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FUNDAMENTALS OF PICOSECOND AND FEMTOSECOND LASER SOLID INTERACTIONS

H. Kurz
Ins t i tu te of Semiconductor Electronics, Aachen University of Technology,

D-5100 Aachen, F.R. Germany

ABSTRACT

The current understanding of the in teract ion between ultrashort laser

pulses and condensed matter is demonstrated on a few selected samples. Hot

e lec t ron i c c a r r i e r re laxa t ion in GaAs, plasmon aided recombination in

highly excited s i l icon and u l t ra fas t energy transport in metals are d is -

cussed.

Introduction

In the last materials research society meetings the essential role of

t ime resolved op t i ca l methods have been demonstrated conv inc ing ly as

successful techniques to study fundamental processes of laser material

i n te rac t i ons [ l - 9 J . The power and range of op t i ca l methods has been

remarkably enlarged by the rapid development of new laser sources

del ivering tunable and intense femtosecond pulses.

In th is review most of the attention is paid to detai ls of femtosecond

pulse interactions in semiconductors and metals at high excitat ion levels.

Three spec i f i c examples of systems dr iven far out of equ i l i b r i um are

chosen. After a general survey of physical principles involved the relaxa-

t i o n of hot c a r r i e r s in I I I - V compounds is adressed. The in f luence of

col lect ive plasma osc i l la t ions on energy relaxation and carr ier dynamics is

considered in a high e x c i t a t i o n study of elemental semiconductors. New

re laxa t ion channels are opened as soon as the plasma energy becomes

comparable to phonon- and bandgap energies. Final ly the energy transport

in metals by hot e lect rons i s discussed. The high t ranspor t v e l o c i t i e s

observed in very recent experiments are of technical importance for laser

processing of metals and al loys.

Mat. Res. Soc. Symp. Proc. Vol. 74. c 1987 Materials Research Society
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I I . PHYSICAL PRINCIPLES

The primary dissipative interaction step is the absorption photons by
electrons. In a secondary step the energy is transferred from the excited
state to other electrons or holes and lattice vibrational modes.

In metals the conduction electrons are excited by inelastic free-free
transi t ions, well described by a high frequency conductivity. In semi-
conductors electron-hole pairs are created i f the photon energy exceeds the
bandgap. Photons below the bandgap may create electron-hole pairs via
multiphoton absorption. Once the carrier density is suf f ic ient ly high,
phonon assisted free carrier absorption and intervalence transitions bet-
ween light and heavy holes increase the energy content of the electron-hole
system without adding new carriers.

In semiconductors only narrow regions in the central valley of conduc-
tion band and valence band are coupled by the laser f ie ld. The lifetime of
the opt ical ly coupled states is 1imi ted principal ly by inelastic inter-
carrier and phonon col l is ions. I t requires femtosecond laser pulses to
saturate the interband transition noticeable in most of the semiconductors.

At carrier densities above 1019 collective oscillations of electrons and
holes have a major impact on the physics of relaxation. With increasing
carrier densities the plasmon energy passes through resonances with phonon
and bandgap energies. Coupled plasmon-phonon modes enlarge the carr ier-
phonon scattering rates significantly. Electrons can recombine with holes
via emission of plasmons and finally particle-plasmon interactions enhance
the rate of internal thermalization of the electron-hole plasmas.

Although there is no expl ic i t treatment of carrier-plasmon scattering
available in the case of monoenergetic carrier distributions the rate of
carrier scattering can be estimated to be proportional to the density N.
Energy relaxation by plasmon emission is possible when the kinetic energy
of the carriers is larger than the plasmon energy. These plasmons decay
subsequently into single particle excitations. At densities above 10* cm"^
intercarrier collisions and plasmon production ensure an internal thermali-
zation of the electron-hole system in times of order 10"14 sec. The thermal
distr ibut ion can be characterized by temperatures Te=T^=Tc. Internal
carrier thermalization occurs on a much faster time scale than energy
transfer to the pfronons. Large splittings between the carrier temperature
Tc and latt ice temperature T-| are expected on a subpicosecond time scale.
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For femtosecond excitation in both, semiconductors and metals, the evolu-
tion of carrier temperature Tc can be described therefore adequately by:

Cc (Tc) _6Jc_
= K c V 2 Tc - 9(lc-l}) + S(t) (1)

at
where Cc is the specific heat capacity of the excited carr iers and Kc the

thermal conduc t i v i t y . g(Tc-T-j) i s the average energy loss rate due to

phonon emission and g the coupl ing parameter. S(t) i s the laser energy

deposi t ion ra te . In metals the loss rate determined by deformation

potent ia l sca t te r ing is propor t ional to (Tc-T-|) / T-j re, where T-| is the

la t t i ce temperature and r e is the energy relaxation t ime.

The re laxa t ion between loss term and temperature s p l i t t i n g (Tc-T-|) i s

s t r i c t l y v a l i d only a f t e r thermal e q u i l i b r i u m between phonons i s

es tab l i shed. Since r e ©<. l /T ] and Tc W-j t h i s equation can s t i l l be used

for estimates in the femtosecond regimes. In the case of semiconductors in

the coupling parameter g a l l relevant relaxation channels are taken into

account.

In elemental semiconductors the carrier-phonon interaction process is

based on deformation potential scattering for electron and holes. In polar

compounds e lec t ron and holes may experience d i f f e r e n t sca t t e r i ng . Polar

mode scattering is dominant for both types of carr iers. The s- l ike conduc-

t ion band prohib i ts , however, nonpolar phonon emission. The most ef fect ive

energy loss mechanism for electrons located high in the conduction band is

i n t e r v a l l e y s c a t t e r i n g , where large wave vector changes are invo lved.

Interval ley scattering exceedspolar mode scattering by one order of magni-

tude in GaAs. I t represents the most ef fect ive channels for the transfer of

electron energies to phonons.

Free carr ier scattering as well as carrier-phonon coupling are subject

to screening, reducing the energy t rans fe r at high c a r r r i e r dens i t i e s .

Cr i t ica l densities at which screening begins to become important are in the

order of 1019 cm"3 for intraval ley processes, while interval ley scattering

is e f f e c t i v e l y screened beyond 102 1 cm"3 on ly . Although the hole t r a n s i -

t ions may be ef fect ively screened rapid in tercarr ier col l is ions ensure that

both types of carr iers lose energy at the same rate.

When the plasmon energy becomes comparable to the energy of phonons

involved new energy relaxation channels are opened. Especially in compound

semiconductors the long i tud ina l op t i ca l phonons couple s t rongly w i th

longitudinal plasma osc i l la t ions. Coupled plasmon-phonon modes increase in

i n e l a s t i c sca t te r ing rates of hot ca r r i e r s s i g n i f i c a n t l y . The phonon
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emission rate is increased by one order of magnitude in GaAs (2xlO13 s"1) .

Phonons emitted via d i f ferent scattering mechanisms would occupy certain

fract ions of the Br i l lou in zone. They thermalize through anharmonic in ter -

actions re la t ive ly slowly at low densities (10-100 ps). In the presence of

a h igh ly dense e lec t ron-ho le plasma, however, p a r t i c u l a r op t i ca l phonon

l i fe t imes are shortened drast ica l ly speeding up phonon thermalization. As

in the case of meta ls , phonons can decay in to s ing le e lec t ron ic s ta tes ,

which decay in to other phonons again. This mu l t i s tep decay has been

confirmed in Raman l ine widths measurements of heavily doped s i l i con . At a

densi ty of 102^ e lectrons / cm" 3 the op t ic phonon l i f e t i m e i s reduced to

"» 200fs. Thus for t ime scales longer than one picosecond the energy

transferred from electronic carr iers can be treated as d i rec t ly converted

into l a t t i ce heat. Complementary to equation (1) the evolution of l a t t i ce

temperature is given by:
cl (Tc) _6I^= g(Tc-Ti) (2)

6t
where C-j is the specif ic heat capacity. Thermal d i f fusion can be neglected

on the time scales considered here.

In semiconductors and metals the hot carr ier d is t r ibut ions cool down to

the equil ibrium leve l , Tc=T-j, within picoseconds. During th is cooling the

semiconductor plasma changes from classical regime to the quantum l i m i t .

The cold carr iers accumulate in the band extrema "wait ing" in th is quasi-

equil ibrium state for the poss ib i l i t y to recombine. As a consequence most

of the semiconductors are dr iven far i n to degenerate condi t ions w i t h i n

picoseconds. For example in s i l icon the quasi-Fermi level are driven 400 mV

into the conduction band minimum and 60 mV below the valence band maximum

at a c a r r i e r densi ty of 102 0 cm"3 and temperatures below 1000K. This

s i t u a t i o n may be described by a temporary "quas i -me ta l l i c " s ta te . The

changes in the op t ica l proper t ies induced by the degenerate plasma

resembles closely metal l ic behaviour.

The recombination kinetics of nonequilibrium carr iers in highly excited

semiconductors is mainly determined by nonradiat ive Auger-processes and

rad ia t i ve bimolecular recombinat ion. In Si l i ke semiconductors the main

process is a phonon assisted Auger-process where the energy of an e-h-pair

i s t rans fe r red to a t h i r d p a r t i c l e , which can be e i the r an e lec t ron or a

hole. Due to combined effect of res t r ic t ion to the Fermi sphere and of the

wave vector and energy conservation the phonon free Auger-process is less

probable in degenerate direct semiconductors. The main advantages of phonon

assisted Auger recombination is the fact that the wave vector conservation

must not be sat isf ied by car r iers , but can be f u l f i l l e d by phonons, whereas
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the energy conservation is hardly influenced by i t . In s i l icon the recombi-

nation probabi l i ty has been found to be weakly temperature dependent. In

direct semiconductors, however, the recombination rates increase strongly

with temperatures.

The rate at which carr iers are transferred to high energetic states is

defined by 7N 3 , where 7 is the recombination coef f ic ient . The extremely

energet ic Auger p a r t i c l e s share rap id ly the i r energy with other carr iers

and relax to the f loor at the Fermi-level via phonon emission. Nonradiative

Auger-recombination lowers the density of the electron-hole plasma, but

increases the temperature. I t causes a retarded heating of the plasma and

la t t i ce control led by 7N3.

P r i n c i p a l l y the Auger process is balanced by impact i on i za t i on at the

same rate i f the average energy of the c a r r i e r s exceeds the bandgap. The

rate of t h i s counter e f f ec t i s determined by Y ( N 0
2 - N 2 ) where No is the

equ i l i b r i um densi ty of c a r r i e r s at the temperature Tc. Because of the

u l t r a f a s t energy r e l a x a t i o n , however, the c a r r i e r temperature drops too

fast fo r impact i o n i z a t i o n . Even in the case of femtosecond e x c i t a t i o n ,

where phonon emission is too slow to cool the plasma s ign i f icant ly during

the laser pu lse, the s t i l l lower Auger rates exclude the p o s s i b i l i t y of

impact ionizat ion.

The most important effect of Auger recombination is the retarded heating

of the carr ier gas and the subsequent l a t t i ce heating. The sp l i t t i ng bet-

ween c a r r i e r temperature and l a t t i c e temperature remains as long as the

nonradiative Auger-process dominates rad ia t i ve recombination processes.

This secondary heating has to be taken in to considerat ion when cool ing

rates on a psec time scale are analyzed in photoluminescence experiments.

I I I . HOT CARRIER RELAXATION IN III-V-COMPOUNDS

In I I I -V compounds large d ispar i t ies between ef fect ive electron and hole

masses lead to strong d i f fe rences in excess energies. Thus the c a r r i e r s

lose energy via inelast ic scattering of electrons mainly. The most impor-

tant intraval ley process is the emission (or absorption) of polar optical

phonons. Scattering rates in the order of 6xlO*2 s~* have been measured at

low densities ( ^ 1017 cm"3) in GaAs in close agreement with theoretical

predictions. I f the i n i t i a l energy of electrons is greater than one optical

phonon below the side valley conduction band minima, interval ley scattering

becomes opera t i ve . The corresponding phonon emission rate exceeds
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sec"1 in GaAs and increases with the density of states available.
Thus intervalley scattering rates become comparable to the rate of inter-
carrier collisions at high densities. Both processes l imi t effectively the
lifetime of optically coupled states located high in the central valley.

The degree of absorption saturation of femtosecond laser pulses allows a
qualitative estimate of the in i t ia l scattering rate. In transmission corre-
lat ion experiments C.L Tang and coworkers observed for the f i r s t time
several relaxation times corresponding to dif ferent scattering processes
[ l l ] . Transmission correlation techniques allow principally the detection
of relaxation phenomena which are faster than the duration of the laser
pulse (80 fs). The fastest time constant has been found in GaAs with 40 fs,
independent of carrier densities up to 1019cm~3. This ultrafast scattering
out from the optically coupled states has been attributed to intervalley
transitions [ l l ] .

In AlGaAs and multiple quantum wells consisting of alternating layers of
GaAS and AlGaAs, however, the scattering rate starts to depend on the
density of carriers excited. The depopulation of optical coupled states
becomes faster with the increasing carrier density.

Possible relevant carrier density dependent processes are screening of
the carrier-phonon interaction and free carrier or plasmon scattering. I f
the plasmon energies are close to phonon energies, coupled plasmon-phonon
modes contribute to the depopulation rate.

The principal restriction to a single probing wavelength in equal pulse
correlation experiments is l i f ted in conventional pump and probe experi-
ments. Here the interrogating pulse can cover the whole energy range bet-
ween original excited levels and the minima of semiconductor bandstructure.
In contrary to the equal pulse correlation technique the temporal resolu-
tion is limited by the convolution of pump and probe pulse.

Time resolved changes in the interband transmission correspond to the
temporary occupation of intermediate electronic states. From time resolved
transmission spectra using spectrally broadened (white light) fs-pulses the
carrier cooling by phonon emission has been studied on a subpicosecond
time scale. C.V. Shank et a l . found that, for a comparable density, the
cooling rates are the same for bulk GaAs and quasi-2D-systems
(GaAs/AlGaAs). They did not find any effect of dimensionality. The cooling
rate by phonon emission, however, seems to be reduced at densities of
2.1017 cm"3 [ l 2 j . Strong deviation in the cooling rate between bulk and 20
samples has been reported at even higher densities. In nonlinear hot
luminescence correlation experiments this deviation has been found to start
above 10l7cm-3 and increases progessively at higher densities [l3J.
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While the influence of dimensionality and carrier density on the

carrier-phonon interaction in I I I - V compounds is under revision, the

carr ier -carr ier interactions are documented quite c lear ly . In careful ly

designed experiments in both, bulk GaAs and in GaAs/AlGaAs quantum well

structures, spectral hole burning in the valence to conduct band transition

has been observed [ l4 , 15j. The formation of an in i t ia l nonthermal d is t r i -

bution and the subsequent internal thermalization of the carrier gas could

be resolved clearly. At an excitation density of *>10* cm"3 the nonthermal

distribution of electrons thermalizes in a time on the order of 200 fs, i f

the excess energy of the carriers is kept below the critical condition for

LO-Phonon emission.

Based on the experimental facts reported up to now at medium density

level (<1019cm"3) following prediction for femtosecond laser pulse inter-

action at high excitation levels may be derived.

Scaling up to densities above 1020 cm"3 rapid internal thermalization of

photoexcited electron-hole pairs can be anticipated in extremely short

times ( ">10fs), in which no energy transfer to the phonons can occur. Both,

intercarr ier coll isions and plasmon production rate dominate the energy

relaxation by phonon emission. Thus excitation with intense femtosecond

pulses will result in the nearly instantaneous formation of an extremely

hot classical carrier plasma during the excitation pulse, while the latt ice

temperature remains fair ly unaffected. On a medium time scale (<lps) the

hot carrier distributions would experience strong interval ley scattering.

Intercarr ier col l ision ensure thermal equilibrium between holes and

electrons. Holes lose their energy at the same rate via electron cooling.

The interval ley scattering processes are barely screened/Fhe total loss

rate is expected to remain unchanged even at the highest carrier densities

encountered. At a time scale of picoseconds thermal equilibrium is

established between carrier and phonons. The carrier dynamics start to be

controlled by Auger recombination.

All these predictions are s t i l l subject of future experiments with fs-

pulses. They have to be consistent with several experimental facts already

observed with picosecond pulses in GaAs and elemental semiconductors. Among

them the most important result is the ul trafast phase transitions which

occur within the picosecond excitation pulse. Using nonlinear optical

detection techniques J.M. Liu et a l* have shown that optical heating and

subsequent melting of GaAs occurs within one picosecond | l 6 j . The often

cited screening of carrier-phonon interaction at high densities is not

consistent with these experimental facts.
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IV. HIGH EXCITATION PHENOMENA IN ELEMENTAL SEMICONDUCTORS

Previous optical time resolved investigations of phasetransitions at semi-

conductor surfaces irradiated with picosecond pulses provided surmounting

experimental evidence for the va l i d i t y of thermal model descriptions. Both

the c a r r i e r - and the l a t t i c e temperature could be modelled in exce l len t

agreement with experimental data. The thermal model assumes that thermal

equil ibrium is established between electrons and holes during the exci ta-

t ion pulse, characterized by a carr ier temperature Tc as expressed in

eqn. (1). Thermal equ i l i b r i um is also assumed to be establ ished between

phonons in th is time too. The va l i d i t y of th is assumption is supported by

Raman-line width measurements at high plasma densities and time resolved

opt ica l probing of l a t t i c e heating [ l 7 J . As in the case of meta ls , large

dispar i t ies between carr ier - and l a t t i ce temperatures are expected i f the

energy relaxation time r e is comparable to the duration of the exciatation

pulse. From experimental data obtained in picosecond photoelectric experi-

ments the maximum carr ier temperature has been estimated to be less than

5000 K. From th is upper l i m i t an energy relaxation time in order of pico-

seconds has been derived [ l 8 j . Time resolved investigation of the optical

absorption corresponding to interband transi t ions in s i l icon dedicated to

monitor the temporal evolution of the l a t t i ce temperature have confirmed

t h i s conclusion l l 7 J . Careful analysis of the op t i ca l data reve i led tha t

l a t t i ce heating occurs in two steps. Direct heating is accomplished during

the pulse due to the u l t r a r a p i d energy re laxa t ion of hot c a r r i e r s . There

fu r the r energy t rans fe r is blocked because of the lack of f ree energy

states in to which the e lectrons or holes can be scat te red. This blockage

las ts as long the quasi-Fermi leve ls remain unaffected by e lec t ron-ho le

recombination. As soon as the Fermi-level starts to move towards the band-

gap center again with decreasing carr ier density, the scattering channels

in to lower energy states are opened again. Thus a second heating phase

follows controlled by the dynamics of recombination | l7,18J. At extremely

high e x c i t a t i o n leve ls (*>5x 102 0cm"3 in s i l i c o n ) the d i rec ted heating

process vanishes due to strong band f i l l i n g . The en t i r e evo lu t ion of

l a t t i ce temperature is defined by Auger recombination. The l a t t i ce heating

rates in picosecond laser melting experiments are slower than anticipated

up to now. The heating rate close to the mel t ing point is slowed down

remarkably. The exact knowledge about the f ina l temperature evolution close

to phasetransitions is important for the understanding of "superheating"

the sol id phase of semiconductors.

The two phases of l a t t i ce heating has been clear ly resolved in previous
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