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In microelectronics technologies, patterning of sub-100 nm width ridges capped with a titanium
nitride mask can lead to undulations of the ridges detrimental to performances. This phenomenon is
observed with highly compressive residual stress into the mask ��2 GPa�, with dielectrics with low
elastic properties �E�2 Gpa� and with high dielectric ridge heights ��230 nm�. Experiments and
simulations show that undulations can originate from buckling which allows the release of the strain
energy initially stored in the mask. Simulations predict that the dielectric material undulations can
become an issue for porous dielectrics integration in the next generations of integrated circuits �2016
and later�. © 2007 American Institute of Physics. �DOI: 10.1063/1.2805774�

In microelectronics technologies, transistors are con-
nected by interconnects. To improve interconnect perfor-
mances, an insulating material with a dielectric constant
lower than SiO2 is required. A dielectric constant lower than
2.9 is obtained by introducing porosity in a methyl silsesqui-
oxane material �porous SiOCH�. Those thin films are cur-
rently named low k.1 During interconnect building, a porous
SiOCH film is first deposited. It is capped with SiO2 and a
titanium nitride �TiN� mask. Trenches are defined by litho-
graphy and patterning processes in the TiN. Then, trenches
are etched by plasma using TiN as a mask.2,3 The different
chemical nature between TiN and porous SiOCH provides a
good etch resistance during the exposure to plasmas used for
porous SiOCH etching.4 We have observed that the etching
of dielectric trenches overlaid by a TiN mask can lead to
undulations of the masked dielectric ridges �the so-called
wiggling phenomenon� when the width of the ridge is lower
than 100 nm.5 Even if this phenomenon is put in evidence
for microelectronics purpose in this letter, it concerns the
whole scientific community interested in nanopatterning. The
origin of the undulations is still unclear but the shape of the
deformed ridges is typical of a buckled structure.6–8 To study
the origin of the wiggling, structures with different materials
and different sizes have been etched using the following
stack: on a silicon wafer, 250 nm thick porous or dense me-
thyl silsesquioxane �SiOCH� is deposited, then 40 nm thick
SiO2 capping is deposited by plasma enhanced chemical va-
por deposition and 45 nm thick TiN mask is deposited by
physical vapor deposition. Porous and dense materials have
been chosen for their similar chemical nature and their dis-
similar mechanical behavior, i.e., different elastic properties.
The wafers are patterned by direct electron beam lithography
in order to achieve structures with ridge widths varying from
100 to 50 nm. The TiN mask is etched in a Cl2-based
plasma, and the SiO2 capping layer and the SiOCH are
etched with a CF4-based plasma. The height of the dielectric

ridge after etching is controlled by adjusting the etching
time. Figure 1 represents tilted scanning electron microscopy
�SEM� views of the structures after the opening of the TiN
mask and after the etching of the dielectric. Figure 2 shows a
SEM top view of ridge arrays with porous and dense dielec-
tric materials for different heights and widths of ridges. The
wiggling of the porous SiOCH dielectric ridges masked by
the TiN mask is observed for sub-100 nm width ridges, with
an etch depth of 230 nm and for width lower than 75 nm for
the 130 nm height ridges. For the 230 nm height structures
with dense SiOCH, the dielectric ridge undulations appear
for a ridge width lower than 75 nm. It has to be noticed that
the porous SiOCH exhibits a lower Young modulus than the
dense SiOCH �see Table I�. The undulations of the dielectric
structures are observed for a larger ridge width when the
ridge height increases �for a ridge height of 130 nm, the
wiggling is observed for a ridge width lower than 60 nm�.

This demonstrates that the wiggling phenomenon de-
pends on the structure geometry �ridge width and height�.
Furthermore, we have shown that undulations of sub-100 nm
porous SiOCH structures are not observed with a carbon-
based mask which presents a lower residual stress than the
TiN mask �not presented here�.5 These results suggest that
the dielectric ridge undulations are attributed both to the
compressive residual stress of TiN and the weak elastic prop-
erties of the narrow dielectric structures. To explain the ori-
gin of these undulations, experimental results and mechani-
cal simulations are confronted. The simulations are
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FIG. 1. Tilted SEM view of porous SiOCH/SiO2/TiN stack �left� after the
etching of the TiN and �right� after the etching of the porous SiOCH.
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performed using the commercial mechanical finite element
analysis code ANSYS™. The buckling analysis is for bifurca-
tion buckling using a linearized model of elastic stability.
Bifurcation buckling refers to the unbounded growth of a
new deformation pattern. The buckling problem is formu-
lated as an eigenvalue problem: ��K�+�i�S�����i= �0�, where
�K� is the matrix of stiffness, �S� is the matrix of stress stiff-
ness, �i is the eigenvalue, and �i is the eigenvector of
displacement.9 The method of eigenvalue extraction is based
on subspace method which is described in detail by Bathe.10

The simulated structure used for buckling analysis consists
in a 1 �m long line �porous SiOCH/SiO2/TiN� on a silicon
substrate. All the substrate displacements are constrained,
whereas the other material displacements are only con-
strained along the longitudinal direction on the two ends of
the line to simulate an infinite structure. The mechanical
properties and residual stress of each layer are given in Table
I. Reduced moduli are obtained by nanoindentation using a
procedure described in a previous work,11 Poisson coeffi-
cients are determined by Brillouin Light Scattering or ex-
tracted from literature,12 and the residual stress is determined
using the wafer curvature method.13 The whole measure-
ments �see Table I� indicate weaker elastic properties for the

porous SiOCH compared to the dense SiOCH and a residual
stress which is highly compressive into the TiN layer. The
matrix of stiffness and the matrix of stress stiffness are cal-
culated from this structure based on iterative calculation of
equilibrium state.

From buckling analysis, we can extract the coefficient by
which we have to multiply the matrix of stress stiffness �S�
to reach the first buckling eigenmode. This coefficient, the
so-called buckling coefficient, is critical when it lies under
unity.9

Figure 3 shows the evolution of the buckling coefficient
calculated for different widths and heights of ridges with
both dielectric materials. Simulations are in good agreement
with the experimental results presented in Fig. 2: when the
buckling coefficient is found to be higher than 1, no wiggling
is experimentally observed, whereas undulations are experi-
mentally observed when the buckling coefficient is lower
than 1. These results point out that buckling can be the me-
chanical phenomenon leading to structure undulations. Both
simulations and experimental results show that the wiggling
depends on the compressive residual stress into the TiN
mask, the weak elastic properties of the dielectric, and the
geometry of the structure. These undulations occur when the
elastic properties of the narrow dielectric ridge cannot pre-
vent the release of the residual stress of the TiN mask. The
wiggling phenomenon is explained by the residual stress of
TiN which releases and deforms the shape of the ridge of
porous SiOCH �which exhibits a lower stiffness�. This leads
to a buckled structure.

This work shows that ridge undulations are emerging as
a physical limitation to pattern sub-100 nm dielectric fea-
tures. This limitation can become an issue in microelectron-
ics for the integration of porous low k dielectrics in the next
generations of integrated circuits. We have simulated the me-
chanical behavior of the dielectric structures using the lowest
height and width of dielectric ridges required for the next
generations of integrated circuits �Table II�. The ridge dimen-
sions are defined by the International Technological Road-
map for Semiconductor �ITRS� industry for the first level of
interconnects in microprocessor units.14 In our simu-
lations, the Young modulus is varied from 0.5 to 10 GPa,
which is representative of a wide range of Young moduli
experimentally measured for porous SiOCH.1,11,15 The mask
residual stress ranges from a highly compressive stress
�−2.4 GPa� to 0 GPa corresponding to a fully relaxed mate-

FIG. 2. SEM top view of arrays of dielectric ridges �width=space: 100, 75,
60, 50 nm�. Left-hand side: porous SiOCH with a ridge height of 130 nm;
middle: porous SiOCH with ridge height of 230 nm; right-hand side: dense
SiOCH with an etched depth of 230 nm. Undulations are observed for
widths �60 nm �respectively �100� with a height of 130 nm �respectively
230 nm� of porous SiOCH ridges and for widths �75 nm with a height of
230 nm of dense SiOCH ridges.

TABLE I. Mechanical properties and residual stress of materials used in our
structure.

Material E �GPa�
Poisson

coefficient
Stress
�MPa�

TiN 79 0.25 −2400
SiO2 75 0.17 200

Porous SiOCH 1.9 0.23 0
Dense SiOCH 2.8 0.23 0

Si 165.7 0.218 0

FIG. 3. Evolution of buckling coefficient calculated from the simulation for
different height and width of ridges with a porous SiOCH �line� and a dense
SiOCH �dots�. A Buckling coefficient lower than unity leads to a buckled
structure.
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rial. Other parameters such as TiN thickness are kept con-
stant. Figure 4 gives the map of buckling coefficient as a
function of the residual stress of the mask and Young modu-
lus of the dielectric, for the ridge dimensions required in the
microelectronics roadmap �ITRS �Ref. 14�.� for the years
2010, 2013, 2016, and 2019. The curve plotted for each gen-
eration of integrated circuits defines the limit between the
domain of stability and the domain in which the wiggling
phenomenon occurs: at lower mask residual stress and higher
dielectric Young modulus, structures are stable and will not
undulate �buckling coefficient greater than unity�, whereas at
higher residual stress and lower Young modulus, the buck-
ling phenomenon will occur. Thanks to those simulations, we
can predict the ridge undulations for each generation of in-
tegrated circuits according to the mechanical properties of
the porous dielectric and to the residual stress into the mask.
For example, in our experimental conditions �residual stress

of −2.4 GPa and Young modulus of 1.9 GPa�, no mechanical
limitation is expected before 2013 for the ridge dimensions
defined in the ITRS. Based on this simulation, Fig. 4 high-
lights that the development of mask materials presenting a
low residual stress is the key point to prevent the wiggling
phenomenon for the most advanced generations of integrated
circuits �2016 and after�.

In this letter, mechanical simulations show that the un-
dulations of narrow structures of porous dielectric can result
from a buckling phenomenon. These results are in agreement
with the experimental data, and the structure undulations are
explained by the release of the residual stress of TiN which
deforms the less-stiff porous SiOCH leading to a buckled
structure. For the next generations of integrated circuits in
microelectronic industry, our results can predict structure un-
dulations knowing the dielectric material Young modulus
and the residual stress into the mask. The development of
masks with a low residual stress will be the key point to
prevent structure undulations for the most advanced genera-
tion of integrated circuits �2016 and after�.
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TABLE II. Geometrical dimensions recommended by the 2006 International
Technological Roadmap for Semicontuctor �ITRS� industry for the first level
of metal in microprocessor units. Those generations of integrated circuits are
supposed to be integrated in 2010, 2013, 2016, and 2019 �Ref. 14�.

Year of integration 2010 2013 2016 2019

Ridge height �nm� 81 61 44 32
Ridge width �nm� 45 32 22 16

FIG. 4. Map of buckling coefficient thresholds as a function of dielectric
Young modulus and mask residual stress plotted for the geometrical dimen-
sions corresponding to ridges dimensions of the next integrated circuits
integrated in 2010, 2013, 2016, and 2019. Each curve shown in this graph
corresponds to a buckling coefficient of 1 and separates the residual stress/
Young modulus plan into two areas. For each generation of integrated cir-
cuits, the left part of the plan delimitated by the curve corresponds to a
buckling coefficient lower than 1 �wiggling�, while the right part corre-
sponds to a buckling coefficient higher than 1 �no wiggling�.
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