N

N

Bulge test and AFM point deflection method, two
technics for the mechanical characterisation of very low
stiffness freestanding films
P. Martins, P. Delobelle, C. Malhaire, S. Brida, Damien Barbier

» To cite this version:

P. Martins, P. Delobelle, C. Malhaire, S. Brida, Damien Barbier. Bulge test and AFM point deflection
method, two technics for the mechanical characterisation of very low stiffness freestanding films.
European Physical Journal: Applied Physics, 2009, 45 (1), pp.10501. 10.1051/epjap:2008187 . hal-
00480182

HAL Id: hal-00480182
https://hal.science/hal-00480182
Submitted on 3 May 2010

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-00480182
https://hal.archives-ouvertes.fr

BULGE TEST AND AFM POINT DEFLECTIONMETHOD, TWO TECHNICSFOR
THE MECHANICAL CHARACTERISATION OF VERY LOW STIFFNESS
FREESTANDING FILMS.

P. Martins', P. Delobelle?, C. Malhaire', S. Brida®, D. Barbier?

! Université de Lyon, INSA-Lyon, INL, CNRS UMR 527¥jlleurbanne, F-69621, France.
2FEMTO-ST, LMARC, CNRS UMR 6174, Besancon, F-2500¢ance.

(Tel : 33-3-81666013 ; E-mail: patrick.delobelle @uftomte.fr)

3 AUXITROL SA, Esterline Sensors Group, F-18941 rfee

PACS numbers: 81.07-b Nanoscale materials and Structures: Eatioon and
Characterization, 62.25-g Mechanical PropertieNarioscale Systems, 68.37-PS Atomic
Force Microscopy.

Short Title: Mechanical Characterization of Low Stiffnessdatanding Dielectric Films

Abstract: The aim of this work is to compare several methiodshe determination of very
thin films Young's modulus and stress state: theoimadentation test, the bulge test and the
point-deflection method. The tested structures vedreon nitride and silicon nitride/silicon
oxide bilayer membranes with different shapes (sgjoa rectangular) and dimensions (from
1 mm to 3 mm). We report new experimental resuitsuomicron thick dielectric membranes
with thicknesses down to 100 nm. A Young's modwtigl7 + 14 GPa have been found for
silicon nitride membranes with a residual stresddf + 30 MPa using the bulge test. Using
nanoindentation experiments, a Young’s modulus érighan 190 GPa has been estimated.
The bulge test is still valid for the studied hidimension to thickness ratio membranes and
more appropriate to determine the Young’s modwdusiixture law was shown to be possibly
applied for SiN4/SiO, bilayer membranes for the Young’s modulus andsstoetermination.
The point deflection method is limited by the véow stiffness of these structures and only
the residual stress can be accurately extractedthAsYoung’s modulus and membrane
geometry have no significant influence on the stréstermination by means of the point
deflection method for the studied membranes (withigh lateral dimension to thickness
ratio), more reliable results have been obtainechsas 487+ 40 MPa using an AFM

cantilever for load-deflection experiments, fogN&i thin films.



1. INTRODUCTION

With the development of MicroElectroMechanical &8ss (MEMS) and in a near future
NanoElectroMechanical Systems (NEMS), the charaetigon of the mechanical properties
of thin films becomes an important challenge. Acge knowledge of the Young's modulus,
Poisson’s ratio and stress state of thin film malkeris critical for the development of
simulation models and libraries for CAD softward$ie aim is to predict the mechanical
behaviour of various free standing structures (nramds, cantilevers) to optimize their
design and fabrication, and to improve device perémces and reliability. For example,
stress engineering becomes mandatory for the dawelot of microphones or RF-MEMS.
Indeed, a twisting of thin membranes can influeoceeven drastically degrade the device
performances [1-3].

Moreover, mechanical characterization methods testdapted to the thin submicron thick
layers and complex multilayer encountered MEMS rchiectures. It is far preferable that
mechanical tests be carried out on thin films @& #ame thickness (understood, the same
fabrication process) that those used in final desiidndeed, parameters like grain size and
preferential crystallographic orientation changengl with the thickness and thus influence
the mechanical properties in particular the stggsslient [4-8]. But the study of materials
having a thickness less than one hundred nanoméwaemes difficult. For example,
nanoindentation does not apply for such films dutihé substrate influence, pile-up or sink-in
effects [9-12]. This will be shown in paragraph #4100 nm thick SN films.

All MEMS researchers have used the bending-platdaodeto determine the stress value of
a thin film on a thick substrate through the useaomodified Stoney's equation [13].
However, silicon microtechnologies have offered ffessibility to develop methods that
allow the determination of several mechanical p&tens at the same time; some are reported
in [14-15]. For a long time, several methods haeerbdeveloped to study the mechanical
behaviour of self-standing thin film to determimeir properties (no substrate effect and more
straightforward mechanical parameters determingatidulge-test, Guckel rings, Euler
columns...

In this study, the technics used to characterizentaterials are the bulge test and the point
deflection method. The bulge-test consists in presiag a self-standing membrane (mono or
multilayer) and measuring its maximum deflectiotneTmore recent method, called point-

deflection method, consists in applying a pointdicgt the membrane center (using a



nanoindenter or an AFM). In both cases, analytinablels allow the determination of the
membrane's Young's modulus, stress state and tlssoR ratio as well, under certain
conditions.

The main objective of this study is to compare ftssobtained using both methods, and to
derive experimental conditions for the characteiozaof very thin film materials. Insofar, as
MEMS devices may be made up of multilayer, it wis® anteresting to check if the mixture
law still applies for very thin films. Indeed, thiery simple law is interesting to determine the
mechanical properties of one component of the tayér knowing others.

Even if the bulge-test method is well known, fevwp@a report results obtained on 200 nm
or less thin film materials or multilayers. Y. X@uet al. [16] report results obtained on SiN
LPCVD/ SiNy PECVD rectangular (2.4 mm x 10 mm) bilayer membsaaf about 100 nm
only by the bulge test method without any compariaith another technique. M. K. Tripgd
al. [17] have reported results on 100 nm thick@l circular membranes with a diameter of
200 pum using different methods (bulge test, nanwbeflection, nanoindentation and
pointer rotation).

The point-deflection method seems promising forgtuely of very thin membranes [18-25]
because very low point forces can be applied bynswvef an AFM tip. This has been shown
by S. Markutsyaet al. [26] for 25-70 nm thick polymer membranes. Howevier our
knowledge, no results are reported for very theleditric materials using an AFM tip.

In this paper, the mechanical properties (Youngslutus E and mean residual stregpsof
LPCVD SgN4 thin films (about 100 nm in thickness) andN&/SiO, bilayers (about 200 nm
in thickness) have been investigated. Membranes vealized with large lateral dimensions
(between 1 and 3 mm) in order to get width to theds ratios greater than 5000 inducing
very low stiffness and a high sensitivity to théegral load. This last characteristic may be of
interest for the realization of high sensitivitydees in various application fields (aerospace,

biomedical, material separation, selective transppfl, 27-29].

2. BACKGROUND
2.1 Nanoindentation

These tests based on the Continuous Stiffness M&®8M) have been performed in order
to determine the Young's modulus of aNgilayer with a thickness t. According to W. C.
Oliver and G. M. Pharr [30] the reduced Young's noiod E is obtained from:
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P, is the indentation load angthe total indentation depth. @f#; = S is the contact stiffness
at depth il For a Berkovich indentey = 1.034. The reduced Young’'s modulusig& also
given by:
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E andvu are the elastic modulus and Poisson’s ratio oftélseed material, respectively, E
andv; are the same parameters for the diamond tip.tAegprojected contact area expressed

by:
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For a conic indenter = 0.72. To avoid any influence of the substratenduindentation, it is
necessary to limit indentation depth to thicknedms (|/t) to 10% [9].

2.2 Bulgetest method

The bulge test method consists in applying a presBuon a membrane and in measuring
the maximal deflection h at its center (see Fig.Fby the tested membranes, the deflections
are very large, (h/t>>1) (Fig. 7 and 8) so, assignairknown Poisson’s ratio for the material,

both stress and Young’s modulus can be determnosal f31-36]:

P t t E o
—=Ci(@b)—og+f(v,ab)———h 5
h=Ci@ab) o0 +i(v.ab) it ©)



Fig. 1 Bulge test principle.

E is the Young's modulug) the Poisson’s ratio, t, 2a and 2b stand for thenbrane’s
thickness, width and length, respectively. Coediits G (a, b) and f |, a, b) are critical
parameters in this study because they must betadjas a function of the membrane shape.
Lot of studies have been made in order to optirtheeassociated analytical model [31-36]. It
was assumed that in the case of square membrar8s4€ and f¢§) = 1.91 (1-0.20d) [35].

For rectangular membranes with an aspect ratio, afo2fficients G and f () have been

recalculated using finite element simulations teegiG;=2.19 and f¢) = 1.08 (1-0.18a) [35].

2.3 Point deflection method

Fig. 2: Point deflection method using a nanoinde® the left) or an AFM in spectrometry

mode (on the right).

The third thin film characterization method, thecsdled point-deflection method, has not
been extensively used so far and can be applietttermine the average stress and biaxial
modulus of free standing films [18,26]. It consists determining the stiffnessoSf a
membrane by applying a small concentrated traneviead F at its center by means of a
nanoindenter or an AFM cantilever (see Fig. 2) emtheasuring the corresponding out-of-
plane displacement h. The relationship betweempipdied load F and the maximal deflection
h is given by [22]:

Et h Et
- — k|— K
F 120((1—02)612 75 h+ C(U’t ,K)j ; (6)

a

where “a” is the membrane's side and @) (ktands for the unstressed and stressed
membrane stiffness ratio. For unstressed membrgr(gg,= 1

In the case of small deflections and for tensigedeal stresses [22]:
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Ko and K are the Bessel functions of the second kind otrmrd and 1,oland | are the
modified Bessel functions of the first kind of ord®and 1. The Euler's constant is noted
and the coefficieny ~ 1.9x10%

Combining Egs. (6), (8) and (9), the residual stmsand the Young’s modulus E can be

extracted from:
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This method was developed for circular membranesJddwiket al.[22] have determined
thea, B and G values for rectangular (b/a=2 and 4) and squarabmanes (see Tab. 1) using

finite element simulations [18, 22-23]. Note tHat+b/a,[3 is approximately equal to:

093 [3n*+2n° +3 _ _
B= o Y , and thus for large values of ,1.61. This value agrees with

those determined using F.E. simulatiofis:1.59 (Tab.1)

Table 1: Values of the, S and G coefficients for different membrane shapes.



3. SAMPLES PREPARATION AND EXPERIMENTAL SETUP

3.1 Sample preparation

Fig. 3: Membranes configurations.

Dielectric membranes have been fabricated on <J0B8pe, double-side polished, 100 mm
silicon substrates (noted Wafers 1, 2, 3 and 4 &r W2, W3, W4 in the different tables)
using a standard micromachining process. Silicomdei films (100 nm) have been deposited
at 835 °C by LPCVD on thermally oxidized (100 nfrS@0;) silicon substrates (Fig. 3). Free
standing membranes have been obtained throughorsilamisotropic etching in a KOH
solution (Fig.3). Several samples (see Fig. 4heftame shape have been realized (Tab. 2)
with the aim to obtain a statistic approach ofdkerall result accuracy.

Table 2: Tested samples.
Fig. 4: Membranes after fabrication.

3.2 Experimental setup

During bulge-test experiments, the deflection h wesasured as a function of the applied
pressure P by means of a WYCO NT1100 white-ligterfierometer microscope (Fig. 5).
Pressures ranging from 10 mbar up to 600 mbar, ndipg on the geometry, have been
applied. The samples were fixed on a sample hgtse using wax instead of glue. Wax
offered the advantage of being easily removed aftl during cool-down thus limiting

membrane deformation effects (see section 4.4).
Fig. 5: Optical Interferometer setup.

Point deflection measurements have been first pedd using a Nanoinstrument 1S
Nanoindenter. However, the stiffness change ofilkdenter's head must be at least of 0.9
N.m™ to detect the contact with the membrane, whiclitdirthe applications to membranes
with relatively high stiffness. The maximum defiect was fixed to 1.5 um to prevent
membranes from breaking. More precise additionpkerents have been carried out using a
PSIA XE150 Atomic Force Microscope (AFM) in spectretry mode (F/D force-

displacement) where the spectrometry curve is tgflthe force F between the AFM tip and



the sample versus the extension of the Z scarkigs.(10 and 11). In this case, the samples
were only fixed on the x-y positioning stage usintpw strength adhesive tape. Thus, it was
assumed that no additional stress was appliecetongmbranes.

For the nanoindentation tests, a total of 30 inalemis have been performed on the

membrane’s frame to obtain representative valuéseodpparent Young’'s modulus.

4. RESULTSAND DISCUSSION
4.1 Preliminary nanoindentation measur ements

Fig. 6 shows the evolution of the Young's modulusska function ofit (where t andilare
the film thickness (~100 nm) and nanoindenter patien, respectively) for a §, / SiO, /
Si substrate sample.

Fig. 6: Determination of the Young's modulus byaiadentation.

The Young’s modulus of the film can be estimatedekirapolation of this curve tgtl= 0
(see section 2.1). Assuming that= 0.3, this experiment allowed us to extract only a
minimum Young’s modulus value of 190 GPa. This qwacy on E is due to the fact that t is
very small and results ford 5 nm were not easy to exploit without the knowledf the E=f

(Ii/t) function for very small t values [9] [11].

4.2 Bulgetest results

Fig. 7 and 8 show the linearized representatiohsaB/a function of hfor the monolayer
SisN, and the bilayer 9IN4/SiO, membranes respectively. According to Eq. 5, thsedral
stress and the Young's modulus are calculated tineny-intercept coefficient and the slope of
the curves, respectively. The measurement repdéitabas better than 1% from one sample
to another whatever the membrane geometries. Mereaw hysteresis phenomena have been
observed during load/unload cycles. This indicatqulre elastic behavior of the membranes

even after repetitive large deflections.

Fig. 7: Normalized pressure-displacement (P/h h2)) curves of 9N, membranes.

Fig. 8: Normalized pressure-displacement (P/h %) curves of 3N4/SiO, membranes.

Using a mixture law [37-38], the Poisson's ratio tbé composite membrane can be

calculated to determine the Young’s modulus andek&lual stress for a multilayer.



U, =PV, +PU,+...+P L (11)

n~ n

Uc represents the Poisson’s ratio of the compositemadtu,... v, are the Poisson's ratio of
each material and;... ®,are the volume fraction of the constituent lay€. the composite
SisN4/SiO, membranes (W2, W4), a Poisson ratio value of &4 been calculated using
values of 0.3 [39] and 0.17 [40] fors8ly and SiQ, respectively. The mechanical properties
obtained for the different membrane shapes are suiped in Tables 6 and 7. For3Si
membranes, the residual stress B@5&< 0p< 439 MPa and the Young's modulus was 209 <
E < 231 GPa on the wafers 1 and 3. The valuesr#atasn the two wafers are close to each
other. These results are in a fairly good agreematht literature values [41-43] for LPCVD
silicon nitride films.

For the bilayer SN4/SiO, membranes (wafer 2), the composite values were Slomposite
< 54 MPa and 155 <Emnposite< 159 GPa, and for the membranes of wafer 4, thalses are
69 < Ocomposite< 114 MPa and 122 <:Enposite< 150 GPa. An attempt was made on the bilayer
to extract the mechanical properties of the thersiladon dioxide using the mixture law.
Indeed, the Young's modulus and residual stress bemardetermined for each material

component of the composite material using:

M _ tSi3N4 M ot tSioZ M

composite t

siQ (12)

total total

M represents either the residual stress or th&iddi modulus. Withocomposites52.7 MPa

(W2), Gcomposite’99 MPa (W4) andoSi3N4 ~411 MPa (mean values), we obtainegOZ ~-327
MPa and -187 MPa for wafers 2 and 4 respectivelsuting thatug, , =0.3, U, =0.17,

v =0.24, BiNn= 217 GPa and &mposite=157 GPa for W2 andcBnposie=141 GPa for W4

composite
(mean values), we foundsi&=94 GPa and 71 GPa respectively.

These values are in agreement with the literataretiiermal silicon dioxide [22-23, 44]
(E=72 GPa and-300 < gp< -200 MPa), especially for the wafer 4.

4.3 Point deflection method
4.3.1 Nanoindenter method



In Fig. 9, experimental F versus h curves are @ibfor three different membranes. In the
case of small deflections, the residual stressbmawalculated using the linear term of Eq.
(20):

t o,

8ap g'(k)

Then, the stiffnesseSF/h is equal to the slope at the origin of eaalve@andogis given by:

6, = 8aB?g'(ky)S, /t 34).

It is interesting to notice that if the values qfdte sufficiently large, k>300, g'(k) is

approximately equal to 2.53% , function which evolves very slowly with kand then:

1
_ tgy FH2E )14 h= A7 g V1
8*2.510 F 12(1-v?)a’ g, 0

h (14a).

A is a constant which depends on the membranesestaagnd n) and the Young’s modulus E

of the material. From the relation (14a) it is 8ashown that:

(14b).
This relation is a good approximation of the see@fiations (6), (8) and (9) whegri800.

Fig. 9: Examples of experimental results by theapdeflection method using a nanoindenter.
Table 3 summarizes the results obtained from tlsaseples according to the previous
graph. The values of g {k ko andoy (Eqs 8 and 9) have been calculated using a Young’s

modulus of 220 GPa according to the bulge testtresu

Table 3: Results by point deflection method withrthno-indenter.

10



The measured stiffnesses are 8x10 2x1d times higher than those for unstressed
membranes (gg=1) which make measurements possible. The resgtoeds values, for
SisNg (W1) and SiN4/SIO, (W2) are343<0p < 356 MPa and 43 <op < 43.7 MPa,
respectively.

Because of the tensile residual stresses, expetaErversus h curves given in Fig. 9 are
almost linear. Then, the Young's modulus cannopieeisely determined using the F/h = f
(h?) normalized representation. Moreover, the ineacy of then coefficient value £1.9x10
% Eq.7) makes the determination hazardous. An attdraptbeen made on the less linear
curve to calculate E for a (1 mm x 2 mm) bilayemmbeane with h/t<5. With §,=80 GPa, a
value of 201 GPa has been found whereas the expected vakig&ds57 GPa.

Using the nanoindenter, few membranes with largeedsions (2 mm x 2 mm or more)
were broken when the contact is established ansl ¢buld not be characterized. Indeed, the
nanoindenter did not detect these membranes with legv stiffness. That is why, in this
work, the point deflection method has been adapsany an AFM in spectrometry mode (see

Fig. 2) because it is more sensitive to the vewy $tiffnesses.

4.3.2 AFM measur ements

Firstly, the AFM cantilever stiffness. Svas determined on the membrane’s frame. To do
that, the F= f(h) curve is determined on the rigadne (Si) and thus only the AFM cantilever
is deformed; in this caseSF/h. It was found S< 51.2 N.m" which is in the range given by
the manufacturer (42 <854 N.m?%). Then, the coupled stiffness S of the AFM camtein
contact with the membrane was measured from theestd the F=f (h) curves (Figs. 10 and
11) and the stiffnessy®f the membrane was calculated from: 1/S 5 #/3/S. Currently,
AFM measurements have been performed on monolait, &nd bilayer Si3WSIO,
membranes. For example, Fig. 10 and Fig. 11 shqwererental linear force-displacement
curves obtained for 3 mm x 3 mnmsSiy membrane (t = 104 nm, 4 measurements) and 1 mm x
2 mm bilayer membrane (100 nnyl84 on 94 nm SiQ 1 measurement).

We can observe the good results reproducibilitynfrone test to another (Fig. 10) and a
slight difference of slope S between load and whi¢@g. 11). This slight difference is
perhaps due to the pull-of force whose effect &y visible at the beginning of the contact
and at the loss of contact with the membrane (E@sind 11). However, this difference is

smaller than the reproducibility and the uncertagwalues reported in Tables 6 and 7.
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The extracted values 06,3y (ko). ko andap are given in Table 4 and Table 5 for the bilayer

and monolayer membranes, respectively.

Fig. 10 Examples of experimental resitsd (h) by AFM on square monolayersSj

membrane.

Fig. 11: Examples of experimental rests (h) by AFM on rectangular bilayer membrane.

Table 4: Results by point deflection method udiregAFM on SN4/SiO, membranes.

Table 5: Results by point deflection method udmegAFM on SN, membranes.

Using this method on the samples issued from tHerad and 3, a mean residual stress of
487 + 40 MPa has been found ongNgimembranes and a residual composite stress of&7 +
MPa (W2) and 105 £ 11 MPa (W4) has been found enSiN./SiO; bilayer (Tab. 6 and 7).
For these membranes, considering the values o¥thmg’'s modulus measured by bulging
tests and the residual stress values obtained thtlPAFM method for the 8\, films, the
calculated values of the Si@esidual stress for the W2 and W4 wafers are NP& and -245
MPa, respectively.

Fig.12 shows an example (Si5iN,s membrane) of the evolution of the measured S
(membrane + AFM beam) and membragesi#fnesses as a function of the eccentricityorati
2r/a. a is the lateral dimension of the membrang rars the distance from the membrane
center to the point where the concentrated loadokas applied. 2r/a =1 corresponds to the
edges of the membrane. The measured stiffnespre@pbly independent of the 2r/a ratio in
the range 0-0.4. This result is in agreement withs¢ presented by S. Markutsstaal [26].
Thus, this method is not very sensitive to the eay of the position of the applied load

when the lateral dimensions of the membrane agelar

Fig. 12: Variation of the measured and membrané#n&sses as a function of the eccentricity

ratio 2 r/a.

4.4 Comparison of methods
All experimental results are summarized in Tablen@ 7 for each studied method. Blank

cells indicate that measurements were not usalie €nough sensitivity for the biggest
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membranes with weak stiffness) or that the samplese broken during the experiment.
Results scattering, reflecting measurement repiiagad abs. 6 and 7), is weak compared to
the overall accuracy of the methods mainly deteechirby geometrical errors. These
geometrical errors (membrane thickness, side I@rigglve been estimated lower than 8 %

according to the samples tested.

Table 6: Results obtained on monolayegNgi

Table 7: Results obtained on bilayersh\giSiO,

The results that have been obtained from severahbrenes with different geometries
(achieved on two different wafers in the case ef 8#N, films) using the bulge test method
are very tight compared to the overall error magfiowing that the mechanical properties of
SizN,4 are appreciably the same between wafers 1 andwBever, this is not the case for the
residual stress of the bilayer membranes fabriclted W2 and W4 (Young’'s modulus and
residual stress). Almost similar stress values Hasen found for the bilayer membranes
(wafer 2) using either the nanoindenter or the ABWM slightly lower for nanoindenter. It is
obvious that lower stress values have been obtaisety the nanoindenter, compared to
those obtained using the AFM. That is probably tuéhe fact that the contact detection of
the membrane with the nanoindenter is more diffitudn with the AFM. Thus, membranes
seem to be more flexible under a nanoindenter.

Residual stress values obtained by the bulge te#itad are significantly lower than those
obtained by the AFM point deflection method, 16%3)W7% (W2) and 6% (W4) for the
mono and bilayer membranes respectively.

Few assumptions can be made to explain this diftereFirstly, during the preparation of
the sample for the bulge test experiment, the vaeddor sample sealing slightly deforms the
membranes (contrary to the case of the point defleamethod, as seen in 4.3.2). For
example, in the case of a 104 nm thici\Ngimembrane with lateral dimensions of 2.13 mm x
2.13 mm, using the profilometer, we observed a supmlard/downward deformatior: (150
nm) caused by the sample sticking (Fig. 13). Tlefnation might have partly relaxed the
membrane stress and could explain the discrepagteyelen the two experimental methods. A
bulge test experiment was made on the same sa@xfenim SiN, membrane from wafer 3)
with two different sticking methods. One using thax and the other using vacuum grease

which does not deform the sample. The residuabsti® extracted using wax and vacuum
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grease sticking are 429 MPa and 428 MPa, respéctiVaus, the sticking method cannot

explain, alone, the stress difference between hglgfeand point deflection method.

Fig. 13: Square membrane (2a=2mm) 3D profile befamd after sticking using wax.

The difference in stress values between the besteaind the point deflection method could
come also from the Cand f Q) coefficients in Eq. 5 (found in the literaturehiesh are
perhaps not well appropriate for our very thin mesmnles (clamping conditions due to the
anisotropic wet etching). The bulge test is moresgve to the clamping deformations under
high deflections than point deflection method whiaduces local low deflections to the
membrane center. Now, using the analytical modeD oMaier-Schneideet al. [34] with
C,=3.45 (instead of 3.42), the residual stress varids too small to explain this difference of
results between the two experimental methods. &keworks on this coefficient give a C
value about 3.4 [33-36] and to find a residualsstrequivalent to the results obtained by point
deflection, one would need & Coefficient lower than this value (3 <& 3.4). Moreover,
these slight differences between the two method&laso come from the presence of a film
thickness gradient or a stress gradient acrossweafdr. In this work, a mean thickness value
was assumed for each wafer. However, a variatidnroh on the film thickness value allows
a variation of 20 to 30 MPa on the residual strealkies calculated with the relations
corresponding to these different methods.

In conclusion, the point deflection method using APM cantilever is well adapted to
accurately determine the residual stress becawseetults are only slightly influenced by
sealing, lateral dimensions and the Young’s modofubie membranes (Eqg. 13 and Fig. 14).
Indeed, with this method, Fig. 14 shows the caledlaesidual stress on a monolayer and
using different SiN4 Young’s modulus values (180 < E < 220 GPa). A quadependence
between these two mechanical properties is obs€Rigd14). For the bulge test, in the same
case of very small deflections (h/t<0.5) as for k&, a third term in Eq. 5 [19, 35-36] must
be added, which depends of the Young's modulusevao calculate the residual stress.
However with the point deflexion method, the Youwnghodulus cannot be accurately
extracted on these structures because of the veak weflection amplitude imposed to the
membrane. Therefore the bulge test and the poirfteaien methods are very

complementary.

14



Figure 14 shows the synthesis of all the experialatgterminations obtained in this study
by the different methods, i.e.: the residual strassa function of the measured Young’'s

modulus.

Fig. 14: Synthesis of the experimental results ioleid by the different methods. Evolution of
the residual stress as a function of the imposedny's modulus for point deflection method
(Case of SiN4 sampley.

5. CONCLUSION

Mechanical properties (Young’s modulus and residiiedss), of very thin~100 nm) and
large area (few mm?2) §N, and SiNJ/SIO, membranes, obtained by means of three
characterization procedures have been compared.

In spite of very large length to thickness ratlte membranes present an elastic behaviour
even for deflection to thickness ratio greater ti&90. A very good repeatability of the
experimental results for each method was obtaimethat Young’'s modulus and residual
stress results were extracted with an overall aogulower than 10 %. The mixture law has
been validated for these structures on standafd,/SiiO, bilayers. Therefore, this law could
also be applied on even more complex thin elastittil@yers to determine the mechanical
properties of each component.

The first characterization procedure, nanoindeomativas found to be limited by the small
film thickness. The bulge test is still valid fdret studied structures and more appropriate to
determine the Young’s modulus due to the large nmanmédeflections. The point deflection
method is limited by the very low deflections apglito these structures and only the residual
stress can be accurately extracted. Unlike forkihige test, reliable residual stress results
have been found by this method using an AFM prdieeause this mechanical parameter
weakly depends on the Young’'s modulus or on therdatdimensions or on any sample
sticking effects. Moreover, using AFM, the testédictures were not deformed by sticking
sample.

Both bulge test and point deflection using AFM am@mplementary methods to obtain
mechanical parameters of very thin and low stiffndelectric layers or bilayers: the bulge
test can be used with high deflections to deterrntiieeYoung’s modulus and mean residual
stress whereas the point deflection method canslee with low deflections to accurately

determine the residual stress.
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Note: A condensed version of this paper has beasepted at Transducers XIV/
Eurosensors XXI 2007, Lyon, France
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Figure Captions

Fig. 1 Bulge test principle.

Fig. 2: Point deflection method using a nanoindefoa the left) or an AFM in spectrometry

mode (on the right).

Fig. 3: Membranes configurations.

Fig. 4. Membranes after fabrication.

Fig. 5: Optical Interferometer setup.

Fig. 6: Determination of the Young's modulus byowadentation.

Fig. 7: Normalized pressure-displacement (P/h k%)) curves of 9N, membranes.

Fig. 8: Normalized pressure-displacement (P/h %) curves of 39N4/SiO, membranes.

Fig. 9: Examples of experimental results by theapdeflection method using a nanoindenter.
Fig. 10 Examples of experimental resitsd (h) by AFM on square monolayersSj
membrane.

Fig. 11: Examples of experimental resWtsf (h) by AFM on rectangular bilayer membrane.

Fig. 12: Variation of the measured and membraniéngsses as a function of the eccentricity

ratio 2 r/a.

Fig. 13: Square membrane (2a=2mm) 3D profile befomd after sticking using wax.

Fig. 14: Synthesis of the experimental results ioleid by the different methods .Evolution of

the residual stress as a function of the imposathy's modulus for point deflection method.

(Case of SiN4 samples).
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Table 1:
Table 2:
Table 3:
Table 4:
Table 5:
Table 6:
Table 7:

Table Captions

Values of the, S and G coefficients for different membrane shapes.
Tested samples.

Results by point deflection method withritano-indenter.

Results by point deflection method udegAFM on SN4/SiO, membranes.
Results by point deflection method udiegAFM on SN4 membranes.
Synthesis of the results obtained on nayeos SN,

Synthesis of the results obtained on tlagdrs SiN,/SiO;.
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TABLES

shape a B | G
circular 497 16| 2 | 7.48
square b/a=1 | 5.617%0 1.86|6.08
rectangular b/a = 27.22 10° | 1.58] 4.65

rectangular b/a=47.2410° | 1.58| -

rectangular b/as | 7.2510° | 1.59| -

Table 1: Values of thex, S and G coefficients for different membrane shapes.
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Membranes 2ax2b Nb. of Thickness
(mm?2) samples (nm)

« 1x2 x 3

Wafer 1 SiNg PSS o 106
. 2X%X2 x5
. 3x3 X 3
. 1 x2 X 4

Wafer 2 SiN4/SIO;, . 15x%x15 x 1 100.2 + 94.4
. 2%xX2 X 4
. 31x3.1 x 1

Wafer 3 SiNg . 213%x2.13 x 1 104
. 1.14x2.13 x 1
. 0.67 x0.67 x1
- 09x0.9 x1

Wafer 4 SiN4/SIO;, - 1.89x1.89 x1 90 + 98
. 1.39x7.8 x1
. 0.27 x3.28 x1

Table 2: Tested samples.
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Nb samples
2ax2b 5 Oo
Samples t (nm) x Nb So (N/m) | g (k) (x10°) | ko
(mm?) (MPa)
measures
(W1) SNy 1x2 106 1x3 40+ 3 8.3 79 356
(W1) SkNy 15x15 106 1x1 34.6 5.48 9( 343
(W2) SEN4/SIO;, 1x2 100+94 2x3 11.5+0.18 124 181 43

Table 3: Results by point deflection method with the nantminter.
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vembrane @XB} {om | sovm | 909 (<109 | k | oo(MPa)
SizN4/SIO,

(W2) 1x2 100 +94| 1440.6 97.9 206 53.32.6
(W2) 2x2 100 + 94| 1350.9 31.8 375 | 6%3.6
(W4) 0.67 x 0.67 90 + 98 28.5 122 182 10
(W4) 0.9x 0.9 90 + 98 225 86.4 22( 98
(W4) 1.89x1.89 90 + 98 21.7 20.1 485 105
(W4) 1.39x7.8 90 + 98 20.0 31.5 375 93
(W4) 0.27 x 3.28 90 + 98 324 515 80 e

Table 4: Results by point deflection method using the ARNBgN,/SiO, membranes.
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Membranes (a x b .
. t(hm) | S(N/m) | g (k) (x10°) | ko | do(MPa)
SiaNg
(W3) 1.14 x 2.13 104 50.9 4.68 1076 489
(W3) 2.13x 2.13 104 47.49 1.85 1763 3189
(W3) 3.1x3.1 104 44.14 0.93 2450 465

Table 5: Results by point deflection method using the ARNBgN, membranes.
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oo (MPa)

. Membranes E (GPa) Point Deflection
SizNy t (nm) Bulge Test
2a x 2b (mmg2) Bulge Test nanoindenter AFEM
1x2 106 218+ 2 4089 356+ 27 -
15x15 106 212 +6 3877 343+ 15 -
Wafer 1
2x2 106 217 £ 2 405 6 - -
3x3 106 231+2 4185 - -
1.14 x 2.13 104 215 418 - 48D
Wafer 3 2.13x2.13 104 214 409 - SiiVe?)
3.1x3.1 104 209 439 - 465
Average
values - - 217+ 14 411+ 30 349+ 28 48% 40
(W1+W3)

Table 6: Synthesis of the results obtained on monolaygh, Si
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0o (MPa)

Membranes Point Deflection
. . E (GPa)
SigN4/SIO, 2ax 2b t (nm) Bulge Test .
Bulge Test nanoindenter AFM
(mm2)
1x2 194.6 159 2 51+ 1 431 53+ 3
15x15 194.6 155 53 - -
Wafer 2
2Xx2 194.6 15% 1 54+ 5 - 61+ 4
3x3 194.6 - - - -
Average values
- - 157+ 3 53+ 5 43+ 1 57+8
(W2)
0.67 x 0.67 188 150 114 - 12
0.9x0.9 188 144 69 - a5
Wafer 4 1.89x1.89 188 147 105 - lan
1.39x7.8 188 139 103 - 925
0.27 x 3.28 188 122 106 - 1¥®
Average values
- - 141+ 11 99+ 16 - 105+ 11
(W4)
E andoy for the SiQ films
W(2) - 94 -327 - -398
Calculated values
W(4) - 71 -187 - -245

Table 7: Synthesis of the results obtained on bilayessl, 550, .
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