HaHoMexaHukKa
Nanomechanics of materials and systems

Lecture 4

KpuBn3Ha U HEYCTONYMBOCTb TOHKUX
NIEHOK

Curvature and surface instability



Oedopmaunm n nsrnbd B NrieHKe 1 NOASIOXKKE
Strain and bending in a film/substrate sandwich
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Ynpyrue geopmalmm B nreHKe N NoAsioxKe
Strain in film and substrate
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z/ hs - thickness coordinate

The distribution of normalized strain € =¢_ versus normalized distance z/h_across the
thickness of a substrate-film system for three values of the ratio h/h_. The neutral
plane of the substrate is located by the value of z at which € /e = 0. The material
properties are such that M/M_ = 1.



To4yHOCTb doopmyrbl CTOHK
Accuracy of Stoney formula
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OKCnepuMeHTanbLHoe onpeaeneHne KpUBN3Hbl CTPYKTYP
Experimental study of curvature

ITaszepHoe ckaHupoBaHMe nosepxHocTu (Laser scanning)

MHoronyyeoe ontuyeckoe otpaxeHue (Multibeam
optical reflection)

OTtpaxeHne nsobpaxxeHnsa ceetnon cetkun (Grid
reflection)

3ameHeHne KapTuHbl MHTepdepeHumnn (Optical
interference fringes)



Scanning laser method

position=sensitive detector
mirror | |

laser
]

w(r)  dO(r)
dr? dr

=

™ |~

cnonbayeTtcsa ans in-situ MOHUTOPUHra gedopmMaunin rnpu HapawmsaHum
nneHok, Hanpumep, npn MBE n MOCVD.



MHOrocrnoumHble CTPYKTYpbI
I\/IuItiIayer structures
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To 1-rst order in the small parameters hi/hs, the total curvature
1s equal to the simple sum of the curvatures that would be
induced 1f each individual layer would be deposited by itself
on the substrate. Each individual curvature Kgei 1s given by the
Stoney formula.



BnnaHmne aHnsotponum Ha gedopmauunn
Anisotropy in curvature
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O6nacTb reoMeTpmnieckn-HenMHENHbIX gedopmMaLnm
Geometrically nonlinear deformations
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ds = \/ dr’ + (Wdr)’
w(r) +w(r) dr
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BpaleHus1, BbI3BaHHBIE U3THOOM C BEpTHKAJIbHBIM CMEIICHHUEM
w(r), MOTYT OBITh HE MaJlbl, JaXe €Clu Ae(pOopMallui MaJibl.

Stoney formula: w'(R) = xR and g = 1/6 xh_

{u }—3351

2¢€, hs
B BeIpaxkenue mis agedopManun HaJao JO0OABUTh YICH BTOPOTO
IMopAAKa MaJIOCTH, CBSI3AHHBIM C BPpAalllCHHUAMMU. Ynenamu BTOPOI'O
IMopAAKa MaJIOCTH, CBIA3daHHBIMU C paCTH)KeHHCM CKATUCM,

mpeHeoperaeM. ¢ (r. z) = u/(r) — 21 {u )12



3MeHeHne KpMBM3HbI MO nnoLwagmn
Variation of curvature
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Experimentally observed and numerically estimated variation of curvature
as a function of radial position, measured from the center of a Si substrate
with a W film deposit. After Finot et al. (1997).



Bifurcation in equilibrium shape

Example:
graphite-polyimide laminate
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€, - hormalized mismatch strain
K, - hormalized curvature

TpeboBanre MUHUMYyMa yIIPyTroi SHEpru NpuBoAUT K (minimum of the elastic energy requires)

(Kz— Ky) {/i,;rfi,yR4(l +v) — 16(hs + llf):z} — (. R is radius of the wafer



JQKCrepuMeHTanbHoe onpegeneHue ynpyrnx gecopmaumnim B nreHKax

Experimental determination of strain in films

N3amepeHna napameTpa peLeTkn NneHoK no
PEHTreHOBCKOWN Andpakumn
X-ray diffraction

N3mepeHns KpBU3HbI CTPYKTYP
Optical measurements of curvature

Mukpo-PamaHoBCKasa CrekTpoCKOonus
Micro-Raman scattering

[TlpocBeynBatoLLLad AfIEKTPOHHAA MUKPOCKOMUS
Transmission electron microscopy

IamMeHeHne 3Heprum aneKTPOHHbIX COCTOAHUMN
Change in electronic states



Mukpo-PamaHoBcKkaga cnekTpocKonums
Micro-Raman scattering

Olympus microscope

Lateral mapping <—— ——
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[TpocBeymBatoLLLas aNeKTPOHHAA MUKPOCKONUS
Transmission electron microscopy
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" YncneHHbIn aHanus AJ1IEKTPOHHO-
ga o
m— m— " MKPOCKOIMN4eCKnx M306pa>KeHI/WI
source - o drain
channel NO3BOJIAET NOCTPOUTDb Mnorse
CMELLUEHUN.
p-type MOSFET

Strain mapping into a uniaxial
45 nm strained channel pinched
between Si; ,Ge,, source and
drain. Simulation is on the left
: and experiment on the right.
Ly * Courtesy of CEMES-CNRS,

-, - Toulouse, France



1ameHeHne aHeprum aneKTPOHHbLIX COCTOAHNN
Change in energy of electronic states
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Should a surface of a stressed solid be flat?

Does a flat surface provide the lowest
energy?



HecTabnnbHOCTb MEXaHUYECKN HaMNpPsXKEHHON MINEHKN
Instability of mechanically stressed films

[MprynHa HeCcTabUNbHOCTN — N3BLITOYHAA ynpyras SHeprug
Origin of instability is elastic energy

® = [U(e)dV + | ydS

MexaHn3m pas3BuUTUS HeECTabUIMbHOCTU - NOBEPXHOCTHAA Anddy3us
Mechanism of instability development is surface diffusion
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Manble nepmnognydeckmne nameHeHn4 ToJ1lnHbI

Small periodic variation of thickness
vt

—

film < A g | /

substrate
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Manble nepmnognydeckmne nameHeHn4 ToJ1lnHbI
Small periodic variation of thickness
ViA(x,y)=0:60"Y >0 as y —> —o
A® =(c, +¢,y)ac, explo(y —h))cos(wx)
A% =ac, (v —h)explo(y —h))cos(wx)
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FpaHI/IqHHe yyciaosu (Boundary conditions) y =4 :
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[1TNOTHOCTbL AHEPTUMN N XUMUYECKNU NMOTEHLMAnN
Energy and chemical potential

[Tnockas 3anaua ( plane strain)
E
W3menenne »»Hepru aedopmainmu BAOIL TOBEpXHOCTH ( Deformation energy along x)
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VYBenuueHue mionaau MoBEepXHOCTH KBAIPAaTUUHO 0 a / A (change in surface area)
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Kputnyeckasi annHa ctabunbHOCTU
Critical length of stability

T

[1yCTb a 3aBUCUT OT BpEMEHHU U = (1 COS

N3MeHeHre cBOOOIHOM SHEPTUH, YCPEAHEHHOE 10 TIEpHUOAY A
Free energy over a period
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Kputnueckas nnuna nepuona (Critical period )
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HectabunbHocTb A3apo-Tunnepa—I puHdensga
Asaro-Tiller-Grinfeld instability




l film - A

HecTabnnbHOCTb HANPAXXEHHOW NIEHKU
Asaro-Tiller--Grinfeld instability

substrate

Asaro-Tiller--Grinfeld instability

v=20.3
G=0.67 10" Paq
y=1J/m?

¢ =0.007

M =E/1-v)
E =2G(1+v)
N l-v mvy
U260 +v)? e
A =200 nm



HectabunbHOCTb nneHkn GeSi Ha Si
Asaro-Tiller--Grinfeld instability of GeSi on Si
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Transmission electron microscopy cross-sectional image of a Si,,Ge,, ., alloy
film grown epitaxially on a Si substrate (a). The ridges are aligned with a <100>
crystallographic direction. While the TEM image appears to represent a fully
two-dimensional configuration, the planview images of the film surface (b) shows
that the regular ordering has a relatively short range. The normal distance
between parallel lines in the lower images is the peak-to-peak distance in the
upper image, or about 300nm. Reproduced from Cullis et al. (1992). ¢ _=0.66%
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BoamyLleHna BTOpOro nopsaaka
Second order disturbation
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[TpMMEHUMOCTb NPUONMXKEHUA MarbiX NyKTyauum
Applicability of small perturbation approach
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The dependence of change in surface energy and elastic energy of a solid due to
sinusoidal perturbation of surface shape versus the amplitude-to-wavelength ratio of
that perturbation. The results show that the small slope approximation is reliable for
values of a/A up to 0.1, and is a fair approximation for significantly larger values.



[NomawiHee 3agaHne (Homework) 4

IInenka Ge ToamuHON 4 HM BhIpalcHa
AIIMTAKCUAIBHO Ha IOJIOKKE S1 ¢ opueHTauuen (111)
u TomnuHaou 400 MKM.

4-nm-thick Ge epitaxial film was grown over 400-
um-thick S1 substrate with (111) orientation.

Onpenenuts (determine)

1. AHA30TPONMIO KPUBU3HBI CTPYKTYPHI 110 CTOHU
Anisotropy of Stoney curvature (if any?)

2. Kputnueckyto qimuny Asaro-Tiller-Grinfeld
HecTaOMIbHOCTH TUIeHKH (Y = 1 J/m?).
Asaro-Tiller-Grinfeld critical length (y = 1 J/m?).



