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Introduction Introduction 

MorphologicalMorphological evolutionevolution of of SiGeSiGe layerslayers on :on :

* Si(111)* Si(111)

* Si(001)* Si(001)

ConclusionConclusion



= Gradient in µ

CONFIGURATIONAL FORCECONFIGURATIONAL FORCE



Volmer Veber
or island growth

dµµµµ / dn < 0

Stranski Krastanov
or layer by layer growth 
followed by 3D islands

dµµµµ / dn >/< 0

Frank van der Merwe
or layer by layer growth

dµµµµ / dn > 0

GROWTH MODESGROWTH MODES



During epitaxyDuring epitaxy

Strain energyStrain energy Surface Surface energyenergy



Misfit   εεεε = ∆∆∆∆a / a = 4.2 %

aSi = 5.4311 Å 

a Ge = 5.6579 Å

h h ≥≥≥≥≥≥≥≥ hh crcr

h h << hh crcr h h << H H crcr

h h ≥≥≥≥≥≥≥≥ H H crcr

StranskiStranski--Krastanov growth Krastanov growth mode : 2 mode : 2 critical thicknesscritical thickness

hhcrcr // H H crcr

Strain energyStrain energy

hhcrcr

Chemical potentialChemical potential

HHcrcr



εεεε ~ 1 %

εεεε ~ 2 %

Comparaison (111)Comparaison (111) andand (001)(001)

2D 2D nucleationnucleation
layer by layerlayer by layer

Kinetic 
growth instability
only on (001)

SS--K K growth growth modemode
withwith Plastic relaxationPlastic relaxation

(001)(001) (111)(111)

3% < εεεε < 4.2%

Ge Ge



Si Si
Interface

(001) (001) 
Growth instabilityGrowth instability

(111)(111)
Layer by layer Layer by layer growthgrowth

WHY ?WHY ?

NO STRAIN ENERGY !NO STRAIN ENERGY !



GROWTH OF SiGe ON Si(111)



2D 2D nucleationnucleation

B. B. Voigtländer Voigtländer et al.,et al., ReviewReview ofof ScientificScientific Instruments 67 (1996) 2568. Instruments 67 (1996) 2568. 

REGIME I:REGIME I:
2D GROWTH2D GROWTH

Step flowStep flow layer by layerlayer by layer growthgrowth

I. I. Berbezier Berbezier et al., Surf. et al., Surf. SciSci. 412/413 (1998) 415 . 412/413 (1998) 415 
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x = 0.15x = 0.15

x = 0.4x = 0.4

x = 0.8x = 0.8

Fully strainedFully strained

DislocatedDislocated

3D 3D islands islands + dislocations+ dislocations

REGIME II:REGIME II:
3D GROWTH3D GROWTH

Si Si 11--xx Ge Ge xx

(113)(113)



Si (111) surface

Morphological EvolutionMorphological Evolution ofof SiGe LayersSiGe Layers::
ExperimentalExperimental «« kinetickinetic » phase» phase diagramsdiagrams, Si(111), Si(111)

�Two regimes:
•2D layer by layer at low (h,m)
•Classical SK growth (dislocated islands) at high (h,m) 

misfit (m)

(113), (111)

Tg ~550°C
h



A. A.A. A. Stekolnikov andStekolnikov and F. F. BechstedtBechstedt, PHYS. REV. B , PHYS. REV. B 7272, 2005, 2005

Equilibrium shape Equilibrium shape of Ge / Siof Ge / Si

Corresponds to Corresponds to the experimental resultsthe experimental results
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Scan size : 2 µm INFLUENCE OF VICINAL SUBSTRATEINFLUENCE OF VICINAL SUBSTRATE

h = 10 nm x = 0.3

ML ML stepssteps

Step bunchingStep bunching

FACETINGFACETING

P stable if ∆Φ  = Φ’ − Φ0 > 0 with Φ’ = σ1 (θ1) Σ1  + σ2 (θ2)Σ2
Condition of stability : surface stiffness of  p > 0
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GROWTH OF SiGe ON Si(001)



Morphological EvolutionMorphological Evolution ofof SiGe LayersSiGe Layers::
ExperimentalExperimental kinetickinetic phasephase diagramsdiagrams, Si(001), Si(001)

Tg ~550°C

44 growth regimesgrowth regimes

Si (001) surface
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REGIME I:REGIME I:
ROUGHENINGROUGHENING Remains Remains flat flat during annealingduring annealing



thickness

[10 n] n ~5

REGIME II : HUTS ISLANDSREGIME II : HUTS ISLANDS

5nm5nm 10nm10nm

[110] [110]



Stress Relaxation : XRD analysis

Small relaxation (0.2%)
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As grown
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Recuit 550°C 
(1h –> 18h)

Facettes [113]

[110]

Ilots « dômes » 2 niveaux de relaxation

As grown
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TEM Cross-section

Influence of vicinal Influence of vicinal substratesubstrate
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As grown

[110]

Annealed 550°C 
(1h –> 18h)

[113] facets 
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« Domes » islands



DésorientationDésorientation

MarchesMarches
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SiGe   SiGe   35%    100 Å35%    100 Å

Morphological shape Morphological shape transitiontransition

REGIME III: BIMODAL ISLANDSREGIME III: BIMODAL ISLANDS

Transition :Transition : Huts Huts �������� DomesDomes



Bimodal relaxation

Huts   and   Domes

0.25% and 0.85% relaxation
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AnnealingAnnealing 550°C 18 h550°C 18 h
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Stress RelaxationStress Relaxation
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Bimodal size distribution of Domes

x = 50 % m = 2 %150 Å
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can

 : 20 µµ µµ
m

Again 2 levels of relaxation

REGIME IV: BIMODAL DOMESREGIME IV: BIMODAL DOMES
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RegimeRegime II:II: growth instabilitygrowth instability
RegimeRegime III: III: islandsislands
Morphological islandMorphological island transition transition 
explained explained by stress relaxationby stress relaxation

KINETIC PHASE DIAGRAMS

NoNo kinetic instability kinetic instability 
NoNo strained islandsstrained islands



Macroscopic strain Macroscopic strain models models cannot explain cannot explain : : 
•• comparisoncomparison (111) / (001)(111) / (001)
•• wires perpendicular wires perpendicular to to step edgesstep edges

Stress Stress driven instability driven instability ??????

surface  energy σσσσ
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BUT : BUT : SK SK instability does instability does not not form form on Si(111)on Si(111)
Stabilisation of (105) Stabilisation of (105) facets under facets under stressstress

SK on (001)  SK on (001)  ≠≠≠≠≠≠≠≠ relaxation of relaxation of elastic energyelastic energy
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StepStep--stepstep InteractionInteractionSteps edge energySteps edge energy

-- Surface reconstruction Surface reconstruction (MD et ab initio) Raiteri, Migas, Miglio, Phys Rev. Lett. (2002)
Balance elastic energy and facet energy

--Sufrface energy Sufrface energy of vicinal surfaceof vicinal surface (continuum model)
Tersoff Phys Rev. Lett.; Shenoy, Freund (2002)



Strain

Surface Energy (meV/A02) )

Ge(001)

Ge(105)Ge(105)
= minimum of surface = minimum of surface energyenergy

⇒⇒Explains the destabilisationExplains the destabilisation ofof thethe (001)Si (001)Si 
underunder compressive stresscompressive stress



TWO GROWTH MODES ON SI(111)

Si(111): Si(111): 2D layer by layer 2D layer by layer �� 3D 3D dislocated islandsdislocated islands

THERMODYNAMIC EQUILIBRIUM SHAPETHERMODYNAMIC EQUILIBRIUM SHAPE

FOUR GROWTH MODES ON SI(001)

Si(001) :Si(001) : 2D 2D �� instability instability �� islanding islanding �� 3D 3D dislocated islandsdislocated islands

elongated islandselongated islands ⊥⊥ step degesstep deges

SURFACE ENERGY MINIMIZATION + KINETICSSURFACE ENERGY MINIMIZATION + KINETICS


