Pulsed laser deposition — principles and applications
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Overview of the talk

Principle of pulsed laser deposition
Transition metal oxides

Examples of growth of thin films: La, ;Sr, ;3MnO3, LaCoO, and La ;Sr, ,Co0O,

Reflection of high energy electron diffraction — principle and examples

Example of deposition of LaFeO,/SrTiO, superlattices




Principle of pulsed laser deposition
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Pulsed Laser Deposition
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Pulse-laser deposition — advantages/disadvantages

Advantages:

Deposition of epitaxial thin films

Easy to grow complex compounds
(oxides) in desired stochiometric ratio

Process is (relatively) simple and
flexible

Switching to a different compound is
easy - exchange of a target

Can hold multiple targets and easy to
prepare multilayers and
heterostructures

Deposition of thin film can be done in
short time

Disadvantages:

No control of individual ion
composition (compared to MBE)

Not suitable for depositions of very
large surfaces needed for industrial
applications

Not suitable for deposition of thick
films

For some materials, molten particles
or target fragments are deposited in
film




Transition metal oxides
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Wide variety of (often exotic) material properties :
* superconductivity (oxides of Cu — YBa,Cu;0....

« ferro- a antiferro -magnetism

(oxides of Mn, Co,Cr, Ni.., La,_,Sr,MnO;)

» ferroelectricity (oxides of Ti, e.g. BaTiO3)

» multiferroics (BiFeOs;...)

* insulator-metal transitions (oxides of Mn, La,_ Sr,MnQO;)
 semiconductors(SrTiO3, ZnO ...)
* insulators (LaAlO;...)




Perovskite structure of transition metal oxides

La,,Sr,MnO; ferromagnet, T,;:=370 K

La,Ca,Sr.Ba @
Mn &
ON®.

* perovskite structure is common to many
transition metal oxides

« materials can be often combined epitaxially
» under favourable conditions, it is possible to
grow multilayers with atomically sharp
interfaces

YBa,Cu;0,
High temperature
superconductor, 7.= 92 K
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Potential of combining different electronic/magnetic orders at
transition metal oxide interfaces

H. Hwang et al., Nature Materials 11, 103 (2012)




Multilayers of YBa,Cu;0,(n)/La, ,Ca, ;MnO,;(m)

YBa,Cu,0,)
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Interfaces may have an important role

a b
10— 100 - Herbert Kroemer: (Nobel
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Figure 8 | Fractional quantum Hall effect in ZnO. a, Longitudinal resistance
R, (blue) and Hall resistance R, (red) of a 2DEG formed at a MgZnO/Zn0O
interface. Inset: depicts a cross-sectional schematic of the heterostructure.
b, Comparison of 2DEGs in various semiconductors as functions of the
electron-electron interaction strength represented by the Wigner-Seitz
radius r, and transport scattering time 7,,. Data are derived from Fig. 2 of
ref. 81 except for the solid red circles, obtained for the sample shown

in a. The arrow indicates the direction of progress in pursuing a regime

of parameters in ZnO that are hard to access in other semiconductors.
Panels adapted with permission from: a, ref. 83, © 2011 APS; b, ref. 81,

© 2010 NPG.

H. Hwang et al., Nature Materials 11, 103 (2012)




Scheme of the PLD chamber at CEITEC

Sample

RHEED screen
Infrared laser

Targets

UV pulsed laser
(248nm)

Focusing
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PLD at CEITEC

« UHV conditions (10-8 mbar or better)

* in situ RHEED

* in situ ozone atmosphere

 connected to UHV cluster with additional

deposition and analytical devices
(XPS, ARPES, LEEM, LEED, STM)




Materials we can deposit at CEITEC

LaFeO, — LaCoO, — LaCrO,

L80.355T0 677 €0s _ Lag4Sr, ,C00, _ SrRuO,

Lag 551, 5sFe0; o

La, ¢Srp 4FeO; — Lay ;Sry3C00, — SrTiO,

SrFeO

° — Lay Sr,sCo0, — SrTiO, 0.7% Nb doped
— Lay 3Sry,Co0, — SrTiO5 1.4% Nb doped
— SrCo0; — LaAlO,
— Lag 67Sr0.33MnO;




Typical deposition conditions for growth of transition metal
oxides

— 0.01-0.5 mbar oxygen pressure

— 500C - 800C substrate temperature (typical), but may go between 30-1200 deg C
— 1J.cm?2-3 J.cm?laser fluency

— 1 Hz -10 Hz laser frequency

— from target to substrate distance of about 5 cm




Lattice matching to substrates
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R. Uecker et al., J. Cryst. Growth 457, 137 (2017)



An example of a single layer La, ,Sr, ;MnO;4 (J. Klimek)

gas Pressure No Deg C Fluency

(mbar) pulses [J/cm2]
JKO01 LSAT O, 0.3 10 730 2
JK004 LSAT O; 0.1 5 730 2
JKO0O5 LSAT  Os 0.1 5 730 25
JKO08 LSAT  Os 0.15 5 730 25

Orus= 2.1 nm
rough sample

0.3 mbar in O, et
Jp—_—
i e 1|.|‘|'|1  0 A e Sy ; > 0
(a) JKOO1 (¢ = 2.1 nm) (b) JKO04 (¢ = 0.93 nm)

20nm [ 9nm
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atomically flat film " 4
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0.4 i 2
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(c) JKOO5 (¢ = 0.2 nm) (d) JKOO8 (c = 1.15nm)




Roughening transition in La, ,Sry sMnO; (J. Klimek)
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La, ;Sry ;CoO4/LSAT

— Ferromagnet with bulk Curie temperature of

about 245K (280K*) _
DA
— Cubic perovskite structure with lattice ® x
parameter a=3.824 A * > B

— LSAT substrate has a cubic lattice with a

lattice parameter of 3.868 A

— Samples are annealed at 400 C in ozone

atmosphere for 3 hours to fully oxidize film. \

*M. Chennabasappa, E. Petit, and O. Toulemonde, Ce-
ram. Int. 46, 6067 (2020)
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Q. 1A

La, ;Sr,,Co0O,/LSAT structural characterization

4.38 nm
4.00

3.50
3.00
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1.00

0.34

3.25
@ [A™1]

Reciprocal space map of La, ;Sr,,C00, AFM image of the sample (27 nm) surface
film grown on LSAT in vicinity of 204 with mean roughness of 0.75 nm
reciprocal lattice point
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Magnetic momet (p,/Co)

Evolution of La, 3Sr, ;C00; magnetic properties at room
temperature in time
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Magnetic hysteresis loop measured at 50K

Magnetic moment vs temperature at
magnetic field of 10 mT
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M. Kiaba et al., Thin solid films 759, 139438 (2022)



Magnetic momet (u_/Co)

Magnetic momet (p,/Co)

Stabilization of oxygen in La, ;Sr, ,C00; by only 3nm thin

B

LaAlO; capping layer
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M. Kiaba et al., AD, Thin solid films 759, 139438 (2022)
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Pump-probe response of La,_Sr,CoO,
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Measurements of samples with

Its delay is linear with thickness
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Secondary transient peak is dependent
on film thickness - PROPAGATION of a
pulse or wave.

The first peak is thickness independent
—BULK phenomenon

Assuming the secondary peak delay corresponds to the propagation of
the pulse between surface and the interface, we get the velocity
v=5.710.5 nm/ps 22

M. Zahradnik, et al., AD, PRB 105, 235113 (2022)



RHEED - Ewald construction

Ewald construction:
- circle (or sphere in 3D) represents the law of conservation of energy for elastic scattered

beams k,, of the incident beam k;, abs(k;,)=abs(k;)
- since RHEED occurs only at surface monolayer, there are no diffraction conditions for the
direction perpendicular to the surface. Reciprocal lattice of surface is formed by a system of

rods perpendicular to the surface.
- The projections of the two vectors k;, and k; on the sample surface differ by the scattered

vector G,

Ghl — k|f|1l_ klll

screen

(2]

lectron beam

!

-3 ,c}é.é
i i | ireciprocal
i i ilattice

source: wiki




RHEED - Ewald construction

PLD group Paul Scherrer Institute, Fluri et al, (2018)
a) / b)

Ewald’s Sphere
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* (a) In three dimension, there the energy conservation condition gives rise to Ewald

sphere
* (b) diffraction of an atomically flat sample corresponds to the diffraction points on a

circle
* (c) on a surface formed by islands, the electrons go through them and scatter as in 3d

— periodic pattern is formed




Evolution of RHEED signal during the layer by layer growth

MONOLAYER GROWTH ELECTRON BEAM RHEED SIGNAL

1
. {(110)

f 7 k /\"

Neave et al APL, (1983)




Examples of RHEED pictures

Two-level system |Multi-level system
(a) (b) (c) | (d) (e)
Type of growth 1D Step flow 2D Layer by layer | 3D island
2 S N Transition : S S Transition TT 3$Y %

Y

Schematic W’!

RHEED specular

intensity ~ |
1/step density |

RHEED pattern

e, oatha.

AFM

Taverage total

lim

Taverage pulse

.
-

TSST PLD manual




RHEED oscillations during growth of LaFeO, layer

F A
&

University of Twente
The Netheriands

Collaboration:

Prof. G. Koster,
University of Twente,
The Netherlands

RHEED oscillations: 20 monolayers of LaFeO,

Atomic
flatness
preserved!
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Deposition of [LFO,+STO,],, superlattice

RHEED pattern

Before deposition . . _ _ N
RHEEDintensity evolution during deposition

ELLFO LFO LFO LFO

| STO STO STO STO

After deposition

Intensity (a.u.)

| : | ! |
400 600 800
Time (s)
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Superlattices [LFO,+STO,]4,

AFM image of the surface X-ray diffraction of [LFO,+STO,],,
superlattice
STO (001) STO (002)
SrTiO3 substrate (1+1)x10 superlattice 7 3 \ \

0 um 1 2 0.0 um 0.5 1.0
: A% 806 pm o o ENEE

1.2 nm o Superlattice peak

g 10 - w0 (001)
¥
© 4
S 0.6 3 1
0.4 10°
10’
0.0 RAEERERE [TTrTryey | RARNEARA | BREABEEA] B R RERR, BAEAZEEE, | FAARASRR 1
15 20 25 30 35 40 45 50
20 (deg)

< Profile from AFM image show vicinal steps
From fit (not shown) of steps planes is the high
of the step 4A + 0.1A in comparison, lattice
constant of LaFeO, on SrTiO, is 3.91A
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LaFeO,/SrTiO3 superlattices

©O © @ O

Fe

La

Ti

Sr

Magnetic
properties of
LaFeO; in 2D?

LaFeO, — G type
antiferromagnet with a high
Néel temperature of 740 K
SrTiO4 spacer —
nonmagnetic semiconductor



Intensity (a.u.)

RHEED oscillations during growth
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Growth and surface of LaFeO,/SrTiO, superlattices

AFM images of SrTiO3 surface
0 um 1 2

1.59 nm

1u.c. LFO 1 u.c. LFO 1u.c. LFO 0 i

1.40
5u.c. STO 5u.c. STO 5u.c. STO 1.20

1.00

0.80

0.60
0.39

200 400 600 800
Time (s)

AFM images of superlattices

b) Opm _. 4 c) Opm

1.6 nm 0 s 20n$m 0K 1.8 nm

1.5
1.5

1.0
1.0

0.5 0.5

0.0 0.0




a) ,

Intensity (a.u.)

X-ray results on LaFeO,/SrTiO; superlattices

Diffraction on superlattices

— b)
SrTi04(002)

dbl (A)

40 42 44 46
20 (deg.)

SrTiO3 (00*

sLo

Thickness of bilayer form diffraction

30

- ¢ Experimental thickness
| = Expected thickness

0 1 2 3

Diffraction maps
demonstrate
epitaxial structure



TEM of LaFeO,/SrTiO; m=1 superlattice

Fe layer

La layer b)

Cover layer —

Superlattice —

SrTiO,
substrate

Acknowledgement: J. MichaliCka



Muon spin rotation spectroscopy (PSI, Villigen)

Electronic Clock

Muon
Detector

Positron
Detector

Spin-Polarized
Muon Beam

Drawing A. Suter, PSI

/ sample
—ff I ; B -~

muon beam n

muon
counter . i
ositron positron
ackward forward
detector detector

A. Amato, Physics with muons

Data displayed in terms of
asymmetry between detectors
(front-back, up-down)

Ng () — Nr(t)

A(t) = Ag P(2) = No (1) T Ne(0)

» Determination of magnetic volume
fraction static magnetic order (weak
transverse field measurements)

» Differentiation between static disorder
and fluctuating magnetic moments
(longitudinal field measurements)



- 1.0 (keV)
+- 3.0 (keV)
—o- 7.5 (keV)
-+ 14.3 (keV)

20.3 (keV)
- 243 (keV)

Lo gy
60 80 100 120 140 160
Depth ¢(nm)

Monte Carlo simulation of
stopping profiles of low energy

World-un_ique onv-energy muons in YBa2Cu307-9, as a
muon-spin rotation function of the implantation
Instrument energy

(A. Amato, Physics with muons)

Muon stopping profile (nm™)

0.08 1+

0.04

0.00

2 keV beam profile just
probes the volume of our
superlattices

0.06

0.02
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Determination of volume fraction of static magnetism from

muon spin spectroscopy (weak transverse field measurements)
M. Kiaba.. and A.D., Nature Communications, 15, 5313 (2024).
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Summary

Pulsed laser deposition is a powerful technique that can be used for the growth
various compounds

Transition metal oxides can be grown with monolayer control using RHEED

Essentially atomically flat surfaces can be obtained

B
100 150 200 250 300
Temperature (K)
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