Nanoscale tomographic reconstruction of the subsurface mechanical properties of
low-k high-aspect ratio patterns
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In this work, intermittent contact resonance atomic force microscopy (ICR-AFM) was performed
on high-aspect ratio a-Si0C:H patterned fins (100 nm in height and width from 20 nm to 90 nm) to
map the depth and width dependencies of the material stiffness. The spatial resolution and depth
sensitivity of the measurements were assessed from tomographic cross-sections over various regions
of interest within the 3D space of the measurements. Furthermore, the depth-dependence of the
measured contact stiffness over the scanned area was used to determine the sub-surface variation
of the elastic modulus at each point in the scan. This was achieved by iteratively adjusting the
local elastic profile until the depth dependence of the resulted contact stiffness matched the depth
dependence of the contact stiffness measured by ICR-AFM at that location. The results of this
analysis were assembled into nanoscale sub-surface tomographic images of the elastic modulus of
the investigated SiOC:H patterns. A new 3D structure-property representation emerged from these
tomographic images with direct evidence for the alterations sustained by the structures during

processing.

I. INTRODUCTION

The structure-property relationship of materials is es-
sential in unlocking the development of new materi-
als and applications, but access to the inner core of
this multi-faceted interconnection was facilitated only re-
cently by the development of 3D imaging techniques. The
non-destructive 3D visualization of the internal structure
of matter started about fifty years ago with the devel-
opment of X-ray computed tomography!™® and is com-
monly used today in medicine, geophysics, and mate-
rials science. Besides simple visualization, the current
requirements and road maps for nanoscale technologies
ask for material property characterizations that can pro-
vide correlated structural and compositional 3D imaging
at the nanoscale and beyond.? In response to these de-
mands, more and more quantitative physical and chem-
ical 3D characterizations at this scale are enabled by ei-
ther destructive imaging reconstruction (atom probe to-
mography®) or non-destructive near-field imaging tech-
niques (atomic force microscopy,®” transmission elec-
tron microscopy,® 1? and near-field scanning optical mi-
croscopy112).

In particular, 3D structure-property characterization
is of increasing relevance in the semiconductor indus-
try, %1% where the achievement of desired functionalities
is provided by the precise shaping and ordering of ma-
terials into component structures. As this control aims
to advance toward the atomic limit, better optimization
of the fabrication process is sought to be realized not
only by dimensional metrology but also by various ma-
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terial property characterizations with necessary spatial
resolution.'” 7 One good example here is the current
state-of-the art of Cu-low-k dielectric interconnects in
integrated circuits. Introduced about a decade ago to
reduce the parasitic capacitive signal delays and power
loss in transistors and metal-interconnect circuits, low-&
dielectric materials experienced over vears a continious
degradation of their mechanical properties.!®1¥ This me-
chanical deterioration was caused progressively by the
Increase In circult density (due to difficulties associated
with the dimensional patterning control at tighter and
tighter pitches) and the reduction in the dielectric con-
stant (the alterations made to reduce the dielectric con-
stant usually happened at the expense of the mechanical
rigidity of these materials). Consequently, as motivated
by current and future technological demands,'” the effect
of chemical composition and morphological structure on
mechanical properties of low-k dielectric materials was
under intense research in the last years, both theoreti-
cally and experimentally.®22 However, the difficulties in
testing their mechanical response became more and more
challenging as the size of the specimens went from bulk
to thin films and nanoscale high-aspect ratio patterns.

One viable solution to directly probe the local me-
chanics at the nanoscale is provided by various devel-
oped AFM-based techniques.?® 2% Among these tech-
niques, contact-resonance AFM (CR-AFM)?**® demon-
strated great potential for nanoscale quantitative elastic
modulus measurements on various materials and struc-
tures. In particular, the versatility of CR-AFM in prob-
ing the nanoscale mechanical properties of dielectric thin
films and interconnect circuits has been demonstrated
in both spectroscopic and mapping modes.>3* In ad-
dition to that, intermittent CR-AFM (ICR-AFM)3®, an
extension of CR-AFM, takes one step further in providing
teasible means for subsurtace nanoscale mechanical prop-
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FIG. 1: (a) Schematic of ICR-AFM performed on an elasti-
cally inhomogeneous material showing the surface topography
and the contrast variation that can be observed in the stiff-
ness maps made at different depths. (b) 3D topographical
view (2 pm x 2 pm x 90 nm) of the low-k dielectric patterns
investigated in this work; the patterns are referred as narrow
fins (width 20 nm) and wide fins (width 90 nm). (c) Contact
resonance frequency measured by ICR-AFM during scanning
over the patterns shown in b). A change in the contact res-
onance frequency was measured at each tap only on the top
of the fins as the tip was brought into contact from air to a
maximum applied force of 60 nN.

erty characterization and complementing, in this regard,
other dynamic AFM-based techniques”?%~4% for subsur-
face nanoscale characterization. In this work, ICR-AFM
was used on high-aspect ratio low-k dielectric patterned
fins to document an increase in mechanical stiffness at
the top of the fins, namely a skin effect due to process-
ing. The observations are based on the tomographic con-
struction of the nanoscale 3D elastic modulus profile un-
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FIG. 2: Scanning z-modulation (piezo drive), applied force
(cantilever deflection), and contact resonance frequency sig-
nals acquired during ICR-AFM scanning over (a) one of the
narrow fins and (b) the middle part of one of the wide fins
shown in Fig.1b. The letters A and R denote the approach
and retract parts of the tapping cycles.

derneath the surface of these fins.

II. MATERIALS AND METHODS

The sample investigated in this work was in the form
of a-SiOC:H high-aspect ratio patterns (refer to Fig. 1b),
featuring geometries anticipated in the next generations
of microprocessor interconnects. The patterns were de-
fined by plasma enhanced chemical vapor deposition and
subsequent plasma etching. The nano-porous low-k di-
electric structures were fabricated using a previously de-
scribed subtractive pitch quartering process.*? Briefly,
plasma enhanced chemical vapor deposition (PECVD)
was used to deposit a 120 nm thick hybrid organic-
inorganic silicate low-k dielectric on a 100 nm SiOs thin
film previously grown on a 300 mm diameter Si(001) sub-
strate. After deposition, the low-k dielectric was given a
UV cure to liberate an intentionally incorporated sacri-
ficial second phase organic pore building porogen result-
ing in a 33 % nanoporous dielectric.*®> The pitch quarter
patterning process consisted of first depositing on the
nano-porous dielectric a quad-layer film stack made of a
backbone layer, an anti-reflection coating, a second back
bone layer and a hard mask. Standard 193 nm immersion
lithography and plasma etch techniques were utilized to
form a grid pattern in the first backbone layer and trans-
fer this pattern sequentially into the second backbone
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FIG. 3: (a) Surface topography of patterns comprising narrow and wide fins. (b), (c), and (d) Constant-load tomographic
sections of the contact resonance frequency obtained from the ICR-AFM scanning made over the topography shown in a).
The color contrast of the CR frequency sections shows the local variation in contact stiffness over the mapped areas at the
corresponding applied force. (e) CR frequency versus force map along the scan line marked in a) by a dotted line. The spatial
position of this map is also marked within the ICR-AFM 3D data by dotted lines in the sections shown in b), ¢), and d).

layer, the hard mask material, and nano-porous dielec-
tric. On completion of transferring the pitch quartered
pattern into the nano-porous dielectric, the remaining
hard mask and plasma etch residues were removed using
standard plasma ash and wet chemical cleans.

The resulted patterns resemble rectangular fins with
widths of either 20 nm (referred as narrow fins) or 90 nm
(referred as wide fins), spaced at 65 nm to each other,
and about 100 nm in height (refer to Fig. 2b). Such deli-
cate structures are hard to be imaged by AFM in contact
mode and, therefore, are inaccessible for CR-AFM map-
ping. However, with ICR-AFM, operated in this case
in peak-force tapping (PFT) (MultiMode Bruker AFM,
Santa Barbara, CA, USA), the fins can be easily scanned,
both in terms of surface topography (Fig. 1b) and CR
mapping (Fig. 1c). ICR-AFM?" pairs the measurement
capability for depth-sensing contact stiffness of the con-
ventional CR-AFM with the less-invasive surface probing
of a force-controlled intermittent AFM mode. At each
tap during ICR-AFM scanning, as the tip is pushed in
and out of contact, the eigenmode frequencies of the can-
tilever vary with the induced change in the stiffness of the
tip-sample contact. By tracking the variation of one of
these contact resonance frequencies as a function of in-
dentation depth at each point in the scan, a 3D data vol-
ume is generated; such data set provides a tomographic
representation of the sub-surface stiffness field of the sam-
ple. A schematic of ICR-AFM measurements is shown in
Fig. la with the highlight of how the topographic fea-
tures and sub-surface heterogeneities can be assessed in

successive tomographic slices.

In the AFM topography image (Fig. 1b), the fins ap-
pear enlarged toward the bottom of the trenches due to
the tip-sample convolution, yet the CR-AFM signal (Fig.
le) clearly shows the lateral extent of these fins because
no CR-AFM detection was made in between them. A
first interpretation of the measurements shown in Fig.
1c would be that the wide fins exhibit an increased con-
tact stiffness in comparison with the narrow fins because
larger contact resonance frequencies were measured on
the wide fins than on the narrow ones at the same ap-
plied forces. The statement, however, is incomplete if we
think in terms of intrinsic elastic properties of materi-
als. This is because the contact stiffness depends on the
contact geometry and the observed reduction in contact
stiffness (i.e. contact resonance frequencies in Fig. 1c)
on the narrow fins and around the edges of the wide fins
includes a large contribution from edge compliances. It
is thus necessary to perform a detailed analysis to prop-
erly convert the measured contact stiffness into elastic
modulus.

For the ICR-AFM measurements presented in this
work, the AFM probe used was a PPP-SEIH probe
(Nanosensors, Neuchatel, Switzerland) with the first two
free-eigenmode frequencies at 111.5 kHz and 722.6 kHz,
and a spring constant of 8.1 + 0.5 N/m (as measured
by the thermal tune method of the AFM). The scanning
was performed at 1 pm/s speed with the PFT modulation
(Bruker, Santa Barbara, CA, USA) in the form of a si-
nusoidal oscillation at 0.25 kHz and 15 nm amplitude. A
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FIG. 4: (a) Spherical tip indenting a coated substrate (a ho-
mogeneous top layer of thickness z. over a homogeneous sub-
strate) in the presence of adhesion. (b) The elastic profile
of the indented structure is considered as a step function,
with constant elastic moduli Fs and Ep for the coat and
substrate, respectively. Measured (solid curves) and fitted
(dotted curves) dependencies of the contact stiffness versus
applied force (c) at a few locations in the middle and (d) at
one of the edges of the wide fin shown in Fig. 3e, and (e)
across one of the narrow fins shown in Fig. 3e. The positions
x are measured from the left edge of the fin; refer to text for
details.
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phase-locked loop system (SPECS Zurich GmbH, Zurich,
Switzerland) was used in constant excitation-mode (20
mV drive amplitude) to track the frequency changes
within a 78.1 kHz frequency-window centered around
860.6 kHz. All uncertainties reported here and in the
text represent one standard deviation of the calculated
values.

III. RESULTS AND DISCUSSION

The calculation of the elastic modulus makes use of
all the measured signals: scanning z-modulation (PFT
piezo modulation) for lateral position, applied force (can-
tilever deflection) for vertical position and indentation
state, and CR frequency for contact stiffness.®® Short se-
quences of these signals are detailed in Fig. 2 for mea-
surements over one of the narrow fins and the middle
part of one of the wide fins. As can be seen, the changes
in the CR frequency during tapping were measured in
stable scanning conditions; neither the piezo signal nor
the cantilever deflection (with feedback control on the
maximum applied force) showed any perturbations over
either the narrow or wide fins. The correlation between
contact stiffness and applied force at any location in the
scan is used to infer the applied force dependence of the
contact stiffness.

By using their space locations (z and y for in-plane
positions and z for applied force), the ICR-AFM mea-
surements were assembled in a 3D volume of data (Fig.
3), being possible to slice off tomographic sections along
any direction. In the left panel of Fig. 3 are shown CR
frequency maps at a few applied forces. The maps ex-
hibit a very good correlation with the topography of the
sample (shown on top of the CR frequency maps) and lo-
cal variations in the stiffness, both across and along the
patterns, can be identified over the mapped area. Con-
versely, a tomographic section along a scan line shows
the variation in stiffness with the applied force (refer to
Fig. 3e) and distinctively highlights the edge effect at
the edges of the wide fin and over the narrow fins. The
force dependence of the CR frequency in such maps will
be used in the following to retrieve the sub-surface elastic
modulus profile of the patterns.

The construction of the 3D elastic modulus tomog-
raphy from ICR-AFM measurements consists of an in-
verse problem, which is to find the elastic profile over the
sensed depth in such a way that the calculated stiffness
response of the material probed will match the depth de-
pendence of the measured contact stiffness. This means
that, unlike X-ray tomography where the structures of in-
terest are directly imaged at different focal planes within
the scanned volume, the sectional planes of ICR-AFM
contact stiffness at a given depth (obtained from maps
as those shown in the left panel of Fig. 3) contain the
integral response of the material probed by the AFM tip
over the indentation depth. Moreover, it is not contact
stiffness but the elastic modulus at the probed depth that
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FIG. 5: (a) Tomographic sections of the calculated elastic modulus of the fins. Lateral and vertical variations in the elastic
modulus are observed in both front-view (across the fins) and depth-view (along the fins) sections. The locations of the fins
are marked by gray traces in the basal plane; these locations were identified from CR-AFM measurements and AFM signals

(piezo, cantilever deflection) on top of the fins.

represents an intrinsic material property at that partic-
ular depth in the structure. It is by the use of a contact
model that the actual 3D profile of the elastic modulus
within the volume probed is recovered as the source of
the measured contact stiffness. Moreover, as discussed in
the following, the selection of the contact model has to
be made in accordance with the structure of the material
probed and the measurement contact geometry.

During various processing stages (addition of poros-
ity, lithography, curing, etc.) when the required proper-
ties and patterns are devised, the low-k dielectric materi-
als and especially their defined interfaces sustain chemi-
cal and structural modifications,'®*6 which in turn alter
the mechanical rigidity of these materials toward their
exposed surfaces, i.e a superficial stiffening of the pro-
cessed interfaces. Such sub-surface inhomogeneities were
revealed in nanoscale optical’” and mechanical®?3* mea-
surements of blanket and patterned films. To analyze the
increase in the superficial stiffness of the ILD structures
investigated in this work, a non-uniform profile for the
elastic modulus of the fins was considered. Thus, as il-
lustrated in Fig. 4a and Fig. 4b, the fins were modeled
as made of two homogeneous parts, a stiffer cap layer of
modulus Fs and thickness z. at the top of the fins and

a bulk part of modulus Ep for the base of the fins:

| Es for 0<2 < 2
E(z)*{EB for 2>z @)

with z = 0 at the free surface of the fins. Other profiles
(e.g. linear, multi-steps, exponential, etc.) could be con-
sidered to describe the sub-surface gradient of the elastic
modulus of these structures.

Based on the above assumptions for the sub-surface
structural inhomogeneity and considering the effect of ad-
hesion to the tip-sample contact, the appropriate descrip-
tion for the contact configuration will be that of a spher-
ical tip indenting a flat surface of a single-layer coated
homogeneous half-space in the presence of adhesion (re-
fer to Fig. 4a). The contribution of adhesive forces to the
tip-sample contact was included in the present analysis
because the measurements were performed on compli-
ant materials in ambient atmosphere (45 % relative hu-
midity and 21 °C) and at relatively small applied forces
(maximum applied force of 60 nN). In the contact model
used,*®4? the adhesive interaction between the indenter
and the contacted surface is treated as Maugis-type adhe-
sion,?® which is in the form of a uniform tensile stress o
within an annular adhesive region surrounding the con-
tact zone, @ < r < ¢ (a is the contact radius, r is the
radial coordinate in the surface’s plane with the origin at
the intersection between the axis of the indenter and the



surface’s plane, and ¢ is the adhesion radius). Further-
more, as indicated by measurement conditions and subse-
quent analysis, the tip-sample adhesion operated and was
described in the Johnson-Kendall-Roberts (JKR) limit®?
of the adhesive range of the Maugis model; in general,
JKR limit describes adhesive contacts on compliant ma-
terials with large contact radius.

By following the Maugis model,”® the indentation
depth 4 can be calculated from the surface displacement
u. (r) and the tip-shape function r? /2Rt as

§ = u,(r) + /2R, (2)
with R being the tip radius. As detailed in references®®
and?, an integral transform formulation is used then to
resolve the adhesive contact between a spherical tip and
either a single-layer or multiple-layer coated substrate,
respectively. In short, for a given contact radius a, the
stress distribution and contact radius ratio ¢/a (deter-
mined by the adhesive forces) are adjusted iteratively un-
til the displacement equations at r = a and r = ¢ (equa-
tion (2)) are satisfied simultaneously. Once the stress dis-
tribution o, (r) inside the contact region is determined, it
can be used to calculate the total contact load (including
the contribution from adhesion):

F=— [/ o, (r)2mrdr + oorc? | . (3)
0

By combining the two above equations, the force de-
pendence of the indentation depth is obtained and the
contact stiffness can be calculated as the derivative of
the load with respect to the indentation depth, dF/dd;
moreover, for the purpose of our data analysis, the con-
tact stiffness versus contact load is also retrieved from
this procedure.

The above derivation for the contact stiffness holds for
static and quasi-static indentations on rather stiff mate-
rials. However, as described in previous works,**%? the
dynamic stiffness response of an elastomer indented by
a spherical tip resembles that of a “flat-punch” contact
configuration (an indenter with circular flat end of radius
equal with the contact radius of the static configuration).
Therefore, for every contact radius a, the contact stiffness
was calculated for the “flat-punch” configuration of that
radius,

k* (F) = anunch/adpunch |a:a(F)= (4)

by using the force-displacement curve of a flat-punch of
radius a indenting the considered single-layer coated sub-
strate.’® This contact stiffness k* is well-defined for an
indented hall-space, far away from any edge. In addition
to that, an increase in the compliance of the system has
to be considered in our case for the indents located in
the proximity of an edge. Such edge effects are observed
in the decay of the CR frequencies measured toward the
edges of the wide fin and across narrow fins (refer to Fig.
1¢). Therefore, the total compliance of a fin, at a distance

z from the edge,

1 1 1

ki K

: ®)

kedga

includes the compliance of the inner (non-edge) part,
1/k*, and the edge compliance 1/kegge = adgC/(E*w)“—"l
with Ceqge constant and E* = k*/(2a) the reduce elas-
tic modulus of the tip-sample contact. When both edges
(one edge at = 0 and one edge at = w) are con-
tributing, the force and @-position dependence of the to-
tal compliance of a fin of width w becomes

1 w 1
7}(’5,.,(}7, .."}) = [1 + Ccdgcw(w — E) QQ(F)] k*(F) (G)

The general form of kan(F,x) given by equation (6) was
used to analyze the force and edge dependence of the
measured contact stiffnesses over the low-k dielectric fins
imaged in this work. The numerical calculations for
the above derivation follow the algorithms developed in
references 81953,

At locations over the wide fin, far away from edges,
the fit parameters, Fg, Es, and z., were adjusted until
the calculated force dependence of the contact stiffness
matched the measurements with at least 90 % coefficient
of determination R-squared. For the fits over the narrow
fins and edges of the wide fin, it was observed that consis-
tent results were obtained for a homogeneous structure of
the fin, namely Ep = FEg = F(z, = 0); also, for these fits,
the considered range for force was restricted to applied
forces above 30 nN, where the contact stiffness showed a
clear sensitivity to the applied force. The tip radius Rt
necessary for these calculations was found by deconvolut-
ing the tip geometry from the AFM topographical profile
across the fins. This was done by simulating the convo-
luted contact between a circle of adjustable radius as it is
rolled over rectangular shapes that have the geometrical
dimensions and spatial distribution of the scanned fins
(see Supplementary data for details). The best fit for the
average AFM profiles over a series of narrow and wide
fins provided a tip radius of 67 = 2 nm; the uncertainty
was not considered in the subsequent calculation of the
elastic modulus.

Based on the above considerations for contact mechan-
ics and fit procedure, a few examples showing fits of the
contact stiffness measurements are presented in Fig. 4.
Fig. 4c shows measurements and calculations at a few
locations across the wide fin, far from any edge. As can
be seen, the general force dependence of the measured
contact stiffness is reproduced over the entire range of
applied forces. For a given value of the bulk elastic mod-
ulus, Fg, the increase in contact stiffness at low applied
forces is regulated by the magnitude of the surface elas-
tic modulus, Fs, and the transition regime from lower to
higher forces reveals the extent of the top stiffer layer,
namely, the value of z.. In the absence of this stiffer cap
layer, a much steeper increase in contact stiffness with
the applied force would have been observed; the mea-



sured force-contact stiffness dependencies were not re-
produced by fits that considered homogeneous indented
materials (see Supplementary data for comparison be-
tween fits with variable and counstant elastic modulus).
It is also notable that the elastic modulus of the “bulk”
part, Ep, was found from these fits to be around 3.5 GPa,
which is close to the elastic modulus 3.0 GPa determined
from CR-AFM measurements®* on blanket films made of
the same low-k material as the patterns investigated in
this work. This correlation confirms the ability of ICR-
AFM to recover correctly the depth dependence of the
elastic profile underneath the surface probed.

Force-contact stiffness curves at locations close to one
of the edges of the wide fin and across one of the nar-
row fins are shown in Figs. 4d and 4e, respectively. The
edge effect on the curves shown in Fig. 4d manifests as
an overall reduction in contact stiffness (increase com-
pliance) as the measurement location shifts closer and
closer to the edge. In Fig. 4e, the lowest curves are for
measurements on each edge of the narrow fin and the
highest curves at positions around the middle part of the
fin; the position of each measurement with respect to
the left edge of the fin is specified by x. In addition to
Egn, Es, and z., Cegge was consider as a fit parameters
for curves showing edge effects. The constant C.4,. was
obtained by simultaneously fitting the stiffness measure-
ments made on each side of the wide fin. This means
that the same value was obtained for Ceqge from each set
of the three or four measurements showing edge effect
along the edges of the wide fin; only one edge was con-
sidered to contribute to the measurements made around
each edge of the wide fin. The value of Ceqge was then
used to fit the measurements made on the narrow fins,
in which case both edges were considered to contribute
to the total compliance of a fin (equation 6). As can be
seen from the values of the fit parameters, elastic moduli
as big as three times of that of the inner part of the wide
fin were determined for the top and sidewalls of the wide
fin and for the entire volume of the narrow fins).This is
in apparent contradiction with the stiffness decay pre-
dicted by CR measurements over the narrow fins (Figs.
lc and 3), prior to the analysis that includes the edge
effects. The highlight here is that the stiffness increase
of the exposed surfaces of the fins 1s revealed once the
contribution of edge compliances to the measurements is
properly accounted for. It should be also noted that oc-
casional bursts are present in the contact stiffness vs force
measurements, especially at small forces near the edges of
the wide fin (Fig. 4d) and on narrow fins (Fig. 4e). One
main source of these disturbances could be the increased
compliance of the tip-sample contact around edges and a
noise reduction might be achieved at higher loads. How-
ever, it 1s worth pointing out that all the measurements
were performed in the elastic deformation regime of the
materials as indicated by the calculated contact stresses
(see Supplementary data for details) and absence of plas-
tic deformation of the samples at the nanoscale. Thus,
the maximum compressive stress induced at an applied

force of 60 nlN is around 0.6 GPa, which is below the es-
timated yield strength of these organo-silicate materials.
The estimate is based on the yield stress measurements
of SiCH/SiOCH bilayers®® with the SiOCH layers hav-
ing similar structure and properties (porosity 25 % and
elastic modulus 8.0 GPa) to our materials. In these mea-
surements it was found that the top SiCH layers can ac-
commodate yield stresses as high as 1.0 GPa depending
on their porosity. Based on the observation that plas-
ticity was always initiated in the top SiCH layer of the
structure we can conclude that the yield stresses of the
SiOCH layers are even higher than those of the SICH
layers.

To get a better perception and statistics of the elas-
tic properties of the investigated structures, tomographic
sections of the calculated elastic moduli of the fins were
made and are shown in Fig. 5. The front-view section
shows the elastic modulus variations across one wide fin
and a few narrow fins and the depth-view sections map
the elastic modulus variations along the wide fin (the
edge regions were not included) and one of the narrow
fins. In general, as can be seen from the color code of
the elastic modulus, an increase in stiffness (bigger elas-
tic modulus) was determined in the regions adjacent to
the exposed top and side surfaces of the fins. On the
wide fin this stiffer region forms a top layer about 20
nm in thickness and extends inwards about 15 nm from
the sides. The narrow fins, on the other hand, indicate
only one uniform, stiffer region over their entire volume,
probably because the width of the narrow fins is compa-
rable with the penetration depth of the stiffer region. It
is interesting also that less variations and slightly bigger
modulus values were determined along the narrow fins
than within the cap layer of the wide fin. The statistics
of the fit parameters along the wide fin indicate average
values of 3.4 £ 0.8 GPa for Eg, 7.9 £ 2.2 GPa for Eg,
and 20.3 + 5.2 nm for z.. Along the narrow fin, the fits
gave 9.8 £ 1.7 GPa for the elastic modulus E. It is in-
dicative here that the elastic modulus of the inner parts
of the wide fins is comparable with that of the porous
low-k films (3.0 GPa)*! whereas the elastic modulus of
their exposed surfaces (tops and sidewalls) approaches
the modulus of the organosilicate matrix of these films
(7.3 GPa).?" Also, the thicknesses of the top and side
stiffer regions are comparable with the damaged sidewalls
of ILD structures exposed to plasma; it has been shown
by either selective etch,?® ellipsometry,®” or transmission
electron microscopy™® that a 20 nm to 50 nm oxidized
region can be formed at the sidewall of an ILD where,
under the action of plasma ash, non-polar methyl CHj
groups are replaced by polar silicon hydroxide Si — OH
groups. Therefore, both the measured elastic moduli of
the inner and exposed surfaces and the extend of the
stiffened regions of the investigated fins confirmed the
nanoscale effect of processing on low-% dielectric materi-
als. In previous studies, it has been shown that the chem-
ical composition of the sidewall is different from that of
the bulk part. Here we directly probed the alteration in



the mechanical properties of the top and sidewall regions.

IV. CONCLUSIONS

In this work, a process-induced stiffened region was
demonstrated for the exposed surfaces (top and sides) of
high-aspect ratio ILD patterns. The sub-surface varia-
tions of the mechanical properties of these patterns were
mapped by 3D ICR-AFM across 20- and 90-nanometer
wide patterns. The detailed depth-dependence of the
measured ICR-AFM contact stiffnesses allowed the use
of a contact model with three fit-parameters to unveil the
elastic modulus profile underneath the surface. By com-
bining AFM topography and ICR-AFM measurements,
tomographic sections of the elastic modulus across fea-
tures of interest were generated and used to demonstrate
the stiffness enhancement sustained by the ILD patterns

during processing. Roughly, an increase by a factor of
three was calculated for the elastic modulus within a
20 nm thickness from the exposed surface. Applica-
tions of such nanoscale near-surface mechanical interro-
gations can be envisioned for other materials with in-
homogeneous superficial layers, either inorganic (nano-
electronics, coatings, composite materials, etc.) or or-
ganic (teeth, bones, hydrogels, tumors etc.).
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Supplementary data

A. Tip shape characterization

The radius of the tip was determined by deconvoluting an average tapping mode AFM trace
obtained from a post-measurement image (refer to Fig. S1) over the area where the measurements
were performed. In this simulation a spherical tip was brought into contact with the profile of the
fins; both tip and fins were considered rigid. The fins were modeled as rectangular shapes centered
at the maximum heights that were observed in the actual average AFM trace. The widths of both
thin and wide fins and the tip radius were considered variables in this fit procedure. For the optimal
fit, a few intermediate positions are shown in Fig. S2 as the tip was scanned from left to right over
the fins. In this case, a coefficient of determination of 97.0 % was calculated for the regions in
between the fins. The main exercise here was to determined the tip radius from the regions in
between the fins because, unlike on top of the fins, the tip imprints its apex curvature into the
measured AFM trace around the edges of the fins. Along with the tip radius, the widths of the fins
were determined as being 21 nm (narrow tins) and 90 nm (wide fins). respectively. No roundness
for the corners of the fins was found necessary to be considered. Indeed, when corners of a few
nanometers were assumed for the fins, the simulated AFM traces deviated significantly from the
measured AFM trace, with large distortions in between the fins and in terms of the observed fin
widths.

nm

20
15

10

Figure S1: AFM topography of ILD fins after the measurements The highlighted area was used to calculate
the average AFM profile over these ILD fins.
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Figure S2: Tip radius calculation from the deconvolution of the AFM profile determined by averaging the
scan traces within the highlighted area shown in Fig. S1. As the tip was scanned over the fins from left to
right, intermediate positions are shown in (a), (b), and (¢), respectively. The apex of the tip appears parabolic
due to the different scales used on the x and y axes. A more detailed, proportional scaling is shown in the
insets of (a) and (b).



B. Fits of contact stiffness versus force curves for different elastic modulus profiles

In Fig. S3 are shown a few fits of the contact stiffness versus force measurements at different
locations over the wide fin, far away from its edges. Two possible cases were considered here, one
with inhomogeneous fins made of a stiffer top cap and more compliant inner parts (vanable elastic
modulus) and one with homogeneous fins (constant elastic modulus). As explained in the main
text, three variables were used to define a given configuration of an elastically inhomogeneous fin,

E for the elastic modulus of the inner part, E, for the elastic modulus of the top part, and z. for

the thickness of the top part, respectively, and only one variable, E. for the elastically
homogeneous fins. As can be seen i Fig. S3, the fit with three parameters gave the correct
observed force dependence of the contact stiffness whereas no good match could be obtained when
the fins were assumed homogeneous. It is worth pointing out here that such fits are possible when
the contact stiffness 1s measured over a range of forces to observe the stiffness response from zero
to the maximum applied force. However, in CR-AFM measurements performed at a single applied
force, the interpretation would indicate the elastic modulus for which the calculated contact
stiffness will match the measurement at that particular force but, as can be seen n Fig. S3, this
might be off for any other applied force.
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(constant elastic modulus by black and green dashed curves) material. The coefficient of determination for
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92.3 %, respectively.



C. Maximum stress under indenter in the JKR model

For the purpose of demonstration only we used here the JKR model to calculate the maximum
compressive stress under the AFM tip during our ICR-AFM measurements on top of the wide low-
k dielectric fins. This is because, with the parameters found by the semi-analytical procedure
described in the text, we found that the JKR model provides close values for the maximum
compressive stress compared to the ones calculated numerically. And, unlike the numerical
procedure, the JKR model offers closed-form analytical expressions for the quantities of interest.
Thus, in the JKR model, the stress distribution under a spherical rigid indenter of radius R pressed
by a load P against a flat surface of a half-space of Young’s modulus £ and Poisson’s ratio v is

given by
O A l 2E aAy
olr)=—+a —r — 7—) , Sl

where £ =F :"(lfvz), a 1is the contact radius, ris the radial distance from the center of the
indenter, and Ay the adhesion energy. Upon the integration over the contact area, the load 1s found

as

x 3
p=Ea 5 Eaiay (S2)

3R
with the minimum load identity as the pull-oft force

3
P =~ aRAy ($3)

occurring at the minimum contact radius

2
a, =3 M ) (S4)
8F

The maximum compressive stress happens at the center of the indenter at » =0

o(0) = 2E°a  |2E°Ay .

=&\ m (83)

By using (S5) and (S2). the load dependence of &(0) was plotted in Figure S4 for the case of
mterest with R =67nm, £ =8 GPa, v=025 and ‘Pc| =20 nN. As 1t can be seen from Figure S4,

the maximum compressive stress &(0) is about 0.6 GPa at an applied load of 60 nN (maxinum
applied load during measurements), which was rationalized to be below the yield stress of these



materials. While we didn’t directly measure the yield stress of the materials used in this work. we
can indirectly estimate it somewhere close to 1.0 GPa. The estimate 1s based on the yield stress
measurements of SICH/SIOCH bilayers,” with the SIOCH layers having similar structure and
properties (porosity 25 % and elastic modulus 8.0 GPa) to our materials. In these measurements it
was found that the top SiCH layers can accommodate yield stresses as high as 1.0 GPa depending
on their porosity. Based on the observation that plasticity was always initiated in the SiCH layer
we can conclude that the vield stresses of the SIOCH layers are even higher than those of the SiCH
layers.
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Figure S4: Load dependence of the maximum compressive stress under the indenter in the JKR model as
applied to the case of ICR-AFM measurements performed on top of the wide fins (refer to the main text for
the values of the parameters used in experiments).



