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Current Projects and Interests

Improve the fundamental understanding of photonic devices and components (AFOSR).
Explore or re-examine fundamental principles underlying light propagation and light-matter
interaction (ONR EO/IO Sensors).

Materials characterization (ellipsometry, photoluminescence, XRD) for IR detectors and lasers.
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Explore photon absorption in highly excited semiconductors (Armenta).
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Thermal oxidation of Ge and Ge-Sn alloys (Woolf, MS thesis).

Direct gap absorption in a-tin to measure hole concentration (Love, MS thesis).
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Fundamental equation of
ellipsometry:

Spectroscopic ellipsometry
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Ellipsometry and X-Ray Instrumentation
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Tools for Temperature-Dependent Ellipsometry
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Tools for Temperature-Dependent Ellipsometry

Lake Shore model RGC 4 cryogen free closed cycle refrigerated system
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Direct Gap Absorption in Germanium

Fundamental interaction:

*k.p band structure theory.
*Elliot-Tanguy theory for excitonic absorption.

Fixed parameters:

* Electron and hole masses (temperature dependent).
* Excitonic binding energy R.

* Amplitude A (derived from k.p matrix element P).

Adjustable parameters:

* Broadening I': 2.3 meV

*Band gap E,

e Linear background A, and B,
(contribution from E, to real part of ¢)

To be continued for other materials (Ge-Sn alloys) and higher temperatures.

BE BOLD. Shape the Future.® Carola Emminger et al., JAP 131, 165701
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Can k p Theory Predlct Absorption for Other Materials?

! GaAs GaSb |ngs
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‘7'; 10 § : /',_ universal scaling law for the direct gap absorption.
N ' InSb .
= . InAsSb | Need low-temperature ellipsometry measurements for
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Direct Absorption at Higher Energies

» Structures in € due to interband transitions
- Joint density of states LE{{S
« Van Hove singularities °
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Direct Absorption at Higher Energies

(@) s K.p theory works very well

' 2 for E, and E,+A, transitions.
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Can we connect the two spectral regions?
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Nonparabolicity of InSb conduction band from k.p theory

Kane 8x8 k:p Hamiltonian:
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Absorption in Highly Excited Semiconductors

Co)exciton S I Pump The study of non-linear effects in germanium
§ low-density | 2 _ _ : _ _
3 | fee Dox | [ regime 8 induced by photoexcited carriers by using time
2 i o .
4 Z resolved ellipsometry:
SR . . . .
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g 3 processes ' density . .
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Kalt, Klingshirn, Semiconductor Optics 2
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Experiment: Pump-Probe Ellipsometry

pump beam path 250 Hz

Ch \ Ti:Sa A

Laser
W
\ .
g
>

P
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Ch: Chopper (500 Hz, 250 Hz)
A: Analyzer

P: Polarizer

Cg: Rotating Compensator

L: Lens

S: Sample

DL: Delay Line
(~6.67 ns pump-probe delay, 3 fs resolution)

BS: Beam Splitter
SCG: Super-continuum Generation
CCD: Charge-coupled device detector

ELI Beamlines, Dolni Bezany, Czech Republic

NM S. Richter, Rev. Sci. Instrum. 92, 033104 (2021).
¥NNE BE BOLD. Shape the Future.® S. Espinoza, Appl. Phys. Lett. 115, 052105 (2019)



Set-up: Femtosecond pump-probe ellipsometry

-

e R et g = | 1 o Ay Rotating compensator

3 — O Y WLy [N\ i ellipsometer:
P 3 k| N, N, . - ’ k r: )

- | Compensator was rotated in steps
ens

of 10° for a total of 55-65 angles.

Probe beam of 350-750 nm at 60°
incidence angle.

P-polarized pump beam: 35 fs
pulses of 800 nm wavelength at
1 kHz repetition rate.

Delay time from -10 to 50 ps.

Time resolution of about 500 fs.

NM Espinoza et al., APL 115, 052105 (2019)
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First 100s of femtoseconds

e-e scattering:
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SINE: BE BOLD. Shape the Future.® R. R. Alfano, Semiconductors Probed by Ultrafast Laser Spectroscopy |
(Academic, 1984). 18
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First few Picoseconds: Thermal Equilibrium

|
Filled states cannot absorb light.
No theory for screening in 2D.
EIS(F) _ EIS(L) _ EIS(X)
@ E,
S E, EY
o By —
L] Y F
PI //'\ —CB
asma Probe —hh
temperature: I
EE / — SO
T. =
3kg -
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2600 K . |
1020 cm?3 - A : A u=Eg+E,

NSl BE BOLD. Shape the Future.® P- Vashishta, Appl. Phys. Rev. B. 25, 6492 (1982).

H. Kalt, C. F. Klingshirn, Semiconductor Optics 2 (Springer, 2024).
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Charge Carrier Statistics from Device Physics
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J. Menéndez et al., Phys. Rev. B. 101, 195204 (2020).




2D exciton model with band filling effects:

Band Filli ng 22" P - {ga [£(E + iD)] + gal€(—E — iD)] — 250 [€O)
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2D exciton model with band filling effects:

Band Fi"il‘lg ZeZMiEg)PZI
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Band Filling
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2D exciton model with band filling effects:
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2D exciton model with band filling effects:
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Dielectric Function at Longer Delay Times
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Thermal Excitation of Electron-Hole Pairs
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Conclusions

Precision measurements of optical absorption from mid-IR to near-UV with
temperature-dependent spectroscopic ellipsometry.

It is possible to predict direct gap IR absorption in Ge from k.p theory.

A similar theory describes the UV absorption in Ge near E, and E,+A,.

Can we close the gap in our theory between IR and UV?

(conduction band nonparabolicity, k-dependent optical dipole matrix element)

Does this theory work for other materials? Is there a universal scaling law?

(Need measurements on binary compounds and thick Ge-Sn and IlI/V alloy layers.)
Femtosecond pump-probe ellipsometry measurements of transient absorption in Ge
at high carrier concentration.

Good agreement with band filling model based on Fermi-Dirac carrier statistics.

No model for screening of excitonic absorption in two dimensions.

Test band filling model to describe temperature-dependent dielectric function of InSb.

BE BOLD. Shape the Future.®



	Band filling and relaxation effects in the transient dielectric function of Ge
	New Mexico State University, Las Cruces
	DOD SCALE: Clearable Semiconductor Workforce
	Current Projects and Interests
	Spectroscopic ellipsometry
	Ellipsometry and X-Ray Instrumentation
	Tools for Temperature-Dependent Ellipsometry
	Tools for Temperature-Dependent Ellipsometry
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Nonparabolicity of InSb conduction band from k.p theory
	Slide Number 15
	Experiment: Pump-Probe Ellipsometry
	Set-up: Femtosecond pump-probe ellipsometry
	First 100s of femtoseconds
	First few Picoseconds: Thermal Equilibrium
	Charge Carrier Statistics from Device Physics
	Band Filling �Model
	Slide Number 22
	Band Filling �Model
	Band Filling �Model
	Dielectric Function at Longer Delay Times
	Thermal Excitation of Electron-Hole Pairs
	Slide Number 27

