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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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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



THERMAL MODEL

...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
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photon excites valence electron
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creating an electron-hole pair
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multiphoton excitation
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emission of LO phonons
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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

Phonons How can we drive them?

Beyond phonons  What ha?ppens when we break
the limit:



EXCITATION OF PHONONS

absorption  incoherent heating Te™2ps >> 1,

e-ph
5RS5 CARS coherent driving T 20Ps >> 1y
ISRS impulsive excitation T, ~»01ps < T,
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IMPULSIVE RAMAN SCATTERING

Uil

create decaying standing wave...



IMPULSIVE RAMAN SCATTERING

create decaying standing wave...



IMPULSIVE RAMAN SCATTERING

create decaying standing wave...
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create decaying standing wave...
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create decaying standing wave...
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create decaying standing wave...
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create decaying standing wave...
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create decaying standing wave...



IMPULSIVE RAMAN SCATTERING

create decaying standing wave...



IMPULSIVE RAMAN SCATTERING
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IMPULSIVE RAMAN SCATTERING

1.0

signal intensity (a.u.)

-

L DChar et al., Chem, Kew, 94 (1994) 157



TARGE AMPLITUDE OSCILIATIONS
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TARGE AMPLITUDE OSCILIATIONS

Ti,0
0.4 -
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IMPULSIVE RAMAN SCATTERING

i
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¢ need to match g
¢ sinusoidal oscillation
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DISPIACIVE EXCITATION
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DISPIACIVE EXCITATION

equilibrium screened lattice
lattice potential potential

!
v

vibrational
coordinate




DISPIACIVE EXCITATION
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BEYOND PHONONS

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




BEYOND PHONONS

intrinsic properties measured properties
e ew) —> R
c |’ c "(Cﬂ}
e’ e'"lw) — SHG
X

(2)



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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TIME DEPENDENCE

2.2eV

diglectric constant

Phys. Rew, B 51 (1995) 6959 E



TIME DEPENDENCE

2.2eV

1.2 kJim?

diglectric constant

19 20

Phys. Rew, B 51 (1995) 6959 E
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FLUENCE DEPENDENCE
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REVERSIBLE vs. IRREVERSIBLE
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REVERSIBLE vs. IRREVERSIBLE
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SIMPLE MODEL
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SIMPLE MODEL

—
o=

I I
,%r (45°) 2.2eV

reflectivity
-
¢n
|
7
|
0g
o
0
0.
—
—t
O
-
—

0 | | | |

§ 60 -

L

a 40 — —

Ime

£ 204 T T

E L———---"}.‘—;_

L 0 gy REE
0 0.5 1.0 1.9 2.0 2.9

pump flugnce (kJim?)
Annu, Rev, Mater, Sci, 25 [1993) 223 p



SIMPLE MODEL

1.0 | |
7. (45" 2.2eV
2 o (457) 2.0ps
=
o 05
A1
i .
0 | | | |

§ 60 ° o —
(7] ] ) )
§ 40 ‘. . -
o
o o ©o0,  Ime
E 20500000 T "o ¥0-0-C-0rampr o
; cREE .
o 077 o Recs »
2

0 0.5 1.0 1.9 2.0 2.5
pump flugnce (kJim?)

Annu, Rev, Mater, Sci, 25 [1993) 223 p



SIMPLE MODEL

1.0 | |
7. (45" 2.2eV
.-:-; o (457) 2.0ps
T 05 e LT T —
@
E Ill...
0 |
§ 60 ° o —
(7] ] o
5 40 . . -
O
o %0, Ime
E 2050 ceene “eYooo oo
E L-:'-:::-'C?":'QCj ¢
% 0 I I'...;.H.E.E.!i!iti_g
0 0.5 1.0 1.5 2.0 2.9

pump flugnce (kJim?)

Annu, Rev, Mater, Sci, 25 [1993) 223



SIMPLE MODEL

—
o=

reflectivity
o
€n
|
|
|
|
|
7

0 | | | |

60O — “ o —
o ]

4ﬂ_ "I i ]

%0, Ime

2'::'1_11.111 COC oo g o
o

LG:::-C-G'D ]
0 | I'...;.H.E.E.!i!itig
0 0.5 1.0 1.9 2.0 2.5

pump flugnce (kJim?)

diglectric constant

Annu, Rev, Mater, Sci, 25 [1993) 223 p



WHAT IS HAPPENING?
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WHAT IS HAPPENING?

pump pulse excites
semiconductor valence electrons...



WHAT IS HAPPENING?

pump pulse excites
semiconductor valence electrons...
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pump pulse excites
semiconductor valence electrons...
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pump pulse excites
semiconductor valence electrons...



WHAT IS HAPPENING?
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WHAT IS HAPPENING?
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..and induces change
semiconductor in bandstructure
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..and induces change
semiconductor in bandstructure
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semiconductor in bandstructure
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..and induces change
semiconductor in bandstructure



WHAT IS HAPPENING?

o

probe

fin=

..and induces change
semimetal in bandstructure
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..and induces change
metal in bandstructure
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WHAT IS HAPPENING?
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GaAs BANDSTRUCTURE

ehergy (eV)

wavevector
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GaAs BANDSTRUCTURE

4 45 eV
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GaAs BANDSTRUCTURE

ehergy (eV)

wavevector



GaAs BANDSTRUCTURE

2.2eV

wavevector

S Froven et al, Phys Rew, O 28 (1983) 3258
DVH. Kimetal., Sol. State. Conun, 89 (1994) 119 E



GaAs BANDSTRUCTURE

4 45 eV

ehergy (eV)

wavevector



GaAds DIELECTRIC FUNCTTION
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GaAds DIELECTRIC FUNCTTION
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FLUENCE DEPENDENCE
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SUMMARY
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laser pulse causes bandgap
collapse




CAUSE OF COLIAFPSE

2.2eV

dielectric constant

0.9 kJim?2

slow rise time —

10 12 20
time (ps)

collapse cannot be caused by
electronic effects alone

structural change?



FEMTOSECOND WORK

Field strength at second harmonic:

E.(2w) = —4xn P02 gle(w), e(2w), 6.]



FEMTOSECOND WORK

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

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

50



FEMTOSECOND WORK

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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FEMTOSECOND WORK

* ¥ sensitive to loss of long-range order

* long-range order disappears even below
threshmlg

¢ structural change due to destabilization of
covalent bonds

* time-scale for structural change reasonable
(10% of bond length in 1 ps requires 25 m/s)



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
® DSingle frequency work

& DBroadband work



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




dielectric function

BROADEBAND DATA

-16 ps
40 | | | | | | |
GaAs E'.‘I'E'!"';h
30 —
L L ¥
&
20 - » .l..‘. @EGGGGG N
S aatte ob gele
. o o0
10 - o® *eee 5
o *
0 —oGGGG@GGGDGGGO ]
_10 | | | | | | |
1.5 2 2.5 3 3.5

photon energy (gV)



BROADEBAND DATA

40 | | | | | | |

30 —

dielectric function

_10 | | | | |
1.5 2 2.5 3 3.0

photon energy (gV)



dielectric function

40

30

-10

BROADEBAND DATA

2 2.5 3
photon energy (gV)

3.9



BROADEBAND DATA

40 | | | | | | |

30 —

dielectric function

_10 | | | | |
1.5 2 2.5 3 3.0

photon energy (gV)



dielectric function

40

30

-10

BROADEBAND DATA

2 2.5 3
photon energy (gV)

3.9



dielectric function

40

30

-10

BROADEBAND DATA

2 2.5 3
photon energy (gV)

3.9



BROADEBAND DATA

40 | | | | | | |

30 —

dielectric function

_10 | | | | |
1.5 2 2.5 3 3.0

photon energy (gV)



—

temperature (K

BROADEBAND DATA

1500 R ! !
1200 | -
045 £,
900 -
_______ 730 P
600 | o .
2 bt
300 & -
0 I !
10 15 20

time delay (ps)



BROADEBAND DATA

40 | | | | | | |

30 —

dielectric function

_10 | | | | |
1.5 2 2.5 3 3.0

photon energy (gV)



dielectric function

40

30

20

10

-10

BROADEBAND DATA

!
L E
sgate @5}3‘2 .

ree®oee?? 6oa00® . .,
GQQQGGQGGC’ L7 *Letady
N e
| | | | | | |
1.5 2 2.5 3 3.0

photon energy (gV)



BROADEBAND DATA

40 | | | | | | |

dielectric function

_10 | | | | |
1.5 2 2.5 3 3.0

photon energy (gV)



dielectric function

40

30

-10

BROADEBAND DATA

2 2.5 3
photon energy (gV)

3.9



BROADEBAND DATA

40 | | | | | | |

dielectric function

_10 | | | | |
1.5 2 2.5 3 3.0

photon energy (gV)



BROADEBAND DATA

4 ps
40 | | | | | | |
GaAs 0.70 ~
30 th
S
E 2[] [ ‘.‘ o o ]
N O 2 D':'__O_ e === =]
= o oo . GGG_:"_ GG{}DGGGGGG-:
B 10 o0 teests
% .:.QG'G. *
5 Yosver,,
D L —
_10 | | | | | | |
1.5 2 2.5 3 3.5

photon energy (gV)



dielectric function

BROADEBAND DATA

-16 ps
80 | | | | | | |
GaAs 1.6 'ﬁh
G0 — —
40 - .
20 — 5 ] 0 %GGQ@;:
r

0 =Qdﬁﬂr@ﬂoﬂ9ﬂoﬂ@ﬂgpﬁgg ‘_
_50 | | | | | | |

1.5 2 2.5 3

photon energy (gV)

3.9



BROADEBAND DATA

500 fs
80 | | | | | | |
GaAs 1.6 F~
60 [ th —
-
2
o
-
=
g
5]
&
2
o -
* o000 0gey4e??
_50 | | | | | | |
1.5 2 2.5 3 3.5
photon energy (gV)



BROADEBAND DATA

80 | | | | | | |

dielectric function

_20 ©9 | | | | | |
1.5 2 2.5 3 3.0

photon energy (gV)




BROADEBAND DATA

2 ps
80 | | | | | | |
L]
GaAs 1.6 F
60 th
G-:}-::- ©
4[] [ & ]

dielectric function

2

photon energy (gV)

2.9

3

3.9



dielectric function

80

60

40

BROADEBAND DATA

2.5
photon energy (gV)

3.9



BROADEBAND DATA

4 ps
80 | | | | | | |
GaAs 1.6 F
60 — e th _
-
E 40 go i
B
— e
E 20 - %00 o —
W (s e GGGGGGG
T 5 .
.: f—-‘-----"ht-t 590 1144&r¢t.ﬂ1‘rﬂiul“'
-20 | | | | | | |
1.5 2 2.9 3 35

photon energy (gV)



BROADEBAND DATA

short long
time time

low fluence

meadium fluence

high fluence



BROADEBAND DATA

short long
time time
low fluence .
electronic
many-particle
effects

meadium fluence

high fluence



BROADEBAND DATA

short long
time time

low fluence

meadium fluence

high fluence

TR
marssnaitick
miimety

structural
effect?



BROADEBAND DATA

shor long
time time
low fluence 5 hot lattice
TR
marssnaitick
medium fluence afterts
sirsaedsornd

high fluence

wiiment?



BROADEBAND DATA

short long
time time
low fluence , not mttins
M EEREE W
marssnaitick
medium fluence aitects lattice disordering
straciura

high fluence

wiiment?



BROADEBAND DATA

short long
time time
low fluence , not mttins
M EEREE W
marssnaitick
medium fluence aitects fitics disordering
straciura

high fluence

wiiment?

metallic behavior



A e e C.NCLUSIONS S

electronic excitation can drive phonons
incoherently, coherently, or impulsively

electronic excitation can drive a structural
transition

femtosecond lasers allow us to see the
dynamics of the transition



Prof. Bloembergen
Prof. Ehrenreich

Prof. Kaxiras
Prof. Aziz

ONR N0O0014-89-]1023
NSF DMR §9-20490

http:/ / mazur-www harvard.edu





