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Outline

- Electron-phonon scattering for highly excited electrons: GaAs

- Highly excited electron relaxation in Si and Ge

- Photoexcited electron relaxation in InSe



RELAXATION DYNAMICS OF HIGHLY EXCITED ELECTRONS

2_ —
Excess energy:
’ 4 main parameter

Electron energy (eV)
T

. highly non-thermal initial distributions

Sjakste, Tanimura, Barbarino, Perfetti, Vast, J. Phys: Cond. Mat. 30, 353001 (2018).



EXPERIMENTS: ARPES

Pump and probe: 2 laser pulses at different time
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HOT ELECTRON ENSEMBLE (HEE)
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ELECTRON-PHONON COUPLING: DFPT+ Wanner
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ELECTRON-PHONON SCATTERING: HIGHLY EXCITED ELECTRONS
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MAIN SCATTERING CHANNELS
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Excess energy:
main parameter

Electron energy (eV)

§
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Is I X Iz

. Below second CBM in polar materials : polar optical (Frohlich) scattering

. Above second CBM: intervalley scattering

Sjakste, Tanimura, Barbarino, Perfetti, Vast, J. Phys: Cond. Mat. 30, 353001 (2018).
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Outline

- Electron-phonon scattering for highly excited electrons
» . Highly excited electron relaxation in Si and Ge

- Photoexcited electron relaxation in InSe
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HIGHLY EXCITED ELECTRONS IN SILICON: 2PPE
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HIGHLY EXCITED ELECTRONS IN SILICON: INTERPRETATION PROBLEM

Previous work: conflict theory/experiment:
Measured relaxation times 10 times longer than calculated ones

Ichibayashi et al, Phys. Rev. B 84, 235210 (2011).
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Outline

- Electron-phonon scattering for highly excited electrons

- Highly excited electron relaxation in Si and Ge

‘ - Photoexcited electron relaxation in InSe
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Photoexcited electron relaxation in InSe
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InSe: energy relaxation in I' valley

Excess energy below 0.7eV
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InSe: energy relaxation in I' valley
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Photoexcited electrons and 2D gas
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Cooling Rate (eV/ps)
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Energy transfer in doped InSe
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Conclusion

DFT-based calculations + time-resolved photoemission spectroscopy:
powerful tools to study electron-phonon coupling

The concept of hot electron ensemble allowed us to interpret the
relaxation times of highly excited electrons in several semiconductors.

» Doped InSe: ® screening of polar coupling

®» remote coupling to 3D phonons
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Thank you for your attention!



A Delay — Relaxation dynamics of photoexcited electrons
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Relaxation time, fs

THE NEED FOR TIME PROPAGATION
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Photoemission intensity (PEY) over energy interval AE:
Semi-logarithmic plot analysis, over several hundreds of fs.
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ENERGY-DEPENDENT TIME PROPAGATION MODEL
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log PEY (arb. units)

TIME PROPAGATION OF ELECTRONIC DISTRIBUTIONS
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TIME PROPAGATION OF ELECTRONIC DISTRIBUTIONS
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Time propagation of electronic distributions allows to improve the theory/experiment agreement

29



Outline

- Electron-phonon scattering for highly excited electrons
- Highly excited electron relaxation in Si and Ge
- Time propagation model

‘ - Photoexcited electron relaxation in InSe
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TEMPERATURE DEPENDENCE I

Raja Sen, post-doc
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DefPot, eV/A

The effect of 2D and 3D screening
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Stern model of 2D screening
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Excess energy 06
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Total scattering
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Energy loss
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Full expression of the collision term: out and In

ﬁf i e-ph 2w 1 y F .
ﬁlt{ - _EF Z |gk"m,kn‘ {fkn{]- — fk:m]qu
coll Qv

%0 (1en + oy — 1em) + (L — frwm) (L + N°2)
x4 (e — hw—aw = etem) - (] = fien) frem(1 + N)

}{5{51;“ + Mgy — E'kfm:l — (1 — .fkﬂ]fk"ﬂﬁ"riq
X (ekn — Aw_qu — Exrm ) } -




Energy relaxation of hot electrons in GaAs
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ELECTRON-PHONON COUPLING: DFPT

AWqA‘lpn' k+q> DFPT. Baroni et al, Rev. Mod. Phys. 2001
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model based on ab inito parameters:
dielectric constant , effective charges

Vogl, PRB 13 (1976).

J. Sjakste et al, Annual Review of Heat Transfer, Begell House, Vol. 17 (2014).
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CALCULATIONS: DFPT+Wannier

Reciprocal space
Bloch functions A :
<‘Pn’k ‘AWq “Pn.,k+q> - Non-local part (if polar)

Initial grid

Real space

Maximally localized Wannier functions

Interpolation on dense grid

Reciprocal space

Bloch functions A _

Dense grid <‘Pnk ‘AWQ “Pn|,k+q> + Non-local part (if polar)

J. Sjakste, N. Vast, M. Calandra, F. Mauri, PRB 92 (2015) 054307 1 O ESPRESSD

C. Verdi, F. Giustino, PRL 115 (2015) 176401
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MAIN CHANNELS: IMPORTANT FOR MONTE CARLO &

“Hot electrons in Si lose energy mostly to optical
myth"? L Xscr

phonons”: Truth or
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Total scattering

rate:

acoustical phonons are dominant (at 300K)

EPW code, EPIK code: identical results

Also: Bernardi at al, PRL (2014)
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MAIN CHANNELS: IMPORTANT FOR MONTE CARLO e

Raja Sen

“Hot electrons in Si lose energy mostly to optical
phonons”:; Truth or myth? e @

Cite as: Appl. Phys. Lett. 114, 222104 (2019); doi: 10.1063/1.5099914 F 1 ®
Submitted: 12 April 2019 - Accepted: 14 May 2019 - \ |'_'|
Published Online: 5 June 2019 iew Online:

M. V. Fischetti,® (") P. D. Yoder,” M. M. Khatami,'* () G. Gaddemane,' (") and M. L. Van de Put’

Energy loss rate:
optical phonons are dominant

Not unexpected:
Ahmad et al, Phys. Stat. Sol. 40:631 (1970)

Temperature-dependent contribution of
acoustical phonons cancels out of energy loss

EPW code, EPIK code: identical results
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