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Nanometer-scale mechanical imaging of aluminum damascene interconnect
structures in a low-dielectric-constant polymer
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Ultrasonic-force microscopyUFM) has been employed to carry out nanometer-scale mechanical
imaging of integrated circuiiC) test structures comprised of 0.32r-wide aluminum interconnect

lines inlaid in a low-dielectric-constariow-k) polymer film. Such inlaid metal interconnects are
typically referred to as damascene structures. UFM clearly differentiates the metal and polymer
regions within this damascene IC test structure on the basis of elastic modulus with a spatial
resolutior= 10 nm. In addition, this technique reveals an increase in the polymer elastic modulus at
the metal/polymer interface. This nanometer-scale hardening corresponds to compositional
modification of the polymer from the reactive ion etd@RIE) process used to form trenches in the
polymer film prior to metal deposition. The reported direct, nondestructive nanometer-scale
mechanical imaging of RIE-process-induced modifications of kgealymers in IC test structures
offers expanded opportunities for mechanical metrology and reliability evaluation of such materials.
© 2002 American Institute of Physic§DOI: 10.1063/1.1447330

INTRODUCTION ~78 GPa for SiQ).* Promising organic lovk thermoset

polymers, such as Dow Chemical’'s SiLK®, possess similar

Until recently, the performance of complementary moduliin the range 2.7-3.0 GPa.

metal—oxide—semiconductor integrated circuit€s) has The need for such materials will only increase in the
been driven by the length scale of the transistor. Reductiongear future. For the so-called 100 nm IC device node the
in transistor gate length have led to increased transistopo0o International Technology Roadmap for Semiconductors
switching speed. However, this downward scaling of the gat@alls for a dielectric constant for interlevel dielectrics be-
length increases the density of metal lines used for transistajveen 1.6 and 2.2But, the degraded elastic performance of
interconnects which, in turn, increases interline capacitiveow-k materials compared to SiQaises the risk of mechani-
coupling(C) and average interconnect resistafiRg As the  cal failure within the interconnect structure due to externally
interconnect spacing moves below 0,48, theRClatency  applied stresses in interconnect planarization processing,
of the interconnect lines has emerged as a primary IC perforand/or due to thermally induced internal stresses from the
mance drivef. This has hastened the replacement of alumithermal-expansion coefficient mismatch of the dielectric and
num and SiQ as the interconnect metal and insulator of metallic components. To effectively integrate ltvmaterials
choice for silicon-based ICs with copper and so-called kow- in IC devices within these constraints, it is necessary to de-
dielectric materials to reduce the effectiR€ constant of the velop corresponding analytical and metrology techniques to
circuit! Materials possessing low-dielectric constants thatirectly image the mechanical properties of IC interconnect
are chemically compatible with IC processing are typicallystructures at the nanometer length scale. In this manner, the
organic polymers or porous silicatt3The former materials fundamental material properties governing stress-induced de-
possess inherently low molecular polarizability, while the lat-fect generation in nanometer-scale device structures can be
ter exhibit low mass density. One of the greatest challengedirectly investigated. In addition, so-called nanometer-scale
in incorporating these materials into microelectronic devicesnechanical imaging can be used as a unique tool for mate-
concerns the mechanical propertiésulk modulus, shear rials development for ICs and emerging nanotechnoldyies.
modulus, and Poisson’s ratiof these materials, which are In this article, we report the application of ultrasonic-
typically far inferior to SiQ. For example, several porous force microscopfUFM) to the nanometer-scale mechanical
silicates k~2.2) being considered as candidate lbwate-  imaging of lowk interconnect structures; namely, single-
rials possess Young’s moduli as low as 2.5 G&ampared to  level damascene Al/divinylsiloxane-bis-benzocyclobutene

(BCB) IC test structures. The observed image contrast from
aE| R . UFM scans of these test structures scaled with sample me-
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Santa Clara, CA 95051. regions. The UFM mechanical image contrast was also inde-
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neously with standard atomic-force microscop&FM). De- be
tailed mechanical imaging of metal/dielectric trench regions
(0.32 um feature sizpalso revealed an increase in the BCB
polymer rigidity at the Al interface. Spectroscopic studies of
this interface reveal a modification of the polymer composi-
tion due to the reactive ion etdRIE) process used to form
trenches in the polymer film prior to metal deposition. Spe-
cifically, the exposure of the BCB polymer surface regions to
this RIE plasma promotes surface silicon-oxide formation in
agreement with prior studies, enhancing the surface elastic
mo_(,jmus of the polym.er as,determmed directly b_y UFM. TheFIG. 1. FIB-SEM cross section of 0.32m-wide trenches in a BCB matrix
ability to nondestructively image such process-induced metjjed with CvD aluminum. The bright features at the top of the BCB trench
chanical material modifications in an IC test structure demwalls correspond to SiQlayers(hardmask used as RIE resist layers. Note

onstrates the utility of UEM in the future development of IC the complete Al fill of the trenches. Slight variations in Al contrast within
metrology techniques the trenches correspond to different crystallographic orientations of the Al

grains.

pendent of surface topography that was meas(sadulta- ;v ™ v _
: Y ... '

EXPERIMENT: UFM CONFIGURATION AND

OPERATION mechanical and topographic contrast for image artifact iden-
tification if severe surface topography is present. Estimates
8f UFM depth resolution are not nearly as complete as those
for in-plane spatial resolution. Although Dinelit al. have
qualitatively modeled UFM tip—sample responses utilizing
analytical models of the tip—simple elastic and adhesive in-
teractions, quantitative and depth-dependent modeling of

UFM imaging mode an ultrasonic vibratiofi< 2.2 MHz) is UFM contrast is still awaiting accurate models of nanoscale

applied to the sample in contact with an AFM probe tip. Thecontact dynamics which have yet to be developegtill,
ultrasonic frequency is far above the fundamental resonanc@PServation of subsurface mechanical features have been re-
of the cantilever resulting in inertial damping of the tip os- Ported in highly oriented pyl’0_|%/3tlc graphite and, more re-
cillation amplitude at the driving frequency. The effectively 96”“% n nanoporouslgll{catééz. An empirical determina-
immobile SiN tip then periodically deforms the sample tion of.the deptlrlsensmwty of QFM' was recently completed
surfacé® Appropriate modulation of the ultrasonic wave by Geisleret al.*” In those studies, it was demonstrated that

form exploits a nonlinearity in the tip—sample force- UFM depth sensitivity to large, subsurface voids in crystal-

displacement curve. At a threshold ultrasonic oscillation amline Si extended to approximately 200 nm.

plitude the tip—sample force varies nonlinearly with the tip— _
sample relative displacement and results in a dc or Iow—g?l_(;SE%iNET'FﬁgE%BA_ﬁgmASCENE TEST
frequency deflection of the AFM cantilever. This deflection
can be related directly to the mechanical interaction between Single-level damascene IC test structures were used to
the tip and the sampfeThe dc deflection wave form is re- evaluate mechanical nanoscale imaging via UFM. These
corded with a Tektronix TDS 220 digital oscilloscope and aconsisted of thermal chemical-vapor deposite¥D) alumi-
lock-in amplifier(SRS 830, which passes the low-frequency num in a RIE-patterned BCB matrix. The term damascene
deflection signal to the AFM imaging electronics. A standardrefers to an IC interconnect formation process whereby a
raster from conventional scanning-probe software provides aeries of trenches and holes are patterned into a blanket di-
sample contrast image related to the UFM threshold oscillaelectric film. The patterned dielectric film is then coated with
tion amplitude. Neglecting adhesive interactions, this imagea thin (~25—-40 nm diffusion barrier layer followed by
contrast increases monotonically with the local sample conmetal(in this case, CVD Al deposition to completely fill the
tact stiffness. trenches and holes. After the excess metal is polished away
Detailed investigations of the UFM imaging mode haveby chemical-mechanical planarizaticitMP), the filled
been published on a wide array of material systém&Dif- trenches and holes comprise metal interconnect lines and
ferential elastic sensitivity in UFM imaging has been esti-vias!® For the structures studied here, a LAM 4520XL etch-
mated at 0.08% for compound semiconductor materials, anthg chamber was used to etch trench and via structures in
in-plane (surface spatial resolution of UFM has been esti- films of BCB dielectric using an A(500 sccm, O, (90
mated at better than 4 nm for certain material systethis sccm), and CR (10 sccm etchant gas flow mixtur® Diffu-
important to note that UFM in-plane spatial resolution ission barriers consisted of a bilayer stack of physical-vapor
sensitive to surface topography, the presence of which cadeposited PVD)/CVD TiN. Aluminum CVD was employed
introduce artifacts in mechanical contrast through variationgo fill the metal lines. An FEI FIB-200 focused-ion-beam
in the tip—sample contact area as a function of tip position(FIB) scanning electron microscog8EM) was used to ob-
Fortunately, the simultaneous acquisition of UFM and AFMtain cross-section micrographs of CVD Al-filled trenches in
image data permits a direct point-by-point comparison oBCB (shown in Fig. . Complete trench fill is evident. Fol-

Mechanical(UFM) and topographyAFM) image scans
were acquired using ultrasonic-force microscopes configure
from commercial AFM systemg&Vodel CP, Park Scientific
Instruments, and Digital Instruments Dimension 31686n-
ploying SiN cantilever contact tips. The experimental con-
figuration was similar to that reported by Dineét al.” In
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FIG. 2. Plan-view(a) and cross-sectional vie(h) FIB-SEM micrographs of

0.32.um-wide, Al-filled trenches in a BCB matrix following chemical- FIG. 3. Force-response curves taken from 20420 nm UFM scans ofa)
mechanical planarizatiof€MP). In (a) the Al lines possess a darker contrast Al and (b) BCB sections of the test structure. The open symbols represent
compared to the BCB trench walls. Variation in contrast within the Al lines average tip deflection as a function of piezoelectric oscillation amplitude.
correspond to different crystallographic orientations of Al grains. In the The modulating wave form of the ultrasonic oscillation is shown at the base
cross-section microgragh) the BCB trench walls appear depressed relative of the figure. Force-response curves corresponding to static tip forces of 10
to the tops of the Al lines. This results from ablation of the BCB by Ga ionsnN (open squarés 15 nN (open triangles 18 nN (open circley 24 nN
during ion milling and imaging in the FIB SEM. In actuality, the BCB (inverted open triangl¢s27 nN (open diamonds and 30 nN(crosses are
trench walls extend above the tops of the Al lines following CMP. shown. The threshold amplitude is defined by the sharp rise in the tip de-
flection (denoted by a small arrow for the 10 nN curueEhe difference in

the Al and BCB threshold amplitudes for the 10 nN static tip force reflects
the difference in elastic constants between the two materials. The variations
of threshold amplitude with applied tip force are shown in the respective
insets.

lowing Al CVD, CMP was undertaken with a HN@based
slurry to remove the excess Al above the BCB trench walls.
Planarization yielded a single-level Al/TiN/BCB damascene
interconnect structure. Plan-view and cross-sectional FIB mipolymers and high-porosity dielectri¢s:2 GPa.*®
crographs of planarized Al trenches in BCB are shown in  Compositional analyses of BCB and TiN films were car-
Figs. 2a) and 2b), respectively. The apparent depression ofried out by x-ray photoelectron spectroscop¥PS). XPS
the BCB trench walls relative to the top of the Al lines in studies were carried out with a Perkin-Elmer PHI 550 XPS
Fig. 2b) is due to BCB ablation by Ga ions during FIB system. The source for XPS photons was a dual-anode x-ray
imaging. AFM studies of these structures prior to FIB imag-source at 15 kV and 300 W. The anode used was magnesium
ing have shown the BCB trenches slightly elevated with rewith a characteristic energy of 1253.6 eV with a full width at
spect to the tops of the Al lines following CMPThis result  half maximum of 0.7 eV. XPS depth profiling utilized an
is confirmed in AFM topographic data presented below.  Ar-jon sputter beam. On insulating substrates care was taken
This particular AI/BCB IC test structure was chosen for to minimize charging effects.
initial investigations of nanometer-scale mechanical imaging
for several reasons. First, the elastic modulus contrast be-
tween Al(70 GPa and BOB(4 GPa 5 well suited to UFM,  RESULTS AND DISCUSSION
Second, the recent introduction of Cu interconnects in IC  Prior to topographic and elastic imaging of AI/BCB in-
fabrication ensures that damascene processing will be therconnect structures, UFM tip-deflection curves were re-
method of choice for the next several device generations andgorded from separate 20 md20 nm scans on isolated Al and
hence, the most relevant for proof-of-concept testing of reBCB regions to confirm the nonlinear rectification of the
cently developed analytical or metrology technighé&sin ultrasonic oscillation. These data, captured from a digital os-
addition, the performance of these particular AI/BCB dama-<illoscope, are shown in Figs.(&8 and 3b), respectively.
scene interconnect structures has been validated througdre triangular ultrasonic vibration modulation wave form
thermal and electrical testing and provide a realistic examplapplied to the AI/BCB sample is shown in the bottom of each
of a lowk/metal interconnect structure encountered in ICplot as a function of time. The various symbol data reflect the
fabrication'® Emerging Cu/lowk interconnect structures will AFM differential photodiode signal responéee., tip deflec-
offer greater mechanical contrast due to the increased modtion) to the modulated ultrasonic wave form for applied static
lus of Cu(110 GPa and reduced modulus of porous organictip forces ranging from 10 to 30 nisee Fig. 3 caption
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Kolosov and co-workers noted that no tip deflection would
result from a modulated ultrasonic sample vibration if the
tip—sample force-deflection curve were linédnstead, the
rapid onset of the tip-deflection signal in the photodiode re-
sponse data of Fig. 3 denotes a nonlinearity in the tip—
sample interaction due, primarily, from variation in tip—
surface force as a function of relative tip—sample
displacement. The associated point on the modulation wave
form defines a threshold vibration amplituienoted by ar-
rows in Figs. 3a) and 3b) for an applied tip force of 10 nN

This threshold amplitude should scale monotonically with
applied tip force, as shown in the insets of Figéa)3and
3(b), and confirms the UFM signal is directly related to the
elastic modulus of the sample. Fixing the applied tip force,
the subsequent variation in the critical vibration amplitude
(and, hence, tip-deflection wave forras the tip is scanned
across the IC test structure results in a UFM image contrast
primarily proportional to material elasticity. The lower me-
chanical response of the polymer compared to the aluminum
is readily seen by the larger threshold amplitude required for
tip deflection[Fig. 3(b)]. The individual tip-deflection wave
forms for the polymer exhibit notable differences compared
to the same curves for aluminum. These systematic varia-
tions are presumed to result from differences in the vis-
coelastic responses and adhesion interactions of the two ma-
terials to the ultrasonically impinging AFM tip.

Dinelli et al. have demonstrated that proper calibration _
of the threshold modulation ampitude a5 a function of apfie . (04 2R ATH @ i s imege seeneseces s onct
plied tip force can be exploited to extract the contact stiffnesg;sting of 0.32um-wide Al trenches, a 1Qsm-wide Al lead, and an AI/BCB
and reduced Young’s moduldgio do so with high precision chessboard contact pad are labeled. The topographic variations between
and accuracy requires the local Samp'e surface vibration amhese regions in the AFM image result primarily from the fill-factor dt_epen-
pltude and detaied knowledge of the tip-surface contacf'%® 2\ \"e CHP emow fte Contay o s, e UPw contiet e
area. Applications of such methods to the structures studieghnometer-scale image of the mechanical properties of the structure.
here are currently underway.

Large length-scale topograptAFM) and mechanical
(UFM) images of the AI/BCB test structure are shown in Fig.with respect to metal interconnects in a lévdielectric ma-
4. This 40umx 40 um scan images an Al trench fie{l@.32  trix. Figure 5 displays higher-resolution topography and elas-
um trench width adjacent to a chessboard contact pad. Noteic images of the 0.3Zm Al trench region. The topographic
the 10um-wide Al lead atop the trench field. The surface image contrast of Fig.(8) results from the disparity between
topography of the metal/low-surfaces shown in Fig.(d) is Al and BCB CMP removal rate@s noted aboyewhile the
indicative of height variations expected from CMP process-mechanical image contrast of Figbj results primarily from
ing of AI/BCB test structure$® Aluminum removal rates via the difference between the Al and BCB elastic moduli in
CMP increase with Al fill factor resulting in depressions of agreement with the threshold ultrasonic vibration amplitudes
the large Al lead and contact pad areas in comparison witkhown in Fig. 3. Unambiguous material identification of
the Al trench region. The CMP process utilized here exhibthese features was confirmed by comparing topographic and
ited a higher Al removal rate compared to that of BCB, re-elastic signatures with the nearby BCB field. Closer analysis
sulting in the elevation of BCB trench walls and fields rela-of Fig. 5@ vyields an average Al linewidth of 0.32
tive to Al, also evident in Fig. @). In sharp contrast, the *0.010.m and an average BCB trench wall width approxi-
UFM image of Fig. 4b) displays no topographical sensitiv- mately 10% larger. Both values are in agreement with previ-
ity. The UFM image contrast is material specific, clearly de-ous studies as well as the FIB image data of Figs. 1 atfd 2.
lineating polymer and Al regions uniformly across the scanExcept in the immediate vicinity of isolated contaminants,
area. The image contrast corresponding to Al is uniformthe UFM mechanical response in Figbbis uniform across
across the trench region, the 1fa-wide lead, and the con- the Al lines. However, there is no feature readily identifiable
tact pad. The majority of the BCB area also possesses thaith the TiN liner layer between the Al and the BCB regions,
same relative UFM contrast, with the exception of isolatedestimated at 35 nm from FIB cross sectidfisThis layer
dark lines between the contact pad and trench field that areould be expected to have a larger contact stiffness com-
attributed to scanning artifacts. pared to the Al line, assuming the TiN barrier possessed a

The image data of Fig. 4 data clearly illustrates the elasbulk-like modulus of 251 GPa. This assumption is question-
tic differentiation capability of UFM mechanical imaging able, asin situ quantitative modulus measurements on TiN
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FIG. 6. Elemental composition of non-RIE-exposed and RIE-exposed BCB
blanket polymer films via XPSreprinted from Ref. § One set of data
corresponds to standard surface XPS. The second set of data was acquired
following a 30 sin situ Ar-ion sputter. The atomic composition of the as-
received BCB films is as expected. Note, however, the dramatic reduction in
carbon concentration and relative increase in Si and O concentrations for the
RIE-exposed BCB film. A similar atomic composition remains after 30 s of
sputtering indicating a strong depth dependence of the effects of RIE expo-
sure.

FIG. 5. AFM (a) and UFM (b) scans in the trench region of the Al/BCB ; ; i
damascene test structure imaged in Figreprinted from Ref. § Note the wall dlsplays a lower contact stifiness Compared to hlgh

inversion of the contrast between topograpghy and elasticity(b) scans. contrast regions near the AI/BCB interfaces. It is important
Note the interfacial variation of the elasticity between the Al and BCB t0 note that these interfacial regions améthin the BCB
regions. The AI/BQB interface is denoted at two points in tht_e_image b_ytrench wall as confirmed by topographic and FIB cross-
g'ac" arrows. The interface of the hardened BCB and unmodified BCB IS ctinn data. These areas do not correspond to the TiN liner.
enoted at two points in the image by white arrows. The AFM/UFM images, . . . . .

were acquired via bidirectional horizontaglative to the figurescans of the 1 € interfacial regions of the BCB trench wall vary in width
probe tip. between 7510 and 11610 nm from the data in Fig.(b).

If it is assumed the UFM tip/sample interaction is dominated

by the surface elastic response, this gradation in the mechani-
barrier films have not been reported and CVD films oftencal image contrast indicates a rapid increase in BCB rigidity
possess reduced mass density and elastic moduli comparesd the Al/BCB interface is approached. Spectroscopic studies
to accepted bulk values. For example, Young's moduli meawere undertaken on blanket films of RIE-exposed BCB to
sured from CVD SjN, films vary from 112 to 300 GPa ascertain possible process-induced compositional variations
depending upon process parametér@xidation and con- responsible for such mechanical variations seen in the data of
comitant hardening of the Al surfaces during and after CMPFFig. 5. Figure 6 compares atomic composition measured via
may also obscure the elastic contrast between the Al/TiN-ray photoelectron spectroscopy between an as-deposited
regions. Detailed understanding of the depth dependence &CB blanket film and a BCB blanket film exposed to the
the UFM response is required to fully address this possibilityRIE plasma®!8The surface of the RIE-exposed BCB film is
The presumed position of the TiN barrier layer also corre-oxygen rich and carbon deficient, resulting in a silicon-
sponds to a significant change in the topography, as seen oxide-rich surface. More significant is that this composition
Fig. 5@). The average height differential between the Al andextends well into the BCB, as shown by composition mea-
BCB regions varies between 3 and 4 rigee above The  surements made following a 30 s Ar-ion sputtaiso shown
lateral topographic width of this interfawithout tip decon-  in Fig. 6). It is estimated that this 30 s sputter removes ap-
volution) is approximately 50 nm, yielding a minimum fea- proximately 30 nm of BCB polyméf These data are con-
ture inclination of approximately 4°. Topography variations sistent with recent work by Vitale, Chae, and Sawin, where
on this scale are not usually problematic with respect tahe use of @ RIE plasmas completely converted the surface
UFM imaging and would not be expected to obscure variaof BCB films to silicon dioxidé® Although that work did not
tions in surface elastic response occurring on length scalesstimate the depth dependence of the plasma-induced com-
significantly exceeding 10 nm. positional modification of the BCB, the lack of a carbon

A striking feature of Fig. B) is the mechanical nonuni- signal fromin situ surface XPS measurements carried out

formity across the top of the BCB trench wall. Two distinct after O, plasma etching implies a lower-bound estimate of 6
regions are evident. The center portion of the BCB trencmm?!
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100 — e Preliminary efforts of applying UFM in this area show ex-
tremely high promise and will be reported elsewhere.

CONCLUSIONS

A characterization technique based on ultrasonic-force
microscopy has been demonstrated with the capability of im-
si aging the nanometer-scale mechanical properties of Alkow-

. —————— damascence IC test structures. Using UFM imaging, it was
0 10 20 30 40 50 possible to differentiate the metal and dielectric regions of
Sputter Time (min) . . . .
this test structure on the basis of elastic modulus with a spa-
FIG. 7. Elemental composition depth profile of a PVD TiN/RIE-exposed tial resolution <10 nm. Moreover, this technique has re-
BCB blanket bilayer film from XPSreprinted from Ref. § Note the maxi-  yealed process-induced mechanical variations of the Kow-

mum in oxygen concentration as the TiN/BCB interface is approached. Iny; ; i ; ;
addition, the relative carbon concentration at this interface is well below therblelectrIC polymer within the test structure itself, opening

value expected for unmodified BCB while the Si concentration quickly expanded opportunities fqr metmIogical eV_aluatiQn of
reaches the level found in the bulk BCB. This supports the observation of aprocess-dependent mechanical properties ofkalielectrics

elastic modulus modification of the BCB in the vicinity of the RIE-exposed and associated optimization of lokvintegration processes
surface. for IC fabrication.
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