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Outline

•Motivation

•ExperimentalApparatus

•SurfaceX-rayDiffraction(SXRD)

•QuantumSizeEffects(QSE)and

QuantumConfinement

•I.LayerRelaxationsinPb/Si(111)

•II.Temperature-DependentGrowth

Studies

•Summary
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ThinFilmGrowth
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Layer-by-Layer
(vanderMerwe)
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−→Combination←−
(Stranski-Krastanov)
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3-Dislandformation
(Vollmer-Weber)
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X-rays

?????

Quantumconfinementofelectronicstates

⇓
Preferredthicknesses
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QuantumSizeEffectsinPb/Si(111)

•Islandheightsappearto

behighlyuniform

⇒preferredthicknesses

•Self-organization

attributedtoQSE

•Morphologydependson:

→Temperature

→Pbcoverage

→Pb/Siinterface

→Kineticpathway
M.Hupalo,et.al.,Surf.Sci.493(2001)526
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SXRDChamberatSector33ID
UNICAT,AdvancedPhotonSource
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SurfaceX-rayDiffraction(SXRD)

SpecularReflectivity

θ θ

ki kf

HHHHHHHHHY©©
©©

©©
©©

©¼

6q=kf−ki

•Sinceq·a1=q·a2=0,the

specularrodisinsensitiveto

in-planeorder

•Thinfilmoverlayerswill

contributeanamplitude

similartotheN-slit

interferencefunction,

SN(x)=
N−1 ∑

n=0

einx

•x=0,2π→Braggpeaks

0

N
2

2π/N

(a)

0π2π
x

N
2

(b) |S
N (x)| 2

N-SlitInterferenceFunction
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InterlayerRelaxationsin
Pb/Si(111)

•PreviousSTMstudyobserved
oscillationsinstepheights

•Stepheightscorrelatedwith
electroniceffects

•But:stepheight;layer
thickness

•Magnitudeoflayerrelaxations?

•Penetrationintofilm?

•FollowFriedeloscillations?

•Samplesgrownondifferent
Pb/Siinterfacesexhibitdifferent
preferredthicknesses
⇒differentlayerrelaxations?

W.B.Su,et.al.,PRL86(2001)5116
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ElectronConfinementandQuantumSizeEffects(QSE)

•Conductionelectronsinthin
metalfilmstakeon
particle-in-a-box-likestates

•Free-electronchargedensity
exhibitsFriedeloscillationsin
z-direction

•Oscillationshaveawavelength
≈π/kF=λF/2

δρ(z)=−
1

CD

(

k
2
F+

1

4

∂
2

∂z2

)

SD

∆s(z)=A
∂

∂z
δρ(z)

SD=
1

2
sin2kFzcot

πz

D−sin
2
kFz

- z
66

D ¾-

¾-∆s¾- ∆0 wwwww

¾- d©©
©©¼?

HH
HHj

atomcores

Density Variations

First Derivative
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SXRDReflectivityModelforPb/Si(111)

A(l)∝G(θ)

[

fSi(l)e−2MSi1+e−2πil/12

1−e−2πil/3

︸︷︷︸
Sisubstrate

+fPb(l)e−MPb

∑

{N}
θN

N∑

j=1

e
2πilzj,N

︸︷︷︸
Pbfilm

]

Arangeofdifferentislandheights{N}isusedwithoccupanciesθN

Theatomz-positionsaredeterminedviathefree-electronmodel:

zj,N=z1+

j−1 ∑

n=1

[

d+∆t
(
∆s+(n−

1
2)d

)]

where

∆t(z)=∆s(z+d)−∆s(z)

Parameters:scalingfactor,A,δd,∆0,∆s,{θN},MPb
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SXRDReflectivitySimulations
Intensity (arb. units)

9 8 7 6 5 4 3 2 1 0
l = qza3/2π

 No Layer Expansions
 Periodic Layer Expansions

-6
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%
 E

xpansion
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Layer Number

Layer Expansion Profile

•Simulationsarefor
10MLPbon
Si(111)-7x7

•ForPb(111),
λF/2≈1.8d

•Usedsimplistic
sinusoidalmodel
forzj

•Half-orderfeatures
appearwith
expansions
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LayerRelaxationsinPb/Si(111)

•Pbwasdepositedonboththe
7×7and

√
3×
√
3-βinterfaces

•Profileswerefitwitharange
ofislandheightstoallowfor
anon-uniformdistribution

•Profileswerefitwithand
without(A=0)layerrelax-
ations⇒half-orderfeatures
notreproducedwithoutlayer
relaxations

(a)8.5MLPbonSi(111)-7×7
Depositedat185K
N=10islands

(b)4.5MLPbon
Pb/Si(111)-

√
3×
√
3-β

Depositedat115K
Annealedto180K
N=8islands

10 9 8 7 6 5 4 3 2 1 0
l = qza3/2π

Intensity (arb. units)

(a)

(b)
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LayerRelaxationResults

7×7
√
3×

√
3-β

ParameterN=10N=8

A(Å
2
)86±35135±35

∆s(Å)0.36±0.050.76±0.25
∆0(Å)0.90±0.400.31±0.08
δd(%)-0.90±0.31-0.77±0.65

•Moredataneededfortrends

•Oscillatoryrelaxations

apparent
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IslandGrowth

0π2π0π2π

Intensity (Log S
cale)

x = qza3

•Growthcurvemodel:
A(qz)=

∑

{N}θNSN(qza3)

•MonolayervsBilayergrowth

•Distributionofislandheights
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IslandGrowthExample—Pb/Si(111)

•Startedwith4.5MLPbon
Pb/Si(111)-

√
3×
√
3-β

•Primaryislandheightevolvesas
T↗:N=5→6→8→10→···

•Bilayerheightselectionevenasfilm
roughens

•MovementofPbpeakatl≈6.4to
6.6⇒layerspacingbecoming
bulk-like

•AsT↗,islandsgrowirreversibly
⇒kinetics

•Expectinterfacedependence

•Applicationtoothersystems:
Ag/Si,Ag/GaAs,Pb/Ge,Ag/Fe?

9 8 7 6 5 4 3 2 1 0
l = qza/2π

113 K
(base)

153 K

158 K

163 K
168 K

173 K

178 K
183 K

188 K

193 K

209 K
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Summary

•Unusualgrowthbehaviorhasbeenobservedinthin

metalfilms⇒attributedtoQSE

•Electronicconfinementcanleadtopreferred

thicknessesaswellascharacteristicstructuraleffects

•Bothelectronic(thermodynamic)andkineticeffects

important

•Proposedexperiments:

1.LayerrelaxationsinPb/Si(111)

2.Studiesofislandgrowthwithtemperature

•Needmoredata
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MeasuringReflectivity
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q

•Rockingcurvetakesperpendicular
cross-sectionofrod

•Ridgescantakesdiagonal
cross-section

•Resolution=dq⊥≈kdβ
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X-rayIntegratedIntensity

electron:A(R,t)=−A0r0
eikR

R
cosφr0=

e
2

4πε0mc2=2.82×10−5Å

distrib.:A(q)=−A0
r0

R

∑

rj

e
iq·rj

→I(q)=I0
r
2
0

R2|F(q)|
2

IntegratedIntensity(totalenergymeasuredbydetector)

E=

∫∫∫

I(q)dtR
2
dβdγβ,γ=angulardirectionsofslits

=

∫∫∫

I(q)
R
2

ω
dαdβdγscanfromαtoα+dαintimet

Whatwereallywantistheintegralinreciprocalspace,
∫
dq

=I0
r
2
0

ω

∫∫∫

|F(q)|
2
J−1dqxdqydqz

whereJistheJacobianforthetransformationα,β,γ→qx,qy,qz

J−1=“LorentzFactor”
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Free-ElectronDensityinaQuantumWell(Expanded)

ρ(z)=
2V

(2π)3

∫kF

0

d
3
k|Ψk(z)|

2
∑

n

δ
(
kz−

πn
D

)
(1)

=

n0
∑

n=1

2π
(
k
2
F−k

2
z

)
sin

2
kzz(2)

δρ(z)≡
ρ(z)−〈ρ(z)〉z
〈ρ(z)〉z

(3)

=−
∑n0

n=1

(
k
2
F−k

2
z

)
cos2kzz

∑n0

n=1

(
k2
F−k2

z

)(4)

=−
1

CD

n0
∑

n=1

(

k
2
F−

(
πn

D

)2)

cos

(
2πnz

D

)

(5)

=−
1

CD

(

k
2
F+

1

4

∂
2

∂z2

)

SD(2πz/D)(6)

∆s(z)=−
A

CD

(

k
2
F

∂

∂z
+
1

4

∂
3

∂z3

)

SD(2πz/D)(7)

∆t(z)=−
A

CD

(

k
2
F

∂

∂z
+
1

4

∂
3

∂z3

)[

SD

(
2π(z+d)

D

)

−SD

(
2πz

D

)]

(8)
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ChargeSpillageintoVacuum

•STMimagestakenwithdifferentbiases:(a)-5V(b)+5V

•(a)↔“real”islandtopology

•(b)↔electronfringesshowingvariablespillageofchargedensityintothe
vacuum

I.B.Altfeder,et.al.,Phys.Rev.Lett.78(1997)2815
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RockingCurvesvs.“Ridge”Scans

0.001
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