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Why ultrafast dynamics —
why ultrafast ellipsometry?

(photo-induced) dynamics of

in solid state and complex heterostructures
excited charge carriers and vibrational modes (phonons), complex quasi-particles
chemical reactions (example: photo-electrochemical water splitting)
phase-changes, memristive switching (ferroelectric, magnetic, multiferroic)
solid-liquid interfaces

in interaction with fundamental theory: understanding of band structures, transition and
recombination dynamics, electronic alignment, band-bending, ...

interaction of defects

for understanding and improving of:

fundamental physics

applications — ultra-fast devices

lasing, lightning and optical data transport and processing
opto-electro-magnetic coupling and switching

solar energy harvesting

electronic transport

Ellipsometry: measures complex optical response — Kramers-Kronig consistent data —

related to complex dielectric function
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Ultrafast processes

fundamental physics understanding

Carrier recombination

High carrier
density effects

Thermalization

Radiative

|
recombination

Carrier diffusion

I Exciton screening

Band gap renormalization,
& Burstein-Moss shift

I Carrier-phonon scattering

I Carrier-carrier scattering
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Review of

Scientific Instruments ARTICLE

Steffen Richter, Mateusz Rebarz, Oliver Herrfurth, Shirly Espinoza, Riidiger Schmidt-Grund, and Jakob Andreasson
Rev. Sci. Instrum. 92, 033104 (2021)

Broadband femtosecond spectroscopic
ellipsometry ¢

setup build up and located @ ELI beamlines facility in Dolni Bfezany (Prague), Czech Republic
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main work in method development and implementation:
Method Steffen Richter, Mateusz Rebarz, Oliver Herrfurth
but indeed, many others contributed

principle

combine classic ellipsometry with classic pump-probe techniques

L.

A

A

intensity

time delay
t= fs...ps

\ pump probe time

(pseudo-) dielectric function as response function —
depends on history,
e.g. by polarization / free charge carriers due to laser excitation by dynamics of y(1)

materials polarization

\J

= P(t) = &g /OOO X(T)E(t—7)dr x(w) = /Ooo e x(r)dr
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relauve priase

Method
Ellipsometry

non-destructive optical method for investigation of
structural and electronic properties of almost any materials and structures general: gy

polarisation

two orthogonal linearly polarized
optical eigenmodes

investigation of the change of the polarization state
of light upon interaction with a sample

— amplitude and phase!

circularly polarized mode

T .
~ pp iA
p PP — — tan \:[j pp - C pp [ experimental data ]
T)SS ‘
create layer model including
preparation dielectric constants
=
D 4
analysis _g [ fitting to the recorded spectra ]
©
change upon $
interaction ﬁ {  judgement of the fit |
material structure l
- roperties
properties prop Determination of the optical constants
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Review of

Scientific Instruments ARTICLE

Steffen Richter, Mateusz Rebarz, Oliver Herrfurth, Shirly Espinoza, Riidiger Schmidt-Grund, and Jakob Andreasson
Rev. Sci. Instrum. 92, 033104 (2021)

Broadband femtosecond spectroscopic
ellipsometry ©
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Steffen, Mateusz, Oliver |
Method

Setup

Laser (1kHz amplified Ti:Sapph — 800nm):
Femtopower 20fs, 4mJ; Coherent Astrella 35fs, 6mJ

SHG, THG, OPA

Super-continuum white-light: CaF, — self-phase modulation

1m delay line (6ns); resolution 500 nm (3fs)
Ellipsometer: PSCgA-configuration, rotating polarizer
Detection: prism-spectrometer

Polarization optics: ahead the sample (reflective optics,
thin polarizer (group velocity dispersion — chirp))

Total time resolution ~ 80fs
(~ 20fs laser, non-colinear pump and probe ~ 60fs,
non-correctable chirp and other smaller effects) AS
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TSE Data — Textbook KK

example:

— discrete two-level system-like excitations — Lorentzian

— nice feature' data reflect textbook-like Kramers-Kronig relations
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Pump-probe fs-TSE

 method recently developed by us

 time evolution of the full complex optical response N \
— complex dielectric function

- already applied to several material systems

intra-band transitions (VB-VB and CB-CB)
hot-phonon scattering

ballistic carrier propagation

transient birefringence changes
coherent acoustic phonon oscillations
spectral weight transfer
insulator-to-metal transition

chemical reactions

o 0O 0O o o O O o O

.1 kHz
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and several other not
published yet

Semiconductors Time-resolved pump-probe spectroscopic

ellipsometry of cubic GaN. |. Determination

2D-Materials of the dielectric function

Time-resolved pump-probe spectroscopic

Chemical Reactions (solid-liquid interface) |ellipsometry of cubic GaN Ii: Absorption edge shift

with gain and temperature effects

Phase Transitions

Transient dielectric function and carrier related

processes in doped cubic GaN determined by
Fundamental Theory’ Data-Theory femtosecond pump-probe spectroscopic

Transient dielectric functions of Ge, Si, ellipsometry ©
an.d InP from femtosecond pump-prObe Femtosecond Pump-Probe Ellipsometry of Highly Doped InGaAs Quantum
ellipsometry Wells Analyzed with Singular Value Decomposition
Band-filling and relaxation effects in the Subpicosecond Spectroscopic Ellipsometry of the Photoinduced
transient dielectric function of Ge Phase Transition in VO, Thin Films
Ultrafast Exciton and Charge Carrier Dynamics
Coherent Acoustic Phonon Oscillations and Transient|  |in Monolayer MoS, Measured with Time-Resolved
Critical Point Parameters of Ge from Femtosecond Spectroscopic Ellipsometry

Pump-Probe Ellipsometry

semiconductor

ellipsometry

Time-resolved spectroscopic ellipsometry in
Ultrafast dynamics of hot charge carriers in an oxide solid-state thin films of

semiconductor probed by femtosecond spectroscopic thio-diketopyrrolopyrrole-based organic

Photoinduced insulator-to-metal transition and coherent acoustic phonon propagation |
in LaCoOj thin films explored by femtosecond pump-probe ellipsometry

Optical transitions between entangled
electron-phonon states in silicon

In-Situ and Time-Resolved Ellipsometry for Probing Surface Terminations
and Reaction Kinetics via Exciton Resonances
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ILMENAU




Semiconductors

- carrier excitation, scattering, relaxation,

recombination

-band-filling, band gap renormalization

-interaction with lattice

-lifetimes, scattering times, relaxation times

-carrier trapping

Energy (eV)

Energy (eV)

only by ellipsometry!

identification of processes:
only due to Kramers-Kronig

GaP

E[eV]

3.1eV

Energy (eV)

T I negative — blocking
(TcL/ pole)

T I positive — arise Momentum Momentum
(TcL/ pole)

r X

electrons a
thermalize

holes NS

thermalize



Carlos, Shirly

Semiconductors
Classic IV-IV and llI-V

Band-Filling, Intervalley-Scattering, Intra-
Band Transitions, Band-Renormalization
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Transient dielectric functions of Ge, Si,
and InP from femtosecond pump-probe
ellipsometry @

Cite as: Appl. Phys. Lett. 115, 052105 (2019); https://doi.org/10.1063/1.5109927
Submitted: 14 May 2019 . Accepted: 01 July 2019 . Published Online: 01 August 2019

Shirly Espinoza, Steffen Richter, Mateusz Rebarz, Oliver Herrfurth, Riidiger Schmidt-Grund ", Jakob
Andreasson, and Stefan Zollner

Band-filling and relaxation effects in the
transient dielectric function of Ge

Cite as: J. Appl. Phys. 138, 205702 (2025); doi: 10.1063/5.0295255
Submitted: 7 August 2025 - Accepted: 2 November 2025 -
Published Online: 26 November 2025
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Noah

4 (static)

Semiconductors
Classic IV-IV and llI-V

Band-Filling, Intervalley-Scattering, Intra-
Band Transitions, Band-Renormalization
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Integration of Multijunction Absorbers and Catalysts for
Efficient Solar-Driven Artificial Leaf Structures: A Physical
and Materials Science Perspective
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Steffen, Oliver

Semiconductors
ZnO: Hot Phonons

formation of hot-electron—hot-phonon states (hot exciton-

phonon complexes)

electron thermalization slowed down by hot-phonon effect:

« electron-phonon scattering: creation of hot phonons
* in turn hot electrons created by phonon decay
« exciton-phonon binding energy increases

high-energy exciton-phonon complex (exciton-polaron)

1.8 20 22 24 26 28 3.0
Photon energy [eV]

Oestsche Physikalische Geselschatt q) DPG

10P Institute of Physics

New Journal of Physics

The open access journal at the forefront of physics

— New J. Phys. 22 (2020) 083066

Ultrafast dynamics of hot charge carriers in an oxide
semiconductor probed by femtosecond spectroscopic
ellipsometry

Steffen Richter" "2, Oliver Herrfurth™">, Shirly Espinoza'‘~', Mateusz Rebarz'*,

Miroslav Kloz' ', Joshua A Leveillee "', André Schleife' "', Stefan Zollner"
Marius Grundmann' ", Jakob Andreasson' "~ and Riidiger Schmidt-Grund "
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Carola

Semiconductors
Phonon-Oscillations

pump pulse causes propagating strain wave
linterference of probe light

RESEARCH ARTICLE

15 years of pss RRL

3 ;Sgsrrl
Phys. Status Solidi RRL 2022, 16, 2200058 — L

www.pss-rapid.com

physic:

Coherent Acoustic Phonon Oscillations and Transient
Critical Point Parameters of Ge from Femtosecond
Pump-Probe Ellipsometry

Carola Emminger,* Shirly Espinoza, Steffen Richter, Mateusz Rebarz, Oliver Herrfurth,
Martin Zahradnik, Riidiger Schmidt-Grund, Jakob Andreasson, and Stefan Zollner
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oscillations in transient critical point energies in Ge: . o Ge
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Yael

Semiconductors
Entangled Phonons

two-photon absorption

Optical transitions between entangled
electron-phonon states in silicon

Cite as: Appl. Phys. Lett. 127, 141102 (2025); doi: 10.1063/5.0288893
Submitted: 3 July 2025 - Accepted: 21 September 2025 -
Published Online: 8 October 2025

Mateusz Rebarz,” Josef Resl,” (%) Saul Vazquez-Miranda,”
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Shirly Espinoza,”

Christoph Cobet,”*

electronic excitation relaxes
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Elias

Semiconductors
Nitrides — GaN

Theory and Advanced Modelling

pump-beam: 266nm

zb-GaN (605nm)

-3
Negy (€M™)

(unexcited GaN)
3C-SiC (10pm) % —~
Si (500um) S,
=
3
} <l
Time

3
B

X

=)

Time-resolved pump-probe spectroscopic
ellipsometry of cubic GaN. I. Determination

of the dielectric function

Cite as: J. Appl. Phys. 134, 075702 (2023); doi: 10.1063/5.0153091
Submitted: 4 April 2023 - Accepted: 9 July 2023 -
Published Online: 17 August 2023
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Martin Zahradnik,” () Mateusz Rebarz,

Elias Baron,'*' ) Riidiger Goldhahn,' {2 Shirly Espinoza,”
and Martin Feneberg'

Jakob Andreasson,” 2 Michael Deppe,” ) Donat 1. As,”
Time-resolved pump-probe spectroscopic

ellipsometry of cubic GaN Il: Absorption edge shift
with gain and temperature effects

Cite as: J. Appl. Phys. 134, 075703 (2023); doi: 10.1063/5.0153092
Submitted: 4 April 2023 - Accepted: 29 July 2023 -
Published Online: 17 August 2023
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Transient dielectric function and carrier related

Elias, Younes, Malte, Max processes in doped cubic GaN determined by

S em i con d U Cto rsS femtosecond pump-probe spectroscopic

ellipsometry @
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Femtosecond Pump-Probe Ellipsometry of Highly Doped InGaAs Quantum
SaU| Wells Analyzed with Singular Value Decomposition

= Saul Vazquez-Miranda!, L.E Guevara-Macias?, J. Ortega-Gallegos®. A. Santos-Amador?, O.
e m I Co n u c O rs Ruiz-Cigarrillo?, Shirly Espinoza', Mateusz Rebarz', Jakob Andreasson'. Carlo Sirtori®,

.- . o
Angela Vasanelli®. R. E. Balderas-Navarro?

Quantum Wells ,CSE_V
Advanced Modelling — Singular Value Decomposition W, 2

a) b) Singular Value Decomposition
A
Experimental < &; > and < &, > l !
Basis d) Factors

Teve (u)

GalnAs 30nm
AllnAs 30 nm
GalnAs QW (18.5nm)
AlinAs 30 nm
GalnAs 100 nm

Fe:InP (semi-
insulating InP)

2
Phomon enengy eV )
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Martin Time-resolved spectroscopic ellipsometry in
solid-state thin films of

O rg an i C thio-diketopyrrolopyrrole-based organic
semiconductor v, 15 No. 8/1 Aug 2025/ Optical Materials Express 2066

Se m i co n d u Cto rs MARTIN ZAHRADNIK,! ® KRISHNA P. KHAKUREL,"" YADU RAM

PANTHI,2 SHIRLY EsPINOzA,' ® MATEUSZ REBARZ,! SAUL
VAZQUEZ-MIRANDA,' PETRA HORAKOVA,3 LuBOMIR KUBAE,® AND
JIRi PFLEGER?#
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TSE advantageous for opaque substrates
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Luis, Saul

Chemical Reaction
ZnO - CO, Reduction

In-Situ and Time-Resolved Ellipsometry for Probing Surface Terminations
and Reaction Kinetics via Exciton Resonances

Christoph Cobet!, Luis Rosillo Orozco!, Saul Vazquez-Miranda?, Kurt Hingerl!

ICSE-V
7N

observed via surface band-bending and exciton screening due to electric fields

3 \— o
A\ €H,0 2
~
w 2
N 1/
g o
1t T 8 (n2) J‘H
i/ \ 8L(n—1)
/ €Ln
0 = 1 N 1 A 1
3.2 3.3 3.4 3.5 3.6
Photon Energy (eV)
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Martin

Magnetic
Materials
photoinduced

PHYSICAL REVIEW B 105, 235113 (2022)

Photoinduced insulator-to-metal transition and coherent acoustic phonon propagation
in LaCoOj; thin films explored by femtosecond pump-probe ellipsometry

M. Zahradnik ©,' M. Kiaba®,” S. Espinoza®,' M. Rebarz,' J. Andreasson®,' O. Caha.’
F. Abadizaman.” D. Munzar.” and A. Dubroka©>-

insulator-to-metal transition

 within the first 200 fs after the pump: transfer of spectral
weight from high energies above 2.1 eV to lower

energies

— insulator-to-metal transition

band gap: 0.2 eV
inter-band transitions:

t,; > e4(1.5eV)-Co,

LaCoO,

3000

2500
— 2000 |
S 1500 |

1000 |-

500 o

' -equilibrium data

data at 0 fs ]
data at 150250 fs ]
x=0.5  ceeeeee- model of 250 fs, x=0

()

x=0.5, 150 fs

x=0, 250 fs

i x=0,250 f\_

O2p — Coeg,(3eV) o 4 H
- corresponds to about 0.13 electron per Co ion 2 | 05,1505 -
» within the next 200 ps: photoinduced metallic state ol _
relaxes back Ll i
» between 1 and 30 ps: propagation of acoustic strain L L |

pulse, velocity of 5.6 £ 0.2 nm/ps 0 4
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Subpicosecond Spectroscopic Ellipsometry of the Photoinduced
Phase Transition in VO, Thin Films

Yael Gutiérrez,* Saal Vazquez-Miranda, Shirly Espinoza, Krishna Khakurel, Mateusz Rebarz,
Zhen Zhang, José M. Saiz, Shriram Ramanathan, and Sébastien Cueft

IQ[I Read Online

Yael, Saul
Correlated-Electron

Iv”i Cite This: ACS Photonics 2024, 11, 4883-4893

Materials

photoinduced insulator-to-metal transition
VO,

Photo-induced IMT

Dielectric function

2, ,F,)ump pU|Se time after pumg
2 Bl e Apump = 400 M - Fpump = 7.646 mJ/cm?
\ il AN — 200 fs a —T =80°C
o /4 e, — 300 fs —_0.1 ps
e J —— 400 fs =
— 0.1 ps
& N i = 5 £ —o2p
0"' 3 5‘ d \“; g E p— e (0.3 ps
, digs R < g § [~ s 0.4 ps
P 7 T2 25 3 35 — 3 S = e
E - Photon energy (eV) o 3 ns 2 a 07 ps
VOz tl;lnfllm —gg ps
175 2 225 25 275 3 325 35 175 2 225 25 275 3 325 35 :l‘psps
Photon energy (eV) Photon energy (eV)
" Dielectric function temperature c g _I — 80°C
. T =30°C P —p
= —2ps
Thermally-induced IMT T =40°C 2 » w —5ps
T =50°C -~ -g .g e 10 ps
< b=} £ w20 ps
T = 60°C 34 3 g —30 ps
——T =65°C a A 82 ps
g I
—_—T= 7o:c 3 2 2 b gé e
f o —T =175°C e 70
o) ! al T80 175 2 225 25 275 3 325 35 175 2 225 25 275 3 325 35 —jope
E . i 35 —1=8%C Photon energv (eV) Photon energv (eV)
VO, thinfilm Photon energy (eV) e o = 4 —_— = 80°C
e 200 ps
i —300
l zzzmmm IMT Comparison 2 — 00,75
T 5 ‘S_w ? w600 ps
5 1 3 2 0 2 =900 ps
N TR s : e
h S
5 Q | g -2 g p 1700 Es
® Dynamic \l’ 3 3 — ki e
2 . =
®t=0ps.. ® t =3000 ps ™ induced 4 :gg% p:
1 thermally ° 175 2 225 25 275 3 325 35 175 2 225 25 275 3 325 35 i
W Static 1 ind d 1 ) Photon energy (eV) Photon energy (eV)
induced
B T=30°C .. B T=80°C | o}
/’ . 30°C h
Rudiger Schmidt-Grund - ELI 4 3 2 4 o 02.2026 "
25 ' TECHNISCHE UNIVERSITAT
European XFEL Afey) The SPIRIT

of science

ILMENAU



Ultrafast Exciton and Charge Carrier Dynamics
Lucas, Jakob in Monolayer MoS, Measured with Time-Resolved

2 D - M ate I’i d I S Spectroscopic Ellipsometry ppys siaius Solidi B 2025, 262, 2400547

Lucas Kratschmer, Younes Slimi, Lukas Trefflich, Shirley Espinoza, Mateusz Rebarz,

EXCiton Screening, TrionS, |nterva||ey_scattering’ Saul Vaz.r.quez-.!\/ﬁram{a, Jakob Seyfarth, Theo Pflug, Markus Olbrich, meh Stiehm,
Bernd Hahnlein, Chris Sturm, Alexander Horn, Jakob Andreasson, Marius Grundmann,

Intra-Band Transitions, Band-Renormalization Stefan Krischok, and Riidiger Schmidt-Grund*

hysica

monolayer MoS,

2
1 3.4 5
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2 5
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Elias, Jakob, Noah, Saul

Amp

Modeling

huge amount of data — subjective
influence of researcher

automated fitting, considering of temporal

EgineV CineV EnineV

2.086 N\J
interconnection of processes o X UL UL 4
107! 10° 10! 10? 103
Delays in ps

different approaches:

« automated line-function analysis with
temporally smooth and confined parameter
evolution — Jakob Seyfarth (limenau)

» dynamic mode decomposition / singular

value decomposition — Saul Vazquez- - . | e B823
Miranda (ELI, San Luis Potosi), Noah Stiehm 7 % pereegyovs
« explicitly modelling spat_ial and energy- Node Data o ‘\%/
momentum charge carrier dynamics by  offective mass
fundamental theory — Elias Baron « (k-)volume Edge Data
(Magdeburg) * population * transition type
. . ® carrier temp « scattering rate
« graph model for carrier dynamics — Noah .
Stiehm (limenau) !
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Summary
Pump-probe fs-TSE

 method recently developed by us

 time evolution of the full complex optical response
— complex dielectric function

- already applied to several material systems

intra-band transitions (VB-VB and CB-CB)
hot-phonon scattering

ballistic carrier propagation

transient birefringence changes
coherent acoustic phonon oscillations
spectral weight transfer
insulator-to-metal transition

o chemical reactions

O O O O O O O

materials so far:

VO,, Te, MoS,, LaSrCoO, organics

Si, Ge, InP, GaP, ZnO, GaN, ScN, Rubi, .

Rudiger Schmidt-Grund - ELI Ultrafast Science Workshop 12.02.2026,
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Thank You for Attention!

and thanks to all who were involved in development of TSE method and physical
understanding of processes: (alphabetically)

J. Andreasson, C. Armenta, E. Baron, C. Cobet, C. Emminger, S. Espinoza, D. Franta,
Y. Gutierrez, O. Herrfurth, K. Hingerl, A. Horn, M. Kloz, J. Leveillee, M. Olbrich, T.
Pflug, M. Rebarz, S. Richter, E. Runge, A. Schleife, N. Stiehm, Y. Slimi, C. Sturm, S.
Vazquez-Miranda. S. Zollner, M. Zahradnik
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Steffen, Mateusz, Oliver |
Method

Data acquisition

Two-chopper scheme

— Reflectance difference spectra

on
pump S1 S22 | S3 5S4
off I
probe on .
off
= LA A A A AN
0 1 2 3 4 5 6
Time (ms)

Measurement strategy:

eroa—N
HG/OPA

250 Hz * CaF, L
W O §§ BS

S1: pumpé&probe
S2: pump only
S3: probe only
S4: none

Intensity

1.5 2 25 3 3.5 4
Photon Energy (eV)

Scan delay line for each different compensator angles

Standard: polarizer and analyser fixed

36 compensator angles, 270 delay time steps, 4000 pulses accumulation for each = 12h

The SPIRIT TECHNISCHE UNIVERSITAT
of science ILMENAU
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Method

Data acquisition

Data reduction

final transient spectra, example c-ZnO
thin film on SiO, excited with 400 nm

Rudiger Schmidt-Grund - ELI Ultrafast Science Workshop 12.02.
European XFEL

Richter, et al., Rev. Sci. Instrum. 92, 033104 (2021),  New J. Phys. 22, 083066 (2020)
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Method

Data analysis

we model data for each At = 7 to obtain the complex DF &(7)

we model either (1) or Ae(t) =¢(t) — €(t = 0) or analyse the pseudo-DF < ¢(7) >

1. step: numeric modelling by b-spline function
choose layer model according to situation

Glass substrate

transparent substrate — minimum reflection
penetration depth = thickness — homogeneous excitation
effectively optically isotropic response

2. step: model this using lineshape functions
(Gauss, CPMO, Tauc-Lorentz, Drude, Pole)

Ae,: negative and positive contributions

50 nm

—
(%]

)0 nm Afé
—

GaP bulk + Ag,

penetration depth of exciting laser roughly 150 nm
— only in this range material is excited

at photon energies below excitation laser energy,
GaP-absorption coefficient is lower resp. zero

— deeper penetration of probe light
— probe light experiences gradient of excited DF

obviously: assuming homogeneous bulk model
cannot describe situation — negative total ¢,-values

= thus introducing a gradient

32 Ridiger Schmidt-Grund - ELI Ultrafast Science Workshop 12.02.2026,

European XFEL
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| Carola, Lucas, Mateusz, Noah, Oliver, Shirly, Stefan, Steffen

Method
. '1.0 15 2.0 25 3.0 35 _ '4.0' _ ‘4.5' _ '5.0 _ '5;5' a0
_ 20f _
1 2 . f 10 2
Data analysis 5 o) :
L °
) 0 _ 410 &
Data reduction: final transient spectra S .
0.6 ’ '
. —— ‘11200 — 100 150
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| Carola, Lucas, Mateusz, Noah, Oliver, Shirly, Stefan, Steffen

Method

Data analysis

line-shape modelling using parametrized functions
(e.g. Tauc-Lorentz)

AR A I I AR I I IR Iy [l - W) T
- . A AR Agy

Lineshape model:

contributions:
Drude: ------- —_—

-0.1
-0.2

403

18 20 22 24 26 28 30 32 34 1.8 20 22 24 26 28 30 32 34
Photon energy (eV)

Photon energy (eV)

Agq, Ag,

Energy

EI] > EG:
sharp distribution
(e.g. after excitation)

E]’l n.>.., EG:
broadened distribution
(e.g. after relaxation)

VB

¢
Number of electrons

x Agy (TeL lineshape)

r
Momentum

Enerav

h.
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