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PULSED LASER INTERACTIONS WITH CONDENSED MATTER

N. BLOEMBERGEN -
Division of Applied Sciences, Harvard University, Cambridge, MA 02138

ABSTRACT

The primary interaction is the absorption of photons by electrons. In
metals free-free transitions increase the energy of the electron gas. In semi-
conductors and insulators electron-hole pairs are created, if the photon energy
exceeds the band gap. If it is less, only multiphoton processes can initiate
energy transfer from the light beam. 1In nearly all solid materials Auger
processes and electron-phonon interactions occur on a picosecond time scale
for the high density and energy of the carrier gas created by intense short
laser pulses. Thus melting and evaporation of the material can occur on this
time scale. These processes may be considered as the initial phases in the
creation of laser produced plasmas. They have been studied by time-resolved
measurements of the complex index of refraction, by electron and ion emission,
by second harmonic generation, by electrical conductivity and other techniques.
Fast time resolution is essential. The dynamic behavior of atoms and phase
transitions in the picosecond and femtosecond regime has been opened up for
experimental investigation.

1. INTRODUCTION

The basic dissipative interaction process of light with matter is the
absorption of light by electrons. In the infrared the 1ight may be absorbed
by optical phonons. The electrons in excited states transfer their energy to
other electrons and lattice vibrational modes. The infrared excited optical
phonons will also share their energy with other phonons. Heating of the
material will result. 1In metals the dominant absorption mechanism is by the
excitation of conduction electrons in inelastic free-free transitions. Such
transitions in a collisional plasma are sometimes described as inverse brems-
strahlung. At long wavelengths and electron energies at a few eV, the process
is also well described by a high frequency conductivity.

In semiconductors and insulators, the dominant absorption process is the
creation of an electron-hole pair, if the photon energy exceeds the band gap.
For photons below the band gap, carriers may be created by two-photon (or
multi-photon) processes. Stepwise excitation through discrete levels in the
band gap is also possible. Once the carrier density has become sufficiently
high, additional absorption by the same mechanism as in metals will take place.

In transparent insulators, the absorption is so low that usually no signi-
ficant absorption and heating occurs, until the light intensity is raised to
such high values that a plasma is formed by dielectric breakdown. Then further
absorption by the carriers in the plasma takes place. The initial electrons
are either created by ionization of impurities, by multiphoton absorption or,
at extremely high intensities, by tunneling during one half light cycle. At
lower intensities nonlinear optical interactions in a transparent dielectric
will occur. These are usually of a purely parametric nature and do not give
rise to energy dissipation. A hybrid form is presented by the stimulated Raman
effect, in which energy is deposited in Raman active phonon modes.

This introductory overview is restricted to strongly absorbing materia}s,
in which the energy is deposited in a relatively thin layer of thickness a7/,
where o is the absorption coefficient. The light intensity decays as
I=1, exp(-az) as it penetrates into the medium normal to the boundary at z=0.
The results of the interaction depend strongly on the power level and on the
pulse duration of the irradiation. The salient features of the interaction
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in each regime are reviewed, when surfaces of metals or semiconductors are
irradiated at increasing power flux densities with millisecond, microsecond,
nanosecond, picosecond and femtosecond duration pulses, respectively.

2. INTERACTION WITH MILLISECOND TO NANOSECOND PULSES

For these relatively 1ong irradiation times a quasi-steady state develops.
The absorption depth daps = a~' is generally small compared to the heat diffu-
sion length, dd]ff (tpK)2 during the pulse duration t,. Here k = K/pC is the
thermal difussivity, K is the thermal conduct1v1ty, the density, and C the
specific heat per unit mass. For metals k 11es in the ragge of 0.1-1 in_cgs
units. So, dgjgf iS about 107 -2 em for tp= 10-3 s ang 1072 cm at tp =1079 ¢
In metals dabs (3-5) x 106 cm, the London penetration depth in a strongly
collisional plasma. largely independent of the wavelength for wt << 1. For
silicon dype =~ 107 -5 cm for green light at room temperature. It is shorter for
shorter wave]engths and at higher temperatures. Liquid silicon is metallic.

At low intensities the temperature rise at the surface will be small,
and the rise will be determined mostly by convective cooling in the atmosphere.
For power flux densities exceeding 1 kW/cm?, neither convective cooling nor
radiative cooling plays a siggificant role. For a black body at 3347°K, the
radiative flux equals 1 kW/cm®, while the convective cooling at a Mach number
of one bg a flowing gas over a surface at this temperature is less than
100 W/cmt. The heat balance .is Targely determined by heat diffusion into the
interior of the material or by evaporative losses. Since the thickness of
the sample d 1is usually more than a few mm, one has d > dyj¢f and the back
face remains essentially at room tempreature. A one-dimensional heat balance
problem results if the beam diameter is also large compared to dyjgs¢- The
average temperature rise near the front surface may be estimated by assuming
that a volume of depth dyi¢f is heated uniformly

V20e (T-Tg) m (1-R) 1t ()

where RI, is the reflected intensity. Thus the temperature rise is propor-
tional to the power flux density and the square root of the pulse duration, or
proportional to the energy fluence and inversely proportional to the square
root of the pulse duration. It is easy to reach the melting point, or 1Edeed
the boiling point, of any material with laser flux densities of 10 kW/cm
more. Thus laser welding, drilling, etc., have found widespread applications.
Figure 1 is taken from an early standard text [1] tc remind the reader what
happens in the regime of relatively long irradiation times. Detailed numerical
solutions of the heat transport equation can take account of the variation of
the material constants with temperature, of the latent heat on melting, etc.
When the temperature is elevated so that significant vaporization occurs,
a steady state regime may develop for microsecond pulses where the energy
absorbed per unit time per unit area is carried away by the evaporated mass.
The surface recedes by ablation at a constant speed vg given by

(ktp)

pLyvg = (1-R)I, (2)

Here L, is the heat of evaporation per unit mass. This behavior is illustrated
in Fig. 2, where the surface temperature of an Al alloy target, irradiated by

a laser flux of 107 W/cmé is plotted vs time [2]. The mass flow rate pvg for
evaporation into vacuum may be crudely estimated by taking the saturated vapor
pressure at the surface temperature p(Tg) and assuming the flow normally out-
ward from the surface to be described by a one-sided Maxwell-Boltzmann distri-
bution at temperature Tg. This procedure yields

vg = p(Tg)/ (2mkTg/m)1 /2 (3)
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Fig.1. Melted depth in yellow brass as a function of
time for various laser flux densities (after ref. 1).

Combination of Egs. (2) and (3) yields an equation for the steady state surface
temperature.
p(Tg)L
‘”“‘E'_!T7E = (1-R) I, (4)
(2mkTg/m)
Since the saturated vapor pressure depends exponentially on the temperature
according to the Clausius-Clapeyron equation, the surface temperature will
rise only logarithmically with increasing intensity above the boiling point,
while the surface ablation rate increases linearly with I,.
It may be possible to heat a substance above the crigical point, when
the intensity is so high that the pressure required to yield the steady state
evaporation rate exceeds the pressure at the critical point. In this situation
the following model description may be used. The solid material is superheated
under pressure to a high temperature. Individual particles are held in a
potential well determined by an average bond strength. If the normaily
directed kinetic energy exceeds the potential well depth, the binding energy
per atom in the condensed phase, Ecoh’ the particle will escape. The number
of particles escaping per unit area per unit time is given by
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Fig.2. Temperature profiles of an aluminum target absorbing
a laser flux (1-R)I, = 107 w/em? (after ref. 2).
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. : - Lmva)/ (k)
° (enkTm)/2 o

v o= /2Ecoh
X m

Multiplication by the mass of particle leads to

1/2
[T /2 Eeon/KTs .

PVg = P\ € (
where pg is the solid density and Ty the surface temperature. This model is,
of course, entirely analogous to that of thermionic emission, which describes
the evaporation of electrons in the Maxwell-Boltzmann tail of the Fermi-Dirac
distribution. In this case E.,, is replaced by the work function. It is
reassuring that Eq. (3) with %ﬁe saturation vapor pressure has a similar expo-
nential character as Eq. (5).

It is possible to make these considerations more quantitative. The one-
dimensional model of heat diffusion is valid if the Taser spot size is large
compared to the thickness of the sample and large compared to the thermal dif-
fusion length. The diffusion equation is

z
ng—I— = %(K g—l)+ a(1-R)1, exp-oj adz. (6)
In this equation the material constants for the density p, the specific heat
C, the thermal diffusion constant K, the absorption coefficient a and the
reflection coefficient R are all functions of the temperature. The boundary
condition at the front surface, z = 0, is

- g—l*- pvg AH, + eoT
Here € is the average emissivity of "grey-body" radiation, C'(T-T,) represents
the heat loss by convection at the front surface, AH, is the enthalpy of
vaporization. The occurrence of melting or another phase transition can be
incorporated in the model by adding a delta function to the specific heat,
Ln8(T-Tp), on the left-hand side of Eq. (7), where Ly is the latent heat of
melting.

The evaporation process into an atmospheric environment may also be
analyzed more precisely by considering a Knudsen-type boundary layer adjacent
to the surface. Through this boundary layer the vapor expands into a "rare-
faction-wave." This process has been analyzed by Anisimov [3], Krokhin [4] and
Knight [5], among others. The result is that the recession rate at a given
surface temperature Tg is about 18 percent smaller for a monatomic gas than
that given by Eq. (3) or (5). This can be ascribed to gas kinetic collisions
in the boundary layer, so that some atoms which have escaped according to those
equations are turned back toward thé interface.

A more important effect from a practical point of view is that the tem-
perature of the evaporating gas may be so high that a considerable fraction
of the evaporating atoms is ionized. If molecules evaporate at high tempera-
ture, they may be dissociated. Neutral particles in excited electronic states
play an important role in the dynamics of plasma formation by photo-ionization
processes. A dense plasma in front of the surface has the consequence that
the laser light may now be absorbed by the plasma, rather than by the condensed
phase target. These plasma effects have been investigated in great detail both
theoretically and experimentally [1,4,6]. _They become generally important when
the incident power flux density exceeds 10 W/cmé, Clearly the plasma forma-
tion processes will also depend on the presence of an atmosphere in front of
the irradiated target.

R I (7)
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Figure 3 illustrates the initial stages of plasma formation [2] in front
of an aluminum alloy in vacuo, which is irradiated by a microsecond pulse from
an excimer laser at A = 0.35 um. It may be concluded that the interaction of
laser pulses with condensed matter is well understood in the regime where the
pulse length is longer than 10-9 s and the maximum power flux density is less
than 108 W/cm2.

3. IRRADIATION BY PICOSECOND PULSES

When t, Ties in the range 10-12-10-9 s, we enter the regime where the
heat diffusion length becomes comparable to or smaller than the absorption
depth /KEB'5 a-l. When dgjge << dape, the heat is deposited in a layer of
constant depth, d,;., and the temperature rise increases linearly with tg.
The average temperature in the surface layer is proportional to the fluence,
and Eq. (1) is replaced by

t

p
C(T-To)d g = (l-R)OJ' Idt . (8)

Since all the 1ight energy is absorbed in a thin layer, the melting point or
the evaporation temperature of any metallic material can be reached at modest
energy fluence. For example, the melting point of tungsten is reached for
0.1 J/cm? at A = 1.06 ym in a 30 ps pulse, and the melting point of silicon
is reached for 0.2 J/cm? at A = 0.53 ym and t, ~ 2x10-11"s, On melting,
silicon becomes metallic, the absorptionrdeptﬁ at A = 0.53 um decreases
abruptly from about 2x10-2 c¢m to 3x10°0 cm. It is estimated that at 1 J/cm@
the silicon surface is heated above the critical point temperature of 5000°K.
Significant surface damage due to evaporation may be observed after the irra-
diation.

It is important to em?hasize that practically no evaporation occurs during
a picosecond pulse of 1011 s duration, or less. There simply is not enough
time for the atoms to move and to establish a steady state evaporation regime.
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Consider an elevated surface temperature T¢, where the average thermal
velocity in the normal direction is (kTS/m)f The model of evaporation out
of a potential well of depth E g, given by Eq. (5) should describe the situa-
tion rather well, as the average time between collisions is longer than t
even if the vapor pressure were one thousand atmospheres. The maximum ra e
of evaporation is p,(Tg )(kTs/m)’i During the light pulse the surface of the
condensed matter recedes by an amount deyap = (pg/ps)(kTS/m)f tp. Llet us take

Vip ® 2 x 105 cm/s, ~10-11 5. Even if o /ps were as large as ~ 10'2, which
would correspond to a preSSure of about six hundred atmospheres for atomic
silicon vapor at about 5000°K, one would find dg ~ 2%x107° cm, or less than

one atomic Tayer of Si would have evaporated dur1ng the pulse. Thus the optical
thickness of the vapor during the irradiation is negligible. Furthermore, no
collisions have taken place and no plasma has developed during the pulse.
Still another way to look at the same situation is as follows. Only atoms

at the surface can escape from the condensed phase. These atoms vibrate with

a typical Debye frequency, characteristic for phonons at t?e boundary of the
Brillouin zone. This frequency is on the order of 1013 During each
vibrational period the atom has a probability for escape equa1 to exp[-E 0h/kTS]
to overcome the potential barrier. This Tanguage is identical to that o%
simple Eyring model for molecular dissociation. For Ecqp ~ 2.5 eV and Tq
0.5 eV corresponding to 6000°K, the probability for escape on each try 15

'5 ~ 0.01. Again not more than one surface layer will escape during 10-17 5.

It is quite likely that a significant fraction of the relatively small

number of particles escaping during the pulse is ionized. After the pico-
second pulse the surface layer cools very rapidly by heat diffusion into the
cold interior substrate. Since the vapor pressure depends exponentially on
the temperature, the evaporation rate also diminishes very rapidly on cooling.
It may be estimated that the number of particles escaping from the metal after
the light pulse is of the same order of magnitude as the number escaping during
the Tight pulse. Thus the picosecond pulse regime of heating of strongly
absorbing materials is significantly different from that by pulses of a nano-
second or longer, because of the following two inequalities,

(Ktp)wz < dypgs and (Dg/ps)(kTs/m)]/ztp < dyp.-

In the limit pg/pg = 1 the Tast condition becomes vyctp << dypg, where vye is
the ?ound velocity. It is possible to raise the condensed matter in less than
10‘ s to temperatures well above the boiling point or critical point. Since
>> vgpty, the atoms have no time to move over significant distance during
tﬁe pu]se, and any absorbing condensed material may be raiseg to the tempera-
tures in the range of 0.5-1 x 104 K and pressures of about 10° atmospheres.
The incident energy fluence for a 10 ps pulse required to reach this state in
materials with an absoEpt1on depth dzpg ~ 50 nm lies typically in the range
between ?13 and 2 J/cm. This corresponds to average power flux densities of
about 101+ W/em?. Because of the short duration, plasma effects or absorption
in the vapor are usually absent.

In laser generation of fusion plasmas with inertial _confinement, much
higher power flux densities are used, of about 1014 W/cmz. Then the electric
field amplitude is comparable to the Coulomb field, which is responsible for
the binding of the valence electrons. During one 1ight cycle considerable
numbers of electrons can tunnel out of their orbits. Any material, including
transparent dielectrics, is converted into plasma at the solid density during
the early stages Sf the pulse. Thus a dense plasma with initial electron
temperature of 10 -103 eV is assumed as the initial state. This plasma gets
further heated by the bulk of the laser pulse [6].

The present paper focuses o? the "pre—Blasma“ conditions, which are real-
ized for Bulses w1th between 1012 and 1010 s duration and peak power levels
below 101 w/cm Then the material is characterized by electron tempera-
tures on the order of a few eV or less, and the phonon temperature lies in the
range 10°-10% K.
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In metallic materials the electron-phonon as well as the phonon-phonon
interaction times under these conditions are generally shorter than 1 ps, so
that local thermodynamic equilibrium prevails in the absence of phase transi-
tions. The very rapid heating rates during the pulse 3nd the very rapid
cooling rates after the pulse, which may amount to 10! K/s, may produce con-
siderable superheating of the solid phase and undercooliag of the liquid phase.
Phase front boundaries may be driven to velocities of 107 cm/sec and molten
material may resolidify in amorphous phases. Alloys may retain a composition
characteristic of the liquid phase, as there is no time for chemical segregation.

4. PICOSECOND IRRADIATION OF SEMICONDUCTORS

The proceedings of the MRS symposia on laser-beam interactions from 1978
onward provide a detailed history of this topic [7-14]. In a similar general
introductory lecture seven years ago, I described the phenomenon of heating on
a picosecond time scale [15]. After considerable controversy and discussion,
a general consensus has developed that the hot carriers and the lattice in
silicon reach a common temperature on a picosecond time scale, and that a
silicon surface layer may melt on this same time scale._ A threshold value for
the fluence inducing melting at the surface of 0.2 J/em? was established for
10-1s pulses at A = 0.53 ym. Since molten silicon is metallic, an abrupt
change in the reflectivity occurs, as shown in Fig. 4. The most detailed
information about the nature of the hot layer during and following the pump
pulse is obtained by an independent optical picosecond probe pulse [16]. The
complex index of refraction is measured by reflection and transmission of a
small area in the center of the heated area. Data have been obtained over a
wide parameter space, including variation of the pump pulse fluence, time delay
between pump and probe, and variation of the probe wavelength from the far-
infrared to the near ultraviolet. At long wavelengths the index is predomi-
nantly determined by the density of the carrier plasma; at shorter wavelengths
the index is determined by indirect band transitions involving the lattice
temperature. An illustrative example of the pertinent experimental data on
the surface reflectivity as a function of pump fluence 15 ps after the pump
pulse at three wavelengths is shown in Fig. 4. With similar data at other
delay times, and with data on transmission, the temporal dependence of the
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Fig.4. The reflectivity of a silicon crystalline surface at three different
wavelengths, 15 ps after a green pump pulse, as a function of pump fluence.
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carrier density and lattice temperature in crystalline silicon is obtained,

as shown in Fig. 5, for two fluences below the melting threshoid. The carrier
density is Timited during and after the pump pulse by Auger recombination.
Just before meiting, a maximum carr1?r density of about 1.2 x1021 /ecm3 s
obtainable with green pulses of 107'! s duration just before melting sets in.
This density is insufficient to induce a transition to another hypothetical
solid phase._ The lattice temperature falls off slowly, because a rather thick
layer of 1072 cm is heated by green 1light in crystalline silicon.

In the metallic liquid phase the absorption depth is reduced by an order
of magnitude. The temperature rises rapidly to the boiling pgint and beyond
the critical point as the fluence is increased to over 1 J/cm=. Emission of
positive ions and electrons is observed. The velocity distribution of the
emitted neutral particles has been measured and is in agreement with a thermal
Maxwell-Boltzmann distribution [17]. The velocity distribution of positive
jons has also been measured [18]. The average kinetic energy increases with
increasing fluence corresponding to a surface temperature of 5000°K, beyond
which space charge and dense plasma effects become important. Here one enters
a regime characteristic of the picosecond time domain where emission of neutral
particles, electrons and positive ions proceeds at comparable rates. The
process of the plasma formation is distinct from that discussed earlier, in
the microsecond regime.

There are numerous other experimental methods which support the picture
of melting and subsequent resolidification. In certain ranges of pump fluence
and wavelength,the resolidification occurs so rapidly with such Targe under-
cooling of the liquid phase that amorphous silicon may be formed [19,20], as
was reported in early 1979. The velocity of the liquid-solid interface has
been measured by dc conductivity experiments with nanosecond time resolution.
X-ray diffraction has also been accomplished on this time scale, confirming
thermal expansion and melting. The post-pulse examination of the surface
structure by LEED, Rutherford back scattering and the change in impurity dis-
tribution are also powerful tools [7-14]. It may be difficult to improve the
temporal resolution of most of these techniques to the picosecond domain. Pico-
second electron pulses can, however, be obtained by picosecond photoelectric
Emission,and picosecond electron diffraction from surfaces has been accomplished

217.
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