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INTRODUCTION

1976: (nanosecond) laser annealing of
crystals damaged by ion bombardment

1985: femtosecond laser ‘melting’ of 5i




INTRODUCTION

laser deposits energy near surface...

100 nm




INTRODUCTION

energy rapidly diffuses into bulk...

100 nm

in 1 ns, diffusion length » 100 nm



INTRODUCTION

For ¢t <1 ns can ignore diffusion

100 nm

10 1] into a volume of about 107" m’!
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© Background
#® Dielectric function

® Nonlinear properties



FARLY MODELS

how does light melt a solid?



THERMAL MODEL

photons excite valence electrons...



THERMAL MODEL

...and create hot electrons...



THERMAL MODEL

...which heat lattice
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...which heat lattice



THERMAL MODEL

...which heat lattice
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PIASMA ANNEALING

photons excite valence electrons...



PIASMA ANNEALING

...creating a dense plasma...



PIASMA ANNEALING

...and breaking bonds



EXCITATION

CB




EXCITATION

CB

VB

photon excites valence electron



EXCITATION

CB

VB

creating an electron-hole pair
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multiphoton excitation
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TIME SCALE

long pulses (T, >>1 ps): thermal melting

photons

hot free electrons

|

hot phonons

|

melting



TIME SCALE

short pulses (T, << 1 ps): nonthermal disordering
photons

hot free electrons

hot phonons

melting
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FEMTOSECOND WORK

intense pulses can ‘melt’ GaAs, 5i, but how?




FEMTOSECOND WORK
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2.2 eV DIELECTRIC CONSTANT




2.2 eV DIELECTRIC CONSTANT

pump
640 nm, 0.1 m]




2.2 eV DIELECTRIC CONSTANT

probes
570 nm, 0.1 p]

all beams

70 fs, p-pol



2.2 eV DIELECTRIC CONSTANT

R (70.9%)

R (75.8%)
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TIME DEPENDENCE
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REVERSIBLE vs. IRREVERSIBLE
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REVERSIBLE vs. IRREVERSIBLE
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WHAT IS HAPPENING?

structure
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structure bandstructure dielectric function
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WHAT IS HAPPENING?

structure anistruciure cimiaoirio fungtion
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WHAT IS HAPPENING?

structure bandstructure cimiaoirio fungtion
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WHAT IS HAPPENING?

structure bandstructure cisieoirie furngtion
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WHAT IS HAPPENING?

structure bandstructure dielectric function
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WHAT IS HAPPENING?

structure bandstructure dielectric function
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GaAs BANDSTRUCTURE
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GaAs BANDSTRUCTURE
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GaAs BANDSTRUCTURE
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BROADBAND PROEBE

-SaF2 GaAs

- .

spectrometer —-—ﬁch\g




BROADBAND PROEBE

-SaF2 GaAs

—] _ spatial
— filter -

spectrometer —-—ﬁch\g




BROADBAND PROEBE

-SaF2 GaAs

—] _ spatial
— filter -

|

spectral
filter

spectrometer —-—ﬁch\g




BROADBAND PROEBE

-SaF2 GaAs

—] _ spatial
— filter [ ™ -

|

spectral
filter

spectrometer —-—ﬁch\g




intensity

WHITE LIGHT SPECTRUM

wavelength (nm)

| IHH (::rzaF2
—1 | ;’funfiltered h“«x 4
i filtered |
3 L
BUD oS00 700 200 1100




BROADEBAND DATA

-16 ps
40 | | | | |
GaAs 0.45 £

-
2 *e
- L
Tl R >
T R M LD se®® © % Tox
= ° e
g 10 — o° u':n Y
[ Ime oo
. 0 20 oop0 P

_10 | |

1.9 2.9 3.9 4.5
photon energy (gV)



BROADEBAND DATA

40 | | | | |

-
2
o
-
=
2
O
@O
2 @
o D f&ﬂmﬂgoﬁopﬂ
~10 | |
1.5 2.5 3.9 4.5
photon energy (gV)



BROADEBAND DATA

-

2

0

-

=

&2

O

&£

3 00000020~

0 o=
~10 | |
1.5 2.5 3.5 4.5
photon energy (gV)



dielectric function

-10

BROADEBAND DATA

1.9

2.5 3.5
photon energy (gV)

4.5



BROADEBAND DATA

dielectric function

1.5 2.5 3.5 4.5
photon energy (gV)



BROADEBAND DATA

dielectric function

1.5 2.5 3.5 4.5
photon energy (gV)



BROADEBAND DATA

dielectric function

1.5 2.5 3.5 4.5
photon energy (gV)



temperature (K)

BROADEBAND DATA

1000 -

0
=
o

10
time delay (ps)

12

20



BROADEBAND DATA

40 | | | | |

-
2
o
-
=
2
O
@O
2 @
o D f&ﬂmﬂgoﬁopﬂ
~10 | |
1.5 2.5 3.9 4.5
photon energy (gV)



BROADEBAND DATA

40 | | | | |

dielectric function

1.5 2.5 3.5 4.5
photon energy (gV)



BROADEBAND DATA

40 | | | |

dielectric function

1.5 2.5 3.5 4.5
photon energy (gV)



dielectric function

40

30

-10

BROADEBAND DATA

2.5 3.5
photon energy (gV)

4.5



BROADEBAND DATA

40 | | | |

dielectric function

1.5 2.5 3.5 4.5
photon energy (gV)



BROADEBAND DATA

dielectric function

-10 |
15 25 35 4.5

photon energy (gV)



BROADEBAND DATA

-16 ps
100 | | | |
ag | GaAs 16F
60 — —
40 | -

dielectric function

1.5 2.5 3.5 4.5
photon energy (gV)



BROADEBAND DATA

200 fs
100 | | | |
ag | GaAs 16F |
60 — —

dielectric function

1.5 2.5 3.5 4.5
photon energy (gV)



BROADEBAND DATA

100 | | |

dielectric function

1.5 2.5 3.5 4.5
photon energy (gV)



BROADEBAND DATA

100 | | |
80 T Tth —
60 — —

40 | .

dielectric function

U L S n
WP L ULl i

90 | | | |
1.5 2.9 3.9 4.5

photon energy (gV)




BROADEBAND DATA

4 ps
100 | | |
a0 L GaAs 1.6 ﬁh B
-
2 B0 o —
it
= o
o 40 5o . —
O
@O
2
o
0 5o, © 40 0.4+ 555500040000t tteintetd ¢
T | | | |
1.5 2.5 3.5 4.5
photon energy (gV)



BROADEBAND DATA

4 ps
100 | | |
a0 L GaAs 1.6 ﬁh B
-
2 B0 o —
it
= o
o 40 5o . —
O
qQ !
= 20 — QA0
% o Fotoas,
L 21
0 Pe, o P o
T | | | |
1.5 2.5 3.5 4.5
photon energy (gV)



time (ps)

BROADEBAND DATA

fluence (kJim2)

reversible 1.0 jrreversible




BROADEBAND DATA

fluence (kJim2)

e R 1.0 breversinie

01 =0
R EEEEE St
2 SRR R R R R
@ T
E SEER R R
of
IR



BROADEBAND DATA

fluence (kJim2)

e R 1.0 breversinie

time (ps)




BROADEBAND DATA

fluence (kJim2)

e R 1.0 breversinie

time (ps)




BROADEBAND DATA

fluence (kJim2)

e R 1.0 breversinie

time (ps)




BROADEBAND DATA

fluence (kJim2)

e R 1.0 breversinie

time (ps)




BROADEBAND DATA

fluence (kJim2)

e R 1.0 breversinie

time (ps)




BROADEBAND DATA

fluence (kJim2)

e R 1.0 breversinie




FH R e e e e e ot prpoernrrery i o KRS I BN BN TN
e e R e R 2 T Al B Y N -

© Background
#® Dielectric function

® Nonlinear properties



CAUSE OF COLIAFPSE

What physical processes can change ¢ (@ )¢

¢ clectronic effects: free carriers

¢ structural effects: atoms move

effect
structural

effects

y

glectronic
effects

axcitation




CAUSE OF COLIAFPSE

Electronic effects dominate at short times

* screening & many body effects

¢ direct free carrier effects (Drude model)

However,

changes in ¢ (@) at short times do not fit a Drude
modell



CAUSE OF COLIAFPSE

Is rapid structural change possible?

¢ excite 10% of valence electrons — lattice
instability

¢ 10% change in bond length — semiconductor to
metal transition

Time-scale for structural change reasonable:
moving 10% of bond length in 1 ps requires 25 m/s



NONLINEAR OFTICS

Field strength at second harmonic:

E.(2w) = —4xn P902m) gle(w), e(2w), 6.]



NONLINEAR OFTICS

Field strength at second harmonic:
E.(20) = ~4n PPQw) ele(w), e20). 8.]
where:

PP 0w = 2yPENw) fle(w), 6,]

50



NONLINEAR OFTICS

Field strength at second harmonic:
E (20) = ~dn P00 glele) e, 8.1
where:
POy = 2pBE o) Flele) 8]

50

‘x@)f _ E; (2a)
El ) Glela), e(2m), 6,]
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NONLINEAR WORK

* ¥ sensitive to loss of long-range order

* long-range order disappears even below
threshmlg

¢ structural change due to destabilization of
covalent bonds
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s CONCEUSIONS -

strong electronic excitation can drive a
structural transition

femtosecond lasers allow us to see the
dynamics of the transition

interesting reversible regime



B %?d%k“%EME !|ES|IONS '

» how hot does the plasma inside the material
get?

» is only long-range order lost, or also short-range
order?

» how can we study the atomic-scale physics?



Prof. Bloembergen
Prof. Ehrenreich

Prof. Kaxiras
Prof. Aziz

ONR N0O0014-89-]1023
NSF DMR §9-20490

http:/ / mazur-www harvard.edu





