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Problem statement

(1) Achieve a quantitative understanding of photon absorption and emission processes.
e Our qualitative understanding of excitonic absorption is 50-100 years old (Einstein coefficients),

* But insufficient for modeling of detectors and emitters.
(2) How are optical processes affected by high carrier concentrations (screening)?

* High carrier densities can be achieved with

. In situ doping or
. ultrafast (femtosecond) lasers or
*  high temperatures (narrow-gap or gapless semiconductors)

* Application: CMOS-integrated mid-infrared camera (thermal imaging with a phone).
* Future: How are optical processes affected by an electric field (pin diode or thin layer)?
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Application:
Midwave Infrared Detectors
Germanium-Tin Alloys

Intensity of Optical Absorption by Excitons

R. J. Elliott
Phys. Rev. 108, 1384 — Published 15 December 1957

Article References Citing Articles (1,780) ﬂ

The intensity of optical absorption close to the edge in semiconductors is examined using band theory 7
together with the effective-mass approximation for the excitons. Direct transitions which occur when the Crptical Properties
band extrema on either side of the forbidden gap are at the same K, give a line spectrum and a of Solids

continuous absorption of characteristically different form and intensity, according as transitions between
band states at the extrema are allowed or forbidden. If the extrema are at different K values, indirect

Bdark Fox

transitions involving phonons occur, giving absorption proportional to {AE’)% for each exciton band,
and to {AEf for the continuum. The experimental results on CuyO and Ge are in good qualitative
|

agreement with direct forbidden and indirect transitions, respectively.
|
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Ellipsometry at NMSU diamond windows

closed-cycle He cooler
| Ellipsometry on anything (inorganic, 3D)
Metals, insulators, semiconductors
Mid-IR to vacuum UV (150 nm to 40 um)
e 10 to 800 K, ultrafast ellipsometry

Ellipsometry tells us a lot about materials
quality (not necessarily what we want to
know).

Optical critical points of thin-film Ge;_, Sn, alloys: A comparative Ge;_,Sn, / Ge;_,Si, 440 2006 .
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Optical Spectroscopy of Materials for
Mid-Wave Infrared Detector Applications

1. Pressure dependence of low-temperature photoluminescence of germanium-tin alloys (AFRL/RVSU);
Today: Temperature dependence of photoluminescence of bulk GaSh.

2. Thermal oxidation of bulk Ge, thick Ge on Si, and Ge-Sn alloys on Si (NSF, Arizona State);
Include AFM surface roughness and structural characterization with high-resolution XRD.

Nonparabolicity of conduction band of InSb (SFFP, AFOSR)

Direct gap infrared absorption of a-tin with nonparabolic bands (SFFP, AFOSR)

Low-temperature ellipsometry measurements (0.03 to 6.5 eV) with a recirculating helium cooler (ARO).

Direct gap absorption of a-tin on InSb and CdTe: experiment and theory (NSF, UCSB)

Excitonic enhancement of the absorption near the E, gaps of Ge (AFOSR)

® N @ U s ow

Transient dielectric function of germanium from femtosecond pump-probe ellipsometry (AFOSR)

NM Email: zollner@nmsu.edu
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Temperature-dependent photoluminescence of GaSb
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Thermal annealing and oxidation of Ge (100) and Ge-5Sn alloys
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Nonparabolicity of InSb conduction band from k'p theory

Kane 8x8 k:p Hamiltonian:
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Kane, J. Phys. Chem. Solids 1, 249 (1957).
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Energy (eV)

Infrared absorption of a-tin at the direct band gap
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Low-temperature ellipsometry with a recirculating He cooler

Ellipsometric angles Y and A of one-side polished NiO (111) on J. A. Woollam IR VASE Mark Il ellipsometer with ST-400 cryostat.
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NiO as a test case for infrared ellipsometry. a-tin will be next.

Liquid He was used to cool down the sample to 25 K. Heat up to 500 K in same chamber.
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Energy (eV)

Direct-gap infrared absorption of o-Sn (temperature-dependent)
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Pseudomorphic a-Sn on InSb or CdTe has a
strong E, peak at 0.41 eV.

a-Sn on InSb: temperature-independent.
Doped with In from substrate

a-Sn on CdTe: amplitude increases with
increasing temperature (thermal activation of

Growth on Sb-terminated InSb looks like growth on CdTe.

Low intrinsic carrier concentration at low T, increases at 300 K.

Signal to noise ratio will be improved.
Need calibration of window effects and data analysis.
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Excitonic enhancement of optical transitions 4 »=1
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Two-dimensional Bohr problem
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Comparison with experimental data
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Experimental setup: pump-probe ellipsometry

pump beam path 250 Hz
Ch

H

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

S
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=
. /\ | | .
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@
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SCG (~6.67 ns pump-probe delay, 3 fs resolution)
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probe beam path cp. Charge-coupled device detector

-
y

S. Richter, Rev. Sci. Instrum. 92, 033104 (2021).
S. Espinoza, Appl. Phys. Lett. 115, 052105 (2019).

ELI Beamlines, Dolni Bezany, Czech Republic 16




Set-up: Femtosecond pump-probe ellipsometry

| - / N
A : e o, I S A Rotating compensator

—_— w\ 2N | TN ellipsometer:
Focusing gl |\ '

Compensator was rotated in steps
of 10° for a total of 55-65 angles.

-
=
O
=
(0]
N

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.

Espinoza et al., APL 115, 052105 (2019)
ELI Beamlines, Dolni Bezany, Czech Republic 1 7




Pseudo-dielectric function of Ge versus of delay time
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Rapid decrease of € within first 500 fs. Recovery takes 1 ns or longer.

BE BOLD- Shape the FUtUI‘e. Carlos Armenta’ NMSU
AFOSR (FA9550-24-1-0061)




Carrier relaxation (<100 fs): Energy transfer to lattice

e-e scattering:
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Electron concentration from density of states
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To avoid bleaching of the absorption, the
chemical potential u cannot be larger than the
excess electron energy €. Assume
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Calculate maximum electron concentration
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Electrons cooling by intervalley scattering (>500 fs)
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Carrier density:
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on temperature.
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Electrons cooling by intervalley scattering (>500 fs)

L-valley
Scattering
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Band-filling model for transient dielectric function
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Comparison with experiment: L s sy
Excitonic effects included, - '
but no screening of 2D excitons (how 2?2?)
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Conclusion

* There is much interesting physics in the optical constants of a-tin and germanium-
tin alloys. e

* Kane’s k.p band structure for InSb is the key.
e Conduction band nonparabolicity.
* k-dependent dipole matrix elements (not yet included)

Chemical potential and Fermi-Dirac statistics

Band filling (Pauli blocking) of transient optical absorption ‘
 Excitonic enhancement of the interband transitions (3D, 2D) *
* Screening of excitons at high carrier concentrations Y
* How do we screen the absorption by 2D excitons?
* We are finishing the analysis for publication.
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1. Pressure dependence of low-temperature photoluminescence of germanium-tin alloys (AFRL/RVSU);
Today: Temperature dependence of photoluminescence of bulk GaSh.

2. Thermal oxidation of bulk Ge, thick Ge on Si, and Ge-Sn alloys on Si (NSF, Arizona State);
Include AFM surface roughness and structural characterization with high-resolution XRD.

Nonparabolicity of conduction band of InSb (SFFP, AFOSR)

Direct gap infrared absorption of a-tin with nonparabolic bands (SFFP, AFOSR)

Low-temperature ellipsometry measurements (0.03 to 6.5 eV) with a recirculating helium cooler (ARO).

Direct gap absorption of a-tin on InSb and CdTe: experiment and theory (NSF, UCSB)

Excitonic enhancement of the absorption near the E, gaps of Ge (AFOSR)

® N @ U s ow

Transient dielectric function of germanium from femtosecond pump-probe ellipsometry (AFOSR)
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