_ns_lty_of Psina vacuum aﬁroduct of film density and thickness, the only positron
the unprocessedonporousfilm. This indicates that there is 45, jation that accounts for the reduction in the Ps intensity
only backscattered Ps in the vacuum and no Ps formed in thg mesopores of the processed filif®mpared to the un-

film has been able to escape into the vacuum in these pr(f)'rocessed filry is that fraction that stops in the dense skin

ce;se?kﬁlrpls. HenC&hf :jntef;cofnnecr:ed poresr:n theh_porous layer. Assuming the Ps mesoporous intensity is proportional
MSQ-like film are sealed off after the PT or the ashing pro-y,'yq hickness of the mesoporous layer, we can then esti-

cesfs This d;ns;flecli, nonpgrogl;ftfyer. foaneq on_IEEe surf?ces mate the thickness of the remaining mesoporous layer by
periorms Enectively as a s diliusion barrier. 1he nex quesE;omparing the Ps intensity values in the processed film with
tion to ask is: How thick is this dense layer and how does th

thickness depend on plasma exposure time? §hat of the unprocessed film. The average results for each

o X . e
A dense layer suppresses Ps formation in the two IongienSIerd layer is then determined to be*&nm, 84

lifetime components, so depth profiling can determine it =7 nm, and 9&5nm, respectively for the three nitrogen-
b ' pth p 9 SBased PT films. Despite the fact that the real skin layer thick-

thickness. For each beam energy, we add the two long-live : ; L
: " ness can be different depending on the composition of the
Ps intensities and correct for the effect of backscattered Ps S )
p layer and the distribution of Ps, these values can give us

subtracting the respective nonporous film vacuum intensity.

This determines the total Ps intensity formed in the mesopoe—ln idea of how damaging the integration process can be to

res, which depends on beam implantation energy as shown me porous lowk films. The ashed film, in particular, shows

only negligible Ps signal from the mesoporéess than

Flg. 2. Ps formatpn in the mesopores is markedly de_cr_ease 504 throughout the probed energy range of 1 to 8 keV. It
in the processed films. In particular, very little Ps annihilates
appears that almost all the mesopores have collapsed.

Complementary experiments using a Hitachi 5000 H
scanning electron microscog8EM) have been carried out
on these films. The overall thicknesses of the MSQ-like

20 T T T T T T T T

16 - films are measured in cross-sectional SEM images and are
S presented along the right-hand side edge of Fig. 2. The origi-
% 124 Unprocessed i nal thickness of 280 nm shrank to 220 nm after nitrogen-
8 - based plasma exposure of 60 s. The film is further thinned to
= . \ | 150 nm in the @ ashed film, almost the thickness of the
; =280nm dense analog without any mesopores. This clear evidence of
g ] p—LT1% film thinning from SEM analysis strongly favors the pore
E o4 %%—ﬂﬁ’i& osonm ] collapse densification mechanism. The SEM images provide

PT 60s P250nm . . .
1 0. ashed Soomm a hint of a densified surface layésee Fig. 3, but one can
0 : — e ——————q150mm not be definitive about how much residual porosity remains,
0 2 4 6 8 10

nor can one know if the remaining pores are undamaged. The
SEM results are consistent with the hypothesis based on

PALS results that a densified layer is formed on top of the
FIG. 2. *Total” Ps formed in mesoporeéincluding Ps diffusing into a 1,445 Jow-dielectric constant thin film after plasma treat-
vacuun), after correcting for Ps backscattering into the vacuum. Number

on the right-hand side of the plot are film thicknesses determined usiné_ﬂent or ashing process, with the sacrifice of the mesoporos-
cross-sectional SEM. ity.

Beam implantation energy (keV)
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At A s i barriers. Indeed, theontrolled development of a very thin
N P ey - = “skin” layer, might be a great advantage in preventing Cu
Dens"ﬁcad&flayer e ¢ A : diffusion into th_e underlying <_j|_elect_r|gs. It has been reported
X e S . that the formation of a densified nitride layer on top of hy-

G

drogen silsesquioxane film through plasma treatment can
suppress Cu diffusion’® It may be possible to form a dense,
; continuous skin layer that can effectively barrier the rest of
i o e o the film from plasma damage. Ideally, this skin layer would
} I perform as the Cu diffusion barrier. More likely, it would be
300 nm the flat “platform” on which to deposit an ultrathin diffusion
barrier. Future work might achieve this through the control

FIG. 3. Cross-sectional SEM image of the nitrogen-based PT 60 s film. A0f the plasma parameters, exposure time, and thekl@m
Mbond epoxy layer was deposited on top of the film to facilitate samplecomposition.
preparation.
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