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[MpoBeneHo uccienoBaHre MeXaHUYECKON TPOYHOCTH MEMOPAHHOTO 3JIEMEHTA, MPEACTABISIONIETO CO00M ABYXCIONHYIO
CTPYKTYpPY U3 OKCUJIA U HUTPUIA KPEMHUsI Ha KPEMHUEBOU IMOMJIOXKE. DKCIIEPUMEHTATbHO OMpPEneeHO KPUTUIECKOe
NIaBJIeHUE pa3pbiBa KPYTJI0il MeMOpaHbI sl pa3TUYHBIX fuaMeTpoB. [lokazaHa ynpyras necdopmanus. Pe3yabrarsl unc-
JieHHoro MozaenupoBaHus B cpee COMSOL noka3biBalOT pacrnpenejieHue MeXaH ueCKMX HarpsiKeHU i 1o TnaMeTpy MeM-
OpaHbl. YKa3aHa 00JacTh pa3pbiBa MeMOpaHbl. [IprBeaeHO cpaBHEHUE Pe3yIbTaTOB aHAJIUTUYECKOTO pacyeTa, YMCAEHHOTO
MOJIeJIMPOBAHU S U SKCIIEPUMEHTA.

Karouesvie croea: mexanuueckas npoHHocmy;, MeXaHU4ecKue HanpaNcenus; 08YX0CHbI MOOYAb YRPY2OCMU.

A study has been made of the mechanical strength of a membrane element. The element is a two-layer structure of silicon
oxide and silicon nitride on a silicon substrate. The critical pressure of a circular membrane is experimentally determined
for various diameters. The elastic deformation has been shown as well as the distribution of mechanical stresses along the
membrane diameter by numerical simulation in the COMSOL program. The area of critical deformation of membrane
has been indicated. A comparison of the results of analytical calculation, numerical simulation and experiment has been
made.

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

BBEAEHUE N3TOTOBAEHHME CTPYKTYPBI
MemOpaHa 4yacTo UrpaeT KJIKYEeBYIO pojib B ceHcopax (MOMC- B naHHOi1 paboTe aBTOPHI UCIOJb30BAIU MAACTUHY KPEMHU S AUa-
ycTpoiicTBax). MeMOpaHa M3roToBJIEHA IO MUKPO- M HAHOTEXHOJIOTUM. MeTpoM 150 MM 1 TotnHo# 670 MkM. belia chopMupoBaHa Kpyr-

TpencrapisieT coboil MIEHKY, YaCTh KOTOPOIi pacrosioxeHa B Bo3iayxe  Jiasg MeMOpaHa Ha Si-kpucTtajuie KBajapaTHOi (GOpMbl CO CTOPOHOIT
M YaCTh Ha MOJUTOXKKE (OCHOBAaHMHM). SIBIseTCA YacThio aHOMA B peHTre- 6 MM. Mccnenyemas cTpyKTypa COCTOUT U3 TUDJIEKTPUUECKHX CIIOEB
HOBCKMX MCTOYHMKAX MJIU SABJISIETCS YaCThIO UYBCTBUTENLHOTO 21eMeHTa  SiO, Tosnmmnoii 0,5 Mxm 1 Si;N, Tonmunoit 0,13 mxm. Tononorus
B ra3oBbIX jgeTekTopax. Pasmep dokycHoro

MATHA U UHTEHCUBHOCTb PEHTTEHOBCKOTO Si; N0 18 MKM:[“Fim

MN3JTYYEHUA YBCINUYUBAIOTCA C POCTOM IIJIO- s|02 0',5\MKM\|"‘|.Im

maau MeMopansl [1]. YBenuuupaeTcst pabouast ]
IJIOLIadb U3MEPEHMIT aTYMKA pacxoaa BO3- 90°
nyxa. C apyroif CTOpOHBI, CHUXKAETCS MeXa-
HMYECKasl IPOYHOCTh CTPYKTYPhI, CIIEN0Ba-

TCJIbHO, YMECHBIIACTCA BEJIMYUHA U30BbITOYHOTO .
’ Si 670 Mkm | pm

NIABJIEHUS, KOTOPOE MOXET BbIACPXKATh CTPYK- JOunameTp kpyrnoin membpaHbl
Typa 6e3 paspyuenusi. Kpome toro, rnosbiiia- P 0,5,0,75,1,0 mm R
€TCsl BEpOSATHOCTD pa3pyLIeHUs IIPUA IKCITOHU- - Diameter of round membrane is i’
POBAHUM 3JEKTPOHAMM aHOIA WM JIETEKTH- 0.5,0.75,1.0 mm

POBaHUM BBICOKMX CKOPOCTEil TOTOKOB ra30B.
[MToaTomMy HEOOXOMMMO KOHTPOJIMPOBaTh Mexa-  Puc. 1. Heeaedyemas cmpykmypa

HUYECKYI0 TIPOYHOCTh MeMOpaH |2, 3]. Fig. 1. Investigated structure
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Fig. 2. Distribution of mechanical stress across the 500 microns diameter
membrane with a critical excess pressure of 2.3 atm

Habopa MeMOpaH mpeacTapiaseT coboit Kpyr nuamerpoM 0,5 Mmm,
0,75 MM 1 1,0 MM, pacriosIOXeHHBIi 1Mo LIeHTPY Kpuctasaa. OTaene-
HUE MJICHKHU OT MOIUJIOKKH OCYIIECTBISIIIOCH ITOCPEICTBOM CYyXOT0
njaasMoxmuMmuueckoro TpasieHus (Bosch-npouecc). B pesynbrare
chopMuUpoBaHa MUJIUHIPUIECKAS] TTOJOCTh B KPEMHUEBOU TTOM-
noxke (puc. 1). B MemOpaHe OTCYTCTBYIOT KOHIIEHTPATOPHI MeXa-
HUYECKUX HAMPSI)KEHU I 32 CUeT UCTIOIBb30BAHUS 1a0I0OHA KPYTIION
GOpPMBI.

YNCAEHHOE MOAEAUPOBAHUE

IIpoBeneHo moxaenupoBaHue B cpene COMSOL. B uucaeH-
HOM MOJEJMPOBAHUU U NaJbHEWIIMX aHAJIUTUYECKUX pacye-
TaX MCMOJIb30BaHBl 3HAYCHM ST MOCTOSTHHBIX YIIPYTOCTH (MOIYJIISI

ynpyroctu E u koadpdunuenta [lyaccona u) us cpenst COMSOL,
anmenHo: £(Si;N,) =250 (I'Ta), u(Si;N,) = 0,23, £(SiO,) =70 (I'Ta),
u(Si0O,) = 0,17. PacripeneneHne MexaHMUECKUX HAMPSXKEHUIT IO [ua-
METpy MEeMOpPaHbI MPU KPUTHUUYECKOM M30BITOYHOM [IaBJICHUU MOKa-
3aHO Ha puc. 2.

W3 puc. 2 BUIHO, YTO MaKCUMaJIbHbIe MEXaHUUECKHUE HATIPsSIKe-
HUS JIOKAJM30BaHbl Ha rpaHulle MeMOpaHa/MoaJ0XKa. 3aBUCU-
MOCTb MaKCHMaJIbHOTO MEXaHMYECKOTO HAMPSIKEHUsI OT U30bITOY-
HOTO JIaBJICHUS ITpeJICTaBJICHA Ha puC. 3.

MaxkcuMajibHOe MEXaHUYEeCKOe HAIPSI)KEHNUE OT U30BITOYHOTIO
NaBJICHU I XOPOIIIO OTIUChIBAETCS CTeNeHHOU hyHKIneit. CpaBHUBasI
TOJTyYeHHOE 9KCIIEPUMEHTATbHOE 3HAUeHEe MAaKCUMATbHOTO MeXa-
HUYECKOT0 HATIPSIKEHU I MEMOPAHBI C INTEPATYPHBIMU 3HAYCHUIM U
[4, 5, 6] (mpemen Texyuectu ans SiO, 8,4 I'Tla, nus Si;N, — 14,0 I'1a),
MOXHO MOATBEPAUTH, YTO MOCTOSTHHBIC BEIUYUH JIJIsT 00BEMHBIX
Y MJIEHOYHBIX MATEPUAJIOB Pa3IMYalOTCsI B HECKOJIBKO pa3.

AHAAUTUYECKUUN PACYET
MeTon 3aBUCMMOCTH MPOTUba MJIEHKU W OT BHEIIHEH HArpy3Ku
MO3BOJISIET ONMPEAEJUTh IBYXOCHBII MOLYb ynpyroctu E/(1 — )
no hopmyse (1) [7, 8]

_4-c,t-w 8-E-t-w

P= a +3-(1—M)-a4’ @

rie P — mpuioXeHHOe AaBJieHue, w — MPOruo (OTKJIOHEHUE) 1IeH-
Tpa MeMOpaHbl; O, a, t, £ 1 L — ocTaToOYyHOe HaNpsiKeHUe, paaunyc,
TOJIIMHA, MOAYyJb FOHTa 1 KoadhbuuueHT [lyaccoHa Kpyrioit MmeM-
OpaHBbl.

BennuumHa ocTaTOUHOro HaNMpsIKEHUs! KPYrjaoil MeMOpaHbl G,
coctasisiet 100 (MITa). Mcriosib3yst 3HaYeHU S TOCTOSTHHBIX YIIPYTO-
CTH, IPUBEIEHHBIX BbILLIE, TOJTYYUIHN TpadrK 3aBUCUMOCTH NMporuoda
MeMOpaHbl OT U30BITOYHOTO AaBJIeHUs (puc. 4).

INTRODUCTION

The membrane often plays a key role in sen-
sors (MEMS devices). The membrane is made
by micro- and nanotechnology. It is a film,
part of which is located in the air and part
on the substrate (base). It is part of the anode
in X-ray sources, or is part of the sensitive ele-
ment in gas detectors. The size of the focal
spot and the intensity of X-ray radiation
increase with increasing membrane area [1].
Measurement working area increases for air
flow sensor. On the other hand, the mechan-
ical strength of the structure is reduced,
therefore, magnitude of excess pressure
that structure can withstand without failure
is also reduced. In addition, the probabil-
ity of destruction increases when the anode
is exposed to electrons or high gas flow rates
are detected. Therefore, it is necessary to con-
trol the mechanical strength of the mem-
branes [2, 3].

STRUCTURE FABRICATION
In this paper, the authors used a silicon wafer
with a diameter of 150 mm and a thickness

of 670 um. A round membrane was formed
on a Si crystal of square shape with a side
of 6 mm. The structure consists of 0.5 um
thick SiO, dielectric layers and 0.13 um
thick Si,N,. The topology of a set of mem-
branes is a circle with a diameter of 0.5 mm,
0.75 mm and 1.0 mm, located in the center
of the crystal. The separation of the film from
the substrate was carried out by means of dry
plasma-chemical etching (Bosch-process).
As a result, a cylindrical cavity is formed
in the silicon substrate (Fig. 1). Mechanical
stress concentrators are absent in the mem-
brane due to the use of a round-shaped tem-
plate for etching.

NUMERICAL SIMULATION

The simulation is conducted in the COM-
SOL environment. The values of elastic con-
stants (modulus of elasticity £ and Poisson’s
ratio ) from COMSOL environment are used
in numerical simulation and further analytical
calculations, namely: E (Si;N,) is 250 (GPa),
u (Si;N,) is 0.23, E (Si0,) is 70 (GPa), u (SiO,)
is 0.17. Stress distribution along the diameter

of the membrane at the critical overpressure
is shown in Fig. 2.

From Fig. 2 it can be seen that maximum
mechanical stresses are localized at the mem-
brane/substrate interface. The dependence
of maximum mechanical stress G,,,, on excess
pressure is presented below (Fig. 3).

The dependence of maximum mechani-
cal stress on excess pressure is well described
by a power function. Next, a comparative
analysis of the obtained experimental value
of the maximum mechanical stress of the
membrane with the reference values [4, 5, 6]
(yield strength for SiO, is 8.4 GPa, for Si;N,
is 14 GPa) is made. It can be confirmed that
the constant values for bulk and film materials
differ by several times.

ANALYTICAL CALCULATION

The dependence of deflection w on pressure P

allows you to determine the biaxial modulus

of elasticity £/(1 — p) by the formula (1) [7, 8]:
4o, tw 8Etw

P ima O




OKCITEPUMEHTAABHOE
N3MEPEHUE MEXAHNYECKHUX
CBOVICTB

Wcnonb3oBasics paHee pa3paboTaHHBIM

CTEeHJ JJIs1 MOJIyYEeHUsT 3aBUCUMOCTH MPO-
rub6a MmeMOpaHbl OT U30BITOYHOTO JlaBJIe-
HUSI, ONpefesIeHUs] KPUTUYECKOro U30bI-
TOYHOTO JAaBJIEHMS, pacyeTa MOIYJ S
fOnra [2]. Ha puc. 4 nHabiogaetcss Koppe-
JISIUST MEXAY 3aBUCUMOCTSIMU MPOruba
MeMOpaHBI OT MaBJICHUS IJIST YUCICHHOTO
MOJIETUPOBAHU S, DKCTIEpPUMEHTA U aHa-
JIUTUYECKOTro pacueta no ¢opmyne (1).
Wcxonnubiii mporud MeMOpaHbl COCTaBISICT
6,7 MKM (B aHanuTuke). Monyas IOura E
MeMOpaHbl yBenudeH Ha 20 % (B Momeau-
poBaHUM).

W3 pucyHka Bblllle BUAHO, 4YTO NpPU
nuamerpe 0,5 MM npeaenbHOe U30BITOY-
Hoe aaBjeHue cocTasisieT 2,3 atM. OTHO-
CUTEJIbHAsl TTOTPEITHOCTh MEXIY IKCIIe-
PUMEHTOM U MOIEJIUPOBAHUEM COCTaB-
nsseT He 6oiiee 1 %. ABTODPBI CBSI3BIBAIOT
MOTPENTHOCTh C OTCYTCTBUEM BHYTPEH-
HUX HaTIPSI)KEHU I B MeMOpaHe P OTCYT-
CTBUU U3OBITOYHOTO NaBiIeHUS (mpu
MomenupoBaHuu). Takxke B pe3yabTaTe
9KCTMEPUMEHTa YCTAaHOBJIEHO, YTO KPYT-
Jible MeMOpaHbl Pa3JIMYHOIO AUaMeTpa
BBIAEPXKMBAIOT OJM3KKME 3HAUCHU ST BHELI-
He#l cunbl. BennuuHa cuiasl cocTaBisieT
46,5+2 MH.

where P is excess pressure, w is deflection
of the membrane center; 6,, a, t, £, and u —
residual stress, radius, thickness, Young’s
modulus, and Poisson’s ratio of a circular
membrane.

The magnitude of the residual stress of the
circular membrane o, is 100 MPa. Using the
values of the elastic constants given above,
a graph of the membrane deflection versus
excess pressure is obtained (Fig. 4).

EXPERIMENTAL MEASUREMENT
OF MECHANICAL PROPERTIES

A previously developed stand has been used
to obtain the dependence of the membrane
deflection on excess pressure, determine the
critical overpressure, and calculate the Young’s
modulus [1]. In Fig. 4, there is a good corre-
lation between the dependencies of deflec-
tion of membrane on pressure for numerical
simulation, experiment, and analytical cal-
culation using formula (1). The initial deflec-
tion of the membrane is 6.7 microns (in analyt-
ics). The Young’s modulus £ of the membrane

is increased by 20 % (in simulation).

MMUKPOCUCTEMBI

N
&

N

y=1,5124x%59%

—_
o

MakcumanbHoe HanpsixeHue, NMa
Maximum mechanical stress, GPa

L
(&

0 0,2 0,4 0,6 0,8 1

1,2 14 16 1,8 2 2,2

M36bITO4HOE AaBneHne, aTM
Express pressure, atm

Puc. 3. 3asucumocms MakcumanbHo20 MeXaHu4ecKoeo HanpsaMceHus om u30b1MOYH020 0aBACHUS

Fig. 3. The dependence of maximum mechanical stress on excess pressure

22 Experiment

+ OkcnepumeHT A 2D mopenb +20% E - @ AHanuTuka
Simulation +20% E

Analytical

20

>

D TRAr

Mporné mem6paHbl, MKM
Deflection of membrane, um

0 0,2 0,4 0,6 0,8 1

1.2 1.4 1,6 1,8 2 2,2

MN36bITOYHOE AaBNeHne, aTM
Express pressure, atm

Puc. 4. 3asucumocms npoeuba membparsl om uzobimouHo2o dasrenus 045 ouamempa 500 mkm

Fig. 4. The dependence of deflection of the membrane on excess pressure for a diameter of 500 um

From the figure above it can be seen that
critical excess pressure is 2.3 atm with a diam-
eter of 0.5 mm. The relative error between
experiment and simulation is no more than 1%.
The authors attributed the error to the absence
of internal stresses in the membrane at zero
excess pressure (in simulation). Also, as a result
of the experiment, it was found that circular
membranes of different diameters withstand
the same external force values. The magnitude
of the force is 46.5+ 2 mN.

The work was performed using the equipment
of MIET R&D center “Microsystem

Techniques and the Electronic Components
Bases” supported by the Ministry of Education
and Science of the Russian Federation (state
contract No. 14.578.21.0188, unique identifier
of the project RFMEFI57816X0188).
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