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MOTIVATION

Group IV (e.g. Ge, Si) and group llI-V (e.g. GaAs, GaSb, InAs, InSb) semiconductors:
Important materials for optoelectronic devices

Group IV photonics applications — examples:
= Ge-on-Si photodetectors
= Si-Ge-Sn and Ge-Sn alloys: mid-infrared detectors, photovoltaics, room temperature
lasers

Knowledge on optical constants (experiment and theory) is important for simulations
and the development of optoelectronic devices.

Spectroscopic ellipsometry: optical contact-free measurement technique;
used to determine:

= Optical constants (complex dielectric function, refractive index)

= Thickness of a thin layer

= Information on surface roughness, composition, strain, doping concentration, etc.

Femtosecond pump-probe ellipsometry: study the effects of an ultrashort laser pulse,
carrier concentration/doping, scattering etc.



OUTLINE

Introduction:
= Spectroscopic ellipsometry
= Critical point analysis using digital filtering

Part 1: Excitonic effects at the direct band gap of Ge
= Hulthén-Tanguy model with parameters from k-p theory
= Energy and broadening as functions of temperature

Part 2: Transient critical point parameters of Ge and Si
from femtosecond pump-probe ellipsometry

= Critical point parameters as functions of time delay
= Coherent phonon oscillations



Spectroscopic Ellipsometry
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C. Emminger, F. Abadizaman, N.S. Samarasingha, T.E. Tiwald, S. Zollner, J. Vac. Sci. Technol. B 38, 012202 (2020).

Y in degrees
N
(6)]

30

20

10

<g;>

1 90

420

Photon energy (eV)

o Ellipsometric ]
angles
1 TR [N TN TN WA W (NN NN TN WO TR [N NN AN N 1 1 | -
0 2 3 4 5 6
Photon energy (eV)
T T 1 T 1 11 I
v Pseudo- A
L s dielectric
function
L | | L1 | L L | 1
0 2 3 4 5 6

— 190

170

150

130

110

25

15

10

A'in degrees

<g,>



' L T T L
30 + """. <g¢,> (before cleaning)
I \ <g4> (cleaned) ]
20 [ -=== g, (oxide corrected) ]
R R :
a 10 i
© I i
Q . _
X o i
10 L - R
-20 T I T T T I T T I I T T T I T T T I T I I I T i
| —<&,> (before cleaning) oxide: 87 A :
30 - <¢,> (cleaned) oxide: 24 A £ .
T ==== g, (oxide comected) ‘." H 7
T Ao I
O A "c |. i
O = .,-r' 1‘. i
20 - ; \ —
S ; ~. .
£ ‘ Y .

(o)) ] %
=10 L :' u._.____-- _
O ...-'T'-T-- I I | I 1 I | 1 I 1 | I 1 I | I I 1 | 1 .
1 2 3 4 5 6
Energy (eV)

C. Emminger, F. Abadizaman, N.S. Samarasingha, T.E. Tiwald, S. Zollner, J. Vac. Sci. Technol. B 38, 012202 (2020).

p = tan(y) e'®

Native oxide
layer correction

40

35

30

25

Y in degrees

20

15

10

30

20

10

<g;>

-10

L L L DL I L L L B
3 Ellipsometric .
[ angles ]
Lo v v b v v b by v b b |_
0 1 2 3 4 5 6 7
Photon energy (eV)
L A LA A LI I ) I N B R B B B
5 \/ Pseudo-
L s dielectric 1
[ function
_I PR T S N T TN T NN T TN TN [N T T N T N S T T N T T T N N N |__
0 1 2 3 4 5 6 7

Photon energy (eV)

190

170

150

130

Ain degrees

110

90

25

20

15

<g,>

10



, a ellipsometry.nmsu.edu

301 e Eblefﬂfe;'ea”i"g) 1 To stabilize native oxide layer:
I <g,> (cleane
20 -=== g, (oxide corrected) " UHV CryOStat
. = Heated up to 700 K for
g I N e ]
S 0\ N\ ] several hours
a 10 0\ SN e i
5| : L
X o] | . UHV cryostat SOl &
_ Change of native oxide layer thickness with U ol V-VASE
0 temperature: e ) ellipsometer
I 0.5-6.5eV
-20_=I:::| "s5r—r—r—7—— T 77T
: <g,> (before cleanin 110k . |
30 - <g,> (cleaned) O | A
[ === g, (oxide comrected) € 10.5 | Condensed .
g | . @ L N, orO,
Q ¢ b D 100F Degassing .
gzo i ] S [ Water ice -
c | ] £ 95+ a R 5 o -
o ; ~ L |
L : O
e : 3 90t °
=10 '.' 3 Oxidation
' F 8.5 A .
____.-"' o0 J MU NI NI BT RS S E R 1
0 h--‘lr ! é E— 0 100 200 300 400 500 600 700
Temperature (K)

C. Emminger, F. Abadizaman, N.S. Samarasingha, T.E. Tiwald, S. Zollner, J. Vac. Sci. Technol. B 38, 012202 (2020).



Black body radiation

At higher temperatures: Distortions due to black body radiation

— Can be improved by placing an iris at the exit window of the
cryostat

20 L1

<€;>

nI...I....I....-0.0
0.7 0.8 0.9 1.0

Energy (eV)

ellipsometry.nmsu.edu

UHV cryostat

4-800K V.VASE

ellipsometer

Nitrogen 0.5-6.5eV



= Structures in the dielectric function due to interband transitions

Critical points of Ge

= Joint density of states — Van Hove singularities
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= Critical point analysis: Second derivative of dielectric
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Critical point analysis using linear filters

= |inear filter method (Le et al. 2019) can be used for:
= Scale change (energy < wavelength)

= Interpolation and filtering of the dielectric function Discrete Fourier transform

= Calculation of second derivatives of the dielectric function (aoeorting 1o Y00 ant ASanes, 200D
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= Di i F(E) = | dE'f(E")by(E — E' i . " L
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V. L. Le, T. J. Kim, Y. D. Kim, and D. E. Aspnes, J. Vac. Sci. Technol. B 37, 052903 (2019)
S. D. Yoo and D. E. Aspnes, J. Appl. Phys. 89, 8183 (2001)
Private communication with Prof. David E. Aspnes 11



Calculation of the second derivatives

150000 ———8

Second derivative of € using EG-filters
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Part 1: Excitonic effects at the direct band gap of Ge
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Choice of lineshape for direct band gap
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Motivation: Model of the direct band gap of various semiconductors
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Hulthén-Tanguy model to consider excitonic effects
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Parameters from k-p theory

/ EO’ Y
= Heavy (hh) and light hole (Ih) contributions: e(E) = ey (E) + €,(E) + 1 + — 31152 Calculated
ters:
. | | 2y 32 Ep ap2 parame
Amplitude:  App/p = Tones (;l'uhh/lh — with  Ep = e 26 eV A and Ry
= Excitonic binding energy:  Rppun = —2"13.6 eV (R, ~ 2meV and Ry, ~ 1 meV at 4 K)
St
* Reduced masses: (R S
Hhh/lh Mph/lh Mer
= Electron effective mass: 0 -1 42 [2 +— ]
Mer Eoy  Eo+Ap
_ E 278
= Hole effective masses: =—|-A+ |B? + PAR\ a(T)
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C. Tanguy, Phys. Rev. B 60, 10660 (1999).
M. Cardona, J. Phys. Chem. Solids 24, 1543 (1963).

C. Persson and U. Lindefelt, J. Appl. Phys. 82, 5496 (1997).

G. Dresselhaus, A. F. Kip, and C. Kittel, Phys. Rev. 98, 368 (1955).
J. Menéndez, D. J. Lockwood, J. C. Zwinkels, M. Noél, Phys. Rev. B 98, 165207 (2018).
P. Yu and M. Cardona, Fundamentals of Semiconductors, (Springer, Heidelberg, 2010).

Fit parameters:
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Distortions due to xenon lamp

0.90

L X X ¥ 4 L MY NXNX XYY i
888 ReRANGY
< <F < 2 momHOmmt <
'WV
o - 5 &
‘lﬁ S
(@)
- s H®
o
Lo
- s ™~
= (@)
= |o
L i 2=~
1 1 1 1 1 1 I 1 1

0.65

19.2
18.91-
17.71
17.4

1.20

Xenon lamp peaks distort the dielectric function
Il (and second derivatives) at some temperatures

— T T T T T T T T T T T 1T 1 T T T T T T
Hillllllhhlﬁﬂ‘ﬁ.ﬂhxh“lﬂlﬁl”ﬂ\ll\“ll\l llllllllll o O R | T | g R SR ]
L
||||||'|:n|||1)nmmWWhu.W\|h ||||||||||| S ey | (OL T | T T et s o
— RN — — -
/_ / =
A
e 2
ik W/J/J/ M‘
e N =
o 2 -
% = o
MR ) ) = g
||777.|||.h|xhh|\mhhn\uw1uull|\ |||||| ) R TR w |||||||||||||||||||| L
XYoo s e ="
Q »nw S N —
- o Qo ! \ - & = .
X X X | e
Ll g =
1 1
{
ﬁ | | e o
ez |_.|._.||||||||hln|uuuﬂlumlx|ﬂ. |||||| il e e i @) )
oo o
......................... g 4 [ (NN, T a e i el
E R
2 a D 2 (. A
Y g~ mﬂJluern.m'u.H.Mﬂ\lﬂ ||||| R P ey - | e e R v S Porg T e
T e e
N
el o
T wie R o oo R E R T == 8
Y N o
-
|||||||||||||||||||||||||||||||| O e o s B e
- b /
e ) B ]
I||||||||||||||||||||||||||||‘:|/|/|ﬁ||| R T B A e e T T I P S-S T
/, N
< £
1 PR I SR AN TR NN T B o ]

uonoaPay _ _
uonezuejodaqo,

19

Photon Energy (eV)

Photon Energy (eV)



4%
192

d?%,/dE?

-1000
-1200

19.8

Fit results at high temperatures

196

194

19.0

18.8 -

400
200

0L

-200

-400

600 -

-800

676K gagk Ursga}f;

0.54

0.56

058 060 062 064 066 068 070 0.72

Energy (eV)

d%,/dE?

05 (b)

Agreemen

t between fit and data for

14| €, is lower at higher temperatures

0.0

800 -

400 [

-400

-800

0.54 0.56

0.58

0.60

Energy (eV)

062 0.64

0.66

0.68

20




Temperature dependence of the energy and broadening of E,

09 I 1 | | I | | 14 | | | I | | L
. . A
[ B Yhh =T A
12 - - -Fit -
. AL
i AE, Considering LA- and LO- a7
=08 i S‘* 10k B AE, phonon intervalley scattering f‘, -7 -
% ) g Yinst. Menéndez et al., L -
R £ O Theory PRB 101 (2020) _ o
LLIO o 8F x McLeanand Paige A b o 7
- £ + Aspnes A 92. “a D o
c
> 3 6F £ A ¥ _
L 07F A RS analysis < P ao88o000°0
LU O This work 5 4t e a 9 5 o889,° -
X Macfarlane et al. i Pl aat®.m ,88oo
——Fit (RS) 2%__”3*&333 egexoo et |
— -Fit (this work ooB8 S
0.6 | ( ) SO - a—lm N
a1 . 1 L3 3 L o 1 5 5 5 1 . 1 1 0 . N . L. N N N
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
Temperature (K) Temperature (K)
2
E(T)=Eq—Ep | +1 = Eyp, = 25 + 1 meV Y(T) =va+ 1
ekT —1 e kT — 1

L. Vifia, S. Logothetidis, M. Cardona, Phys. Rev. B 30, 1979 (1984).

C. Emminger, F. Abadizaman, N.S. Samarasingha, T.E. Tiwald, S. Zollner, J. Vac. Sci. Technol. B 38, 012202 (2020).
G. G. Macfarlane, T. P. McLean, J. E. Quarrington, and V. Roberts, Proc. Phys. Soc. 71, 863 (1958).

T. P. McLean and E. G. S. Paige, J. Phys. Chem. Solids 23, 822 (1962).
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Intravalley and intervalley scattering rates

Electron-LA phonon intervalley (Conwell 1967):
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Megs = (Mmym#)/3 = (1.6 - 0.082)Y/3 my= 0.22 m,
NV - 4

Electron-LA phonon intravalley scattering:
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ve = 5.4 x 103 m/s ... sound velocity (fs) [meV) | (s) | (meV) | () | (meV) | (fs) | (meV)
10K 4x10° | 8x10% | 3x10%* | 1x101° | 1x10%® | 3x102 | 1x103 0.3
Hole-optical phonon intravalley scattering: 80 K | 5x10% | 6x10° | 2x10° | 2x103 | 5x106 | 7x105 | 600 0.6
D2m3/? 300K | 1x104 | 0.02 | 3x10® | 0.1 8x104 | 4x103 | 100 3
Too, = 0 _h Nyh 3 4
T : : :
op V2rh2p Eon p 710K | 6x10% | 0.06 | 700 0.4 3x10 0.01 60 6

only absorption
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Dy =dy/a =7.53eV/A

N, phonon

occupation factor
=> absorption + emission

Weber W., Phys. Rev. B15, 10 (1977) 4789-4803.
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D. K. Ferry, Semiconductor Transport, (Tayler & Francis, New York, 2000).

E. M. Conwell, High Field Transport in Semiconductors (Academic, New York, 1967).
W. Potz and P. Vogl, Phys. Rev. B 24, 2025 (1981).
S. Zollner, S. Gopalan, and M. Cardona, Sol. State Comm. 76, 877 (1990).
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Excitonic binding energy

Excitonic binding (Rydberg) energy: Ry = —=13.6 eV

St

Temperature-dependent due to T dependence of €, and effective masses

1

1 1

Reduced mass: =

+

Uhh/lh Mph/th~ Mer

T dependence of the electron effective mass through T-dependent band gap E,

my

=1+

Mer

Hole effective masses:

2 1
A E0+A0] Matrix element do not change much with T

”lhh/lh ‘ \

=> T dependence due to DKK parameters: asK
F(T) = _EPAK(a(T))
A=L[F+26+2M]+1 Boll)
i M(T) = Q4K(a(T))
B—E[F+2G—M] (M =——Z%m
1 a
= 1[(F — G + M)2 — +(F + 26 — M)?] G(T) = —Gax (72%)

C. Persson and U. Lindefelt, J. Appl. Phys. 82, 5496 (1997).

M. Cardona, J. Phys. Chem. Solids 24, 1543 (1963).

=>T dependence stems mainly from E,(T) and Ey(T) (and eg)
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Excitonic binding energy and high-frequency dielectric constant
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G. H. Li, A. R. Goiii, K. Syassen, and M. Cardona, Phys. Rev. B 49, 8017 (1994).
P. Yu and M. Cardona, Fundamentals of Semiconductors, (Springer, Heidelberg, 2010).
N. S. Samarasingha and S. Zollner, J. Vac. Sci. Technol. B 39, 052201 (2021).



Part 2: Transient critical point parameters of Ge and Si
from femtosecond pump-probe ellipsometry
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Transient pseudodielectric function Temperature dependent dielectric function
from pump-probe spectroscopic ellipsometry from spectroscopic ellipsometry

25 [ T T T T T T T T T T T
.' Espinoza et al. (2019) | ]
20 ——50fs ——2ps ] :
- 1001 () > ps | The T dependenc of E,
2 .l ——200fs 20 ps | - -
AT 500 fs ——100ps{ 10 and E;+A, is well known
g —2ps ——500ps | |
107 .
5 .
25
20 ]
A, Lt
S 157 0.5ps]
10} ——20ps 1
yr g — 100 ps]
, . .~ 500 ps;
2.0 2.5 3.0 2.5 3.0 3.5
Probe Energy (eV) Probe Energy (eV) Photon energy (eV)
S. Espinoza, S. Richter, M. Rebarz, O. Herrfurth, R. Schmidt-Grund, L. Vifia, S. Logothetidis, and M. Cardona, Phys. Rev. B 30, 1979 (1984).

J. Andreasson, and S. Zollner, Appl. Phys. Lett. 115, 052105 (2019). N. S. Fernando et al., Appl. Surf. Sci. 421, 905 (2017). 26



Pump-probe spectroscopic ellipsometry setup

= Pump pulse: 266, 400, and 800 nm

= 35 fs laser pulses

» Repetition rate: 1 kHz

= Pulse energy: up to 6 mJ

= Carrier density: 102° cm™3

» Time resolution: 120 fs (oblique
incidence)

= Spectral range: 1.7 — 3.5 eV
» Probe beam diameter <200 pm
» Pump beam diameter ~350 uym

el

% Ti:Sa
' SHG/THG

s 400 nm 267 nm
1

®BS 1

boeosoewe

800 nm

SCG y

)
’ ’ S. Espinoza, S. Richter, M. Rebarz, O. Herrfurth, R. Schmidt-Grund, J. Andreasson, and S. Zollner, Appl. Phys. Lett. 115, 052105 (2019)
beamlines S. Richter, M. Rebarz, O. Herrfurth, S. Espinoza, R. Schmidt-Grund, and J. Andreasson, Rev. Sci. Instrum. 92, 033104 (2021)



Penetration depth of probe and pump beams

35 fs pump pulse
800 nm

Probe
540-590 nm

1029 cm™3
Electrons
| | scatter from I
05 ||| Erta 1 toXandL
- probe —CB
1.0 ——hh -
s ——1h
1.5 F SO A
L09 08 07 .01 00 01 07 08 09 X

A

wave vector k (A7)

S. Espinoza et al., Appl. Phys. Lett. 115, 052105 (2019)

Carrier density:

1.0

Intensity (arb. unit)
o
o

0.0

o
(&)

Intensity (arb. unit)

0.0

Ge

------- Probe E +A,
— =—Probe E,

Pump 800 nm
w Pump 400 nm
Pump 266 nm

Fy
T

Beer* law:
1(z) = [je™%*

Si

= ==Probe (E,)

Pump 800 nm
Pump 400 nm
= Pump 266 nm

100
z (nm)

150

200
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Calculation of the second derivatives

Second derivative of the DF using EG-filters for M = 4 100 A purlnpl A ——
= for data sets with equidistant energy steps AE’: 1000 - i ¢= .
- 500
d?é(E) AE’ " . |
~ E)((E—E;) —106(E —E;) AE? W O]
7~ wigavmars 2, () ((F=5)" ~106(5 -5) L o
- < 500|
+3608(E — E;)°AE* — 45936(E — E;)"AES |
E_Ej)z -1000 ,
+ 188496(E — E;)"AE® — 110880 AElO) e 4AE? [ * EGd,/dE"
-1500 | g, o EGd%,/dE?
e T1s 20 21 22 23 24 25
= for data sets with nonconstant energy steps: Energy (V)
d*é(E) 1 - 10 8 6 4
dEZ  49152vRAEL z e(E;) ((E —E;)" —106(E — E;) AE? + 3608(E — E;) AE* — 45936(E — E;) AE®
T E E (E-E )2
1 — B ETE)
+ 188496(E — E;)”AE® — 110880 AElO) A z /=2 o7 4aE?

V.L. Le, T. J. Kim, Y. D. Kim, D. E. Aspnes, J. Vac. Sci. Technol. B 37, 052903 (2019)
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Critical point analysis: Second derivatives from linear filters

Second derivatives calculated using a digital
linear filter method (Le et al. 2019)

Ge: E; and E;+A;
= EG filter width: 12-15 meV
= Fit: 2D-lineshape

€,p(E) =B —Ae?In(E — E; +1iT")

Sit E;
= EG filter width: 20 meV
» Fit: OD-lineshape

Ae'®

E)=B—
€op () E—E,+ il

=> Better: Lineshape considering bandfilling effects

d2,/dE

d?e,/dE

T T T
Ge 800 nm pump
1000 £
ok
" —Fit,t=-5ps
---- EG,t=0s
—Fit,t=0s
-1000 ---- EG,t=100ps |
——Fit, t=100 ps |
1000 i
Of =
---- EG,t=-5ps
-1000 - ——Fit,t=-5ps
---- EG,t=0s
—Fit,t=0s
---- EG,t=100ps |
I ——Fit, t=100ps |
-2000 ' — — .
1.8 2.0 2.2 2.4 2.6
Energy (eV)

D. E. Aspnes, Handbook on Semiconductors, edited by M. Balkanski (North-Holland, Amsterdam, 1980).
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Critical point parameters as functions of delay time — Ge 800 nm

Change in energy (meV)

Phase Angle (°)

100

20

N Coherent longitudinal
| acoustic phonon oscillations
-0 ..\.’.-. /./._./.\./ ././.\!
5"0‘ ~11 PS T = ~ 11 ps
«—> 2v5n
10 20 20

Delay time (ps)

(00} (o]
o o

Broadening (meV)
\l
o

60 |

11

Amplitude
co

C. Thomsen, H. T. Grahn, H. J. Maris, and J. Tauc, Phys. Rev. B 34, 4129 (1986)

10

i~o-o—°\
|---r'"\.
- ﬂ\._._._ro-o-c
0 10
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Ge E; gap, 0K+
- no broadening -
8 o n=0 ]
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oump
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e
6L ) no broadening |
41 o
o n=0
2r — n=10"cm® 7
0
() Ge E;gap, 77K

5
o o (g) Ge Eygap, 77K
N% 0 N% 5_ i
o o J
~ 5 o 0 ~-}--
Ty Ly
3 K
o -10 & -5F B
o o
© ©
< < |0 ] FERT
o 0 o 5+
= 2
Nv -5 Nv 0
W W
2 2
5-10 > 5
Ng Ge E1/ E1+A1 Ng
77K
1 1 1 1 1 1 1 1 1 1
20 22 24 26 28 20 22 24 26 28
Energy (eV) Energy (eV)

C. Xu, N. S. Fernando, S. Zollner, J. Kouvetakis,
and J. Menéndez, Phys. Rev. B 118, 267402 (2017).
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Creation and propagation of a strain pulse

(a) =0
The pump pulse creates strain
close to the surface of the material.
Pump =l
_ GaP
air or Si
> Z
The probe pulse gets reflected N
: . Strain pulse
by the strain pulse, which (b)t>0
moves through the crystal. Probe
Y =3 >
Period: T =
2vgn
photo-
A .... probe wavelength detector ﬁ i
vs ... longitudinal sound velocity .
n .... refractive index z=0 z=vt "z

K. Ishioka, V. Rustagi, U. Hofer, H. Petek, and C. J. Stanton, Phys. Rev. B 95, 035205 (2017).
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Coherent phonon oscillations —energy s

The oscillations can be fitted with a damped
oscillator and an exponential decay:

t

27t t
AE@:MMQW+A&@%:<&aﬁ(§}—)eE—Ew%

Fit result:
A(Eh) A(E1 + Aq)

Fq (meV) 12104 171038
E, (meV) 8.7+ 0.3 23.3£0.5
T (ps) 11.0 £ 0.2 11.4+0.4

o 2.58 = 0.06 2.6 +0.1

Ta (PS) 20+ 4 187

7p (PS) 23+ 2 42 + 3

- : E(1-R
Temperature increase: 7 . (ch ) omiz

AE; =~ =10 meV => AT = 20K
A(E,+A)) = —25meV => AT = 40K

L. Vifia, S. Logothetidis, M. Cardona, Phys. Rev. B 30, 1979 (1984).

AE, (meV)

A(E4+A) (meV)

-10

nifts (Ge 800 nm pump)

— Fit

—e— AE, (Ge 800 nm pump) |

° — Fit

—e— AE, (Ge 800 nm pump) _

0 10 20 30

Delay time (ps)
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Calculating strain and energy shifts (Ge 800nm pump)

Stress-strain relation: ez = (Sy; + 2513)0 = Cllfzclz (assuming: o;; = o for all i and o;; = 0 for i # j)
(Ciy +2C;,) " = 4.44 x 1078 S

Electron contribution: o, = —B% => €] = (C14 +2C15) Lo = —6.4x 1074
Phonon contribution: oy, = —#(E —E,)N => eph = (C11 + 2C15) Yoy, = —1.2 x 107*
Total stress/strain: 033 = d¢) + 0pp => €33 = (Cy1 + 2C15) Loz = 7.6 x 107*

In-plane and out-of-plane strain: €, =e3zzand e =0
Hydrostatic and shear strain: €y = €s =25x%x107%
Hydrostatic shift: AE; = v3D{ey = —3.4 meV

Shear splitting:  AEs = V6D3es = 1.6 meV

(A2
4

Critical point energy shift: AE; = % + AEy —\/ + (AE5)? = —3.4 meV

2 4

C. Thomsen, H. T. Grahn, H. J. Maris, and J. Tauc, Phys. Rev. B 34, 4129 (1986).
P. Yu and M. Cardona, Fundamentals of Semiconductors, (Springer, Heidelberg, 2010).
S. Zollner, in: S.T. Pantelides, S. Zollner (Eds.), Silicon-Germanium Carbon Alloys: Growth, Properties and Applications, (Taylor & Francis, New York, 2002).

A, (8, 2
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Calculating strain from observed oscillations (Ge 800 nm pump)

A(FEh) A(Er + Ay)
F, (meV) 4.24+0.4 4.7+ 0.8
Ep (meV) 8.7+ 0.3 23.3+0.5
T (ps) 11.04+ 0.2 11.44+04
0 2.58 + 0.06 2.6 +0.1
Ta (PS) 20+ 4 187
Ty (PS) 23+ 2 42+ 3

Adding energy shifts (data):
AE; + A(E; + Ay) = 2AEy = 9 meV
=> AE,; = 4.5 meV

:>EH
=>¢, =3€y ~—1x1073

Subtracting energy shifts (data)

Compares well with
calculated strain:

=x/A_EILll ~ _33X10_/ €33 = —7.6 X 107"

|AET — A(E1 +Ap)°| =

=> |AEg| = 7.0 meV

=> |e| = 'jg’i)i'~11x10 3

=>¢, =365~ —3.3%x1073

(AEs)2

~ 0.5 meV

AE, (meV)

A(E4+A) (meV)

5

-10

PO U— 0 PpoTw e O

—e— AE, (Ge 800 nm pump)
— Fit

L e a4 -]

Fit

—e— AE, (Ge 800 nm pump) _

e
Delay time (ps)
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Change in energy (meV)

Phase Angle (°)

40

100

Critical point parameters of Ge (266, 400, and 800 nm pump)
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: : : 1 ! 1 ¥ 1 p ! ¥ 1 : : !
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=X
o
o
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o

T " T . T T ' T T T T r
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----T(E,+A,) 266 nm |
I'(E,) 400 nm
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——T(E,) 800 nm -
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-
-
bl P Lt R L f e g -
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1 L s s | s L s 1
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=> Oscillations present in all Ge data sets (266, 400, and 800 nm pump)
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Coherent longitudinal acoustic phonon oscillations

Pseudodielectric function

Pseudodielectric function

e T 2,120
Hrobe 2.06 e\l/ N— " e :
----- g W] Oscillations in the CP parameters more
P N, PP pronounced than in the dielectric function
A/‘\A/‘\‘ g
74 | ar
——<g> 42110 B
—e— <g,> 8
2
——E, - Ge Sj GaSb
- 2.105
_ Ge 800 nm pump | E, A =365nm E,
19 [— . — :{::::{:..:- A =585nm n=6.52 ﬂ':gzonm
— — 5 n = 5.24
Frobe 2.27 eV ] n = 5.65 Vg = 8.43 x 10 Cm/S
22§ . ’/"*/. v, = 4.87 X 10° cm/s T = A ~ 3.3 ps Vs =4 X 10° cm/s
t o/.‘/“/._._. S ] 2.25 S r= Zjn ~11 ps e = 2vgn = s ps
' rgl‘:tl/ﬂ A"A/‘\ A ™ 1 < InP
. A"f‘ o2y A =550 nm A =390 nm A =510 nm
R —— <> 5 n =516 n =398 n=445
1 —— <> w vy =4.87 x 105 cm/s v, =458 x 10° cm/s Vs =4 X 10°cm/s
N ——E+A, T = ~ 11 ps T = = 91l T = A ~ 14 ps
EI R e PR - : 42.23 = Joen p = 2o ps 2vgn
13 I
0 ‘ — 10 ' | 20 30 40 50

Delay time (ps)
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g L
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P. Lautenschlager, M. Garriga, L. Vifia, and M. Cardona, Phys. Rev. B 36, 4821 (1987).

I
or

Critical point parameters of Si (266, 400, and 800 nm pun |

100

M {meV)

AT = 7meV => AT = 30K ]

600 800

40}

ﬁmx/\ N B /\ A

T

”MWW T

— No oscillations detected
= Expected period:

= ~ 3
2v,n ps

. = .
Delay time (ps)

.20.

30
Pure thermal effect
38



Energy E; (meV)

AR/R (x10™)

K. Ishioka, V. Rustagi, U. Hofer, H. Petek, and C. J. Stanton, Phys. Rev. B 95,
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SUMMARY & OUTLOOK

Part 1: Excitonic effects at the direct band gap E, of Ge

= Temperature dependence of E, obtained from spectroscopic ellipsometry
 Good agreement between model and data despite having only two fit parameters
(energy and broadening).

= Outlook & future work
« Application to other semiconductors
« Consider non-parabolicity and warping

Part 2: Analysis of femtosecond pump-probe ellipsometry data

= Temporal evolution of E; and E;+A, in Ge
» Oscillations in CP parameters due to coherent longitudinal acoustic phonons.

= Temporal evolution of CP parameters in Si
* No phonon oscillations detected.

= Qutlook & future work
« Taking new data with time steps targeted to resolve phonon oscillations.
* Investigating bandfilling effects.
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Indirect and direct
band gap of Ge

—_~
-
'

Absorption coefficient a (cm

Absorption coefficient o (cm™)
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J. Menéndez, D.J. Lockwood, J.C. Zwinkels, and M. Noél, Phys. Rev. B 98, 165207 (2018).
J. Menéndez, D.C. Poweleit, and S.E. Tilton, Phys. Rev. B 101, 195204 (2020).
G.G. Macfarlane, T.P. McLean, J.E. Quarrington, and V. Roberts, Phys. Rev. 108, 1377 (1957).

PHOTON ENERGY, hv (ev)
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Broadening theory

nc(e) = nd(e) +nc ()
Conwell’'s expression

T’Ci(E) (LA—phOﬂOﬂ interva”ey Scattering) ,,,,,,,,,,,,,,,,,,,,,,,,,, J:,f:ff,’f,iﬁiiﬂi’,ﬂiﬂiﬂiﬁ:::
2 DEA + 1 _I_ 1 \/E + E $ hﬂ 7 ; 777777777777777777777777777777 i
= m,. /mj|n —+ = € — Ej i | |
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J. Menéndez, C. D. Poweleit, and S. E. Tilton, Phys. Rev. B 101, 195204 (2020).
E. M. Conwell, High Field Transport in Semiconductors (Academic, New York, 1967).



Screening

Considering the temperature dependence of the
screening parameter affects the broadening at
higher temperatures (A):

L e T B L B e e e B e L
A
A Yo =i A
12 - - -Fit A 4
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J. Menéndez, C. D. Poweleit, and S. E. Tilton, PRB 101, 195204 (2020)
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A=1-1/3 E+2EQ] {= DKK parameters and effective masses

E,  Eq

B=1/3 I—E+E—Q]

B, Ep A = }F+2G+2M)+1
- 4EpE, A M. Cardona, J. Phys. Chem. Solids 24, 1543 (1963): B = 4 F+2G~M)
3EoE; C2 = J(F-G+M)2~(F+2G- M)}
a
Brx ()
F(T) = —
O=""Fm
a
Fox (aif5)
M(T) = ———
O=""Fm

o)

For A=-13.38, B =-8.48, and |C| = 13.14 at 4 K (also used in J. Menendez et al., Phys. Rev. B 98,
165207 (2018)):
Ep 4x = 26.0 eV
Egax = 18.5eV Mppax = 0.326 mg
G4K = —1.04 mlhAK = 0.0422 my
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Generation of strain pulse

0 0 0 Sy 0
0 0 0 0 Sy
\ 0 0 0 0 0 Su)

. _ 0By, 3BB
Thomsen et al. (1986): 033 =—B—2N — T(E —E,)N
Wright et al. (2002): - —B%N — 3BBAT
. €3 — 521(0'1 + 0'2) + 5110'3
€ij = E Sijki Okl
kel 01 —092 —03 =0
(Sn Stz S22 00 0 \ €3 = (811 + 2812)0’
Sa1 St S12 00 0 5
1 cim
S' _ Sgl 521 Sll 0 0 0 Sll —|_ 2S12 — Oll _|_ 2012 — 0444 T
0
0

2
€y = (4.44 % 10~% %) o



0E

Calculating strain and energy shifts (Ge 800nm pump) —> = 5 eV (indirect gap)

o
C11+2C12

Stress-strain relation: e; = (511 + 2515)0 = (assuming: g;; = o for all i and g;; = 0 for i # )

2
(Cll + 2C12 -1 — 4‘44‘ X 10_8%

I ]
Electron contribution: o, = —B%N => €e; = (Cy1 +2C5) Lo = —6.4%x 1074
Phonon contribution: oy}, = —#(E —E,)N => €ph = (C11 + 2C15) oy = —1.2 x 1074
Total stress/strain: 033 = 0¢) + Opp, => €33 = (Cy1 + 2C15) tog3 = 7.6 x 107%
In-plane and out-of-plane strain: €, =ezzand e =0
Hydrostatic and shear strain: ey = € =25%x107*

Hydrostatic shift: AE; = v/3Diey = —3.4 meV
Shear splitting:  AEs = V6D3eg = 1.6 meV

(41)?
4

Critical point energy shift: AE; = % + AEy —\/ + (AE5)? = —3.4 meV

(A1)?

A
A(E; + Ay) = —71 + AE, +j + (AES)? = —3.4 meV
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. 6l+26||

Hydrostatic strain: €y = =

Shear strain: € = El;en
AEy = V3Diey

AES = \/ED::;ES

Hydrostatic shift:
Shear splitting:

Shift: AE, = Ef — EY = 2L + A, - \/ (A)° | (AE;)?

4

10 ————————

AE +A(E,+A,)

ME +80) = (B + 8, — (B + &) = 24 8B, + @0
1 1/ — 1 1 1 1) — > H

Adding energy shifts (data):
AE; + A(E{ + Ay) = 2AEy = 9 meV
=> AEy = 4.5 meV

AEy —4
DL~ 3.3 x 10

=>¢, =3ey ~—-1x%x1073

:>EH=

|AEls — A(El + Al)sl = + (AES 2| x 0.5 meV

Subtracting energy shifts (data):
(A1)?
Ay —2 \/ ,
=> |AEs| = 7.0 meV
|AEs|

~ -3
Vo3 = 1.1 X 10

=> |e,| = 3|eg| ~ 3.3 x 1073

=> |ES| =

4

+ (AEs)* g0l o - . -
0 10 20 30 40
Time delay t (ps)
T - - - - r - r r r 1
0.5} -
>
<
+
-
Y oot i
S
-
L
<
0.5 -
L 1 L L 1 L L L L 1 L L L L 1 L L L L 1 L
0 10 20 30 40

Time delay t (ps)
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Beer’s law and penetration depth for different pump wavelengths

17—+
"‘ ........ Probe (E1+A1) l
oY — —Probe (E,) — —Probe (E) |
= \ Pump 400 nm \ Pump 400 nm
‘:E, Pump 800 nm Pump 800 nm
. % Pump 266 nm \ Pump 266 nm |
= 2\ \
(] o
—0.9  \+ 1B
z 1
% 1/e |
E -
- Si
Ge
0.0 e e S fpem — :
. 1(z) = lje=** |
=
=
= |
Sos
=
2 /e :
40—1) \.
=
GaSb InP
0.0 — s e
0 150 100 150 200




Change in energy (meV)

Phase Angle (°)

Critical point parameters of GaSb (266, 400, and 800 nm pump)

0f - ———— 160 i } ——T'(E,) 266 nm T(E)400nm ——T(E;)800nm ]
""""""" ! ---- [(E,+A,) 266 nm I(E,+A,) 400 nm - - - - T(E,+A,) 800 nm
[ L e i ’ 1 £ 140} , -
i T (@)] AN n»(““"'l\' Y B g ¥
-100 = TG s N G ey s I
i ——E;266 nm c b
- ---- E(+A, 266 nm = 120 1
-150 | E, 400 nm 18
[ E+A,400nm | m ]
- ——E, 800 nm : A\/A\/\/\/—‘_\/“O
-200 + ---- Eq+A;800nm 7 100 -
] ——AE,) 266 nm A(E;) 400 nm  —— A(E,) 800 nm
. 121 L oo AE#A) 266 nm - A(E,+A,) 400 M- -~ - A(E,+A,) 800 nm ]
~~~~~~~~~~~~~ S %] @ 1o
©
=
——o(E,) 266 nm a |
-=-- §(E+A,) 266 nm ] E 8 i e E
®(E;)400nm ] Tae AT = No coherent oscillations detected
O(E,+A,) 400 nm 1 ﬁ "":E\?."':':I.\ “',,\’ ] .
— E)800Nm ] 6p v — Expected period: 14-15 ps
100 L -~ §(E,+A,) 800 nm -
I : ; ; 1 , i ; ] ; ; A ] ; , A ] 4 I J , ] ; ; . 1 . A . ] ; ; ; |
0 20 40 60 80 0 20 40 60 80

Delay time (ps) Delay time (ps)



Problem with InP:

Data only up to 3.34 eV

19I55 ] l
InP
—_ E,=3.12eV |
A ;l
V o105F ful
10.0 f

1 L L 1 L 1

0 10 20 30

Delay time (ps)

40

50

d%e/dE

16

14t
12t
L/-\: 10}
w
Vol
®[InP
4+3.1 eV pump
16} (C) ——-5ps
—-50fs
14 |+ —0
= 12} —— 50 fs
A, 10l ——100fs
w
Vool
6L
41
2 1 1 1 1 1 1
2.0 25 3.0 2.0 25 3.0 35
Probe Energy (eV) Probe Energy (eV)
T T T T T T T 7
;
400 InP 400 nm _
0F :
----- d%,/dE EG :
-400 - —— d%, /dE Fit T
----- d%e,/dE EG :
d?e,/dE Fit
-800 1 L 1 1 1 L 1 L "
2.7 2.8 2.9 3.0 3.1 3.2 3.3

Energy (eV)
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Energy (eV)

Coherent optical phonon oscillations?

2.26 ———— — 101" A X R K > I T A L
! f R Ge 800 nm pump | b LO X . TO
w0 l 4 PL, 37 meV
225 _\A & \A‘,‘:A\A : : ! E1 - E 8 L TO _l_|25' LO 3
UM R N ——E#A, o . PL, 30 meV
: | A, :1“/‘ :A\AA_A,A~A_A /A/A\A\A\ "2 6l [q(]ﬂ] LA i [qq(ﬂ 01—‘2' 28 meV
224 B : : : : A/\A/A\A___‘ \;
g hf = Epn YA
L ' - o)
212 T 1/f ~ 120 fs . % TA X,
Epn ~ 34 meV = 2f L, 8 meV
211 i i ; é E | ” 1 1 1 ] N L 2 1 i 1 L )
A B P | R S S, N R R S 0 020406081.01.008060402 00 0102030405
0.0 0.5 1.0 1.5 Reduced (dimensionless) wave vector q
Delay time (ps) Weber W., Phys. Rev. B15, 10 (1977) 4789-4803.

= Are these oscillations due to coherent optical phonons?
= Period about 100-150 fs (E,p = 28 — 40 meV)

» The temporal bandwidth is ~120 fs (limited by oblique incidence and probe spot size)



Change in energy (meV)

Amplitude

Propagation of strain pulses in Ge

40 T T T T T T T T T
r —E; 266 nm 1 d 18 nm
---- E;+A, 266 nm t=—=————"—~4ps
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W\M
e et 2 nm
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I + 10 T T T
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=.‘."r'. Spa =" e il e I I ©
r L O N T VO 5 -
6 F.. vt ! e SRR PP, > |
o) i |
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- ---4 A(E;+A,) 266 nm A(E,+A;) 400 nm - - - - A(E,+A;) 800 nm 1 0.0 Al W .
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Temperature-dependent

photoluminescence in Ge

PL intensity (arbitrary units)

Photon energy (eV)

Conventional theory:

W. Van Roosbroeck and W. Shockley,

PR 94, 1558 (1954).

. 10K 100 K
E,=0.891 eV E,=0.876 eV
B 200 K 300 K
E,=0.844 eV E,=0.803 eV
] | | | |
065 070 075 065 070 0.75

Intensity (arb. units) Intensity (arb. units)

Intensity (arb. units)

068 072 076 0.80
Energy (eV)

i LAﬁ L 12K 5
i Eind "
CTo{{ _
M
0.68 T 080 068 072 076 0.80
Energy (eV) Energy (eV)
i 100 K | I | 130 K |
I IWith energy-dependent denomlnator I
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C o 250 K]
I Eind i l_:-ind |
0.60 070 080 600 060 o0 080 080
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J. Menéndez, C. D. Poweleit, and S. E. Tilton, Phys. Rev. B 101, 195204 (2020)

Energy (eV)

Menéndez et al.
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