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Accurate measurement of the mechanical properties of ultra-thin films with thicknesses typically
below 100 nm is a challenging issue with an interest in many fields involving coating technologies,
microelectronics, and MEMS. A bilayer curvature based method is developed for the simultaneous
determination of the elastic mismatch strain and Young’s modulus of ultra-thin films. The idea is to
deposit the film or coating on very thin cantilevers in order to amplify the curvature compared to a
traditional “Stoney” wafer curvature test, hence the terminology “micro-Stoney.” The data reduction
is based on the comparison of the curvatures obtained for different supporting layer thicknesses.
The elastic mismatch strain and Young’s modulus are obtained from curvature measurements of
cantilevers before and after the film deposition. The data reduction scheme relies on both analytical
and finite element calculations, depending on the magnitude of the curvature. The experimental
validation has been performed on ultra-thin low pressure chemical vapor deposited silicon nitride
films with thickness ranging between 54 and 133 nm deposited on silicon cantilevers. The technique
is sensitive to the cantilever geometry, in particular, to the thickness ratio and width/thickness ratio.
Therefore, the precision in the determination of the latter quantities determines the accuracy on the
extracted elastic mismatch strain and elastic modulus. The method can be potentially applied to films

@ CrossMark
eclinkte

A generic “micro-Stoney” method for the measurement of internal stress
and elastic modulus of ultrathin films

as thin as a few nanometers. © 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4939912]

. INTRODUCTION

The measurement of mechanical properties, involving
the determination of the magnitude of the internal stress and
elastic modulus, of extremely thin films especially below
100 nm is a challenging task for which no generic, versatile,
and accurate approach has been developed up to now. How-
ever, these data are essential in the context of many advanced
technologies relying on a proper control of the state of internal
stress and of the stiffness of the films and coatings used for
their functional and/or mechanical properties. This is true in
a variety of microelectronic devices, micro-electromechanical
systems, protective coatings, and/or magnetic recording sys-
tems."> One difficulty is that mechanical properties are size
dependent at these length scales, as well as process dependent.
Hence, experimental characterization is always required to
ensure that the target performances are attained. Here, we
propose and validate a method derived from the classical
“Stoney”’-type measurement to characterize both the internal
stress and the elastic modulus of extremely thin films, i.e.,
a few hundreds down to a few tens of nanometers. More
detailed reviews on thin film characterization techniques may
be found, for instance, in Refs. 2-5; the review below is only a
brief coverage of the existing techniques to evaluate these two
quantities.

The generation of internal stress in thin films results
from various phenomena and depends on the deposition
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conditions.>® The internal stress is an important parameter
with respect, for instance, to microstructure stability and to
cracking or delamination resistance. When a film is released
from its substrate to produce different types of bridges, canti-
levers, or membranes, the relaxation of the internal stress leads
to elastic deformations, possible buckling instabilities, and,
in any cases of multilayered films, to curved configurations
which may take complex shapes if the stresses are sufficiently
high.

Numerous techniques can be found in the literature for
measuring the internal stress in thin films, the most common
being based either on measuring a change in the lattice con-
stants of the material or on measuring the change in the stress
induced curvature of bent structures. Among the first category,
X-ray diffraction provides the state of biaxial internal stress.”'?
Raman spectroscopy can be used to estimate the elastic strain
from which the stress can be extracted if the elastic modulus
is known.!! Curvature measurement methods are the most
widely applied methods for measuring internal stress in films
lying on flat substrates, since they can be performed in situ and
on non-crystalline materials. The change in curvature can be
measured using interferometry or profilometry methods.!>!3
Stoney’s equation relating the substrate curvature to the film
stress has been used in its original or modified form for more
than 100 yr®!'%!5 and allows the determination of the internal
stress without prior knowledge of the film modulus. Substrates
in the form of cantilevers combined to multi-beam optical

©2016 AIP Publishing LLC
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stress (MOS) sensors have been used for characterizing film
stress.!>7 Still, estimating the internal stress of films thinner
than 50 nm remains a challenge, in addition to the fact that
MOS sensors are not adapted to all experimental conditions.
There is, therefore, a need for a method that may be applied
to any deposition instruments and conditions. Aside from this
first set of methods, micro-machined structures of various
geometries have been developed to measure the internal strain
of thin films by measuring the displacement of these structures
upon release of the underlying layer.'®!° Retrieving the corre-
sponding stress requires the knowledge of the elastic modulus,
which has to be independently determined.

Many design issues related to the overall stiffness, reso-
nance frequency, stored elastic energy, wear resistance, or
buckling load depend on the elastic properties of the films.
Various methods for characterizing elastic modulus for free-
standing and supported films have been developed, involv-
ing conventional tensile tests, contact, dynamic, acoustic, and
curvature based methods. Following the conventional testing
approach used for bulk materials, uniaxial micro-tensile tests
have been developed to characterize the material response in
small scale specimens (e.g., Refs. 19-29). The so-called bulge
test’®3! and four-point bending test’? are other techniques
borrowed from macroscopic testing methods.

A widely used contact method for measuring the elastic
modulus at small scales is nanoindentation.’> However, in
thin film indentation, the indentation depth is often limited to
typically less than 10% of the film thickness,**>® which makes
very challenging the extraction of the elastic modulus in films
thinner than typically 200 nm, especially if the surface is not
perfectly flat because roughness effects perturb measurements
at shallow indentation depths. A load-deflection test employ-
ing a surface profiler has also been developed to characterize
the elastic modulus on various test structures, e.g., cantilevers,
doubly supported bridges, and bridge-sliders.?”8

Dynamic methods are based on the measurement of the
resonance frequency of structures. Photo-thermal, acoustic,
piezoelectric, or mechanical methods have been developed to
vibrate the test structures.**? These methods allow the testing
of multilayers or of connected beam structures. However, the
uncertainty in the results for films thinner than 200 nm signif-
icantly increases.

Acoustic methods are based on the generation and propa-
gation of wave pulses in the film. The most used techniques
for thin films include Raman-Brillouin diffusion and ultra-
fast acoustics. Surface Brillouin scattering is gaining interest
for the determination of the elastic constants of opaque thin
films,* but it is difficult to use in the case of semi-transparent
films on substrates. Recent developments in picosecond ultra-
sonics allow the measurement of sound velocities in submi-
cronic layers and multilayers typically thicker than 100 nm
from which the elastic properties can be retrieved.***

Previously, our group has reported the extraction of
Young’s modulus of thin films by combining a stress mea-
surement in a fully unrelaxed condition using Stoney’s equa-
tion and a strain measurement after complete relaxation af-
ter release.’® Young’s modulus was obtained from the ratio
of totally unrelaxed stress to the corresponding deposition
induced strain.
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Few methods exist that allow extracting simultaneously
the internal stress and the elastic modulus. For instance,
Osterberg et al. proposed a technique using pull-in instabilities
on MEMS structures for measuring the elastic modulus and
the internal stress,*® which has been applied to measure the
Young’s modulus of silicon cantilevers with thickness in the
range of 40 nm—1 um.*’” The previously mentioned bulge test
can also be used to simultaneously measure the modulus and
the internal stress of thin films.*34

The present paper describes a combined modulus and
stress measurement methodology which extends the work
of Boé et al.'® and with the objective to be accurate for
very thin films. As explained in Section II, the thin film
material is deposited on thin silicon cantilevers in order to
enhance the sensitivity of the method. Lithography methods
are used to fabricate the specimens. Curvature measurements
are made either by interferometry or using scanning electronic
microscopy (SEM) images. This non-contact type measure-
ment method, together with the use of an analytical and finite
element (FE) model of the thermo-elastic deformation of
bilayers (described in Section III), allows generating accurate
results even for tens of nanometer thick films, by applying
the data reduction scheme presented in Section IV. The two
main advantages of the method are (i) the capacity to extract
the Young’s modulus in very thin films while the above-
mentioned techniques are mainly limited to thicknesses larger
than 100-200 nm and (ii) there is no need to fabricate single
layer freestanding cantilevers or membranes, which poses
experimental difficulties when the thickness is below 100 nm.
In the technique proposed here, since measurements are made
on bilayer cantilevers, the film material is still supported
by the substrate material and the structures are thicker than
100 nm, even if the film is much thinner. Hence, contrary to the
existing techniques, the “micro-Stoney” approach allows the
measurement of the Young’s modulus of films of a few tens of
nanometer thickness. Note also that the measurement of fully
relaxed stress for few tens of nanometer thick films using the
classical curvature method is not sensitive enough for very thin
films possessing relatively low internal stresses. The use of a
bilayer cantilever as it is presented here reduces the thickness
of the substrate with respect to the film thickness, resulting
in much larger curvature changes and hence an enhanced
sensitivity. The approach is validated on experimental results
obtained on thin silicon nitride (Si3Ny) films in Section V.

Il. EXPERIMENTAL SETUP

The test structures are fabricated on silicon-on-insulator
(SOI) wafers following two UV lithography steps along the
[110] direction of the top silicon (Si) layer. First, Si canti-
levers are patterned into the top Si layer of the SOI wafer
through reactive ion etching (RIE) using a SFg based plasma.
Then, a Si3Ny is deposited at 790 °C by low pressure chemical
vapor deposition (LPCVD) in a vertical Koyo VF-1000LP
furnace and a second lithography is performed using RIE
with a SFg/SiCly based plasma. The two etching steps are
performed in an Electrotech Plasmafab 310/340 equipment.
This allows fabricating cantilevers made either of a Si single
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layer, of a SizNy single layer, or of a Si/Si3Ny bilayer. Silicon
oxide (SiO,) acts as the etch stop layer for the two etching
steps. Since UV light for the photolithography process offers
a resolution of 0.5 um, cantilevers of 10 + 0.5 ym width and
various lengths ranging from 100 um to 1900 um have been
fabricated to ensure the reproducibility and consistency of the
measurements. Finally, the structures are wet released using
HF (73%) to etch the SiO, sacrificial layer. A schematic repre-
sentation of the fabrication steps and of the obtained structures
is given in Figure 1, with the SisNy4 layer being the test material
in this study.

Two sets of samples have been processed on SOI wafers:

1. The “P”-series: LPCVD Si3Ny films with a constant film
thickness are deposited on silicon top layers of SOI wa-
fers with different thicknesses equal to 140 nm, 400 nm,
and 700 nm (before release). The etching time of the HF
release was 3 min for all samples.

2. The “G”-series: a LPCVD Si3Ny4 with ~150 nm thickness
has been deposited on the Si top layers of a SOI wafer
with a Si thickness of 400 nm. As HF also etches Si3Ny at
comparatively smaller rate than Si0,,%° it was exploited
to deliberately alter the film thickness, after cutting the
wafer into several samples before the release step and
using different release times for each of the wafer dies.
Si3Ny films of thicknesses ranging from 46 to 133 nm after
release on 400 nm Si were produced.

The film and substrate thicknesses were measured before
and after release by ellipsometry using a Cauchy model. SEM
and interferometry have been used to determine the radii of
curvature of the Si/Si3Ny cantilevers. SEM imaging using a
Zeiss Ultra 55 FEG-SEM was appropriate to generate precise
measurements on beams exhibiting very strong curling such as
shown in Figure 2. White light interferometry measurements
have been performed in a MSA-500 Micro System Analyzer
from Polytec. Interferometry is well adapted to measure curva-
ture radii such that the cantilevers are not curled more than the
quarter of a circle, i.e., for radii more than 2/ times the length
of the cantilever. For 100 to 1900 ym long cantilevers, this
corresponds to minimal radii in the range of approximately 65
to 1200 um. The radii of curvature are then extracted through
a quadratic interpolation of the line profile of the cantilevers
across the long axis.

lll. FINITE ELEMENT SIMULATIONS

FE simulations of the mechanical behavior of the bila-
yers upon release have been carried out using the Oofe-
lie::Multiphysics software based on the nonlinear solver. Rect-
angular bilayer beams with length L = 200 ym and width W
= 10 um have been meshed using hexahedrons with quadratic
interpolation. From symmetry, only one half of the cantilever
width has been modelled with perfect clamping at one of
the extremities. A convergence study showed that a mesh
involving 160 elements over the length, 15 elements over
the half width, and 1 element over the thickness in each
layer was sufficient to ensure convergence on the predicted
curvature.

Rev. Sci. Instrum. 87, 015002 (2016)

(a) (b)
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FIG. 1. Schematic representation of the main fabrication steps of the test
structures. Starting (a) with a SOI wafer, (b) fabrication of Si cantilevers
through a first lithography and etching procedure, (c) deposition and pattern-
ing of the test material through a second lithography and etching procedure,
(d) etching sacrificial layer to release test structures.

The film of interest (Si3Ny4) has been considered to behave
as an isotropic elastic material, whereas the supporting Si
layer has been taken orthotropic, accounting for the elastic
anisotropy of the Si crystal structure. The elastic constants of
Si in the reference frame of a (100) wafer have been taken
from Ref. 51 as equal to [Ey, E,, E;] =[169, 169, 130] GPa
for the elastic modulus, [vyy, ¥y, v2x] = [0.064, 0.36, 0.28] for
the Poisson ratio and [Gyy, G, G| = [50.9, 79.6, 79.6] GPa
for the shear modulus. In agreement with the experimental
structures, the cantilever is oriented along the x-axis ([110]
direction), i.e., parallel to the flat of the wafer.

The bending of the cantilever results from the difference
existing, before release, between the elastic strain stored in the
upper layer £ and the elastic strain in the bottom layer ;. The
difference in elastic strain, noted Ae = &7 — &, is the driving
force for the bending of the bilayer upon release until force
and moment equilibrium is reached. The elastic strains €, and
&r come from a mismatch strain in each layer which may have
various origins such as epitaxial strain, growth strain, and/or
thermal expansion.> Without loss of generality, Ae is induced
in the simulations by applying a fictitious uniform temperature
change to the beam that was initially free of constraints. The
temperature change AT and the difference of thermal coeffi-
cients Aa between the two layers yield Ae = AaAT.

The curvature has been calculated by interpolating a circle
on the deformed shape of the upper surface of the canti-
lever using the Taubin method.>> The points located along the

FIG. 2. SEM images of released SizN4/Si bi-layer cantilevers test structures
(sample G1).
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symmetry axis have been used to quantify the in-length curva-
ture (Kaxia)- The points located at the half of the cantilever
length after reconstruction of the other symmetrical half have
been used to quantify the curvature along the width (Kansv)-
Only the points located at a distance larger than 0.05L and
0.1W from the edges have been taken into account in order to
avoid edge effects. Note that the curvature is indeed constant
along the length, but for large values of Kyansy, the edge effects
affect the entire width of the cantilever. Since the corners have
curvatures equal to the one predicted by the small deformation
theory, the curvatures presented here are a mean of the local
curvature, higher than the curvature at the center, but lower
than at the edges.

IV. THEORETICAL BACKGROUND AND DATA
REDUCTION SCHEME

A bilayer cantilever of length L and width W is composed
of a film of thickness /¢ deposited on a supporting material of
thickness A;. It involves an elastic mismatch strain difference
Aeg between the film and the supporting layer. After release, the
bilayer cantilever bends in order to minimize strain energy and

J
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fulfill force and moment equilibrium. The resulting curvature
is obviously dependent on Ag, but also on the material stiff-
ness and on the geometry of the cantilever. The assumptions
of perfect bonding and of thermal isotropy have been made
throughout the work, as well as the linear elastic behavior
of the two materials. The main parameters which influence
the final curvature of the cantilever are addressed in this sec-
tion. These results are then used to build the data reduction
methodology which has been applied on the experimental
measurements for the determination of the elastic modulus and
of the internal stress of the layers.

A. Small deformation

The final curvature « of the bilayer cantilever as a func-
tion of A¢ is analytical in the case of equibiaxial conditions,
based on forces and momentum equilibrium®3** or on the
minimization of the energy of the system.>> The underlying
additional assumptions entering the derivation are small defor-
mation, elastic isotropy, and cantilever geometry where the
thickness is much smaller than the width and length. Under
these assumptions, the curvatures along the length and along
the width are equal and given by

E*,E* (hf +h )AE

Kaxial = Ktransy =

where E* stands for the biaxial modulus (E* = E/(1 —v?)
with v the Poisson ratio and E the Young’s modulus), with
subscripts f and s referring, respectively, to the film and to the
supporting layer. This expression can be written in normalized
form as follows:
6AcE h

Kaxial = Ktransv = A
s

@)

h+1
— — —2 —4 =2’
1+hE<4+6h+4h)+h E

where E = E;Z/E;‘ is the modulus ratio and & = hg/hs is the
thickness ratio. If it is assumed that Ae = g (i.e., &, =0)
and converting the latter into the internal stress using of
= g¢E7%, then the first term becomes simply 60 /¢ E;/hsz. This
expression is known as Stoney’s formula,'*'> which is valid
when the stiffness of the substrate is much larger than the
stiffness of the film.

B. Large displacements

The promotion of large displacement and significant
curvatures is advantageous in order to extend the sensitivity
range of the curvature measurement technique and to improve
the accuracy, especially in the case of extremely thin layers.
But the assumption of small deformation cannot be made
and relationship (1) is not valid anymore. Indeed, under large
deflections, the curvature does not vary linearly with Ae
anymore.>>*>3 This is shown in Figure 3 which plots the
normalized curvature as a function of A¢ for several thickness

6 b
EPhy +AE;Eshihy + 6E;Eshih? + AE{EShehi + Eshy

M
Flsttplts

ratios & and for several ratios W/ (hf + hy). Furthermore, at
even larger displacements, the curvature becomes too high
to be accommodated equibiaxially when Ae gets sufficiently
large. A bifurcation from spherical to ellipsoidal shape occurs,
i.e., axial and transverse curvatures are not equal to one another
anymore.>$33357 Contrary to the small deformation case
where only E and / are necessary to predict the evolution of

—
[
9

— — linear solution from (2) 4 ,30.
(FEM) dintd

Kaxial »

W2
(hy+hs)
5

Normalized curvature s

W2
Ae 1R (hs+hs)?

FIG. 3. Effect of the cantilever geometry on the normalized curvature as a
function of the normalized mismatch strain difference. The dashed straight
lines correspond to the curvature as predicted from Equation (2), the dotted
curves with the circles and crosses correspond to, respectively, the axial and
the transverse curvature as calculated by FE. The Young’s modulus of the
film was taken to be 270 GPa.
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the curvature with Ae, absolute dimensions and geometry of
the cantilever have to be taken into account, too. As shown in
Ref. 57, the expression for the critical curvature at bifurcation
is of the following form:

W —

hf+hs_
= ——Kc|—.LE|, 3)
L

W2

Ke

where k. (%Z E) is a dimensionless function. This expres-
sion justifies the choice of the normalization of the curvature
that shall be used in the sequel,

W2
hf + hy

K, “

K=

where k is the normalized curvature. As shown in Ref. 53,
this choice allows the representation of « as a function of the
normalized strain W?/(h + hy)*Ae independently of a partic-
ular choice of the ratio (i + hy)/W. This may be appreciated
with the data plotted in Figure 3 where three curves associated
to the same thickness ratio /i = 0.142, but different in W/(hy
+ hy) ratios (=23, 33, and 55), superimpose.

The bifurcation is sensitive to the in-plane aspect ra-
tio of the cantilever. Bifurcation occurs at larger curvatures
as the width/length ratio increases, as shown in Ref. 53.
However, as the W/L ratio decreases, this sensitivity de-
creases. Indeed, taking the expression for k. derived in Ref. 57
from second-order strain approximations, the dependency in
W/L vanishes as W/L tends towards 0, i.e., for long nar-
row cantilevers. All experimentally tested structures had a
W/ L ratio between 0.005 and 0.1. It has been checked using
numerical simulations that if W/L < 0.1, the dependency
on W/L is indeed negligible. Hence, only simulation re-
sults with L =200 ym and W = 10 um (i.e., W/L = 0.05)
have been used for comparison with the experimental
results.

To summarize, the normalized curvature of a long narrow
bilayer cantilever is uniquely determined by a function of four
parameters: the modulus ratio E, the thickness ratio #, the
width/thickness ratio W/(hs + hy), and the difference in elastic
mismatch strain Ae. By using a suitable normalization for the
curvature and for the strain, it is possible to reduce the number
of independent parameters as follows:

hy E?) )

2 2

w
kiT—— = fi|{Ae————, =, —
hy + hy ( (hy+hy)" hs ES

where the index i refers to either the axial or the transverse
direction. When W?/(hs + hy)*Ae tends towards zero, the
functions fjnsy and furiq tend to the following expression
derived from (2):

fi(A,jLz . ﬁﬂ)
(s + hs) hs E;
—_—— 2
2
W En(h+1)
= 6A G
E(hf"'hS) 2 ©

1+ﬁ(4+6z+4#)+z“i
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C. Data reduction scheme for extracting the Young’s
modulus and the mismatch strain difference

For a given bilayer with known geometry, the normalized
curvature is a function of two non-dimensional parameters:
the ratio of moduli E = E}/ES and the normalized mismatch
strain difference W?/(hs + hy)*Ae. Performing the FE calcu-
lations with several values of the film Young’s modulus and
with different temperature changes leads to the iso-curvature
maps shown in Figure 4. Note that the FE calculations have
been performed taking into account the anisotropy of Si and
only the modulus of the film has been varied. The modulus
has been normalized for the results presented in Figure 4 by
using the biaxial modulus of silicon, i.e., E; = 180 GPa.! For
comparison, the iso-curvature lines as predicted by the small
deformation theory (relation (6)) are displayed, as well.

The iso-curvature curve corresponding to the experi-
mentally measured curvature is the locus of points (Ag,E)
which, for this specific cantilever geometry, matches with the
measured curvature. In the sequel, we consider only the axial
curvature since it is the one which is measured experimen-
tally. The same approach can be followed with the transverse
curvature, although the latter is more difficult to measure
experimentally, with lower final accuracy in the identified Ae
and E values. Measuring another cantilever with either another
thickness ratio or another width/thickness ratio (or both) gives
another locus of (Asf) data. Since the film is the same on
the two cantilevers, the mismatch strain difference and the
modulus ratio are the same. Hence, the intersection of the two
loci provides the value of Ae and E. The elastic modulus of
the film is retrieved if the substrate modulus is known. In the
case the bending of the two cantilevers is small enough to
respect the conditions of application of the linear theory, the
intersection of the loci can be found via the following second
degree equation derived from relation (2):

[E?K] - EgKgy] Ez + [/qﬁl (4 + 6%1 + 4%%)

- }/Kzﬁz (4+6E2+4E§)]E+(,ﬂ =0, @)
ol T e === 14=
e - — 12—
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— e 1O e e 10w =
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% " s 0, 10
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" 4 6 6 6 6
a ‘., . .
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FIG. 4. Axial iso-curvature curves for long cantilevers with hg/hs=0.419.
The continuous lines represent the normalized curvature as calculated by FE,
whereas the dashed lines correspond to the normalized curvature as predicted
by analytical expression (6).
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where the subscripts 1 and 2 refer to the first and the second
cantilevers, ¢ =«k;—7yk, and y= [hl (h1 + 1) hSZ] /

[ (7 + 1) ]

V. EXPERIMENTAL VALIDATION

The released freestanding Si monolayer cantilevers did
not exhibit any measureable deformation upon release. This
indicates the absence of any mismatch strain & in the top
Si layer of the SOI wafers. The in-plane displacement of
the free LPCVD Si;N4 monolayer cantilevers after release
involves an average tensile mismatch strain &7 = 0.0032
+ 0.0001. Hence, assuming that the SisN4 behaves elastically,
the elastic mismatch strain difference between the SizN4 and
the Si as extracted from the monolayer cantilevers is given
by Ae = £y = 0.0032 + 0.0001. No out-of-plane displacement
of the free LPCVD SizN4 monolayer cantilevers has been
observed, indicating the absence of any strain gradient, as
already found in Refs. 13, 18, and 19. Let us mention that
the free monolayer cantilevers made of the test material are
not essential for applying the present method. Indeed, the
production of intact cantilevers of freestanding material can
be challenging using solution based etching techniques for
thicknesses below 50-100 nm. However, if available, these free
monolayer cantilevers made of test material offer a convenient
way to check for the presence of a strain gradient inside the
film while also offering an independent measurement of the
film mismatch strain &.

Table I gives the measured film and substrate thicknesses,
as well as the curvature of the bilayer cantilevers in the long
direction determined after release. The curvature normalized
following expression (4) is also provided. In the sequel, the
two series “P” (samples P1, P2, and P3) and “G” (samples
G1, G2, G3, and G4) will be treated independently, since the
two series “P” and “G” have been produced separately, and
might therefore exhibit different properties. All details will be
given for the P-series, while only relevant differences will be
provided for the G-series.

A. P-series

Figure 5 displays the iso-curvature loci corresponding to
the samples of the P-series obtained according to the meth-
odology explained in Section IV C. The intersection points
are given in Table II. For comparison, the intersection points
obtained if analytical solution (7) is used instead of the FE
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results are given, as well. The three curves do not intersect
at a single point, as it should ideally be the case, but the
intersection points form a narrow triangle. The error associated
to the curvature measurement indicated in Table I explains a
small shift of the iso-curvature lines. The center of gravity of
the triangle corresponds to the modulus ratio E;/E; = 2.06
+0.15 and to the elastic mismatch strain difference Ag =
0.0028 = 0.0001. Figure 6 shows that these values allow the
FE results to properly match all the experimental data. The
corresponding modulus Ey = 270 + 20 GPa using vy = 0.27
(i.e., a biaxial modulus E% = 371 + 27 GPa) is in line with the
modulus values found in the literature for LPCVD Si3N, (see
Table III), although in the upper range. Using the analytical
solution instead of the FE results on samples P2 and P3 leads
to a modulus ratio and Ae that are reasonably close to the one
found by the FE calculations. But using P1 as one of the two
data, combined with the analytical solution, gives results that
are totally out of the range. Indeed, as it may be extracted from
the data in Figure 3, a deviation of the axial curvature by more
than 5% from the analytical solution occurs at a normalized
curvature around 1.3-1.5 for the three samples. This is far
below the experimentally measured curvature for sample P1,
which shows that the analytical solution is absolutely not valid.
For sample P3, this limit is much higher than the measured
curvature, and therefore the valid use of the analytical solution
is granted. Sample P2 has a curvature which is near the value
at which the analytical solution is not valid anymore. Using
the analytical solution shifts the iso-curvature curve of P2 and
causes a slight overestimation of the modulus ratio and an
underestimation of Ag at the intersection point. Hence, using
the analytical solution on P2 and P3 induces a limited error and
gives already a good estimate of E and Ae.

The value for the mismatch strain £, = Ag agrees with the
range of values that have been found using other techniques on
similar films. Indeed, the elastic mismatch strain in the film can
be converted into an internal stress by oy = & fE;, which gives
1024 + 30 MPa tensile stress using the measured modulus
E;‘ = 371 + 27 GPa for the biaxial modulus. In Ref. 18, it is
reported that tensile stresses for SizN, deposited exactly in the
same conditions are between 795 and 1015 MPa. Moreover,
the elastic mismatch strain extracted from free SizNy cantile-
vers on the same sample had an average of 0.0032 + 0.0001 as
indicated earlier. Note also that the order of magnitude of Ae
corresponds to the thermally induced strain estimation arising
when cooling the sample from the deposition temperature to
room temperature, i.e., (agi — 0si,n,)AT = 0.0036, based on
asi = 7.06 .0107 K™! and agiyn, = 2.3.310° KL

TABLE I. Film and substrate thickness, and curvature along the long direction after release of the tested bilayer

cantilevers.

P1 P2 P3 Gl G2 G3 G4
hy (nm) 54 55 56 46 63 102 133
hg (nm) 129 388 687 400* 400* 400* 400*
hylhg 0.419 0.142 0.082 0.115 0.158 0.255 0.333
W /(hg+hg) 55 23 13 22 22 20 19
Curvature Kgyjg (m™") 19120 + 450 5744 + 40 2469 + 25 5479 6250 7143 7407
Normalized curvature 104 +£0.2 1.30 £ 0.1 0.33+£0.03 1.23 1.35 1.42 1.39

2The values have not been measured and come from the specifications of the SOI wafer.
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FIG. 5. Iso-curvature curves of the samples of the P-series. The dots corre-
spond to the FE simulations really performed, whereas the lines are spline
interpolations as guides for the eye. The dashed lines correspond to the iso-
curvature lines taking into account the standard deviation on the curvature.

The width of the beams has not been measured after
performing the photolithography and release fabrication steps.
It is likely that during the release, the SisN4 and Si layers have
been slightly etched also from the side. Moreover, the precision
of the photolithography is +0.5 pm. Since the three samples of
the series have been produced in the same run, the error on the
width should be the same for all. An error on the width has no
consequence on the curvature if the geometry is such that the
analytical solution is valid, such as, for instance, for sample
P3. But an overestimation of the width when the behavior is
not linear anymore (e.g., sample P1) shifts the iso-curvature
curve towards the bottom of Figure 5. Redoing the calcula-
tion above with W = 9.5 umyyields Ae = 0.0029 + 0.0001 and
E=195+0.02,ie., E; = 256 £ 5 GPa. An overestimation of
the width may partially explain the lower value of Ae found
from the cantilever bending compared with the strain differ-
ence extracted from the free monolayer cantilevers.

The Si layer thickness has been measured by ellipsometry.
Due to the out-of the-plane bending, the thickness measure-

TABLE II. Intersection points of the iso-curvature curves of the P-series and
G-series.

Mismatch strain

Modulus ratio E difference Ae

FE Relation (7) FE Relation (7)
P1-P2 2.21 2.88 0.002 70 0.00241
P1-P3 2.09 2.56 0.00271 0.00243
P2-P3 1.89 2.10 0.002 88 0.002 70
Mean 2.06 2.51 0.002 76 0.00251
Standard deviation 0.13 0.39 0.000 08 0.00013
G1-G2 2.05 2.13 0.003 00 0.002 89
G1-G3 2.04 2.08 0.003 03 0.00293
G1-G4 2.00 2.02 0.003 03 0.00296
G2-G3 2.01 2.04 0.00301 0.002 94
G2-G4 1.95 1.97 0.003 04 0.002 98
G3-G4 1.89 1.85 0.003 06 0.003014
Mean 1.99 2.02 0.003 03 0.00295
Standard deviation 0.06 0.10 0.00002 0.000 04
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FIG. 6. Normalized curvature as a function of the thickness ratio for
E}/Ef =2.05 and Ae =0.276%.

ments before and after release cannot be made on the released
cantilevers themselves. The measurements were performed on
zones of the wafer where the Si surface was exposed to the
etching solution, hence on zones not covered by the SizNy
film. A difference of 11 nm before and after etching has been
measured. Nevertheless, the Si layer in the cantilever is much
less exposed to the etching solution than the zones not covered
by SizNy. Indeed, the Si will only be etched when the silicon
oxide sacrificial layer has been removed. Therefore, the value
for h, that has been used here is most probably a lower bound,
and the real value should be nearer to the initial Si layer thick-
ness, i.e., 140,400, and 700 nm for P1, P2, and P3, respectively.
Redoing the calculations using the latter value for A leads to
E; ~ 250 GPa and Ae = 0.0029-0.0031. An underestimation
of the Si layer thickness may again result in a slightly lower
value of Ae and a slightly higher Ef value in the top of the
range found in the literature. Due to the limited access of the
etching solution to the Si layer in the cantilevers, the thickness
before release is probably a more accurate value for making
the calculations. Nevertheless, the two thickness values allow
giving lower and upper bounds for E; and Ae.

The uncertainty on Ag is less than 4% whereas it is about
twice larger for the modulus. This comes from the small slope
of the iso-curvature curves, especially for higher hs/hg and
W/(hs + hy) ratios (see Figures 4 and 5). This means that the
resulting curvature is much more sensitive to strain variations
than to modulus variations for cantilevers with high s¢/h and
W/(hs + hy) ratios. For such structures (like P1), it is possible
to estimate Ae with only one structure, assuming a rough
estimate of the modulus.

B. G-series

The same methodology as for the specimens of the P-
series has been applied to the samples of the G-series. The
intersection points are given in Table II. It yields a Young’s
modulus E = 261 + 8 GPaand Ae = 0.0030 £ 0.0002. These
values are in excellent agreement with the results determined
using the P-series. The analytical solution gives a good esti-
mate of the solution since, as for the specimen P3 previously,
the curvature is close to the limit where the actual curvature
starts to deviate from the analytical solution. The actual width
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TABLE III. A survey of Young’s modulus values for LPCVD Si3Ny films reported in the literature.

References Thickness and deposition parameters Value (GPa) Measurement method
100 nm (deposition at 800 °C) 193 + 20 “Lab-on-chip”
Boé et al.l? 300 nm (deposition at 800 °C) 226 +22 “Lab-on-chip”
500 nm (deposition at 800 °C) 208 + 18 “Lab-on-chip”
Liand Vlassak®® 90 nm 2248 +0.8  Nanoindentation
2385+ 1.4 Bulge test
Vlassak and Nix*® 290 nm (deposition at 785 °C) 222 +3 Bulge test
Karimi ef al.* 465 nm 225+ 10 Bulge test
Madou’® 270
Martins et al.”® 104 nm 212+ 14 Bulge test
Ren and Lam®® 303-654 nm (deposition at 840 °C and 200 mTorr) 196-309 Cantilever bending
Tabata er al.%! 360 nm 290 Bulge test

W has not been measured on the specimens of the G-series,
neither. However, since the behavior is closer to linear, the
result is less sensitive to the W/(hy + hj) ratio.

For the specimens of the G-series, the substrate thickness
after release has not been measured, but has been found in the
SOI wafer specifications. Hence, the thickness value is prob-
ably slightly overestimated, contrarily to the P-series where it
was underestimated.

The proposed approach is valid only under the assump-
tion that the elastic strains are the same in all the specimens.
Contrary to the P-series, the film thickness differs between the
specimens of the G-series. If there were a strain gradient in the
film, then the assumption of the same deposition induced strain
in all the specimens would not be valid anymore. Previous
measurements showed that there is no evidence of a strain
gradient in Si3Ny layers.'® This is also confirmed by the fact
that the free monolayer Si3N, cantilevers do not curl. If the
strain in the film has another origin than the thermal expansion
(e.g., epitaxial growth stress), there might be a strain gradient.
Then, the specimens should be designed such that the film
on all cantilevers has the same thickness, as in the P-series.
Applying the technique to a film with a strain gradient will
only lead to a mean strain value.

VI. FINAL DISCUSSION AND CONCLUSION

A new methodology to simultaneously measure the elastic
mismatch strain and the Young’s modulus of a film depos-
ited on a substrate is proposed, based on cantilever curvature
measurements. The objective of this test method is to allow
accurate measurements for ultrathin films in the 100 nm thick-
ness range and below. The approach has been applied to 50 to
150 nm thick silicon nitride films, yielding a Young’s modulus
of 270 + 20 GPa and a tensile mismatch strain of 0.28 + 0.01%.
This corresponds to an internal stress in the SizNy film of
1024 + 30 MPa.

The method relies on the measurement of the curva-
ture of cantilevers with varying thickness ratios hy/h,. The
intersection of the corresponding iso-curvature curves in the
(Ef* [E}, Ag) space gives the solution, assuming that the elastic
mismatch strain is the same on all the measured cantilevers.
From the knowledge of the substrate properties E; and &g, it is
then possible to retrieve the film properties E;: and g¢. The use
of Si as the substrate material is advantageous since its elastic

constants are well known and free monolayer cantilevers may
be placed on the wafer so as to measure easily &;. E;Z and &y
are measured simultaneously and the internal stress is obtained
directly from oy = ¢E?%, without the need for an independent
modulus measurement.

Theoretically, the “micro-Stoney” method could be appli-
ed to any bilayer, without limitation with respect to the sup-
port layer and thin specimen material. Beside the accurate
knowledge of its elastic constants, the main advantage of using
silicon as the substrate is that SOI wafers are commercially
available with a variety of thicknesses and of excellent quality.
The choice of another substrate material would require the
deposition of a sacrificial layer and of the substrate material
on a wafer, hence creating more steps, and introducing more
experimental uncertainty. The main difficulty concerning the
selected materials is not related to the technique itself, but
to the fabrication process. Indeed, the release of the bilayers
requires chemical etching of the sacrificial layer, here the SiO,
etched by HF. Selectivity issues of the test and substrate mate-
rial with respect to the etching solution are an effective limita-
tion with respect to the materials that can potentially be tested,
and may require changing the sacrificial layer and the substrate
material. Adherence of the test material on the substrate can
constitute another limitation. The use of an adherence layer has
to be taken into account in the data extraction scheme since the
cantilever would become a trilayer and not a bilayer anymore.
The stress and the elastic properties of this adherence layer
have to be known to adequately retrieve the film properties.

The method can potentially be applied to films as thin
as few nanometers, as long as the elastic strain difference
between the film and the supporting layer is such that the
upper layer is tensile with respect to the supporting layer.
Otherwise, the cantilever would bend towards the substrate
and would not be allowed to deform properly due to steric
hindrance. If the cantilever is long enough and sufficiently
bent such that the product of the length by the curvature
Lx is larger than m/2, the curvature can be quantified by
measuring the loop diameter using SEM. Otherwise, non-
contact 3D measurement techniques are needed (e.g., inter-
ferometry). In the case of optically transparent films, white
light interferometry measurements will cause an overestima-
tion of the radius by an amount equal to the film thickness.
However, this error remains small when the films are thin
compared to the curvature ratio. In the samples tested here, this
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ratio is less than 0.05% and is far below the curvature measure-
ment error.

A better precision in both the Young’s modulus value and
elastic strain mismatch can be obtained by using cantilevers
that give iso-curvature curves with very different slopes. This
can be achieved by using cantilevers with very different ip/h
ratios. For small normalized curvatures, the curvature is linear
with the elastic strain difference and an analytical solution
exists, based on the small displacement hypothesis. But for
higher curvature values, the analytical solution is not valid
anymore and transverse and axial curvatures are no more
equal. In this case, FE calculations have to be used to get
the iso-curvature curves, and the width/total thickness ratio
plays a role in addition to the thickness ratio hf/h,. As a
consequence, a good precision of the technique requires the
knowledge of the film and substrate thickness as well as of
the cantilever width after release. Nevertheless, these are ways
to decrease the uncertainty but the motivation depends on the
accuracy needed with respect to the use that is made of this
value in a structural analysis or to compare different deposition
conditions, for instance. Theoretically, the technique can work
down to a few nanometers film thickness, as recently attempted
for graphene in a similar configuration.®? In this case, it is
mainly the accuracy on the thickness that will control the
precision of the technique.
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