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Precision measurements of optical constants

Bulk materials: Semiconductors, metals, insulators

SiC, SrTiO,, AlSb, Ge, GaAs, GaP, GaSb, InSb, SiC (4H and 6H), Ni, Pt, Au,
MgAl,O,, NiO (excitons), LiF, LSAT, ZnGa,0,, LaAlO,

Epitaxial layers (many grown by Alex Demkov and his group):

NbO,, Co;0,, SrTiO, (doped, quantum wells), BaSnO;, ZnO, Sn0O,,HfO,, Gd,Ga,_0;, silicides,
SiGe:C, GeSn, GaAs,_P,, alpha-tin on InSb and CdTe, native oxides on semiconductors (GeO,)

Comparison with ab initio theory by Alex Demkov and with k.p theory (Jose Menendez)

Ellipsometry measurements over a broad spectral range (30 meV to 9.5 eV)
and broad temperature range (4 K to 800 K)

Applications: Microelectronics industry (CMQOS, bipolar, 111/V), mid-wave infrared detectors
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E"ipsometry 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)
10 to 800 K, ultrafast ellipsometry

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

PeterY.Yu
Optical critical points of thin-flm Ge;_,Sn, alloys: A comparative Ge;_,Sn,, / Ge;_,Si, 445 2006 Manuel Cardona
study
VR D’costa, CS Cook, AG Birdwell, CL Littler, M Canonico, S Zollner, .
Physical Review B—Condensed Matter and Materials Physics 73 (12), 125207

Fundamentals of

Semiconductors
Growth and strain compensation effects in the ternary Siy_,_/Ge,Cy, alloy system 397 1992

K Eberl, S5 lyer, S Zoliner, JC Tsang, FK LeGoues
Applied physics letters 60 (24), 3033-3035

Ge—S8n semiconductors for band-gap and lattice engineering

M Bauer, J Taraci, J Tolle, AVG Chizmeshya, S Zoliner, DJ Smith, ... http://femto.nmsu.edu
Applied physics letters 81 (16), 2992-2994

@ Springer
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Problem statement: optical constants

(1) Achieve a quantitative understanding of photon absorption and emission processes.
* QOur 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

* Insitu doping (Menendez, Kouvetakis)
* high temperatures (narrow-gap or gapless semiconductors)

* ultrafast (femtosecond) lasers
* Application: CMOS-integrated mid-infrared camera (thermal imaging with a phone).
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Problem statement: screening of 2D excitons

Excitonic direct gap absorption: 3D hydrogen problem with Coulomb potential
treated in every quantum mechanics course
Sommerfeld enhancement of the absorption.

Screened exciton absorption: 3D hydrogen problem with Yukawa potential
Not solvable analytically, use Hulthen potential (Banyai & Koch, Haug & Koch)

Excitonic direct gap absorption in 2D materials or E; excitons
2D hydrogen problem with Coulomb potential (Fligge: Rechenmethoden der QM)

Excitonic direct gap absorption with screening (femtosecond ellipsometry)
No known solution for screened Sommerfeld enhancement in 2D.
Can you help with an approximate analytical solution?

BE BOLD. Shape the Future.



Fermi’s Golden Rule: Tauc plot

Direct band gap absorption constant k-p matrix element

1 2m 2T :
—=— Hogli)?6(Er — E; — hw) = — [(f|H g li)|?gs; (hew) JOINt DOS
—=2 Lfl(fl erlDE6(Ey ~ E; = hw) = (f Heal Py (ha) JONDOS

e L
(f[Herli) = —(fIpli) - Ag InAs
mO 0.8F room temperature
Use k-p matrix element P.  E.=2P?/m,
0.6

The Tauc plot is wishful thinking.
excitons
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Sommerfeld enhancement (3D)

Excitonic Rydberg

energy

Discrete states
Discrete absorption
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R. J. Elliott, Phys. Rev. 108, 1384 (1957)

Use Bohr wave functions to calculate ¢,.
Toyozawa discusses broadening.

Yu & Cardona; Fox, Chapter 4; Tanguy 1995 7



Elliott-Tanguy theory applied to Ge

- Fixed parameters:

- Electron and hole masses (temperature dependent)
- Excitonic binding energy R
- Amplitude A (derived from matrix element P)

- Adjustable parameters:

- Broadening I': 2.3 meV
- Band gap E,

- Linear background A, and B,
(contribution from E, to real part of €)

Quantitative
agreement

- Problems:

- Broadening below the gap (band tail, oxide correction)

BE BOLD. Shape the Future.

€

0.6

Carola Emminger et al., JAP 131, 165701 (2022).
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Temperature dependence of the effective mass

- Effective electron mass given by k-p theory E,: direct band gap
Ep ( 2 N 1 ) k-p matrix element P: E.=2P?/m,
Eo(T) * Eo(T) + Ag

=1
m () 3

- Temperature dependence of the direct band gap has two contributions:

« Thermal expansion of the lattice )
« Electron-phonon interaction (Debye-Waller term and self-energy) . 20 w0 600

- “Mass band gap” should only include the thermal expansion. |
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Two-dimensional Bohr problem

h? (9% 02 h? 0% e?
H=-— + ~ ~
20, <ax2 0y2> 2uy0z% &1

Assume that , is infinite (separate term).
Use cylindrical coordinates.

Separate radial and polar variables. LiH
Similar Laguerre solution as 3D Bohr problem. 2D critical point
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M. Shinada and S. Sugano, J.

Phys. Soc. Jpn. 21, 1936 (1966).

Fligge (Rechenmethoden QM).




Two-dimensional excitons at E, critical points of Ge
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Problem statement: optical constants

(2) How are optical processes affected by high carrier concentrations (screening)?

® High carrier densities can be achieved with
* Insitu doping (Menendez, Kouvetakis)
* high temperatures (narrow-gap or gapless semiconductors)

* ultrafast (femtosecond) lasers
* Application: CMOS-integrated mid-infrared camera (thermal imaging with a phone).
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Condensation of excitons at high density
Mott transition (insulator-metal) when electron

Exciton gas separation equals exciton radius.

e

Electron separation d for density N

—
3 3 d
. — _ Y. = —
(a) Low density d — S
Separation >> diameter \ 4tn Ay

Electron-hole liquid  Mott transition occurs at r, near 1.
\7 GaAs: n=10"" cm-3.
VAN

Biexciton, triexciton molecule formation.
Electron-hole droplets. Bose-Einstein condensation.

(b) High density  [ETERGRAT{IEY
Separation ~ diameter Fox, Chapter 4



Excitons in doped or excited semlconductors |

Need to include exciton screening due to doping.
Yukawa potential: Schrodinger equation not solvable.
Use Hulthen potential as an approximation

2

1 e P -
_ L= k =
Coulomb V(ir) = kr Amreye, Debye
screening length
Yukawa __exp(—=7r/1p) e eoksT 1
V(r) =—k Ap = —
r ne? kp
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Tanguy: Dielectric function of screened excitons

h%e? (2u 3/2
Bound exciton states (finite number): A= 2< 2) |P|?
brggmg \ h
2
2 AVR ”ig 1/1 n? R n2\’
82((1))= £2 12R£ ﬁ—? 6E—E0+ﬁ 1—?
n=

Reduced Rydberg energy
exciton continuum:

2tAVR sinhmTgk
2 0(E — Ey)

X osh(rak) — cosh Rz 2 E—Ey)
COS 7Tg COS 7Tg g k=7l'\/ O/R

Need to introduce Lorentzian broadening and perform numerical KK transform.

BE BOLD. Shape the Future. C. Tanguy, Phys. Rev. B 60, 10660 (1999)



k-p theory (band structure method)

Schrodinger equation ﬁZ
HPpi =\ oy TV ) Pk = Enk Pk
Use Bloch’s theorem: d - () = eiE-Fu -(r
k(") nie () Product rule

fo)" =f"g+2f'g" +fg"
52 n’k? hk-p

i = + + + V u. . — E > U. 7
Solve equation for k=0. Zmo ng my nk nk“nk

Eliminate green free-electron term with substitution of variables (Kane 1957).
Then treat red term in perturbation theory.
Works very well for semiconductors with local V(r) potentials.

%\Tl,%\T/% BE BOLD. Shape the Future. Yu & Cardona, Fundamentals of Semiconductors

Kane, J. Phys. Chem. Solids 1, 249 (1957). Kane 1966.



Simple 8x8 k:p band structure of a-tin (Kane)

Kane 8x8 k-p Hamiltonian:
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S. Zollner, JVST B 42, 022203 (2024). 8 e _ 0.01 _ 0.02
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Exmtonlc intravalence band absorption in a-tin

nonparabolicity affects exciton radius (screenlng)
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Dielectric function of InSb from 80 to 800 K
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- Band gap changes with temperature (but only below 500 K). Woollam FTIR-VASE
« Amplitude reduction at high temperatures (Pauli blocking, bleaching) cryostat with CVD
* Drude response at high temperatures (thermally excited carriers). diamond windows

* Depolarization artifacts at long wavelengths (below 300 K).

BE BOLD. Shape the Future. Melissa Rivero Arias, JVSTB 41, 022203 (2023) 19



Optical constants model: screened excitons

Vg 2 _
2tAVR (\O2R( 1 n? R n? sinh(rakH(E — E

&(E) = ([ S=-=]6|lE-Ey+—=|1-— n (rgk)H( 0)
2 E? n \n? gz 2 7
cosh(rgk) — cosh <7Tg /kz -3

n=1 n g
Absorption by screened excitons (Hulthen potential)
Degenerate Fermi-Dirac statistics to calculate f, and f..
Numerical Kramers-Kronig transform (need occupation factors) ol
Two terms for light and heavy excitons
Non-parabolicity and temperature-dependent mass included from k.p theory
k-dependent matrix element P.
Screening parameter g=12/n?agk+¢ (large: no screening)
Sommerfeld enhancement persists well above the Mott density.

Only two free parameters: Band gap E, and broadening I
Amplitude A and exciton binding energy R from k.p theory and effective masses

NM Christian Tanguy, Phys. Rev. B 60, 10660 (1999).
Syxay BE BOLD. Shape the Future. Jose Menendez, Phys. Rev. B 101, 195204 (2020).

Carola Emminger, J. Appl. Phys. 131, 165701 (2022). 20



increasing excitation intensity |,
increasing generation rate G

Femtosecond Pump-Probe Ellipsometry
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Non-linear effects in
germanium induced by
photoexcited carriers:

« Screening (many-body)
» Carrier-carrier scattering.

« Carrier-phonon scattering.

* Intervalley scattering.

«  Momentum and energy

Angle of
incidence

relaxation of hot carriers.

Plane of
incidence

H. Kalt, Semiconductor Optics 2 (2024).

Tompkins & Hilfiker, Spectroscopic Ellipsometry (2016)
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Experimental setup: pump-probe ellipsometry

1.55 eV pump beam path 250 Hz _
Ch ( Ti:Sa @/ Ch: Chopper (500 Hz, 250 Hz)
P \ Laser A: Anal
() \ \ : Analyzer
=== P: Polarizer
£ Cq: Rotating Compensator
\ - 2| L:lLens
\ N » / S: Sample
™ A BS .
i DL: Delay Line
(~6.67 ns pump-probe delay, 3 fs resolution)
500 Hz _ :
Ch SCG BS: Beam Splitter

\ 8 b / SCG: Super-continuum Generation
CCD: Charge-coupled device detector
White light probe beam path

NM S. Richter, Rev. Sci. Instrum. 92, 033104 (2021).
e S. Espinoza, Appl. Phys. Lett. 115, 052105 (2019). 5




Set-up: Femtosecond pump-probe ellipsometry

- Pl R g o Rotating compensator
2 - LN N ellipsometer:

¢ W& Focusing | it =N _

9 _IRNS =g | - %i NP £ Compensator was rotated in steps
Probe 4 ens e o / . W B 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.

Sample [ Delay time from -10 to 50 ps.
Stage

Time resolution of about 500 fs.

23
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Pseudo-dielectric constant as function of delay time

<é, > <é,> <¢,> <e >
1 2
30 — ; ; ; 24 — ; ; ; 30 ; - ; 26 : 2
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22 F 2ot
20+
20 F
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16
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12 1
16 |
101 1
14 8/ i
6'/ e 1000 ps| 1

5+ ! ! ! 12 = ! ! ! 0 ! ! ! 4: ! ! :
2 22 24 2.6 2 22 24 2.6 2 25 3 3.5 2 25 3 3.
Energy (eV) Energy (eV) Energy (eV) Energy (eV)
Rapid decrease of ¢ within first 500 fs. Recovery takes 1 ns or longer.

BE BOLD. Shape the Future.




2D excitons with band filling - no screening

02D p2 - *max
py P {gal(E +iD)] + galé(—E —il)] — 29,[£(0)]} 2
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A1 15 1 5
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X t:‘0065 V, T:SSOOK L 500 1000 1500 2000 2500 3000 3500 4000
Exciton 10 ;=0.083e9;/, T=3100K |1 Temperature (9
binding energy. _i‘zgggg Eggggi
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F—11=0.58eV, T=1500K
m—,=0.67eV, T=1100K
m—=0.74eV, T=700K
m—,=0.79€V, T=300K
n=0eV, T=300K

No screening included
for 2D excitons
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Theory 1E+20
Ba nd -fl I I I ng effECtS S n = 10% om? —Theory SE+1s
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We combine Tanguy’s line shape for 2D excitons with Xu’s band-filling model: 5 [ e O t=00sps
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t=0 i =0.098eV, T = 2724K
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C. Xu, J. Appl. Phys. 125, 085704 (2019).

C. Xu, Phys. Rev. Lett. 118, 267402 (2017).



Problem statement: screening of 2D excitons

Excitonic direct gap absorption: 3D hydrogen problem with Coulomb potential
treated in every quantum mechanics course
Sommerfeld enhancement of the absorption.

Screened exciton absorption: 3D hydrogen problem with Yukawa potential
Not solvable analytically, use Hulthen potential (Banyai & Koch, Haug & Koch)

Excitonic direct gap absorption in 2D materials or E; excitons
2D hydrogen problem with Coulomb potential (Fligge: Rechenmethoden der QM)

Excitonic direct gap absorption with screening (femtosecond ellipsometry)
No known solution for screened Sommerfeld enhancement in 2D.
Can you help with an approximate analytical solution?

BE BOLD. Shape the Future.



Conclusions

* Quantitative modeling of low-density optical processes is possible with basic physics and
matrix elements from k.p theory:
* Photoluminescence in Ge (Menendez)
* Indirect gap absorption in Ge (Menendez)
* Direct gap absorption in Ge at low T (excitons in 3D); E, critical points in Ge (excitons in 2D)
* More work is needed at high temperatures and for materials other than Ge.
* High carrier excitations:
* High electron doping density in Ge
* Thermal excitation of electron-hole pairs in InSb and o-tin (3D screening and band filling).
* Femtosecond laser generation of electron-hole pairs in Ge (2D screening)
* Experimental data and qualitative explanations exist
* We need more experiments and more detailed theory and simulations.
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Thank you!

Questions?

Many students
contributed to
this project.

http://femto.nmsu.edu
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