HaHomMexaHuka

Nanomechanics of materials and systems

Lecture 8
[lncnokaumm B TOHKUX MIEeHKax.
Dislocations in thin films.



PaboTa co3gaHusa amcnokauum
Creation work of dislocation

Slip plane

SHeprvm ONCINOoKaunn paBHa pa60Te, 3anaquH017| Ha ee co3gaHne

”__-'d{;.m — / %ﬂuz dl, Tz'. = oijn; - npuHumn Kowwn (Cauchy priciple)
r

Waln) = ———1In cos2a —

47 (1 — v) ro Smw(l—v) 2(1 — v)

ulb2 + 62 + (1 —v)b?2] 2 . ulb2 + b2] (1—2v)



Cwuna, gencrteytowasa Ha gucnokauunto BONnsmn noBepxHOCTH
Force acting on a dislocation near surface

OHeprna gucnokaumm Bbnuam nosepxHoctu (Energy)
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CobcTBeHHas cuna, npuTarnBatoLast AuCrokaumo K nosepxHocTtu (Force)
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G=10""Pa, b=0.2 nm, v=0.3, =20 nm, F=0.02 N/m



Ynpyraga aHeprna Hanps>XeHHOW TOHKOW MIeHKK
Elastic energy of stressed thin film
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Elastic energy

Pa6oTa no cosgaHunio aucnokauuy B nonocke WupyuHon w=h: W= 2.5 10°J/m?
Dislocation self-energy



PaboTa no co3gaHuto Aucnokauum B HarnpsiKeHHOW NieHKe
Creation work for a dislocation in stressed film

NoBepXHOCTb Ya surface
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Cwuna, gencTeyloLlasa Ha gucnokaumio B
HanpshkeHHoUW nneHke Force acting on dislocation

byom for 0 < n < hs,
Fm(n) =
0 for: hi € o8



Kputnyeckasa TonwmHa anga oopMmpoBaHna gucnokaunm B
HanpsikeHHow nneHke: Critical thickness
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Representative graphs of Wd(r])=ufb2 and Wm(r])=ufb2 versus n/b for a case where the strained film
thickness h, is exactly the critical thickness h_. The dashed curve represents the sum of these two
energies, and the dislocation position n = h__is evidently the only possible equilibrium position in the closed
system. For purposes of illustration, the plot is drawn for v, = 0.25, r,= b/2, b,=0,b, = by and ¢ = 0.005.



Kputnyeckaa tonwmHa gns gpopmMmpoBaHna gmcrnokauum B
HaNpPsXXeHHOWN NrieHkKe
Matthews-Blakeslee critical thickness for dislocation formation in a
stressed thin film
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Kputndeckas tonwmHa. Teopus

Critical thickness with different dislocation cores
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Normalized critical thickness In(h_/b) versus mismatch strain magnitude
€ for three values of core cutoff radius r,= 1/2 b; b; 2b



Kpntnyeckas tonwmHa. GKCNepumMeHT
Critical thickness. Experiment
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Experimentally observed critical thickness versus mismatch strain for the SiGe/Si(100) system is shown as
discrete points. The solid curve represents the

predicted critical thickness for this material system and the dashed curve is the predicted condition simplified
by retaining only the logarithmic term, both for v, = 0.25 and r_ = 1/2 b. Adapted from Houghton (1991).



3aBNCUMOCTb KPUTUYECKOW TOMLWMHBI OT KpucTannorpagpuyeckom
opueHTauum Critical thickness for different crystallographic orientations
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PasHbIM opneHTauunsm oTBedatoT pasHble BeKTopbl broprepca
Different crystallographic orientations correspond to different Burgers vectors



[ncrnokaunm HecooTBETCTBUSA Ha reteporpanuvue Si/SiGe
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A plan-view, bright-feld transmission electron microscopy (TEM) image of misfit dislocations within the interface between a
200-nm thick Si, ;Ge , film and a much thicker (001) Si substrate. The dislocations form a crossed-grid pattern which is
oriented along two <110> directions on the (001) interface plane. After Fukuda et al. (1988).



Kputndeckaa tonwmHa ana GeSi/Si (001)
Critical thickness for GeSi/Si (001)

b=ag, /+/2 =0.39nm

Kpuctannorpadwus:
BeKTop bloprepca, nnockoCTn CKOSbXEHUS;
Cwnbl, OecTBYHOLLIME HA ONCIIOKALNIO

by + b3+ (1— v)b§l 4hey
8r(1+v)boh, b M

ag; = 0.5431 nm g, = 0.5656 nm

asige ~= 0.85ag; + 0.15age = 0.5465 nm




[duncnokaummn HecooTBeTCTBUA Ha reteporpaHuue GaAs/CdTe
Misfit dislocations at GaAs/CdTe interface
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Atomic resolution transmission electron micrograph of an interface between CdTe and GaAs where the
misfit strain is relaxed by the introduction of edge dislocations. The letters ‘S' and ‘F' refer to ‘start' and
finish' for the Burgers

circuit around the dislocation. The bright white spots correspond to atomic positions and the fuzzy white

clusters at the interface correspond to the cores of the dislocations. After Schwartzman and Sinclair
(1991).



MexaHn3mbl OpMUPOBAHNS ONUCNOKALMN HECOOTBETCTBUSA B
reTepoanuTakcmnaribHbIX CUCTEMax
Mechanisms of formation of misfit dislocations

3apoxaeHue gucriokaumin Ha noBepxXHOCTU N CKOSbXKEHUE K
nHtedency. Nucleation at growth surface and gliding to the interface

3apoxaeHne gucrnokaunm HenocpeacTBeEHHO Ha UHTepdence Ha
HavarbHbIX cTagmnsax pocta. Direct formation at the interface during
initial stage of growth

N3rnb gmucrnokaumun, npopacTaromnx n3 noanoxku. Bending of
threading dislocations



3apoxaeHne gucriokaumm Ha NOBEPXHOCTU U CKOSbXEHME K MHTeency
Dislocations gliding to the interface

surface half-loop
dislocation




3apoXxgeHue gmcrnokauumn HenocpeacTBeEHHO Ha MHTepdence Ha
Ha4vyanbHbIX CTaOUAX pocTa
Dislocations in quantum dots

(b) stacking fault
p

Bright-field cross-sectional TEM images (Zou et al. 2002) showing Ge island on Si:
(a) coherent; (b) incoherent.



[lncnokauum Ha retepoanuTakcmaribHoOM nHTepdence
GaN(0001)/GaAs(111)

50 nm

Cross-sectional bright-field TEM micrographs of a
GaAs/GaN hetrostructure. Vertical black arrows show
the directions in the zinc blende

and wurtzite lattices. A horizontal black arrow marks the
location of the

heterointerface. White arrows indicate nanocavities
located in the GaAs

layer near the interface. Chaldyshev et al. 2005

e ~20%




N3rnmb npopacratowmnx gucriokaumnm
Bending of threading dislocations

Cuna, gencTsytoLLas Ha AUCroKaLuio B byoym for 0 < n < hy,
HanpsXXeHHOW nneHke Fm(77) = |

for hy <n < o0.



In(p/b) - dislocation spacing

[TNOTHOCTb AMCNoKauum HECOOTBETCTBUS
Density of misfit dislocations

MpubnmxeHune cpegHero nons. Mean field approximation
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OpHoBpemeHHOe obpa3oBaHne CUCTEMbI ANCITOKALUN
HECOOTBETCTBUS.
Thermodynamically preferable.

SHeprvm CNCTEMbI.

G(h.p) = — [Wa(h,p) + Wi (h, p)

b 2p . . 2wh®
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MocnepoBaTenbHoe o6pa3oBaHWe AUCoKaLmMii HECOOTBETCTBUS
Consecutive formation

OHEpPrusi CUCTEMBbI:

G(h,p) = — [Wa(h, p) + Wn(h, p) + Wa(h, p)]
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MeToabl MOHMXKEHMA MNOTHOCTU ANCIIOKALUMA B CTPYKTYpax
Reduction of dislocation density in heterostructures

« brnoknposaHue gBMXeHUS Ancnokauumn
Blocking the dislocation motion

* WM3rmb gmucnokaumn B NSIOCKOCTb MHTEdenca 1 BbIBO, Ha DOKOBbIE
rpaHu Kpucrasnna
Bending the dislocations into interface

* brioknpoBaHue NCTOYHMKOB AMUCOKaLNN
Blocking the dislocation sources



CBepxpelueTka Kak cpeactBo 60pb0bbl ¢ npopacTatowmnmm
aucnokauuamm
Supelattice as a tool to block dislocations

(a) (b) (c) (d)

(a) CepxpelueTka He NPenaTCTBYET narepanbHOMY ABUXKEHUIO AUCIOKALMMI
(b) CBepxpelueTka nmpenssmcmeyem BepTUKaNbHOMY ABMXEHUIO ANCTIOKaLN
(c) CepxpelueTtka 6s10kupyem paboTy UCTOYHUKA ANCHOKALNN

(d) PesynbraT paboTbl ICTOYHMKA B OTCYTCTBUN CBEPXPELLETKM



Lateral epitaxial overgrowth technique

Advantage:

. Reduced density of threading dislocations
sapphire

Disadvantage:

Spatial modulation of material properties:
Dislocation density
Residual strains

sapphire Background doping

sapphire - Desired result
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3akntodeHne Conclusion

Oucnokauum moryT ObiTb paBHOBECHBLIMY B HanpshXeHHbIX reTEPOCTPYKTypax.
Dislocations can be equilibrium defects in heterostructures.

[uncrnokaunm B reTepocTpykTypax obecneumBaroT penakcaumio 3HEPrm yrnpyrom
aecopManum. _ _
Dislocations reduce total elastic energy in heterostructures.

dopmupoBaHMe AMCNOKaLMA HECOOTBETCTBUS HOCMT NOPOroBbIv Xapaktep. Formation
of dislocations has a threshold.

MexaHu3m oopMnpOoBaHUSA AUCITOKALNW B reTEPOCTPYKTYpax 3aBUCUT OT BESTUYUHBI
coBCTBEHHbIX AedhopMaLnK, XxapakTepa ux pacnpenernenuns, KpuctannoreomeTpum
reTepoCTPYKTYpbI, HANIMYNA UCTOYHUKOB OMCIOKaLUUA N TOYEYHbIX edeKTOB.
Dislocation formation mechanism depends on eigenstrain value and distribution,
crystallography and geometry, presence of dislocation sources and point defects.



[HomawHee 3agaHne (Homework) 7

OnpeaenuTs KpUTUYECKYIO TOJIIMHY KOTepeHTHOU 1ieHKU (Ge, BhIpalliuBaeMo Ha
nojoxkke Si, TonmuHon 400 Mkm, ¢ opueHTanuent (001) U COOTBETCTBYIOLIUM €if
panuyc u3ruba rerepoctpykTypbl. Determine critical thickness and corresponding
curvature of Ge film grown on 400 um thick Si substrate with (001) orientation.

1. Iucnokanum 60-rpaxycusie 60°-dislocations: = [1,1,0], b= [0, %2, 2]

9 =

2. Jlucnokamuu kpaeBbie Edge dislocations: £ =[1,1,0], b= ["2, — %, 0]

ag P C11 €12 C44
Material (A)  (g/em®) (GPa) (GPa) (GPa)
Silicon (Si) 5.4307  2.330 165 64 9.2
Germanium (Ge) 68 5.323 129 48 67.1
Diamond (C) 3.567 3.515 1040 170 550




