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LKIT «MCT u 9Kb» MUOT R&D Center “MST and ECB” MIET [
IpencraBieHa KOHCTPYKIUS JJIsl ONpPEIeTeHUs] MEXaHUUECKOM MPOYHOCTH, MEXaHUYECKUX HAIPSDKEHUN W MOIYJST YIPYTOCTH.

Pabota ycTpoiicTBa mpoBepeHa Ha KPYIIIbIX MeMOpaHax U3 OKCUIa U HUTPUIAa KPEMHUS Pa3IMuHOTO AnaMeTpa. BemuamHa naByxoc-

HOTO MOMYJISI TTOJTyueHa aHAJTUTUIECKUM METOIOM M pacCuMTaHa Ha OCHOBE SKCIIEPUMEHTANBHBIX TaHHBIX. Habmonaercst xoporiast

KOPPEJISILUS MEXIy MMOJy4eHHBIMU pesyabsratamu. [lokazana ynpyrast neopmMariusi mpu U30bITOYHOM AaBieHnH He Oosee 0,6 aTM.

OmnpeneneHo KpUTUYECKOE NaBlieHUe s Kaxaoro nuamerpa. [TokasaHo, 4To Kpyriible MeMOpaHbl pa3TMYyHOTO TMaMeTPa BbIAEPKU-

BAIOT OMHAKOBOE 3HAUEHNE BHEUTHEH CUIIBI.

Katouesvle croea: mexanuueckas npoHHOCMb; MEXAHUHECKUE HANPAIICCHUS; MEXAHUUECKUe CEOLICMEA; 08YXOCHbLI MOOYAb YRPY2OCHU.

The paper presents the design of a stand for determining mechanical strength, mechanical stresses and modulus of elasticity.

The stand has been tested using circular membranes of silicon oxide and silicon nitride of various diameters. The magnitude of the

biaxial module has been obtained analytically and calculated basing on experimental data. There is a good correlation between the

results obtained. An elastic deformation has been shown at an excess pressure of not more than 0.6atm. The critical pressure for each

diameter has been determined. It has been shown that circular membranes of different diameters withstand the same value of the

external force.

Keywords: mechanical strength; mechanical stresses; mechanical properties; biaxial Young’s modulus.

BBEAEHUE
Kuntouesyto posib B MOMC ycTpoiicTBe urpaeT MmeMOpaHa, KOTopast
COCTOMT U3 OJHOIO MJIM HECKOJBbKUX cioeB. Kaxablii ciaoit o6a-
naeT CBOUMU MeXaHUYeCKUMU cBoiicTBamMu. [Ipon3BOAUTENbHOCTD
npubopa CUJIbHO 3aBUCUT OT MEXaHUUYECKUX CBOMHCTB MCTONb3Yye-
MBIX MaTepuraoB. TouHble 3HaAYEHUSI MEXaHUYECKHUX CBOMCTB (CBOA-
CTBa YIIPYrOCTH, BHYTPEHHUE HANIPSIXKEHU ST, TPOYHOCTD, YCTAJIOCTD)
HEOOXOIMMBI ISl TOJTYUYEHU S ONNTUMAaJbHBIX XapaKTepUCTUK. YIIPY-
rve CBOWCTBA HEOOXOMUMBI JIJISI TPOTHO3MPOBAHMST BETUYMHBI OTKJIO-
HEHUS OT MPUJIOKEHHOI CUJIBI, @ TPOYHOCTH MaTepuaa 3a1aeT 9KC-
TJiyaTallMOHHBIE Tpeaesibl ycTpoiicTBa [1]. Hampumep, B mpoliecce
paboThl PEHTTEHOBCKOTO MCTOYHMKA CO3/IaeTCsl BAKYYM M TM0O3-
TOMY MeMOpaHa-aHOJ AOJKHA BbIIEPXKUBATDH Mepernai AaBIeHuii [2].
Kpowme Toro, ¢ yueToM TpeOGOBaHMII HAEXKHOCTU U CPOKA CITYKOBI
MexaHuueckue xapakrepuctuku MOMC maTepraaoB CTaHOBSITCS BCe
6osee BaxkHbIMM. Ha puc. 1 mokasaH u3rub njieHok mnou aeicTBuem
MEXaHMYEeCKUX HAMPSIKEHU .

He6ousbiine pazmepsl MOMC-ycTpOUCTB 4aCTO MPUBOAST K UX
HCIOJb30BAHMIO B CYPOBBIX YCIOBUSIX, U XOPOIllee 3HAHUE MEXaHU-
YECKUX CBOMCTB MOXET MPUBECTU K YCTPAHEHU IO HEKOTOPBIX MeXa-

HUYECKMX HEMCIIPAaBHOCTEN MOCPEACTBOM HaJieXallero Bbioopa

MaTepuana, MTPOECKTUPOBAHUS, U3TOTOBJICHUS U KOPIYyCUPOBa-
Husg [1].

Puc. 1. Bausnue mexanuveckux HanpsajceHui
Fig. 1. The influence of mechanical stresses




KOHCTPYKIIUA CTEHAA

OHpeI[CJICHI/IC MEXaHUYECKUX CBOUCTB MaT€puajaoB IMPOBOOAUIOCH

Ha pa3paboTaHHOM CTEeH/Ie, CXeMa KOTOPOro MokKa3aHa Ha puc. 2.
JlaBieHue ¢ KOMIIPEccopa MoaaeTcsi Ha PeAyKTop, KOTOPhIil uMeeT
orpaHUYEHUE M0 MAKCUMaJIbHOMY IaBJeHUI0 — 5 at™M. JI11st yMeHblie-
HUsI TIepernajioB AaBICHUSI MEX/1Y PEAYKTOPOM U KPUCTAJJIOM yCcTa-
HOBJIEH pecuBep. B 1ienu mcnonb3yercsi HECKOJIbKO MAaHOMETPOB.
Mexny pecuBepOM M MOACTaBKOM C KPUCTAJIJIOM YCTaHOBJICH TEp-
BBIIf MAHOMETP, KOTOPBIi MCITOIb3YETCS LTSI OTIPEAeIeHU ST 3HAaUCH Ui
M30BITOYHOTO AaBJIeHU S, TogaBaeMoro Ha MOMC memMOpaHy, ¢ marom
usMepenust 0,05 at™ u mpenenom udmMepeHuit 1o 2,5 atMm. Ha BTopom
MaHOMeTpe MToKa3bIBaeTcs TaBJIeHNe ¢ KOMITpeccopa. B mporiecce pas-
pabOTKU KOHCTPYKIIMM CTeHIa OBbLJIO BBISICHEHO, YTO IJIsI MTOJTYyUYEHUSI
TOYHBIX TAHHBIX (DOKYCHOE PACCTOSTHUE MEX Y UCCISIYeMOM MTOBEPX-
HOCTBIO U 00BEKTUBOM HE JOJKHO mpeBbiniath 5 MMm. [loactaBka
C KPHUCTAJIJIOM COCTOUT U3 METAJUTMYECKON KPBIIIKU, KPUCTAJLIA, TPU-
KJIEEHHOI'0 Ha TEKCTOIUT (pUC. 2), U pe3MHOBOM 11aii0bl. B MeTananye-
CKOW KPBIIIKE ¥ TEKCTOJMTE CETaHO OTBEPCTHUE JJIs1 PaGOTHI C ONTH-
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Puc. 2. Cxema cmeHOa 015 usmepeHUss MEXAHUYECKUX CBOLICME

YEeCKUM MPOdUIOMETPOM.

INTRODUCTION

A key role in the micro electronic and
mechanical systems (MEMS) is played
by a membrane that consists of one or sev-
eral layers. Each layer has its own mechani-
cal properties. The performance of MEMS
strongly depends on the mechanical prop-
erties of materials used. Accurate values
of mechanical properties (elastic properties,
internal stress, strength, fatigue) are neces-
sary for obtaining the optimum performances.
Elastic properties are necessary for predict-
ing the amount of deflection from an applied
force, and material strength sets the device
operational limits [1]. For example, dur-
ing the operation of the X-ray source, a vac-
uum is created and therefore the membrane
must withstand the pressure drop [2]. Also,
in view of reliability and life time require-
ments, mechanical characterization (includ-
ing mechanical stresses) of MEMS materials
becomes increasingly important. Fig. 1 shows
the films bent under the action of mechanical
stresses.

The small size of MEMS devices often
leads to their usage in harsh environments, and
good knowledge of mechanical properties may
result in elimination of some of the mechanical
failure modes through proper material selec-
tion, design, fabrication and packaging [1].

THE STAND CONSTRUCTION

The values of mechanical properties have been

determined on the developed stand (see Fig. 2).
The pressure from the compressor is fed

to the reducer, which has a maximum pressure

limit of Satm. A receiver has been installed

to reduce pressure drop between reducer and

Fig. 2. The layout of the stand for determining mechanical properties

crystal. Several manometers are used in the
circuit. One manometer is installed between
receiver and platform with a crystal for mea-
suring excess pressure on MEMS mem-
brane (the step being 0.05atm and the mea-
surement limit up to 2.5atm). The second
manometer shows the pressure from compres-
sor. It appeared that to obtain accurate data,
the focal length between the surface and the
objective should not exceed Smm. The plat-
form with a crystal consists of a metal cover,
a crystal glued to the textolite (Fig. 2), and
a rubber washer. A hole is made in the metal
cover and textolite for working with an optical
profilometer.

THE EXPERIMENT

We have used a silicon plate with 150mm
diameter and 460um thickness. A membrane
has been formed on a Si crystal of square
shape with a side of 6mm. The membrane
consists of four dielectric layers of sili-
con oxide and nitride with a total thickness
of 1.26um. The topology of a set of mem-
branes is a circle with diameters of .0mm,
I.4mm and 1.8mm located in the center of the
crystal.

Fig. 3 shows the elastic deformation
of a membrane with 1.4mm diameter.

Fig. 4 shows the measurement results for
a 1.0mm diameter structure.

The graph shows that the membrane has
elastic (reversible) deformations, the criti-
cal excess pressure P being 1.6atm for .0mm
diameter.

The bulge method of dependence of deflec-
tion w on external force (pressure) makes
it possible to determine the mechanical

properties (biaxial module £/(1 — w) and criti-
cal excess pressure) of the membrane using the
formula 1[I, 3]:

4.6,-tw  8E-t-w

P= < + N 1
a (1-p)-a* ®

where P is the excess pressure, w is the deflec-
tion of the center of the membrane; 6,, a, f, £
and u are residual stress, radius, thickness,
Young’s modulus and Poisson’s ratio of the cir-
cular membrane.

The bulge method is based on the follow-
ing principle: membrane surface is flat with-
out excess pressure. Applying an external
action (in our case, an excessive air pressure
by means of a compressor) perpendicular to the
plane of the surface of test crystal, it is possi-
ble to measure the dependence of deflection
of membrane on external force.

The value of residual stresses 6, has been
determined by the method developed earlier
by the authors [4] by means of a profilome-
ter, and it amounted to 200M Pa. The magni-
tude of the biaxial module E/(1 — p) has been
calculated using the formula (1): for @1.0mm
it is 132GPa; for @l.4mm it is 156GPa; for
@1.8mm it is 143GPa. The value correlates
with the experimental result for a membrane
consisting of one pair SiO,/Si,N, — 190GPa
[5]. Also, the value of critical excess pressure
has been determined: for @1.0mm — 1.6atm;
for J1.4mm — 0.8atm; for J1.8mm —
0.5atm. The results confirm that the size
effect and technological parameters of the
process affect the elasticity characteristics
of materials [1].

It is known from [6] that Young’s modulus
of oxide silicon E(SiO,) is 70GPa, Poisson’s
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Fig. 3. Dependence of deflection of 1.4mm diameter membrane on excess
pressure

OKCIITEPUMEHT
Hcnonp3oBanach njaacTuHa KpeMHU s auametTpoM 150 MM Tosmiu-
Hoit 460 mxM. Beita chopmupoBana memOGpaHa Ha Si Kpucraie
KBaapaTHOI ¢hopMBI co cTopoHOi 6 MM. Mccaenyemas cTpyKTypa
COCTOUT U3 HAOOpa YeThIPEX YePEqyIOIINXCS TUITEKTPUUECKUX CTIOEB
U3 OKCUJa U HUTPHUAA KPEMHUSI CYMMapHOU TOJIIUHON 1,26 MKM.
Tonosnorust Habopa MeMOpaH TNpeacTaBiseT co00i KPYT AUaMeTpOM
1,0 MM, 1,4 MM 1 1,8 MM, pacrnioJIOXXEeHHBI# MO LIEHTPY KpucTasia. Puc. 3
MOKa3blBaeT YIPYTyio AedopMalnio MeMOpaHbl AuaMeTpoMm 1,4 MM.

Puc. 4 mokasbpiBaeT pe3yabTaThl U3MEPEHU T MEMOPaHbI 1UAMETPOM
1,0 MmMm.

3aMeTHO, 4TO JJisT MeMOpaHbl nuamMeTpoM 1,0 MM KpUTHUYECKOE
M30BITOUHOE TaBJIeHUE COCTaBisieT 1,6 aT™M.

MeToa 3aBUCUMOCTHU Nporuda w (OTKJIOHEHU S, AedopMalun)
OT HAaTPy3KU MO3BOJISET OMPENCIUTh MEXaHMIECKHE CBOMUCTBA MEM-
6panbl (Monyib FOHTa E 1 koaddunuent [lyaccona ), cocrosieit
M3 OJHOM MJIM HECKOJIBKUX TJIEHOK 110 (hopmyie 1 [1, 3]:

_4-0,tw  8Etw

P + s
a’ 3-(1—p)-a*

M

rae P — npuiioxXeHHoe naBieHue, w — Mporud (OTKJIOHEHME) LeH-
Tpa MeMOpaHBbl; G,, a, t, E M L — ocTaTo4HOE HaNpsiKeHUe, paJuyc,
TOoJIIMHA, Moayab FOHra u koadduuuent Ilyaccona kpyrioit
MeMOpaHBbI.

OCHOBaH MeTOJl Ha TPUHIIUTIE, YTO TTOBEPXHOCTh MEMOPAHBI IJIO-
ckast 6e3 Harpy3Ku. B MeMOpaHe MPUCYTCTBYIOT OCTATOYHbBIC HATIPSI-
KEHUS G,, KOTOpble ObIJIN ONpeeseHbl 10 pa3pabOTaHHOI paHee
aBTOpaMu MeToauKe [4] mocpeacTBOM npoduaoMeTpa U COCTaBUIU
200 (MITa). ITpuknansiBass BHEIIHee BOo3aeiicTBUE (B HAlllEeM ciiydae
M30BITOYHOE TaBJICHUE BO3yXa MOCPEICTBOM KOMIIpeccopa) MeprieH-
JNUKYJISIPHO MJIOCKOCTHU MOBEPXHOCTH MCCIIENYEMOTO 00pasiia, MOXHO
M3MEPUTDb 3aBUCUMOCTb OT Harpy3KHu.

W3 dbopmyasl (1) onpenensieM 3HaUeHUE JTBYXOCHOTO MOIYJIS
Mmemobpansl Si0O,/Si;N,/SiO,/Si;N, E/(1 —p): & 1,0 (mm) 132 (I'Ta);
@ 1,4 (mm) 156 (I'Tla); @ 1,8 (mm) 143 (I'Tla). 3HaueHUe KOppeaupyeT
C DKCTEPUMEHTAJIbHBIM PE3yJbTATOM JJIsI MEMOpPaHbI, COCTOSIIIEH
n3 oxHoii napsl Si0,/Si;N, (190 I'Tla) [5]. Tak:xe onpenesneHO KpUTHUE-
ckoe u30bITouHOe nasieHue: & 1,0 (Mm) 1,6 (atm); B 1,4 (Mm) 0.8 (aTm);
1,8 (mm) 0,5 (aT™m). Pe3ynbTaThl TOATBEPXKAAIOT, YTO Pa3MEPHBIA
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Fig. 4. Dependence of deflection of 1.0mm diameter membrane on excess

pressure

3GbdEKT U TEXHOJIOTMYeCKUe TapaMeTphl Ipoliecca BIUSIOT Ha YIIpy-
THe XapaKTepUCTUKU MaTepuada [1].

UsBecTHO [6], uTo Monynb IOHra ns oxcuzpa kpemuus E(SiO,)
cocrasjsiet 70 I'Tla n nis Hutpuaa kpemuus E£(Si;N,) 270 I'Tla, koad-
¢uunent I[lyaccona nns okcupa kpemuHus u(Sio,) 0,2, nnst HUTpUIA
kpemHus 0,27.

Hanee no ¢popmye (2) paccuntbiBaeM Moayib KOHra MmeMOpaHbl
E, n3 Monenu, mpeacTaBieHHOIl B paboTe [7]:

HS[?NA (2)

s

_ Esio, - Hsio, + E

Si3N4
Hsioy + H g4

E

m

rne H,,, — rommuna SiO,, Hg;,,, — ToamuHa Si;N,.

AHaJsiornyHo, ans koadduuuenrta [lyaccona. B Hauem ciy-
yae, cymMapHas ToamuHa SiO, 1,0 MkM, cymmapHas TonmuHa SisN,
0,26 mxm, monynb FOHra mem6panst £, 111 (GPa), koadduuneHt
[Myaccona mem6pansl 0,21. CienoBarenbHO, aHAJIUTHISCKOE 3HAUE-
HHE ABYXOCHOTO MoayJist coctaBiseT 142 (I'Tla). DkcnepuMeHTaIbHOE
Y aHAJIUTUYECKOE 3HAYCHU ST XOPOIIO KOPPETUPYIOT.

Kax u3BecTHO, BeIMUMHA CUJIbl paBHA MPOU3BEACHUIO NaBICHM S
Ha noaab (hopmyna 3):

)

e d — nuaMeTp MeMOpaHbl, P — rpenejbHoe U30bITOUHOE JaBJIeHUE

B pesynbTrare skcriepuMeHTa YCTAaHOBJIEHO, YTO KPYTJIble MEM-
OpaHbl pa3JIUYHOrO TMaMETPa BbIAEPKUBAIOT ONMHAKOBOE 3HAUCHUE
BHELIHEH cuibl. BenmunHa cuibl coctapisiet 125 mH.

3AKAIOYEHUE

TIpencraBieHHass KOHCTPYKIIMS CTEHA MO3BOJSAET KOHTPOJIUPO-
BaTh U3MEHEHUE OTKJOHEHUSI MeMOpaHbl OT U30BITOYHOTO aBje-
Hus ¢ warom 0,05 atMm. IByxocHbIit Mooy b yripyroct E/(1— W) mem-
6panmbr Si0,/Si;N,/Si0,/Si;N, cocrasnset 144+12 I'TTa. YcranosiieHo,
4TO C YMEHbILIEHUEM TJIOLIAaA1 MeMOpaHbI ¢ 2,54 MM’ 110 0,785 MM® BO3-
pacTaeT npeaejabHoe U30bIToYHOE naBieHue ot 0,5 1o 1,6 aT™ uccie-
nyeMoit cTpyKTypbl. [TokazaHa obpatumast neopmMalivst OTKJIOHEHU ST
MeMOpaHBl OT M30BITOYHOTO fAaBiieHus . [IpenenbHas cria BHEITHETO
BO3NIECTBUS Ha MeMOpaHy He 3aBUCHUT OT TJIOMIAAHN TOBEPXHOCTH
u coctaBuset 125 mH.
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ratio of oxide silicon u(SiO,) is 0.2, Young’s
modulus of nitride silicon E£(Si;N,) is 270GPa,
Poisson’s ratio of nitride silicon u(Si,N,)
is 0.27.

Then using formula (2) we calculated the
value of the Young’s modulus of the membrane
E, from the mathematical model presented
in[7]:

_ Esio, - Hsio, + Egyyy - H gy
Hsio, + H g5,

E

m

S )

where Hg,, is thickness of SiO,, Hy,  is thick-
ness of Si3N4.

Similarly, the Poisson’s ratio was cal-
culated. In our case, Hy, is 1.0um, Hg; .
is 0.26um, E, is 111GPa, u,, is 0.21. Therefofe,
analytical value of biaxial module £, /(1 — )
of Si0,/Si;N,/Si0,/Si;N, membrane is 142
GPa. The experimental and analytical value
strongly correlate.

As is known, the magnitude of the force F
is equal to the product of the pressure by the
area (formula 3):

(©)

The experiment has shown that circu-
lar membranes of different diameters can
withstand the same value of external force.
The value of external force is 125mN.

CONCLUSION

We have presented the design of the stand
using bulge method. The stand makes it possi-
ble to control changes in the deflection of the
membrane from excess pressure with 0.05atm
step. The experimental value of biaxial module
E/(1 — ) of Si0,/Si;N,/SiO,/Si;N, membrane
is 144+12GPa. It has been established that
as the area of the membrane decreases from
2.54mm’ to 0.785mm?, the critical excess pres-
sure P’ increases from 0.5 to 1.6atm. The revers-
ible deflection of the membrane from the excess
pressure has been shown. The limiting force
of the external action on the membrane is inde-
pendent of the surface area and makes 125mN.

The work was performed using the equipment
of MIET R&D Center “Microsystem Technique
and the Bases of Electronic Components” sup-
ported by the Ministry of Education and Sci-
ence of the Russian Federation (state contract
No. 14.594.21.0012, unique identifier of the
project RFMEFI59417X0012).
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