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Outline

» Examples of single-crystalline
semiconductor dielectric functions

* Temperature

» Strain

Alloy composition
Excitonic effects
Film thickness
Doping and carriers
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Semlconductor Dielectric Functions
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Critical points in the dielectric function
are related to interband transitions
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Impact of Temperature
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Impact of Strain and Stress
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Impact of Composition: Ge-Sn Alloys

R A R
s0f e | (B[N,
= | \ — 72%sn 1 FTaon s
£ af * ilsie].
5 | ] r.-'1 Ge ||ns | ¢
2 10} il &= i |
£ ] |r1 sn |[Sh |1
10 1 N. Fernando, JVST B 36 (2018)
T e R e S __ Fully strained
Energy (eV) ] N
counts/s i ek
Impact of Sn: 1?:_ (004)w28 .| : e
¢ RedShIft. 100K — GeSn layer :: &
° B roa d e n I ng 1 Interference
 Increase of A, L
« Same theory as -
10 Composition
temperature effects § .

316 318 320 322 324 R6 28 B0
Omega/Z2Theta (%)




Impact of Composition: Ge-Sn Alloys
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Significant difference between pseudomorphic Ge-Sn alloys

(grown on Ge) and relaxed alloys (grown on Si). Only relaxed
Ge-5n alloys become direct semiconductors (10% Sn).
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The Concept of an Exciton

Wannier exciton

Exciton: bound electron — hole pair (typical of inorganic semiconductors)
Ener . Excitonic Lattice Constant(A) Excitonic
A 9 conduction Band Radius(A) Binding
Energy (meV)
_____ O--=-—==4E.........GaAs 130 5.6532 4.2
. /)f\ -SITiO, 62.5 3.9050 20
f - -GaP 50 5.4505 21
: K jj/,gj 'ZnO 20 a=3.2500, ¢=5.2040 60
Eq : :
Semiconductor Picture
| ]
1 g > Large radius (larger ©
< ' than atomic spacing)

Valence Band

O
» Weakly bound _

Electron+Hole Wannier Exciton

All About Discovery!™
New Mexico State University
nmsu.edu

Mark Fox, Optical Properties of Solids (Oxford University Press, Oxford, 2010).
S.L. Pyshkin, L. Zv. Zifudin, J. Luminescence 9, 302 (1974).




e b A 28
17:0 step size
16.5 1 meV
EII|ot-Tanguy Ilneshape As
Far from square root smgularlty |

Energy (eV)

About Discovery!™

bw Mexico State University

su.edu

Carola Emminger, MS thesis (Linz) 12



Impact of Film Thickness: Ge on SiO,

Thick GOI (920 AGe, 1380 ASIOZ, bulk SI) Thin GOI (290 A Ge, 1370 ASIOZ, bulk Si)
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o GOI: Ge on insulator, produced by SmartCut process
| waiter

Possible confinement shift of E; by 10-30 meV
(very hard to see at 300 K, need low temperature data)
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Impact of Film Thickness: Ge on SiO,

Ge
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Impact of Film Thickness: ZnO on Si
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Kramers-Kronig consistent modeling with Tauc-Lorentz

oscillators.
« Real and imaginary parts of dielectric function of ZnO

' layers on Si decrease monotonically with decreasing
thickness.
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Impact of Thlckness ZnO on SIO,
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« Real and imaginary parts of dielectric function of ZnO layers on
SiO, also decrease monotonically with decreasing thickness.
« Explanation: Exciton dephasing at type-Il quantum well interface.
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Lattice vibrations in thin ZnO on Si
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« TO absorption in thin films is broader and redshifts.
« Explanation: Damping of oscillations, if thickness below mean free
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Impact of Doping

Doping: Impurities plus free carriers
Dopant activation: How many impurities are ionized, produce free
carriers?
Impurities:
« Impurity (alloy) scattering due to lattice potential disorder
« Compensation doping (electrons plus holes)
« Strain effects if atomic radii of impurity and host differ
Free carrier effects:
* Drude response
« Band gap renormalization (BGR)
- Band gap filling or Pauli blocking
« Burstein-Moss shift
- Reduction of excitonic effects
Photoexcitation: Equal number of electrons and holes add to
existing carriers (from doping)

All About Discovery!™
New Mexico State University
nmsu.edu




Dopant Activation (Ge:P)
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Highly doped Si and Ge
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Excitonic Effects (doping)

In some semiconductors, strong excitonic contributions
to the E, and E,+A, critical points.

Si and GaAs: Strong E, excitons; Ge: Weak E, excitons.
Si: Strong dephasing at 6E20 P doping, when the
Thomas-Fermi screening length (0.5 nm) is smaller than
the excitonic radius (3 nm).

Si: Strong reduction of E, amplitude, but no shift.

Ge: Not much amplitude reduction (band filling), but
redshift and broadening due to impurities.

Excitonic screening changes the E, phase angle (Si, Ge,
alloys) due to impurities and alloy disorder.

Compare Raman scattering in doped Ge at E, resonance.

All About Discovery!™
New Mexico State University
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Excitonic Effects: E, phase angle

« Excitonic screening changes the E, phase angle
(Si, Ge, alloys) due to impurities and alloy disorder.
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Similar reduction in E, phase angle for Si and Ge.
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Impurity Scattering: Si and Ge
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Strain Effects in doped Si

« Measurable if atomic radii of impurity and host differ
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Strain Effects in doped Ge

Covalent atomic radii (Phillips)

B C
0.853 0.744 0.719
Al Si P
1.230 1.173 1.128
Ga Ge As
1.225 1.225 1.225
In Sn Sb
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g0 _ 2 1128 —1.225| _

P 4.418 x10* cm™ 1.225
— 4.527%10°% cm® x (—0.0791) — _3.58%x10°* cm?®

B¢ =4.527x107

3o =4.527x107%

1.225—-1.225

1.225
1.405—1.225

1.225
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Drude Model for Metals

Drude model, I'/E,=0.1

1o, =E¢g,¢,
1—0,=(-¢)E¢g,

00 05 10 15 20 00 05 10 15 20

Energy (E/Ep) Energy (E/Ep)
E2 E2 I h’ne?
Ae(E) = ————+ it "X — E: =
E2+T2 "E2+T2°E meg

Ag proportional to A2 for small T" (slope n/m).
Only Ag, measurable for small T.

All' About Discovery!™
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Drude Response for doped S|

40 ,?: 3¢
0;.. %120"‘ "21;05 4108 61{]5;“1“8;105
Wavelength? (nm?)
Clear reduction of ¢, below the direct gap due to free carriers.
Change in g, is due to impurity scattering, not free carriers.
Electrons contribute more than holes (smaller mass).
D

oping with P and As has similar results (not shown).
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Drude Response for doped ZnO and ITO
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Many-Body Effects

- Band gap renormalization (BGR)
- Band gap is lowered at high carrier density
« Measurable with photoluminescence
- Band filling or Pauli blocking
« Band filling affects absorption measurements
- Burstein-Moss shift
« Absorption threshold affected by both BGR and band filling
- Mott transition: Individual excitons versus electron-hole liquid (EHL) at

r~5.
. ; High doping /o Band Filling
\k\*- N _O f’/ \i"’i\EIF BG R | ’i,&’é/i “\$"’$EIF BU I’Stein-l\/IOISi)L,)i
F \x‘_;‘m, \}i\bi‘i‘t -fi’i f’"ﬁ Q\ H@\iﬁw% %
— PL v absorption vPL absorption

Not important in
ellipsometry

All About Discovery!™
New Mexico State University
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Band gap filling

Filled electron and hole states reduce absorption
probability by a factor 1-f.-f,, where f is the population of
the state.

Also known as Pauli blocking.

Bleaches the absorption, spectral hole burning.

Purely quantum mechanical effect (Fermi statistics).
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Burstein-Moss Shift: n- type InSb
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Burstein-Moss Shift in ZnO and ITO
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Band gap increases with increasing dopant concentration.
Band gap renormalization (decrease) PLUS band filling (increase
Shift is proportional to n#3 (many-body effect).
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E, gap in hlghly doped Ge:P
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Phase-filling singularity in highly doped Ge:P
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E. CP parameters in highly doped Ge:P
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Summary

Dielectric functions of semiconductors depend on
many parameters:

« Temperature
Strain

Alloy compositiong$
Doping "
Free carriers
Excitonic effects
Film thickness
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Band-gap renormalization (BGR)

- Modified Rydberg units make BGR independent of material:
- Excitonic Rydberg R (exciton binding energy: mass m* + screening ¢)
« Excitonic Bohr radius ag
« Carrier separation r_: n-'=(4n/3)(r.ag)*
« Reduced density: /=nag3; reduced temperature: §=kT/R.

- Exchange energy:
* AEg (exchange)=-1.22/r (single isotropic valley), proportional to n'’3.
- Modify expression for multiple or anisotropic valleys

e Ge atn=4.3E19cm3; AEg(exchange)=—0.02 eV (observed: -0.07 eV)

« Electrons in L-valley of Ge do not impact direct band gap BGR, because wave
functions at L and T" do not overlap. Exchange energy between electrons in
different valleys vanishes. Compare Kalt&Rinker, PRB 45, 1139 (1992).

 Summary:

« Band gap renormalization in doped semiconductors is not important,
because it is smaller than the impurity shifts observed by Vina.

« BGRis the dominant influence in photoexcited semiconductors (PL

C. Haas, Phys. Rev. 125, 1965 (1962).
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Band-gap renormalization (BGR)
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Band gap Iowerlng in Ge P
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Band gap collapses in Ge:P and Ge:As. (Band filling subtracted.)
E..a Eo @and E, collapse at about the same rate, nearly linear in doping
density, independent of temperature. Depends on impurity density,
independent of n.

due to free carriers or due to impurity scattering

C. Haas, Phys. Rev. 125, 1965 (1962). Near-gap IR absorptio
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Band gap collapse in Si
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