HaHomMexaHuka
Nanomechanics of materials and
systems

Lecture 3

MexaHnyeckne HanpsXeHusa u
nedopmMaLnmy B TOHKMX NeHKax.

Mechanical stresses and strains in thin
films.



[edopmauyuna cnnolHown cpeasbl
Deformation of continuum

Transformation of an object
dR=F-dr=(RV)-dr=dr-(VR)
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Displacement field u
R=r+u
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TeH30p manown gedopmauunmn
Infinitesimal strain tensor
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TeH30p gedopmauymu - strain tensor

2 (5xk Ox; )

ﬁ — Vﬂ TeH3op amnctopcum - deformation gradient
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TeH30p BpalleHunmn
Rotation tensor
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TeH30p HanpsXXeHnn KoLuun
Cauchy stress tensor
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3akoH 'yka (Hooke's law)
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TEH30p ynpyrnx KoHcTaHT (stiffness tensor)

Cirt = Cimr = G = Cline
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Kybnueckasi CUMMETpUs — 3 HE3aBUCUMBIX KOHCTaHThI: ¢,,#(C,,-C,,)/2
rekcaroHanbHasi CUMMETPHS - 5 HE3aBUCUMbIX KOHCTaHT: C,., C,,, C,4; Cys, Cyy;
C66=(C11'C12)/2

TeTparoHanbHasi U TPUroHanbHas CUMMETPUN — 9 HE3ABUCUMbIX KOHCTAHT
poMmbuyeckaa cMMmeTpus — 9 He3aaBUCUMbIX KOHCTaHT

MOHOKJIMHHAA cumMmeTpust — 13 He3aBUCUMBbIX KOHCTaHT

TPUKITMHHAsA cMMMeTpuda — 21 He3aBMCMMada KOHCTaHTa

ij or kI 11 22 33 23 31 12 32 13 21
m or n 1 2 3 4 S5 6 7 8 9



TeH30p ynpyrnx KOHCTaHT M3OTPOMNHOro MaTtepuana
(stiffness tensor for isotropic material)
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[TonHaa cucrtema ypaBHEHUN CTAaTUYECKOU TEOPUN YNPYTrOCTU
Full system of equations in static elasticity

Unknown ¢ (6),£(6),u(3)

Boundary conditions y|  =U, oOr
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onutakcus (Epitaxy)
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3anpelleHHaa 30Ha 1 NnapaMeTpPbl PELLETKA
nonyrnpoBOAgHUKOB

— Direct Bandgap
- - - - Indirect Bandgap

Band-gap energy (eV)
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Lattice constant (nm)

gSe

Adapted from V. Keramidas and R. Nahory. Lucent Technologies, Murray Hill, New Jersey, 2001



[1lpaBuno Berapga (Vegard’s rule)

[MapameTp peweTkn GBuHapHOro TBeEpAOro pacTeopa (cnnaea) AByX Matepuanons
C OOMHAKOBOW CTYKTYPOM PELLUETKN MOXET ObITb HANAEH NyTEM JIMHENHOW
NHTEPNONALUNK MeXay napamMeTpamMm peLleTKn NCXOOHbIX COeaUHEHUN,
Hanpumep Ans TBepAoro pacteopa Si, Ge :

asice = (1 — x) ag; + x age.




[TpnMmepbl NONYNPOBOAHMKOBLIX rETEPOCTPYKTYP

Cube-on-Cube (001)
CdZnTe/ZnTe/GaAs/Si (001)

CdZnTe a=0.646 nm

ZnTe

a=0.610 nm

GaAs

a=0.565nm

Si a=0.543 nm

€ = 5.6%
g = 7.4%

g = 3.9%

Hex-on-Hex (0001)
GaN/Sapphire (0001)

GaN
a=0.318 nm
¢ =0.5166 nm

Sapphire (AL0,)
a=0.4759 nm
a/\3 =0.2748 nm
¢c=1.299 nm

g = 14.5%



[TpUYNHBbI paccorniacoBaHne NapamMeTpoB pPeLLEeTKU
MNEHKN U NOANOXKM

Misfit parameter definition: —><—
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[1lpocBeymBatoLas aneKTpoHHas
MWUKPOCKOMNUA BbICOKOIO pa3pelleHns
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A HRTEM [110] cross-séctional view of a coherent interface that develops with no
interface defects during the epitaxial growth of an Al film on a MgAI,O,(001) substrate.
(After Ruhle, Max-Planck Institut fur Metallforschung, Germany.)



CobcTBeHHbIE U ynpyrue gedopmaumm
Eigenstrain and elastic strain

u=u+u* e u* - Heynpyroe (IJIaCTUYSCKOE) CMEILICHUE
Ten3zop aucropcuu 3 (distortion tensor)

B’ = V(u+u*)
itzi g* = (Vu + Vu*)®
o="C¢
V.-o+b=0

gl

['pannanbie yenoBust u(R) =u (R)
Boundary conditions n-c=F



CobCcTBEHHbIE HaAMPSXKEHUS

Eigenstrain
g — af
€m —

af

L _t

m h.f

A= f
" Mihe

Film and substrate separated, but with distributed force f acting on the film edge
so that its strain is exactly the mismatch strain. This loading gives rise to an
equi-biaxial state of stress at each material point in the film; such a state of
stress with magnitude o is illustrated on the right side.



[TneHKka Ha HegedopMmpyemMoun NoanNoXKe
Film on a rigid substrate
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N30TponHbIN MaTepuan
Isotropic material
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Kputepumn HeaedopMmpyemMoCcTu NoanoxKu
Criterion for the rigid substrate assumption

Compatibility of deformation requires - f — € g — ~ m
Equilibrium requires J[f €f h-f —+ J[g 'Esh's — 0
€f — €m €s —

he Mz + ho M, T MM + he M,



PeHTreHoBcKasa agudppakums Ha ynpyro-Hanps>KeHHbIX MneHKax
X-ray diffraction in strained films
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[1neHKa n noanoXxka ¢ Kybnyeckon
cummeTpuen c opmeHtaumnen {001}
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HapskeHHaa nneHka Ha gedopmMmmpyemMon noanoxke
Stressed film on a deformable substrate
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In the upper diagram, the elastic mismatch is maintained by externally applied
traction of magnitude o.; there is no interaction between the film and substrate in
this condition and the substrate is unrestrained. If the externally applied traction is
relaxed, the mismatch strain in the film induces a curvature in the substrate as

shown in the lower diagram.



[Nedopmauunm B NNeHKe U NOANOXKe
Strain in a film/substrate sandwich

Ecnu nepopmanny 3aBUCIT TOIBKO OT Z: € = &(Z)

G)S - (If
€m — .
t a
Vxg xV=0 f
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Jlnst nomoxkku € *, =0 (substrate)
Jis nienku € %, =0 ( film)



®opmyna CtoHum (Stoney formula)

[paHnyHbIe yCroBusa Ha noBepxHoCcT 0, =0 1 yCroBmsi paBeHCTBa HyIo
V4

pPaBHOLOENCTBYIOLLEN CUSTbI U MOMEHTA.
Net force and torque must be zero for equilibrium.

Ona n3oTponHom cpeabl: €gg = €pp — €5 — K2
B cnyyae TOHKOM NMnNeHKn Ha TONICTON NOANOXKKeE
h. /2
S . hy /2 . M h,
IMS(gO —Kz)dz =—f.= Msgoz_hs/2 =-M g,h, ;=& =- A g,
—h /2 s''s
h, /2 3 |7s/2
. _ . z _ . _ 6M fhf
zM (g, —xkzz=—fh /12,= M x =M g,hh /2, =K = —£,
_hs/z 3 _hs/2 MShS
6 f -00paTHbIN paanyc KpMBU3HbI CTPYKTYPHI
K= L R2 -curvature (Stoney formula)
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Crz = Cgz = O:D'.;._._-:. = 0 &0 = 0 ﬂfs — Es( 1 — I”'E..\.J



Multi-beam optical stress sensor

P
specimen
YOC\

camera



Ynpyrue gegopmMaunn B NNeHKe N NoaS10XKe
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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 popmyribl CTOHM
Accuracy of Stoney formula
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SQKCrnepmMeHTanbHoe onpeaeneHne KpUBmM3aHbl 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.



Grid reflection method

camera

hole in grid
for imaging

T reflection of
the grid

specimen reflection of the
hole in the grid

o




Coherent gradient sensor method

Specimen

X, A f
| X

Beam Splitter

Collimated
Laser Beam

¥
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Grating G,

Grating G-

Filtering Lens
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"/\/ Filter Plane
f
/

A Camera

[10 n3MeHeHno VIHTepCbepeHLI,MVI N3MEPAKTCA USMEHEHUA KPUBU3HDbI



MHOrocrnomnHble CTPYKTypbl
Multilayer structures

K = VA ;?_ZAJCE_ZA“C’“

To 1-rst order in the small parameters h./h , 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.



BnunsaHune aHnsoTtponumn Ha gedopmaumnm
Anisotropy in curvature
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ObnacTb reoMeTpnyecKn-HeNMMHENHbIX aedopmMmaumn
Geometrically nonlinear deformations

L 4

ds = \/ dr’ + (Wdr)’
w(r) +w(r) dr

> (] L, / (1 T — l = %{ui" ( r ) }2

w(r) |

r - dr —

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



3MeHEeHMe KpMBU3HbI NO NnoLwaamn
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
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JKCrnepumMeHTanbHoe onpeaeneHue ynpyrux gedopmauymn
B MfeHKax
Experimental determination of strain in films

* V3amepeHua napameTpa peLueTkn NeHoK no
PEHTreHOBCKOWN Andpakumn
X-ray diffraction

* MI3amepeHnsi KpMBU3HbI CTPYKTYP
Optical measurements of curvature

* Mwukpo-PamaHoBcKas CrnekTpocKonums
Micro-Raman scattering

» [IpocBeynBatoLLas aNIeKTPOHHAA MUKPOCKOMNUA
Transmission electron microscopy

* /I3MeHeHne aHeprnm anekTPOHHbIX COCTOAHWUN
Change in electronic states



Mukpo-PamaHoBckas cnekTpockonus
Micro-Raman scattering

Olympus microscope

Lateral mapping <—— ——
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[TIpocBeuvmBatoLLas afieKTPOHHAA MUKPOCKOMUS
Transmission electron microscopy

I o
it YucneHHbIn aHanu3 AJ1IEKTPOHHO-
— m—— . MKPOCKOIMN4eCKnx M3o6pa>|<eHm7|
source — < 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



lameHeHne aHeprmm aneKTPOHHbIX COCTOAHUN
Change in energy of electronic states
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[NomawiHee 3agaHne (Homework) 3

IInenka Ge ToamumHON 4 HM BBIpallleHa SIUTAKCHAIbHO Ha MOJJI0XKKE S1
tomuHon 400 MxM ¢ opueHTanuen (111).

Epitaxial 4nm Ge film was grown on 400um Si (111) substrate.
Onpenenuts (determine):

1) Tenzopsl HanpsKeHUN U JedhopMaliil B IIJICHKE B MPEAIOI0KEHUH, YTO
nouiokKa He neopmupyercd. o and g, for rigid substrate

2) Pagnyc kpuBH3HBI CTPYKTYpPHI 110 popmyiie Ctonu. Stoney curvature.

3) Ten3zopsl HanpsiKEHUH U 1eopMaldil B INICHKE U B MOJIOKKE C YUYETOM
KpUBU3HBIL. Stress and strain tensors in the structure with curvature.

ap P C11 C12 Ca4
Material (A)  (g/em®) (GPa) (GPa) (GPa)
Silicon (Si) 54307  2.330 165 64 79.2
Germanium (Ge) 9-658 5323 129 48 67.1
Diamond (C) 3.567 3.515 1040 170 550




