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Ultrafast Processes in Semiconductors

Thomas Elsaesser

Max-Born-Institute, Rudower Chaussee 6,
D-12489 Berlin, Germany

1. Elementary excitations in semiconductors
2. Ultrafast ‘time scales

3. Experimental technigues

4. Coherent optical polarizations

5. Coherent generation of carriers

6. Carrier thermalization and cooling

7. Ultrafast optoelectronics
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Electronic Bandstructure of Bulk GaAs

A
~

GaAs ]

Energy (eV)

L A r Va | X K 2 r
Wave vector k

Fundamental bandgap I'+-Ts: Eg=1.42 eV at 300 K
E,=1.517eVat10K

Quasi-continuous band-to-band absorption of free
carriers:
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Excitonic Transitions in Bulk GaAs

Coulomb interaction of electron and hole leads to formation
of Wannier excitons

€
E N
\\\\\\\\\
Electmn hole r
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Total exciton energy:
r -K- E
Efr)!a/,n - EG Eb nt Y, sE/J,H = Tg
Excitonic absorption (Eliiott formula):
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Quasi-two-dimensional
semiconductor nano-structures

quantum I///’ |

wells

/\\_/' |
confined electron waves >

I(II

subbands free motion
paraliel to layers

Inter-subband Intra-subband

scattering processes



Band-to-band absorption in quasi-two-dimensional semiconductors

Excitons: E; ,=Eq/(n-1/2)°
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Ultrafast Phenomena
in Condensed Matter

Direct experimental study of the dynamics of
elementary excitations
Time window 107- 10" s

* Microscopic interaction mechanisms

Femtosecond technology is relevant for

* Metrology in physics, chemistry, biology
* optoelectronics/optical communications
* (material processing)

Control of ultrafast processes by tailored optical
excitation

* Photochemistry, excitons in semiconductors




Ultrashort Pulses

Intensity

Time Frequency

Optical Wavepackets

Time-bandwidth product : At x Aw = const.

Gain bandwidth of the active medium :
At=50fs Aw=5.53x10" Hz
(Aw/w)=0.1 for o, in the visible spectral range

Mode synchronization :
Phase locking of longitudinal resonator modes

Dispersion control within the laser resonator
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Mode-locked Ti:sapphire laser

14
P =850 mW %
§ ~——
AvAt = 0.41 = AN = 66 nm
P Av =27 THz
0 -
i ' 1 ! |
800 850 900
Wavelength (nm)

1 _ e 100 _: sech2 fit
= At =15fs ] /
C P
o |
cg 107 E
o ]
©
2
3
O T 1
5 0 75
<

0

I
-50 0 50
Delay Time (fs)



wrl} w0

wrigl
)

& aayddes:i}
3|qiSIA

19|0lARI}N

paJeJjul

-sasind s} 001~ Jo abuel buiun} 's} Gy as|nd }sepoys e ayj Jo djels

(Sepjleauljuou JapJo pIg) uoije|npou-aseyd-j|as Aq enuRUOD 1UBI SHYM o

(senuEesuluou J18plo pug) Buixiw Aouanbauj oujsweled ¢

(seiieauljuou 18pJo puz)s|eisAio Jeauijuou ul uonesauab oluowWIeH

-uo1s19AU0d Aouanbaly JeauljuoN

ssoydwe ssedijnw ‘uonesiyidwe annessuabay
sajel uoniyedal zHy 1e as|nd;rw jo saibiaus 0} dn :uonedydwy

sas|ng Hoysenin Jo UOISI9AUO) Aoudanbai] pue uonesyjduy



Degenerate Four-Wave-Mixing (FWM)
Using Femtosecond Pulses

Sample k1

PMT

Ko

SPECT.

>

3 KDP @

Nonlinear third-order polarization :

PO (wy,wy, w3) = XVt Ey(wr) Ex(ws) Bs(ws)

W] =wy =wy =w degenerate FWM

Diffracted intensity : Irwar(w,t) oc|P(3)(wat),2

Phase-matching : k,= 2k> - k;, 2k; - ko



Pump and Probe Technique

detector

sample

tp : time delay between pump and probe

Pump pulse generates change of stationary optical properties (e.g., transmission,
reflectivity)

Probe pulse monitors this change as a function of time delay t;

Time resolution is determined by puise durations and dispersion in the sample



| Time-resolved Probing of Hot Carrier
Distributions
£\

E

™

x r

x

Nonlinear Absorption Luminescence

Aa(E) = I1(E) x ag(E) f(E.) fu(Ey)
~ao( E)(fe(Ec) + fulEy)]

electron and hole

at the same k
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Femtosecond Luminescence Up-Conversion

100 f.c
£93 eV

OYE LASER

SAMPLE
10~300 K

CASSEGRANIAN

N NON-LINEAR
CRYSTAL
LHO,

OO b _J-C-’-
B ) )

Luminescence intensity : Iy o« ag( B (E.)(EL’)

GaAs : E< 1.7 eV : mainly electron—heavy-hole
recombination

Samples :

GaAs layer (d=0.6 um) clad by Aly35GaggsAs
InP layer (d=2 pum) grown on InP
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Coherent Optical Polarizations

Experimental techniques:

+ Spectrally and time-resolved degenerate
four-wave-mixing

+ Pump-probe experiments on a 20 fs time scale

Coherent dynamics of excitons:

—>» ¢ Resonant enhancement of third order
nonlinearities

—> + Quantum beats versus polarization interference

¢ Interaction effects

—> Quantum beats of continuum states

Coherent dynamics of intersubband
polarizations



Degenerate Four-Wave-Mixing (FWM)

Using Femtosecond Pulses

Sample Ky

=
PMT

Nonlinear third-order polarization :

PO (wy, wr,ws) = Y3 Ei(wr) Ey(ws) Es(ws)

W] = Wy = w3 =W degenerate FWM

Diffracted intensity : Irwar(w,t) oclP(?’)(uJ,t)I2

Phase-matching : k= 2ks - ki, 2k; - ko



Coherent Dynamics of Excitons

D.S. Kim et al., Phys. Rev. Lett. 69, 2725 (1992)
D.S. Kim et al., Phys. Rev. Lett. 68, 1006 (1992)

Time integrated FWM signal from a GaAs/AlGaAs
multiple quantum weil sample (d=17nm, 10
periods)

| .
? 21{’\L i~ l\l =
H ‘ T 7 _\*\\ '__] //'.
) l--:—~—a> - ~ -
(a) A L J// L ke
— "'L“'.V““‘I . \“\_‘l‘
5 Lens Sample ™\ e
t S
N NL \\-\Ez -EWM
] ystal 4 ‘ PM |
TI-FWM .
(b) oo [ PR ] ':F 'Z" = _._{__?:,
N i 2.
] ,",I \\‘/L é ‘ .
« | [ de lieesie
10 i s HJ Z . P
| o B -
! B i e
j 1()‘! i R N N A_J -
l ~2 -1 0 1 2 3 4 ‘
T (ps)

Decay times about 1 ps
Excitonic linewidth 0.7 meV, Stokes shift <0.1meV
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‘ Experimental I

FWHM =
90 meV

20 fs pulses

Absorption

A S LR ! A
150 155 160 165 1.70
Photon Energy (eV)

{‘.
|
{
|

) no overlap with excitonic absorption lines

O parallel linear polarization of pump/ probe

O excitation density = 4¢10"- 4¢10"°- 4+1 0" cm®

o 0.5 yum GaAs (clad between Al Ga,As)

undoped: N, < 1+10"°cm”
n-doped: N, = 1410, 2410, 9+10"°cm”
p-doped: N, =3+10"°cm”




Transient Interband Absorption of
Intrinsic Sample

n, =~ 4*10" cm?, parallel linear

L] T T L T T T L] T 1 L] L] T T L] L) Li L] LI L
I 1 1 1 1

spectrally
integrated

spéctrally dispersed

1.56 eV

Change of Transmission AT/T,

1.60 eV

‘\/ 1.65 eV

-50 0 50 100 150
Delay Time (fs)
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Heavy-Light Hole Quantum Beats

Epulse-Egap(TL)

Excess Energy AE_,

(Adw) Buids-HI-HH

o) o
o~ o o
-— -—

1 i

o o ae wr e— — -—— o ——

T

Delay Time (fs)

-50

180 meV
159 meV
134 meV

(paziewlou)®) / 1y

uorssiwsuel] jo sbuey?d

SRS NS =5 BV SEE e SRRl s B L i s it o



l Theoretical Simulations '

SBE:

with;

isotropic 3-band model

basic variables: fy, frn, fii Pl Pers PaL

Coulomb correlations (static screening)
carrier-carrier scattering
carrier-LO-phonon scattering

pump-probe geometry: spatial Fourier decomposition

Change of Transmission AT/Tj

experiment theory
E, . =153ev| |— WithR,
sz1or3 det no Ry
\—\/\/_:; j/v:f/
L
1.65eV| |

\/\ V

-50 0 50 100150 50 0 50 100150

Delay Time (fs) Delay Time (fs)



‘ Theoretical Simulations I

Eyet = 1.56 €V

— full theory
no P

no scat.

Change of Transmission (a.u.)

i -0 HF, no scat.
----- no HF, no scat.,, no TG

lllllllllllllllllllllll

-100 50 0 50 100 150 200
Delay Time (fs)
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Coherent Femtosecond Carrier Generation
in GaAs

E i
i
i

Femtosecond excitation
of hot electrons

Band-to-acceptor luminescence

—

“— >
f

k

Coherent coupling of laser pulse and material influences
carrier generation process and initial distribution functions

Direct observation of non-equilibrium electron distribution

Experiment - Time-integrated band-to-acceptor lumines-
cence in p-type GaAs after femtosecond excitation



Luminescence spectra of p-type GaAs

. 16 -3
Acceptor concentration 3x10 cm

150 fs excitation pulses (/.78 eV)

identical width

! + of phonon re-

plicas

Luminescence Intensity (arb. units)

H 1 1

155 160 1.65 1.70

Photon Energy (eV)

Phjs- Rev. Lett 73,1687 (199¢)



Intensity (arb. units)

w DY USRI ADA Y -

1.66

1.67 1.68 1.69
Photon Energy (eV)

N=8x10" cm™
N=5x10" cm™

N=4x10" cm™



Spectral Width of the Luminescence Peaks

S 45 —— — ey S

E 4 ® ~

§ 35 | v full coherent model 1

experiment

g 3o} " TP T «

3 .

T 2T — 1

5 20 + l—'-I 4

2 5 =7 ]

=Ty SO

10* 10" 31016
Excitation Density (cm )
45 | ] 1 ] T 1 i [

500 G}
a

E 351 20041 | | 1]

= unr. -1LO

fo" L —h ‘

£ 25 1 L -

20 N=3x10""cm” | N=2x10"%cm™”

15 R

0 100 200 300 O 100 200 300
Time (fs)




Shape of the Initial Electron Distribution

Pulse envelopes

A A
o ke
[ R
w L
Q 2
s ks
i w
t
L P
ta Time ¢t { ‘ Frequency

Momentary width of the electron generation rate:

(AE o, ~ 1(t-t;) )

Ideal system: no dephasing during excitation

Coherent recombination of electrons in off-resonant
states

t>t, . electron distribution follows power spectrum

Real system: strong dephasing during excitation

Broadening of initial electron distribution



Theoretical Model

Generalized Monte Carlo solution of the semi-
conductor Bloch equations:

Simulation of both coherent and incoherent dynamics
(Interband Polarization, distribution functions)

Luminescence spectra calculated from distribution
functions

Ref:
F.Rossi, S. Haas, T. Kuhn, PRL 72,152 (1994)



Generation Rate (arb. units)

o -~ N W P

o =+ N W H

Calculated Carrier Generation Rates

0.5 0.6 0.7 0.5 0.6 0.7
Wave Vector (nm™)

Main broadening mechanism :
Dephasing by carrier-carrier collisions




Spectral Width of the Luminescence Peaks:

EWHM Unrelaxed Peak (meV)

FWHM Peak (meV)

Theory and Exgeriment

N
o,

i B B | T Y . pan i S AN |

(a)

¢ semiclassical model
« full coherent model
s experiment

w
a O

30 T L
25 1—--1—4 v
201 . .
15 1——1—‘;/./
[
10 s g gl L .’ " S | i L J N Lo et
104 103 1016

Excitation Density (cm )

15

0 100 200 300 0 100 200 300
Time (fs)



Conclusions

Band-to-acceptor luminescence of p-type GaAs
after femtosecond excitation :

- Luminescence peak from directly populated
conduction band states shows larger spectral
width than excitation pulse

- Identical spectral width of successively gene-
rated phonon replicas

Dephasing during excitation process determines
spectral profiles.

Dominant mechanism : carrier-carrier scattering
(important : hole-hole scattering)

Broadening due to carrier redistribution much less
important
Theoretical calculations: generalized Monte-Carlo

solution of the semiconductor Bloch equations

- Qquantitative agreement with experimental results



6. Carrier thermalization and cooling

Thermalization: Optically generated nonequi-
librium distribution of carriers undergoes relaxation
into a quasi-equilibrium, i.e. hot Fermi distribution.
Main scattering processes: Coulomb (carrier-
carrier) scattering and camer-optical phonon
scattering.

Cooling: Transfer of excess energy from a hot
quasi-equilibrium distribution of carriers to the
lattice.

Main scattering processes: Carrier-phonon
scattering (both optical and acoustic phonons)

Examples:

+ Thermalization of photoexcited electron-hole
plasma in bulk GaAs

+ Thermalization of holes in bulk p-type
germanium

+ Thermalization and cooling of an electron
plasma after inter-subband excitation of
quasi-two-dimensional quantum wells



Thermalization of Photoexcited
Electron-Hole Plasma

E{EE /g ~—_—

193 eV 493 eV
: —{,’ + »- \ {’t + o
[ L K r' L
GaAs InP
Inter-valley scattering no inter-valley scattering

initial nonequilibrium distribution

carrier-carrier
carrier-LO-phonon
scattering

hot Fermi distribution




7.
i ! caut
100 |- (a) GaAs 300 K =20 fs o = ;7*A917 |
== / 7’C ID Cluse

10 _

100 -(b) 15 fs —

N

m [ ——
NG 10

B

2 M/\'\v\

> ' |

8 1 | |
~ 100 - (c) 115 fs —
=

»

-

4D

+

£

100 F (d) 180 fs —
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Ensemble Monte Carlo Simulations

9 models of carrier-carrier interaction :

1) Time dependent static screening of the Coulomb

interaction potential

62

4mer exp(—'r'/)\s)

V(r)=

Inverse screening length 3 = 1/As :

2
, me”l 1
ﬁ - € NE*2E,,

(3 updated every 10 fs

Scattering rates calculated from Fermi’s golden rule

2) Molecular dynamics model
Calculation of real space trajectories

Carriers interact via bare Coulomb potential
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Conclusions

Thermalization of electron-hole plasma in GaAs
and InP at 300 K

Femtosecond luminescence up-conversion in LilOj
Time resolution 100 fs

Redistribution of electrons and holes over a wide
energy range within 100 fs (carrier density 107
cm ™ - 7x10'7 cm™3)

Main mechanism : carrier-carrier scattering

Monte-Carlo simulations :

Carrier-carrier scattering rates higher than pre-
dicted for time dependent static screening of the
interaction potential

Molecular dynamics calculation gives enhanced scat-
tering rates (dynamical screening), in good agree-
ment with experimental results

Carrier cooling by emission of LO phonons on a
time scale of 10 ps



Inter-valence band absorption in p-type
germanium

Spectra determined by :

- k-dependent dipole matrix elements

- hole distribution functions

O
O

O

Absorplion Coefficient a (cm )

Photon Energy hv (meV)



Subpicosecond Scattering Dynamics of
Photoexcited Holes

-----
-

LH. SO ,L(i) @) i) (v)
‘ e

K log f,,(E)

Inter-valence band scattering (so—lh,hh)
Tiv < 150 fs  emission of optical phonons

Thermalization of heavy holes : two time scales:

® Hot carriers Ttherm = 700 fs

® Cold (unexcited) carriers Tiperm < 150 fs

Carrier-carrier collisions, dynamical screening of

Coulomb interaction

Optical deformation potential



Subpicosecond Dynamics of Inter-Valence

Band Absorption
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Time Evolution of Inter-Valence Band

Absorption

Eex:Epr:390 meV
Cool ing

1 1 1 1 1

0 1 2 O 30 60
Delay Time (ps)

Change of Absorption AA = -In(T/T)) (normalized)

no hole burning




Scattering of holes with optical phonons

via the optical deformation potential

6L —HH>HH eeeeeen
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Scattering Rate (10

0 100 200 300 400 500
Hole Energy (meV)

Coupling constant D,=6.3x10° eV/cm
Estimated split-off (SO) lifetime 120 fs



Time-dependent Energy Loss: Theory

Hole-hole scattering via dynamically screened
Coulomb potential

Hole-optical phonon scattering via deformation
potential

400 -
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Summary__

« Relaxation of holes in p-type Germanium photoexcl-
ted to the split-off band by femtosecond pulses in the
mid-infrared directly monitored via the transient 1nter-

valence band absorption

o Two thermalization processes:

1. Excited carriers:

inter-valence band scattering within 100 fs
thermalization on & time scale of 700 fs, predomi-

nantly by inelastic scattering with unexcited holes

9. Unexcited holes:

equilibration In the regime below 100 fs

e Model calculations:

— Dynamic screening of the Coulomb interaction amou.n

the holes

_ Excitation of of HH to LH inter-valence band tran-

sitions



GalnAs/AllnAs Quantum Wells
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l Experimental Conceptl

Inter-subband excitation

n=2 Y
P
o
§ n=1 distribution
n=1 L function f(E)
- 1
K 0 1
I
n=1 inter-band absorption a(w)
n=2 inter-band absorption a(w)
n_—_1 amm— —
n= VB

redistribution of an existing electron plasma

exclusively electron dynamics (no holes)



' Transient (n=2) Population I

CB

jn_n2.org

Delay Time (ps)

Ensemble Monte Carlo
Simulation :

n=2 depopulation by
emission of confined

and interface LO phonons

PRL 77,36S7(19%)



Change of Transmission AT /T,

Experiment EMC-Simulation

‘Fermi Edge el -1
C 0.2 ps
12 x 1072 - 9

0.4 ps

-0

n = 1 Flectron Distribition f(E)

n

0.8 ps
0
1
1.1 ps
M
0
1
2.0 ps
L T L — ' 0
900 950 0 50

Photon Energy (meV) Electron Energy (meV)

Phys. Rev. Lett. 77, 3657 (1996



Change of Transmission AT/T,,

‘ Transient n=1 Absorption Spectra I

P |

30 ps

v 1 L |

To=1.03 E-

L L
"-‘TC=TL= 8 K—

880

920

960

Photon Energy (meV) Egap E«(T=0)

- O

-
n = 1 Electron Distribution f(E)

- O



Energy relaxation of n=1 carriers
after inter-subband relaxation
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Optical Communication Systems

Single channel system: A

0

Trans- Ampl.  Transmission Line + Ampl. Receiver
mitter Repeaters

Muiltiple channel system (Wavelength Division Multiplex-
xu‘g) A.hlz...}.N

Demul-
tiplexer

Transmission rates (intercontinental, AT&T): 5Gbit/s

Future systems: Thit/s

+ Reduction of pulse duration and increase of
repetition rates (TDM)

+ Multiple channel systems with large overali
transmission bandwidth (WDM)

Application of ultrafast technology



~ Additive Pulse Modelocked Er-doped
Fiber Ring Laser

(K. Tamura, C.R. Doerr, L.E.Nelson, H.A. Haus, E.P. Ippen,
Optics Letters 19, 46 (1994))

SMF28 fiber DOL

for positive chirp
compensation
— &8

DOL for negative AN
chirp compensation 4
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port
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PBS M4 w4 -8

Positive
disparsion | dispersion
Flexoor
1060 fiber
. .
’ 980/1550nm
980nm
pump WOM coupler

1
1560 1640
wavelength {nm)

Arbitrary Units

Picoseconds



Monolithic semiconductor CPM laser

M.C. Wu et al., Appl. Phys. Lett. 57 759 (1990)
Y.K. Chen et al, Appl. Phys. Lett. 58, 1253 (1991)
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Application of Ultrafast Technology
in Semiconductor Devices

¢ Carrier dynamics in semiconductor
devices

Quantum Well Laser

Population inversion in
quantum wells by

diffusion (10-500ps)
capture (0.5-10ps)
intersubband relaxation
(200fs-10ps)

thermalization (50fs-2ps) ; E

Nonlinear dynamics of

laser emission —

¢ Modelocking of semiconductor lasers

¢ Shaping and propagation of ultrashort
pulses, e.g., in fiber networks



1 Tbit/s optical time division/wavelength division
multiplexing transmission using a single
supercontinuum WDM source

(T. Morioka et al., Electronics Letters 32, 906 (9th May 1996))
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Subpicosecond switching with a symmetric
Mach-Zehnder all-optical switch

(S. Nakamura, K. Tafima, and Y. Sugimoto, CLEO'96, Papcr CMB1)

+ Symmetric Mach-Zehnder interferometer

« Switching by photoinduced nonlinear change of re-
fractive index (bandfilting, i.e. incoherent mechanism)
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