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Pulsed Laser Deposition



Pulsed Laser Deposition (PLD) equipment
for thin film material science and nanotechnology



Materials for Oxide Electronics

(high K) Dielectrics for CMOS:
Al2O3-HfO2-ZrO2, BaxSr1-xOy

Magnetic (semi)conductors (ferromagnetic tunnel junctions):
SrRuO3, Sr2FeMoO6

CMR and related materials:
La0.7(Ca,Sr)0.3MnO3 LaCaCu3Mn4O12

Non-linear optical and transparent conducting oxides:
Sr2CuOxLa0.7Ca0.3MnO3, ITO, ZnO

Ferroelectric materials, multiferroics:
BiFeO3, (Ba,Sr)TiO3, Niobates, PZT

Superconducting materials:
YBaCuO, BiSrCaCuO

Exploiting the wide range of physical properties available in 
(complex) oxide materials

Introduction



Important innovations for epitaxial complex oxide growth 
(near)stoichiometric transfer of complex oxides 



Deposition technique : Pulsed laser deposition

1. Stoichiometric transfer from target to film

2. Tunable kinetic energy of deposited particles

3. High supersaturation during deposition pulse 

4. Instantaneous deposition

Special features of Pulsed Laser Deposition

For complex oxides:

EA ~  0.5 - 2 eV

T ~ 800 - 1100 K

tdeposition ~ 100 µsec

tD > tdeposition
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Thin film growth; PLD parameters

Growth parameters:
• Laser energy density (J/cm2), 

ablation spot
• Pulse frequency
• Background gas
• Substrate temperature
• Spot size and shape

Control over parameters for reproducibility!



Cubic
LaAlO3 : 3.780 Å
SrTiO3 : 3.905 Å
SrRuO3 : 3.93 Å
PbTiO3 : 3.90Å

Schematic view of the ABO3 perovskite structure

Introduction



SrO-terminated SrTiO3 : 
Subsequent deposition of single SrO layer by pulsed laser interval deposition 
G. Koster et al.,  APL 74, 3729 (1999)

TiO2-terminated SrTiO3 : HF-acid/anneal treatment 
G. Koster et al., APL 73, 2920 (1998)

Single terminated substrates



AFM, STM

UPS, XPS,
XPD

PLD

Evap



Phosphor screen
+ CCD camera

Heater with substrate

Target holder

Laserbeam

Electrongun

2-stage differentially pumped

to main turbo pump



Growth monitoring during PLD :
RHEED Electron gun

CCD camera



TiO2-terminated SrTiO3 substrate
RHEED pattern

PLD with in-situ growth monitoring 
by high-pressure RHEED

RHEED : Reflective High-Energy Electron Diffraction



(01)

(00)

(01)-

Direct beam

Specular spot

PLD with in-situ growth monitoring 
by high-pressure RHEED



Kikuchi lines :

Indicating a 
2-dimensional flat surface

PLD with in-situ growth monitoring 
by high-pressure RHEED



Laser pulse

Deposition pulse

Supersaturation

~ 0.1 – 2 sec.

Deposition and Growth are separated in time:
This enables measurement of the kinetic parameters at growth 
conditions by monitoring the decay of the adatom density between 
the deposition pulses.

Growth

PLD kinetics



PLD with in-situ growth monitoring

RHEED provides information of the surface morphology and atomic arrangement at surface 
and is mainly used for growth monitoring.

Surface XRD: X-rays interact only weakly with matter and modeling
of the diffracted intensities provide also provides information on
atomic structure & microstructure of the film grown.

X-rays

Diffractometer

RHEED SXRD



Growth of  Thin Films
controlled by the interplay of thermodynamics and kinetics.

Growth modes:
• Layer-by-layer, or Franck van der Merve (FM) growth
• Island, or Vollmer-Weber (VW) growth
• Layer plus island, or Stranski-Krastanov (SK) growth 

The occurrence of the individual growth modes is governed by the bond strength between the 
atoms in the layer and the atom-substrate bonds. 



Island number density
The following elementary processes take part at layer growth: Adsorption, surface diffusion, re-
evaporation, capturing by defects and combination with other adatoms to form clusters (nucleation).

Small clusters are metastable but they become stable at a critical island size, 
determined by the energy gain for condensation and the energy cost to form new 
surfaces.



Kinetic effects during epitaxial growth

The actual growth is not only determined by thermodynamics 
but also by kinetics.
In particular the mass transport on the surface determines the growth:
• Intralayer mass transport (diffusion on a flat terrace)
• Interlayer mass transport (diffusion across a step edge)

An atom approaching a lower step site will stick.
Coming from the high step site there may also be a
barrier (Schwöbel-Ehrlich barrier, EES), because at the
step the coordination is reduced.
The interlayer mass transport probability is given by: ÷
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Depending on the relative rate of intra and interlayer mass transport different growth modes exist:
• step-flow growth 
• layer-by-layer growth
• multilayer growth



RHEED monitoring of homoepitaxial growth of SrTiO3

Ideal
2-dimensional growth

Non-ideal
3-dimensional growthvs.



Laser-MBE with RHEED



Indication of  step density
RHEED Oscillations



RHEED intensity during homoepitaxial SrTiO3 growth

Oxide thin film growth:
Growth kinetics

layer-by-layer growth



t ~ r2/DS

Diffusion length

n the attempt frequency for atomistic processes
a hopping distance
EA the activation energy for diffusion
kB Boltzmann’s constant
T the temperature

Diffusion time

LD ~ (DSt )½

t residence time

r

Diffusivity

r radius island
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Growth Kinetics



Model for 2D layer-by-layer growth with island density NS

( ) ( )
SN
tt q

=pr 2
2

( ) S
)(

S ND pµ

q
=t 20

1

2

SN
)t()t( q-

=pr
12

1

( ) S
)(

S ND pµ

q-
=t 20

1

1
1

( ) ( )
÷÷
ø

ö
çç
è

æ
÷÷
ø

ö
çç
è

æ
t

--
q-

+÷÷
ø

ö
çç
è

æ
÷÷
ø

ö
çç
è

æ
t

--
q

=qD --

1

1

2

1 111 texp
n

texp
n

t
P

n

P

n
n

A.J.H.M. Rijnders, The initial growth of complex oxides: study and manipulation (2001)



NS = 2x1011 /cm2, T = 850 0C, EA = 2.2 eV, nP = 20, f = 0.5 Hz

Coverage

Step density

RHEED Intensity

( ) ( )q--q-p= 112 lnNS S

NS is the number of nuclei per unit area



Laser-MBE with RHEED



Extra option for epitaxial growth

Artificial interval growth



Laser pulses

Deposition pulse

High 
Supersaturation

interval
~ 30 – 200 sec.

Nucleation and Growth

n laser pulses @
high frequency
~0.1-1 sec.

Growth manipulation: Pulsed Laser Interval Deposition



Laser-MBE with RHEED



Pulsed Laser Deposition
1. Fast deposition during one pulse.

-high supersaturation leads to formation of small islands.
-probability of nucleation on top of these small island is low. 
-material can rearrange after the pulse.
-small islands promote interlayer mass transport.

2. During deposition in subsequent pulses nucleation and growth on 
top of the deposited islands can occur.

standard PLD

substrate
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Pulsed Laser Interval Deposition
Gertjan Koster et al. Appl. Phys. Lett. 74 (1999) 3729

1. Fast deposition of enough material to complete just one monolayer.
-high supersaturation leads to formation of small islands.
-probability of nucleation on top of these small island is low. 

2. Material can rearrange during interval.
-small islands promote interlayer mass transport.

interval PLD

substrate



Density and purity of target : use single crystal !!

SrTiO3 growth

Oh et al., Appl. Phys. Lett. 2011, 98, 221904. 



TiO2 termination

BiFeO3 growth on SrTiO3 substrate:

SrO termination

Solmaz et al., Adv. Funct. Mater. 2016, 26, 2882–2889. 

Control of surface diffusion for enhanced thin film growth

SrTiO3
substrate:

TbScO3
substrate:



Vacuum suitcase



Growth monitoring during PLD :
Plasma diagnostics

CCD camera



Goal: Growth control

Stoichiometry à Properties

Control over film stoichiometry and morphology

Identify key mechanisms:
Fluence and pressure à Plasma characteristics à Film growth.

How, and why does PLD actually works?
• PLD ‘paradigm’: 

species kinetics determine growth characteristics
• It’s all about the plasma plume chemistry!

Ohnishi, T., Shibuya, K., Yamamoto, T., & Lippmaa, M. (2008). Defects 
and transport in complex oxide thin films. Journal of Applied Physics, 
103(10), 103703

Fluence (J/cm2)

Data from R. Groenen



Plume characteristics
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Experiment
Symmetrical XRD scan
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Groenen et al., APL Mater. 3, 070701 (2015)



Plume dynamics vs plume oxidation

Oxygen Oxygen/Argon mix
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Groenen et al., APL Mater. 3, 070701 (2015)



Bottleneck process in improved oxidation of plume and improved film stoichiometry?

 

45 45.5 46 46.5 47 47.5

2θ(degrees)

0.01

0.02

0.04

0.06

0.08

0.08
(0.1)

PO
2/T

ot
(m

ba
r)

0.00

(002) STO
(b)

film

9μs

5μs
Wavelength (nm)

3μs

5μs

Oxidised speciesNeutrals

0

25

50

z(
m
m
)

5μs450 650500 550 600

Ti I Sr I TiOTi I SrO SrO

Improved growth kine!cs Improved stoichiometry

Wavelength (nm)

Oxidised speciesNeutrals

3μs450 650500 550 600

Ti I Sr I TiOTi I SrO SrO

0

25

50

z(
m
m
)

Increased plasma oxida!on

Growth Plume



Titanium vs Strontium
• SrO + TiO2 ≠ SrTiO3

• Titanium seems to oxidize much stronger
• Complex plume chemistry0.1mbar Oxygen

SrTiO3 Target SrO Target TiO2 Target

2μs

5μs

10μs

20μs

z(
m
m
)

0

25

50

z(
m
m
)

0

25

50

z(
m
m
)

0

25

50

z(
m
m
)

0

25

50

Wavelength (nm)
450 650500 550 600

Wavelength (nm)
450 650500 550 600

Wavelength (nm)
450 650500 550 600

Ti I Sr I TiOTi I SrO SrO

Ti I Sr I TiOTi I SrO SrO

Ti I Sr I TiOTi I SrO SrO

Ti I Sr I TiOTi I SrO SrO

Ti I Sr I TiOTi I SrO SrO

Ti I Sr I TiOTi I SrO SrO

Ti I Sr I TiOTi I SrO SrO Ti I Sr I TiOTi I SrO SrO Ti I Sr I TiOTi I SrO SrO

Ti I Sr I TiOTi I SrO SrO Ti I Sr I TiOTi I SrO SrO Ti I Sr I TiOTi I SrO SrO



Important innovations for epitaxial complex oxide growth 
Plasma characteristics

TSST designed system:
Laser Induced Fluorescence (LIF) for spatial and temporal element specific distribution



Important innovations for epitaxial complex oxide growth 
Plasma characteristics

LIF = laser induced fluorescence
SE = self emission



Pulsed Laser Deposition: Important parameters
Laser Spot Parameters

Energy density influences the stoichiometry of ablated material; 
Spot size and shape influences the homogeneity;
Repetition rate influences the deposition rate and growth mode.

Epitaxial growth is obtained at elevated temperatures.

Substrate temperature

The shape and size of plasma is influenced by the pressure;
Energetic particles in plasma bombard the growing film;
This can lead to defects and stress.

Deposition pressure

Oxygen incorporation in the as grown film;
Oxidation power at high pressure allows for higher 
deposition temperature; 
Deposition in stable regime to avoid decomposition.

Oxygen pressure



Playing LEGO on Atomic Scale



Liao et al, Nature Materials 15, 425 (2016) 



Pulsed Laser Deposition: From Lab-scale to Industrial-scale





Epitaxial Engineering of thin films:
Choosing ideal substrates

Schlom et al, JACS 91, 2429 (2008)



Epitaxy on Demand :
Nanosheets by Langmuir-Blodgett Deposition 

+

Control of crystal structure on amorphous or polycrystalline substrates



Formation of Titania Nanosheets

Kijima et al., J. Power Sources, 196 (2011) 7006

Ç H1.08Ti1.73O4·H2O

É K0.81Ti1.73Li0.27O4

Gonzalez Rodriguez et al. (2016) 

LB deposition

Ti0.87O2 layer (Coverage 97%)

Formation Nanosheet Films

Cu2O film on glass

Epitaxy on Demand : TiOx nanosheets



VO2

Si

SiN
Si

Si
SiN

SiN

nanosheets

50 nm!

Epitaxy on Demand : VO2 thin films on TEM grids



Examples of books on Pulsed Laser Deposition


