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What are the fundamental physical processesWhat are the fundamental physical processes 
involved in thin film deposition?

It depends…

Two Limits: Thermal and Energeticg
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Example: Thermal DepositionExample: Thermal Deposition
Molecular Beam Epitaxyp y

(MBE)

“hot” crucible

substrate
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Example: Energetic DepositionExample: Energetic Deposition

(Biased) Sputter Deposition(Biased) Sputter Deposition

Plasma etches targetPlasma etches target
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Study both with Pulsed Laser 
Deposition (PLD)Deposition (PLD)

Heater
Substrate

f  1Hz
λ= 248 nm

Heater 
T=600‐1000°C

λ  248 nm
P1 MW

Film

Focusing Lens

Film

Vac m ChamberVacuum Chamber
Base Pressure ~10‐8 T
w/Process Gas ~10‐1 T

Target rotates for
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Target uniform ablation



Substrate
SrTiO3

Plume
La Sr MnOLaxSr1-xMnO3
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• Ferroelectricity
• High dielectric Permittivity
S d i i• Superconductivity

• Colossal Magnetoresistance
• Ferromagnetism
• Multi‐ferroic devices
• 2D electron gas

A. Ohtomo, et al, Nature 419, 378 (2002).
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Physical ProblemPhysical Problem

The problem of studying energetic deposition isThe problem of studying energetic deposition is 
extremely challenging due to

Length scales vary from atomic to macroscopic– Length scales vary from atomic to macroscopic 
(e.g., from Å to 10’s or 100’s of m)
Time scales ar from collisions hich last for– Time scales vary from collisions which last for 
roughly one picosecond to layer completion times 
on the order of several seconds (1012)on the order of several seconds. (1012)
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X‐Ray Reflectivity (specular)X Ray Reflectivity (specular)
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780ºC

Schematic Representation Recent (October, 2009) DataSchematic Representation Recent (October, 2009) Data
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Consider Impact of Plume on SubstrateConsider Impact of Plume on Substrate
Assumptions:
1 I l i i1. Impulse approximation
2. Atoms land at random locations on surface

 
 14

I
I  
I

σ = (# of pulses per layer)‐1
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Argues that “island break up” is responsible for smooth growth during PLD.Argues that  island break up  is responsible for smooth growth during PLD.
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Scattering Geometry

l ~ 2
QPeak

200 ms Time Resolution200 ms Time Resolution

• Optimum between diffuse signal 
and thermal backgroundg
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Atomic Force Microscopy

11.3 Monolayers of SrTiO3

StartingStarting
Surface

Excellent real space images of small number of stationary islands.
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Time‐resolved Diffuse Scattering
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Best Fit Parameters

No jump in spacing between islands as laser fires.  Therefore, 
island break up isn’t significant in this particular case

October 11‐13, 2010 18Evolution and Control of Complexity

island break up isn t significant in this particular case.



Arrhenius Behavior

October 11‐13, 2010 19Evolution and Control of Complexity



What don’t we know?What don t we know?
• What happens during plume collision?

– Preliminary tr‐fluorescence data (not shown) indicates different 
species arrive at distinct times.

– tr‐current data (not shown) indicates shock waves in plume.
– What are effects on nucleation, aggregation, coarsening at early 

times?
– How fast is fast?

ld lik f f i l– Would like to perform XPCS on fast time scales
• How to understand diffuse scattering data obtained at 

coalescence?
– Transition from islands to circular pits or to long thin valleys?
– Tr‐Coherent diffraction?
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What would we like?What would we like?
• Pulse Length

Ti l f f i 1Time scale for rearrangement of atoms is 1 
picosecond.  (k=1eV/a2, a = 3Å, m=10‐25kg)

• Pulse Intensity

  psmkTvib 12 2
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• Pulse Intensity
For short pulses, energy deposition is adiabatic.

2

8

2

max max
3

,B

abs

k L
N T

E
 

October 11‐13, 2010 Evolution and Control of Complexity 21

L=100μm, ΔT=1 → Nmax  108 



What would we like?What would we like?
• Repetition Rate

Want to keep flux of modern 3rd generationWant to keep flux of modern 3rd generation 
sources (radiation damage makes higher fluxes 
less useful).less useful). 

1013‐14/second → Repe on rate  1‐100 MHz

• Wave length• Wave length
For atomic resolution structural studies need 

λ  1 5Åλ  1.5Å

• Coherence (focusing) 
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Next Steps: Going beyond line shapeNext Steps: Going beyond line‐shape 
analysis for diffuse scattering
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G(r,t) is maximum amount of information available 
in a scattering experiment
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G(r,t)*r
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SummarySummary

• Need to push both time‐ and length‐scales ofNeed to push both time and length scales of 
our measurements to make progress.

• Moving away from periodic systems.Moving away from periodic systems.
• Non‐destructive, structural studies of 
biologically, chemically, and technologicallybiologically, chemically, and technologically 
relevant materials put tight constraints on 
properties of photon beams.

• For sources to have wide and deep impact, 
need to heed these constraints.
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