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Abstract
This thesis describes a series of time-resolved experiments of the linear and nonlinear
optical properties of GaAs during laser-induced phase transitions. The first set of
experiments consists of a direct determination of the behavior of the linear dielectric
constant at photon energies of 2.2 eV and 4.4 eV following excitation of the sample with
1.9-eV, 70-fs laser pulses spanning a fluence range from 0 to 2.5 kJ/m2. The results from
this set of experiments were used to extract the behavior of the second-order optical
susceptibility from second-harmonic generation measurements made under identical
excitation conditions. These experiments are unique because they provide explicit
information on the behavior of intrinsic material properties — the linear and nonlinear
optical susceptibilities — during laser-induced phase transitions in semiconductors without
the ambiguities in interpretation that are generally inherent in reflectivity and secondharmonic generation measurements.
The dielectric constant data indicate a drop in the average bonding-antibonding splitting
of GaAs following the laser pulse excitation. This behavior leads to a collapse of the bandgap on a picosecond time scale for excitation at fluences near the damage threshold of 1.0
kJ/m2 and even faster at higher excitation fluences. The changes in the electronic band
structure result from a combination of electronic screening by the excited free carriers and
structural deformation of the lattice caused by the destabilization of the covalent bonds. The
behavior of the second-order susceptibility shows that the material loses long-range order
before the average bonding-antibonding splitting, which is more sensitive to short-range
structure, changes significantly. Loss of long-range order and a drop of more than 2 eV in
the average bonding-antibonding splitting are seen even at fluences below the damage
threshold, a regime in which the laser-induced changes are reversible.
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Chapter 1:

Introduction

For almost two decades the field of laser-induced phase transitions in semiconductors
has generated considerable interest. This field arose originally in the context of
semiconductor annealing, a technologically important process aimed at repairing the damage
to semiconductor crystals caused by dopant atom implantation. The conventional method
for this process is thermal annealing — the slow baking of a semiconductor in an oven.
When the sample is heated, the increased atomic mobility allows defects to diffuse to the
surface. In the 1970’s, a new method for repairing damage to semiconductor crystals, now
known as laser annealing, was discovered. [Shtyrkov, Khaibullin et al. 1976] In laser
annealing, a short laser pulse incident on a damaged region of a semiconductor induces
structural changes in the material that result in the formation of a defect-free crystal.
Although laser annealing of semiconductors has not replaced thermal annealing in industrial
semiconductor processing, the discovery of laser annealing did open up a new and exciting
chapter in the study of light-matter interactions: the use of light to alter the structure of
matter.

1.1 Chemical Bonds and Energy Bands
The study of laser-induced structural change in semiconductor crystals lies at the
intersection of chemistry and solid-state physics. This area of research highlights the
intimate connection between the chemical bonds which hold a crystal together and the
energy bands which describe the electronic properties of the crystal. The bond picture and
the band picture are two complementary ways of looking at a solid, and although one may
be more appropriate than the other for a particular discussion, an understanding of both
pictures provides additional insight into crystal cohesion, electronic behavior, and laser-solid
interactions.

–1–

Most of the work on laser-induced structural change has focused on Group IV and III-V
semiconductors in the diamond and zincblende crystal structures. These materials are very
appropriate for studying cohesion because of the central role played by covalent bonds in
these crystals. Both the diamond and the zincblende structures are built from tetrahedrallycoordinated atoms with each pair of nearest neighbors held together by sharing two
electrons. If a significant fraction of these bonding electrons are excited to antibonding
states, the cohesion of the crystal will be strongly affected. [Harrison 1989] In this thesis we
will focus on the removal of bonding electrons by photons from an incident laser pulse. To
understand the material response to laser excitation, we should first examine the
relationship between chemical bonds and energy bands.
Figure 1-1a illustrates schematically a covalent bond between two atoms. If two atoms
get close enough to each other so that the atomic orbitals of a particular energy level in each
atom overlap, then the wavefunctions of these orbitals can add with either the same or
opposite phase. This results in a splitting of the energy level of the overlapping orbitals. The
lower level corresponds to the wavefunctions adding in phase while the upper level
corresponds to adding with opposite phase. If both of the original electronic levels in each
atom were singly occupied (note that each level has two spin states), then in the ground
state of the new system, the two electrons will occupy the lower level, which is lower in
energy than the original level. Since this state is energetically more favorable than the state
in which the two atoms are separated, the sharing of the two electrons results in a bond
between the two atoms. However, if one or both of the electrons is excited to the upper
level, then the new state no longer has a lower total energy than the state with two
separated atoms. Thus, the lower level corresponds to a bonding state while the upper level
corresponds to an antibonding state.
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(a)

antibonding
energy level

Δ Eb-a
isolated atomic
energy level

isolated atomic
energy level

bonding
energy level

(b)

N isolated atoms

N closely packed atoms
empty states
Δ Eband

isolated atomic
energy levels

filled states

Fig. 1-1 a) Covalent bonding results from the splitting of an atomic energy
level into bonding and antibonding levels separated by an energy ΔEb-a. b)
Metallic bonding results from the broadening of an atomic energy level into
a band of energies of width ΔE band. ● : filled electronic state, ● : empty
electronic state.

–3–

Metallic bonding arises from a more delocalized overlap of atomic orbitals in a solid.
This overlap of the orbitals of a particular atomic energy level leads to a broadening of this
energy level into a band of energies. If the atomic energy levels are not fully occupied (note
again that each level has two spin states), then as the atoms are brought closer together to
form a solid, the total energy will be lower than for the isolated atoms, as illustrated
schematically in Fig. 1-1b. Because this type of bonding results in a partially-filled energy
band, such a material will exhibit metallic electronic characteristics. [Ashcroft and Mermin
1976]
Semiconductors exhibit characteristics of both covalent bonding and metallic bonding.
On the one hand, nearest neighbors form covalent bonds by sharing two electrons, resulting
in a splitting of atomic levels into bonding and antibonding states. On the other hand, these
bonding and antibonding states are broadened into bonding and antibonding energy bands
by more delocalized interactions with the other atoms in the solid. When the average
bonding-antibonding splitting in the material is larger than the width of the energy bands,
an energy gap will exist between the bonding and the antibonding bands (see Fig. 1-2a). If
the atomic orbitals start out half-filled, then the ground state consists of a fully occupied
bonding band and an empty antibonding band. In this case the material will not conduct
electricity. However, when the average bonding-antibonding splitting is smaller than the
width of the energy bands, the bonding and antibonding bands overlap (see Fig. 1-2b). The
resulting partially-filled bands lead to metallic electronic characteristics even in the ground
state. A semiconductor corresponds to the former case: an energy band gap separates the
bonding (valence) and antibonding (conduction) bands. While semiconductors are insulators
in the ground state, they start conducting when electrons are excited from the valence to
the conduction band. Conductivity in a semiconductor is mediated both by the negatively
charged electrons excited to the conduction band and by the positive holes left behind in
the valence band by the excited electrons. The conducting electrons and holes are often
referred to collectively as free charge carriers, or simply free carriers.
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Fig. 1-2 a) Schematic representation of a semiconductor: ΔEb-a > ΔEband.
b) Schematic representation of a metal: ΔEb-a < ΔEband.

1.2 Light–Semiconductor Interactions
The electronic structure of a material is the primary determinant of its optical
properties. Classically, the higher charge-to-mass ratio of the electrons compared to that of
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the ions accounts for the more important role of the former in the optical response of a
material. Quantum mechanically, this dominant role for the electrons arises because optical
photon energies and the energy spacings between electronic levels fall in the same range.
The energy spacings between ionic levels are much larger than optical photon energies,
resulting in negligible transition probabilities. While electromagnetic radiation can produce
collective excitations of the lattice by exciting phonons (lattice vibrations), phonon
frequencies are generally in the far infrared, well below the frequencies of interest in this
discussion. Thus, when light is incident on a material, it excites the electronic system
without directly perturbing the ionic system.

1.2.1 Absorption of Light in a Semiconductor
Absorption of light in a semiconductor can occur either through interband or intraband
electronic excitations. However, an electronic transition can only occur between a filled
initial state and an empty final state. In the ground state of a semiconductor (i.e., at absolute
zero temperature), all bands are either completely full or completely empty, so intraband
transitions cannot occur. Only when a significant number of electrons have been transferred
from the valence to the conduction bands does intraband absorption, also known as freecarrier absorption, become an important mechanism for absorption of light. Usually,
interband absorption is the principal mechanism for absorption of light in a semiconductor.
An optically-induced interband electronic transition must conserve energy and crystal
momentum. [Ashcroft and Mermin 1976] To satisfy the requirement of energy conservation,
the difference between the energies of the final and initial electronic states in the transition
Efinal – E initial must equal the energy of the absorbed photon  ω . The magnitude of the
momentum |q| = ω/c of the absorbed photon is much smaller than the magnitude of the
electron crystal momentum |k|. To satisfy conservation of crystal momentum, then, an
optically-induced electronic transition must leave the electron crystal momentum essentially
unchanged. Thus, a photon of energy  ω can directly induce an interband electronic
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transition only between states that satisfy the condition Efinal(k) – E initial(k) = ω. This type
of process, known as a direct transition, is a two-body process involving an electron and a
photon. Figure 1-3a. illustrates schematically a direct interband transition.
Interband absorption can also occur through indirect electronic transitions, as shown in
Fig. 1-3b. In this case, the initial and final values of the electron crystal momentum are not
the same. A third participant, taking the form of a phonon, is required in the process to
carry away the excess momentum. A phonon can have a large momentum, but its energy is
small compared to that of the photon. Thus, an indirect transition is characterized by the
following two conditions: 1) energy conservation, Efinal – Einitial = ωphoton and 2) crystal
momentum conservation, kfinal – k initial = k phonon. Because direct transitions are lower-order
processes than indirect transitions, direct transitions will dominate the absorption spectrum
over the range of photon energies in which they are allowed.
The common band structure features shared by semiconductors correspond to similar
qualitative features in their absorption spectra. One of the most noticeable features in the
semiconductor absorption spectrum is the fundamental absorption edge at a photon energy
corresponding to the minimum energy gap E gap separating the valence and conduction
bands. Assuming negligible free-carrier absorption, a semiconductor is transparent to light of
photon energy less than E gap because there are no resonant interband transitions in this
frequency range, as shown in Fig. 1-3.1

1 Discrete

absorption lines, however, do appear a few meV below Egap corresponding to
the excitation of bound electron-hole pairs, or excitons.[Seeger 1991]
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(a)

Direct Transition

E
k

Egap

(b)

hω

Indirect Transition
Δk

E
k

Egap

hω

Fig. 1-3 Schematic representation of (a) a direct transition and (b) an
indirect transition. The wiggly arrow represents a photon, and the zig-zag
arrow represents a phonon.
At photon energies above E gap, the absorption spectrum will depend on whether a
semiconductor has a direct or an indirect minimum band gap. In a direct-gap semiconductor
such as GaAs, the minimum in the conduction band occurs at the same point in k-space
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(same value of crystal momentum) as the maximum in the valence band. In contrast, the
conduction band minimum and the valence band maximum occur at different points in kspace for an indirect semiconductor such as Si. Thus, direct transitions dominate the
absorption spectrum of direct-gap semiconductors at all photon energies above E gap.
Indirect transitions dominate the absorption spectrum of indirect-gap semiconductors at
photon energies between Egap and the minimum value of Econduction(k) – Evalence(k) (see Fig.
1-3b).
In general, the conduction band of a semiconductor has more than one relative energy
minimum in k-space. The absolute conduction minimum in GaAs occurs at k = 0, known as
the Γ-point. The region around this minimum is appropriately known as the Γ-valley. GaAs
also has relative minima at permutations of k = (111)π/a and k = (100)π/a, where a is the
lattice spacing. The eight permutations of k = (111)π/a give rise to the symmetry points
known as L-points while the six permutations of k = (100) π /a yield the X-points. Not
surprisingly, the regions around these symmetry points are called the L-valleys and the Xvalleys, respectively. In GaAs at room temperature, the direct energy gap at the Γ-point,
which is also the minimum energy gap Egap, is equal to 1.42 eV. [Pierret 1987]
Pseudopotential calculations show the direct gaps at the L- and X- points to be about 3 and
5 eV, respectively. [Chelikowsky and Cohen 1976] Also, the conduction-band minimum at
the L-point is 0.29 eV above the Γ-point conduction-band minimum while that at the Xpoint exceeds that at the Γ-point by 0.48 eV. [Pierret 1987] Figure 1-4 shows the band
structure of GaAs between the Γ- and L-points and between the Γ- and X-points.
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Fig. 1-4 A section of the electronic band structure of GaAs (after
Chelikowsky 1976).
The work presented in this thesis focuses on optical excitation of GaAs at photon
energies above Egap. Because GaAs is a direct-gap semiconductor, the optical excitation is
dominated by direct transitions. While there are differences in the details of optical
excitation in direct-gap versus indirect-gap semiconductors, most of the key issues we will
address apply to both types of materials. Analysis of the results presented here for GaAs,
however, is simplified by the lack of complications arising from indirect transitions.

1.2.2 Energy Transfer in a Semiconductor
The optical excitation of electrons from the valence band to the conduction band in a
semiconductor leads to a complicated set of processes through which the energy of the
excited electrons is distributed to the rest of the electronic system as well as to the lattice.
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Figure 1-5 summarizes the main energy transfer processes and their time scales. For quasimonochromatic light, such as a laser pulse, electronic excitation can occur only in regions of
k-space satisfying the direct transition condition E final(k ) – Einitial(k ) =  ω , where ω is
within the spectral bandwidth of the incident light. As a result, the incident light creates a
non-equilibrium population of free carriers (electrons in the conduction band and holes in
the valence band) with a narrow distribution of crystal momentum (localized in k-space).

Carrier-Carrier Scattering The nonequilibrium free-carrier population quickly spreads out
in k-space through carrier-carrier scattering, as indicated by process 1 in Fig. 1-5. The time
scale for electron-electron scattering decreases with increasing conduction electron density
and is shorter than 20 fs for electron densities greater than 1018 cm–3. [Conwell and Vassel
1966]. Within a few hundred femtoseconds, the initial, non-equilibrium distribution of free
carriers becomes a thermalized Fermi-Dirac distribution. [Goldman and Prybyla 1994] The
temperature of this thermal distribution is set by the initial free-carrier excess energy,
corresponding to the energy above the conduction band minimum for electrons and the
energy below the valence band maximum for holes. Thus, carrier-carrier scattering merely
redistributes the energy among the excited electrons and holes and does not change the
average energy of the excited free carriers.
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Fig. 1-5 Representation of scattering processes and their corresponding
equilibration times following laser excitation of an initial distribution of free
carriers. Process (1) indicates the spreading out of the initial carrier
distribution in k-space through carrier-carrier scattering, which leads to
carrier thermalization. Processes (2) and (3) show intravalley and intervalley
carrier-phonon scattering, respectively. The interaction of carriers and
phonons leads to electron-lattice equilibration. Carrier density relaxation
occurs through recombination processes such as Auger recombination,
shown by process (4). In Auger recombination, and electron and a hole
recombine, giving off the excess energy and momentum to a third free
carrier.
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Carrier-carrier scattering includes three similar but separate processes: electron-electron
scattering, hole-hole scattering, and electron-hole scattering. The first two lead to internal
thermalization of the excited electron and hole populations while the third leads to
equilibration of the conduction electron population with the hole population in the valence
band. Electron-hole equilibration is driven by the initial difference in average excess
energies between excited electrons and holes. In GaAs, for example, a difference between
electron and hole excess energies arises during direct interband transitions in the Γ-valley
because of the higher curvature of the conduction band compared to that of the valence
band (see Fig. 1-3a).

Carrier-Phonon Scattering While the excited free carriers become internally thermalized
within a few hundred femtoseconds, they are still far out of equilibrium with the lattice on
this time scale. Energy transfer from the excited electronic system to the lattice occurs
through the slower process of carrier-phonon scattering, shown by process 2 in Fig. 1-5.
The time scale for carrier-phonon scattering is longer than that for carrier-carrier scattering
because the coupling of free carriers to phonons is weaker than the coupling of free carriers
to each other. Typical carrier-phonon scattering times are on the order of a few hundred
femtoseconds. [Kash, Tsang et al. 1985] However, the phonons primarily responsible for
cooling the hot electrons have energies are on the order of 30 meV (see next paragraph). So
for initial electron excess energies on the order of 500 meV (corresponding to excitation of
GaAs with 2-eV photons), significant energy transfer from the electrons to the lattice
requires about 15 phonon emission events per electron. Thus, electron-lattice
thermalization occurs on a time scale of a few picoseconds. [Kash, Tsang et al. 1985]
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Fig. 1-6 Typical phonon spectrum along a symmetry direction for a crystal
with a two-atom basis and cubic symmetry. LO: longitudinal optical modes;
TO: transverse optical modes; LA; longitudinal acoustic modes; TA:
transverse acoustic modes.

Before describing the interactions between free carriers and phonons, we should first
examine the phonon spectrum of semiconductors, shown schematically in Fig. 1-6. Because
diamond (Si) and zincblende (GaAs) lattice semiconductors have a two-atom basis, the
phonon spectra of these materials split into two main branches: acoustic and optical.
[Ashcroft and Mermin 1976] Each of these branches in turn splits into three polarization
vectors for the atomic displacements: two that are transverse to the direction of
propagation and one that is longitudinal. The acoustic branch gets its name from its linear,
sound-like dispersion relation as |q| goes to zero: ω = v|q|, with v a constant and |q| the
wavevector. The optical branch has higher frequencies than the acoustic branch and a
relatively flat dispersion relation. While free carriers can interact with both optical and
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acoustic phonons, energy transfer is dominated by optical phonons because of their higher
energies.
The nature of the interaction between free carriers and phonons in semiconductors
depends on whether or not there is an ionic component to the crystal bonding. In an
elemental semiconductor such as Si, the bonds are purely covalent, and the carrier-phonon
interaction is mediated by the deformation potential. [Seeger 1991] The deformation
potential is the potential energy associated with the change in electronic band structure
arising from small atomic displacements produced by lattice vibrations. This change in band
structure introduces an effective force between phonons and free carriers. The deformation
potential coupling is independent of phonon wavevector, [Seeger 1991] allowing hot free
carriers to emit phonons of different wavelengths.
Compound semiconductors such as GaAs, on the other hand have partially ionic bonds
because of the different sizes of the two component elements. In this type of material,
known as a polar semiconductor, the atomic displacements of a phonon set up an electric
dipole. For longitudinal lattice vibrations, this dipole gives rise to an electric field which
couples directly to the charged free carriers. [Fröhlich 1937] The polar coupling is inversely
proportional to the square of the phonon wavevector, [Seeger 1991] leading to preferential
emission of long-wavelength phonons by hot free carriers. Because the longitudinal optical
(LO) phonons emitted by electrons through the polar interaction have long wavelengths
(small values of |q|), the change in electron crystal momentum is very small. This small
change in crystal momentum means that the final state of a conduction electron emitting an
LO-phonon stays within the same energy valley as that of its initial state. Thus, in GaAs
electronic cooling occurs mainly through intravalley phonon scattering.
Intervalley phonon scattering can also play an important role in energy transfer
following the optical generation of free carriers. [Shah, Deveaud et al. 1987] In intervalley
scattering, illustrated by process 3 in Fig. 1-5, excited electrons scatter into a different
conduction band valley through either phonon emission or absorption. Since the various
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conduction band valleys are centered at very different values of crystal momentum,
intervalley scattering requires large |q| (short wavelength) optical or acoustic phonons to
satisfy the requirement of crystal momentum conservation. Thus, the deformation potential
mediates this type of scattering. Note that intervalley scattering will not occur for an
electron if its energy in the conduction band is lower than a phonon quantum below the
minimum of the destination valley.
By distributing the excited electron population throughout the conduction band,
intervalley scattering will affect the electron-lattice energy relaxation time. In the
experiments presented in this thesis, a laser pulse excites electrons primarily into the Γvalley. However, intervalley scattering transfers some of these excited electrons into the Land X-valleys, both of which have higher energy minima than the Γ-valley. Because they do
not have as far to decay, the electrons in these side valleys cannot emit as many LO phonons
through polar scattering as the electrons in the Γ-valley, unless they scatter back into the Γvalley. In this way intervalley scattering slows down the transfer of energy from the
electronic system to the lattice. [Shah, Deveaud et al. 1987]

Carrier Recombination and Diffusion While the scattering processes discussed so far
distribute the initial excitation energy throughout the electronic system and the lattice, none
of these processes change the density of the excited free carriers. Two important processes
that do change the free carrier density are carrier recombination and carrier diffusion.
Carrier recombination, or electron-hole recombination, refers to processes in which an
electron in the conduction band and a hole in the valence band recombine. In other words,
an electron previously excited to the conduction band makes a transition back down to the
valence band, as shown by process 4 in Fig. 1-5. Carrier diffusion, on the other hand, refers
to the average motion of free carriers from high carrier-density regions to low carrierdensity regions. Recombination lowers the total number of free carriers in a crystal while
diffusion redistributes free carriers in real space. However, for the purposes of the work
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presented in this thesis, both types of processes reduce the number of free carriers in a local,
laser-excited region.
Time scales for recombination processes depend on the free carrier density and on the
specific type of process. The various types of recombination differ according to how the
energy lost by the electron in the downward transition to the valence band is given off.
Two of the most important types of recombination are radiative recombination, in which
the transition energy is radiated as a photon, and Auger recombination, in which the
transition energy is transferred to another free carrier.
A radiative recombination event occurs when a conduction band electron and a valence
band hole annihilate each other, giving off a photon. Thus, the radiative recombination rate
R radiative is proportional to the product of the conduction electron density times the hole
density: Rradiative = C radiativenp, where n is the conduction electron density, p is the density of
holes in the valence band, and Cradiative is a constant. [Landsberg 1991] In the case of optical
generation of free carriers, n = p = N, where N is the density of electron-hole pairs. We can
define an instantaneous recombination time τradiative by setting R radiative = N/τradiative. Then for
radiative recombination, we have that τradiative = C
( radiativeN)–1. In GaAs, C radiative =
7.2 × 10–10 cm3 s–1, giving a recombination time of about 1 ns for a carrier density on the
order of 1018 cm–3. [Landsberg 1991]
In contrast, an Auger recombination event involves three free carriers because the
electron-hole annihilation transfers energy either to another conduction electron or to a
hole in the valence band. Therefore, the Auger recombination rate R Auger in the case of
optically generated free carriers with density N is given by R Auger = CAugerN3. This expression
gives an instantaneous Auger recombination time of τAuger = CAuger–1N–2. In GaAs, CAuger is on
the order of 10–30 cm6 s–1, [McLean, Roe et al. 1986] so Auger recombination becomes
faster than radiative recombination at a carrier density of about 1021 cm–3. In the work
presented in this thesis, femtosecond laser pulse excitation generates initial carrier densities
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greater than 1021 cm–3, so Auger recombination is the dominant recombination mechanism
in this case.
The above treatment of recombination needs to be modified at high carrier densities
where Cradiative and CAuger themselves become functions of N. Both of these coefficients will
decrease with increasing carrier density due to electronic screening effects once N is high
enough. The presence of many mobile charge carriers leads to a partial screening of the
Coulomb interaction between free carriers. The weaker interaction reduces the probability
of a recombination event, thus lowering the recombination rate compared to the
unscreened case. A calculation based on static screening theory for the case of Si suggests
that the Auger recombination time saturates at about 6 ps for carrier densities exceeding
1021 cm–3. [Yoffa 1980]
Carrier diffusion is another important mechanism for reducing the free carrier density in
the region excited by the laser pulse. The rate at which carriers diffuse out of a local region
is given by Rdiffusion = N/τdiffusion = Da∇ 2N, where the ambipolar diffusion constant Da takes
into account diffusion of both electrons and holes. [Seeger 1991] If the laser spot size on
the sample surface is much bigger than the absorption depth δ, then the carrier density
varies only in the direction normal to the sample surface: N(z) = N(0)e–z/δ. In this case, the
diffusion time is given by τdiffusion = δ2/Da. An absorption depth of 270 nm (corresponding
to linear absorption of 635-nm light in GaAs) and a diffusion constant on the order of 100
cm2 s–1 gives a diffusion time of roughly 10 ps.
However, as in the case of recombination, diffusion becomes more complicated for very
intense laser pulse excitation. Under these conditions, D a is no longer a constant. Da is
related to the electron temperature Te and the carrier mobility through the Einstein relation
Da = kBTeµa/e, [Seeger 1991; Yoffa 1980] where kB is the Boltzmann constant, µa a reduced
carrier mobility for conduction electrons and valence holes, and e the magnitude of the
electron charge. [Yoffa 1980] If the electron temperature varies in time, such as during and
after femtosecond laser pulse excitation, [van Driel 1987] the diffusion constant will also
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vary in time. The dependence of Da on electronic temperature is further complicated by the
implicit dependence of the carrier mobility µa on the electron temperature, which is not
easily determined.
While an increased electron temperature resulting from femtosecond laser pulse
excitation should speed up diffusion, another effect known as carrier confinement slows it
down. [van Driel 1987] This effect arises from the reduction in the band gap in an excited
semiconductor due to many-body interactions in the free carrier system. [Kalt and Rinker
1992; van Driel 1987] In laser pulse excitation, the spatial gradient of the light intensity in
the material leads to a spatial gradient in the excited carrier density. The carrier-density
gradient, in turn, causes a gradient in the band gap, with a smaller band gap coinciding with
higher carrier density. Since, in the absence of diffusion, free carriers will tend towards the
regions with smaller band gaps, this spatial gradient results in carrier confinement and
therefore slows down diffusion. [van Driel 1987] While recombination and diffusion
become complicated at high carrier densities, simulations and experimental measurements
show that carrier-density relaxation through these processes occurs on a picosecond time
scale. [Choo, Hu et al. 1993; Othonos, van Driel et al. 1991; van Driel 1987; Yoffa 1980]

Summary of Energy Transfer The above discussion of energy transfer in a semiconductor is
not meant to be a comprehensive treatment of this expansive subject. Many other scattering
mechanisms play a role in the distribution of the laser-deposited energy, such as scattering
with plasmons (collective electronic excitations), impurity scattering, and combinations of
all of the above. A full review of these processes can be found in Semiconductor Physics, by K.
Seeger (published by Springer-Verlag). The goal of Section 1.2 was to provide a sense for
the relevant time scales for energy transfer following femtosecond laser pulse excitation of a
semiconductor. In particular, carrier-carrier scattering thermalizes the free carrier
population within a few hundred femtoseconds, carrier-phonon scattering leads to carrier-
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lattice equilibration on a time scale of a few picoseconds, and carrier recombination and
diffusion reduce the free carrier density in the excited region also within a few picoseconds.

1.3 Laser-Induced Structural Change in Semiconductors
The strong connection between the electronic system and the lattice structure of a solid
suggests that a change in one affects the other. When a laser pulse is incident on a
semiconductor, it interacts with the electronic system in the material by exciting electrons
from the valence band to the conduction band. If strong enough, this electronic excitation
leads to a structural change in the lattice. The central question to address, then, is how the
excitation of the electronic system results in atomic motion.

1.3.1 Thermal Model versus Plasma Model
Following the first experiments in laser annealing, two models were proposed to explain
the structural change resulting from electronic excitation. One model, known as the thermal
model, describes the structural change as a thermal melting process. [Malvezzi 1987;
Malvezzi, Kurz et al. 1985; Wood, White et al. 1984] The thermal model assumes that the
excited electronic system rapidly equilibrates with the lattice by exciting lattice vibrations
(emitting phonons). With this assumption, the laser energy deposited in the material can be
treated as though it is instantly converted to heat. If the incident laser pulse is strong
enough, the irradiated part of the sample will heat up to the melting temperature and
undergo a transition to the liquid phase as the latent heat of fusion is supplied.
The other model, known as the plasma model, attributes the structural change to
destabilization of the covalent bonds resulting directly from the electronic excitation. [Van
Vechten 1984; Van Vechten, Tsu et al. 1979] The plasma model assumes a slow rate of
phonon emission by the excited electronic system compared to the energy deposition time
(i.e., the laser pulse width). This assumption implies that structural change can occur while
the electronic system and the lattice are not in thermal equilibrium with each other

– 20 –

although each of these systems may be internally in a quasi-equilibrium. According to this
model, the structural change is driven directly by the excited electronic system. If a high
enough fraction of the valence electrons are excited from bonding states to antibonding
states, then the covalent bonds can no longer hold the crystal together, and a structural
transition occurs.

1.3.2 Picosecond Pulses vs. Femtosecond Pulses
The dispute over the explanation for laser-induced structural change sparked a flurry of
experimental activity to test these two models. Early results, from experiments involving
laser pulses with pulse widths of tens of picoseconds or longer, showed evidence for strong
heating of the sample and agreed well with predictions from computer simulations based on
the thermal model. [Wood, White et al. 1984] Later, Raman spectroscopy experiments on
semiconductors confirmed that an excited electronic system can equilibrate with the lattice
in just a few picoseconds, [Kash, Tsang et al. 1985] in agreement with the assumption in the
thermal model.
The introduction of femtosecond lasers in the mid-1980’s led to renewed interest in this
topic. [Shank, Yen et al. 1983] The development of laser pulses with pulse widths below
100 fs opened up the possibility of depositing energy in a semiconductor on a time scale
which is short compared to the electron-lattice equilibration time of a few picoseconds.
Furthermore, higher densities of excited electrons than ever before could now be created
because nonlinear absorption becomes important with the high peak intensities in
femtosecond pulses. [Reitze, Zhang et a l . 1990]

These characteristics suggest that

femtosecond laser pulse excitation of semiconductors can satisfy the necessary conditions
for electronically-driven structural change as described by the plasma model. Indeed, recent
experimental results show that the response of a semiconductor to a femtosecond laser
pulse is fundamentally different than its response to a picosecond or nanosecond laser pulse.
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[Downer, Fork et al. 1985; Govorkov, Shumay et al. 1991; Saeta, Wang et al. 1991; Shank,
Yen et al. 1983; Sokolowski-Tinten, Schulz et al. 1991; Tom, Aumiller et al. 1988]

1.4 Thesis Preview
This thesis presents new data on the changes in the linear and nonlinear optical
susceptibilities of GaAs following excitation with an intense femtosecond laser pulse. These
results differ from previous work in the field in that they explicitly show the behavior of
intrinsic material properties and thus provide a more direct link to the underlying changes in
the electronic and lattice structure caused by the excitation. The behavior of the linear
optical susceptibility shows previously unobserved major changes in the electronic band
structure as the material undergoes a semiconductor-metal transition. The nonlinear optical
susceptibility shows three regimes of behavior depending on the strength of the excitation.
In previous studies some of the subtleties in the response of the nonlinear optical
susceptibility were masked by changes in the linear optical susceptibility, but our
experimental determination of the changes in the linear optical response allow us to
separate the nonlinear susceptibility from the linear one.
The emphasis of the next two chapters is on the technical aspects of the experiments
presented here while the last two chapters focus on the experimental results and on
discussion of these results. The experimental apparatus used for this work is described in
Chapter 2, with particular detail given to a new two-color amplifier built to provide pump
and probe beams of different frequencies. Chapter 3 provides a general overview of optical
probing techniques and an in-depth account of the technique we developed for
experimentally determining the dielectric constant with femtosecond time resolution. The
next chapter presents experimental measurements of the response of the linear optical
susceptibility at two different probing frequencies as well as an interpretation of these
results. In the last chapter, new second-harmonic generation measurements are combined
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with the results from Chapter 4 to extract the behavior of the nonlinear optical
susceptibility.
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Chapter 2:

Two-Color Femtosecond Laser Amplifier

The experiments presented in this thesis were carried out using the output from a twocolor, amplified, femtosecond laser system. This apparatus currently produces two 10-Hz
pulse trains: one of 150-µJ, 70-fs laser pulses at a center frequency of 635 nm and the other
of 15-µJ, 70-fs laser pulses at a center frequency of 570 nm. The amplified femtosecond
laser system consists of a colliding-pulse modelocked (CPM) femtosecond laser oscillator
and a tunable, dual-frequency laser-pulse amplifier. The oscillator, producing a 125 MHz
train of 100-fs pulses, serves as a source for femtosecond laser pulses while the amplifier
modifies the spectral, temporal, spatial, and intensity characteristics of the pulses to suit
experimental requirements. CPM laser design dates back to the early 1980’s, [Fork, Greene
et al. 1981] and a detailed description of our CPM laser1 appears in two previous theses.
[Saeta 1991; Wang 1992] This chapter, therefore, will focus on the dual-frequency
amplifier, which we2 designed and built more recently.

2.1 Dual-Frequency Amplifier Design
The dual-frequency amplifier transforms the single-frequency output of the CPM laser
into two beams of amplified femtosecond pulses, each at a different and independently
tunable frequency. The amplifier must serve two main functions in producing this output:
broadening the spectral bandwidth of the CPM pulses and amplifying their energy. Spectral
broadening occurs through self-phase modulation (SPM) in an optical fiber and is discussed
in detail in Section 2.2. Energy amplification takes place in dye cells which are pumped by
the doubled output of a 10 Hz Nd:YAG laser.

1 The
2 Eli

CPM laser was built by Maarten Buijs, Peter Saeta, and Juen-Kai Wang.

Glezer and Yakir Siegal.
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Fig. 2-1 Schematic representation of two-color amplifier.

Figure 2-1 schematically illustrates the design of the dual-frequency amplifier. The key
feature in this design is the optical fiber, which serves to broaden the spectrum of an input
pulse into a continuum of frequencies. We can then amplify any spectral region within this
continuum by choosing a gain medium with the appropriate gain spectrum. By splitting the
output from the fiber in two and using amplifiers with different gain media for each of the
resulting beams, we produce two amplified beams with independently tunable frequencies.
We use a pre-amplifier and pulse compressor before the optical fiber because the bandwidth
of the continuum produced by SPM in the fiber is proportional to E/τ2, where E is the
energy of the input pulse and τ is its pulse width (see discussion on SPM in Section 2.2).
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The 100 pJ pulse energy of the CPM laser output is too low to produce significant spectral
broadening in the fiber, so the pre-amplifier is necessary to increase the pulse energy for the
SPM. Also, since group-velocity dispersion (GVD) in the pre-amplifier increases the pulse
width τ, strong spectral broadening also requires a pulse compressor, which compensates for
this group velocity dispersion, prior to coupling the light into the optical fiber.
A detailed layout of the dual-frequency amplifier appears in Fig. 2-2. The input to the
amplifier is the 125 MHz pulse train generated by the CPM laser. These pulses have a
temporal width of 100 fs, a spectral width of 8 nm centered at 620 nm, and an energy of
about 100 pJ. The amplifier cells are all Bethune prism dye cells [Bethune 1981] either made
using prisms from Esco Products or bought complete from Santa Ana Laser Company. All
of them are pumped by the 532-nm doubled output from a Continuum model 661-10
Nd:YAG laser. The Nd:YAG laser produces 600 mJ per pulse at the fundamental
wavelength of 1064 nm. This radiation first passes through a KDP crystal that converts 300
mJ to 532 nm. The remaining radiation at 1064 nm is then sent through a second KDP
crystal that provides another 80 mJ of energy at the second-harmonic frequency for a total
of 380 mJ of energy at 532 nm for pumping the amplifier. A phototube monitoring the
CPM laser output provides a synchronizing signal to the Nd:YAG laser Q-switch, which
fires at 10 Hz. The gain lifetimes of the organic dyes used in the amplifier are shorter than
the 7-ns pulse width of the Nd:YAG laser output. [Shank and Ippen 1990] Thus, the pulse
width of the Nd:YAG laser output assures that adjacent pulses in the CPM laser pulse train
are not amplified, serving as a 10-Hz pulse selector.
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Fig. 2-2 Two-color amplifier in detail. Pre-1,2: pre-amplifier cells; Pm1,2,3: pump-beam amplifier cells; Pro-1,2: probe-beam amplifier cells; M:
mirror; L: converging lens; DL: diverging lens; PH: pinhole; P: polarizing
cube; SA: saturable absorber; BS: beamsplitter; GP: grating pair; FA: fiber
assembly; OI: optical isolator; λ /4: quarter-wave plate; λ /2: half-wave
plate. Wide shaded arrows show amount of Nd:YAG pulse energy pumping
each amplifier cell.

2.1.1 Pre-Amplifier
The pre-amplifier in Fig. 2-1 corresponds to the two Bethune amplifier cells in Fig. 2-2
labeled Pre-1 and Pre-2. The gain medium in Pre-1, which is 20 mm long and pumped by
12 mJ of energy at 532 nm, is Kiton red 620 (or sulforhodamine 620) in a 1.5% aqueous
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solution of ammonyx LO. The 25-mm long Pre-2, pumped by 28 mJ of energy, uses
sulforhodamine 640 also in a 1.5% aqueous solution of ammonyx LO. Although
sulforhodamine 640 provides stronger gain at the output wavelength of the CPM laser.
However, because the geometry of the Bethune cell leaves a small region of the dye
unpumped (see the discussion in Section 2.1.4 on Bethune cells), the lower absorption of
Kiton red at the CPM output wavelength is a better advantage for the first stage of
amplification where the input energy is particularly low. [Fork, Shank et al. 1982]
A pair of lenses in a telescope arrangement matches the size of the incident spatial
profile to the 1-mm diameter aperture of Pre-1. Another pair of lenses following the first
cell magnifies the size of the beam by a factor of three to match the 3-mm diameter
aperture of Pre-2. A pinhole located at the focal point of this second telescope serves as a
spatial filter that limits the amount of amplified spontaneous emission (ASE) from the first
cell that reaches the second cell. To reduce shot-to-shot energy fluctuations in the output of
the pre-amplifier, the input beam passes twice through the second amplifier cell. This
double-pass arrangement saturates the gain in the second cell, resulting in more stable
output.
The double-pass scheme is illustrated in Fig. 2-3. First, the beam, which starts out ppolarized (in the plane of incidence), passes through a polarizing beamsplitter cube and then
through the amplifier cell. A saturable absorber jet, placed at the focal point of a 1:1
telescope following the amplifier cell, controls ASE in between the two passes. The beam
then goes through a quarter-wave plate and is reflected back along its path by a mirror. The
round-trip through the quarter-wave plate results in a 90° rotation of the polarization of
the beam. After passing back through the amplifier cell, the beam, which is now s-polarized
(perpendicular to the plane of incidence), is reflected by the polarizing beamsplitter cube.
Since both passes through the amplifier cell must occur well within the 7-ns pulse width of
the Nd:YAG pump pulse, the total round-trip distance between the two passes should be
no longer than about one foot (= 1 ns of delay).
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Fig. 2-3 Top view of double-pass geometry. P: polarizing cube;
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The output of the pre-amplifier has a pulse energy of about 10 µ J and a GVDbroadened pulse width of about 300 fs. Because the spectral bandwidth from SPM in the
fiber is proportional to E/τ2, we want the highest energy and shortest pulse width possible
for the input to the fiber. The damage threshold of the fiber limits the amount of energy we
can put into the fiber. In practice, we find that we need to keep the energy of the input
pulse below 1 µJ, so we have more than enough energy out of the pre-amplifier. We can
improve SPM efficiency in the fiber by reducing the pulse width of the pre-amplifier
output. To this end, we compensate for GVD in the pre-amplifier with a pair of gratings
that compress the pulse width back to about 100 fs.
Pulse compression3 with a pair of gratings is based on the geometrical introduction of
negative GVD to the beam path. [Treacy 1969] Negative GVD can also be introduced with
a prism pair in the proper arrangement. [Fork, Martinez et al. 1984; Kafka and Baer 1987]

3 Good

discussions of pulse compression through angular dispersion can be found in the
following references: [Agrawal 1989; Froehly, Colombeau et al. 1981; Martinez 1986;
Martinez 1987; Rudolph and Wilhelmi 1989; Treacy 1969]
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Although grating pairs have a lower energy throughput than prism pairs, they have a number
of advantages that make them more convenient to use for pulse compression than prisms.
The most important advantage of a grating pair lies in its relative insensitivity to day-to-day
alignment changes. Once the grating pulse compressor is set up, it consistently gives the
same output pulse width from one day to the next. In contrast, we have found changes of
more than a factor of two in the output pulse width of a prism pair pulse compressor with
slight changes in the day-to-day beam alignment. Also, a grating pair requires a smaller
distance than a prism pair to produce an equivalent amount of negative GVD, allowing for
a more compact arrangement. Thus, while prisms are necessary for GVD compensation in
laser cavities because of their lower losses, we prefer gratings for pulse compression in the
amplifier, where losses are not as critical.

2.1.2 Optical Fiber Setup
Following the pulse compressor, the beam passes through a half-wave plate and a
polarizer. The polarization optics fill two purposes here. First of all, the fiber we use has a
stress-induced birefringence that is necessary to maintain the polarization of the beam as it
propagates through the fiber. To keep a single polarization in the fiber, the polarization of
the input beam must match the birefringent axis of the fiber. We accomplish this by setting
the proper polarization angle with the polarizer that precedes the fiber. The second purpose
of the polarization optics is to provide a variable control for the energy going into the fiber.
The azimuthal position of the half-wave plate determines the polarization angle of the input
to the polarizer and, therefore, the energy throughput of the polarizer. This arrangement
allows us to keep the input energy to the fiber below the damage threshold.
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The next step in the dual-frequency amplifier is the optical fiber assembly, shown in Fig.
2-4. Microscope objectives couple light both into and out of the fiber. These lenses are
optimized for infinite conjugate ratio and have focal lengths to match the 0.1 numerical
aperture of the fiber. The fiber has a 1.5 µm-diameter core, so coupling the beam into the
fiber requires careful alignment of the microscope objective on the input side. The input

Fig. 2-4 Side view of fiber assembly. The beam height is about 3 1/2 inches
above the optical table. The translation stages move in the direction of beam
propagation while the positioning stages move in the plane perpendicular to
the direction of beam propagation. In addition, the four-axis stage controls
the horizontal and vertical tilt angles of the input-side objective lens.
lens is mounted on a 4-axis (2 translation axes and 2 rotation axes) positioning stage from
Klinger Corporation. This assembly, in turn, is placed on a micron-resolution Klinger
translation stage to adjust the perpendicular distance between the lens and the fiber. The
alignment procedure and details on the fiber itself are described in Section 2.2. Even with
careful alignment, the coupling efficiency does not exceed 10%. This coupling efficiency
probably can be increased by improving the spatial mode of the input to the fiber, allowing
tighter focusing. However, the coupling efficiency is not a critical parameter in our design
because the pre-amplifier provides more than enough energy for the input to the fiber.
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The optical fiber decouples in many respects the second part of the dual-frequency
amplifier setup from the first part. Because the fiber is a waveguide, the propagation
direction and spatial characteristics of the beam after the fiber do not depend on the beam
alignment before the fiber. Changes in the beam alignment in the CPM laser or in the preamplifier only affect the coupling efficiency into the fiber. The temporal pulse
characteristics after the fiber are also insensitive to the temporal pulse characteristics before
the fiber. In particular, the pulse width achievable through pulse compression depends on
the spectral characteristics of the pulse. So the strong spectral broadening in the fiber
removes the dependence of the final pulse widths of the dual-frequency amplifier outputs
from the initial pulse width of the CPM laser output. Thus, the main goal in the alignment
of the CPM laser and the pre-amplifier is to produce stable continuum generation in the
fiber. The resulting output from the fiber, which serves as the input to the second part of
the dual-frequency amplifier, is a 10-Hz train of 100-nJ pulses with a spectral bandwidth
ranging from about 500 to 700 nm. GVD in the fiber broadens the temporal pulse width at
that point to 2 ps.

2.1.3 Pump- and Probe-Beam Amplifiers
The second part of the dual-frequency amplifier produces two independent amplified
beams at different frequencies from the broadband fiber output. A broadband beamsplitter
divides the fiber output in two, and each resulting beam passes through a different set of
amplifier cells. In our experiments, one of the amplified beams excites the sample and the
other beam serves as a probe of the material response to the excitation. Since the excitation
or pump beam requires more energy than the probe beam, we amplify the pump beam with
three cells while using only two for the probe beam.
Before reaching the broadband beamsplitter, the fiber output goes through a number of
important optical elements. First, a two-lens telescope matches the size of the beam to the
2-mm diameter aperture of the first amplifier cell of both the pump- and probe-beam
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amplifiers. Then, a half-wave plate rotates the polarization of the beam back to ppolarization, which is the polarization we want for the amplifier output. Following the
half-wave plate, an optical isolator allows the fiber output to pass through while preventing
light from propagating back to the fiber from the subsequent amplifier cells. The optical
isolator is very important because it protects the output face of the fiber from being
damaged by ASE produced in the pump- and probe-beam amplifiers.
The probe-beam amplifier comprises two Bethune prism dye cells (Pro-1 and Pro-2 in
Fig. 2-2) separated by a polarizer and a spatial filter. Pro-1 has a 2-mm diameter aperture
and a length of 30 mm while Pro-2 has a 3-mm diameter aperture and a length of 38 mm.
The gain medium in both dye cells is Rhodamine 6G dissolved in ethanol, which amplifies a
10-nm region centered at 570 nm. 40 mJ of the Nd:YAG pulse energy pumps the first cell,
and 55 mJ pumps the second. The spatial filter between the cells includes a 2:3 telescope,
which increases the beam size to match the aperture of the second cell, and a pinhole placed
at the focal point of the telescope. Increasing the beam size helps lower gain saturation in
the second cell by reducing the intensity for a given pulse energy. The pinhole cleans up the
spatial profile of the beam after the first stage of amplification and reduces the ASE from
the first stage that reaches the second stage. The polarizer, set to transmit p-polarized light,
also helps control ASE since the laser pulse is p-polarized while the ASE is unpolarized. The
energy after the second amplification stage is about 30 µJ with ASE of less than 1%.
Following amplification, the beam goes through a grating-pair pulse compressor that
compresses the pulse width down to 70 fs; the grating pair also reduces the pulse energy by
50%. Note that this pulse width is less than the pulse width of the CPM laser output. The
shorter pulse width is a consequence of the broader spectrum of the probe-beam amplifier
output compared to the CPM laser output. Because of its broad spectral bandwidth, the
input to the probe-beam amplifier utilizes the full gain spectrum of the Rhodamine 6G.
The pump-beam amplifier (Pm-1, Pm-2, and Pm-3 in Fig. 2-2) has a design similar to
that of the probe-beam amplifier, except that it has a third amplifier cell. Pm-1, pumped by
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30 mJ of Nd:YAG pulse energy, has a 2-mm diameter aperture and a length of 30 mm. Pm2, pumped by 55 mJ, has the same length but a 3-mm diameter aperture. The aperture size
doubles to 6 mm in Pm-3, which has a 38-mm length and is pumped by 150 mJ. The gain
medium for these three dye cells is DCM dissolved in methanol, amplifying a 20-nm spectral
region centered at 635-nm. The pulse energy after the third amplification stage is about 300
µJ with less than 5% ASE. Following amplification, the beam passes through a separate
grating-pair pulse compressor, resulting in a pulse width of 70 fs and a 50% loss in energy.
As with the probe-beam amplifier, polarizers and spatial filters separate the dye cells in
the pump-beam amplifier to control ASE, clean up the spatial profile, and increase the
beam size to match the aperture of the next cell. However, the spatial filter between the
second and third amplification stages in the pump-beam amplifier is complicated by the high
pulse energy at that point. If the beam is focused to about 100-µm diameter spot size or
less, it will destroy most pinholes. We get around this problem by using a converging and
diverging lens combination to simulate a very long focal length lens while keeping the
necessary propagation distance compact. The lens arrangement we use produces a 400-µm
focal spot, keeping the intensity at the pinhole to an acceptable level.

2.1.4 Spatial Profile Considerations
Because the experimental measurements presented in this thesis involve the spatial
overlap of the pump and probe beams, the spatial profiles of these beams are very
important. In these experiments, the probe beam is focused to a smaller area than the pump
beam on the sample to monitor a uniformly excited area. However, if the pump-beam
spatial profile has hot spots rather than a smoothly varying gaussian shape, then the area
monitored by the probe beam may contain a significant range of excitation strengths. To
avoid such experimental complications, we designed the dual-frequency amplifier to
produce beams with gaussian spatial profiles. Three main elements in the design contribute

– 34 –

to producing high-quality spatial profiles: the optical fiber, Bethune prism dye cells, and
spatial filters.
The optical fiber serves as a starting point for producing a gaussian spatial profile. In
general, only spatial modes that are eigenfunctions of the wave equation for an optical fiber
can propagate through the fiber without loss. [Agrawal 1989] The design parameters of a
fiber, consisting of the core diameter and the difference in index of refraction between the
core and the cladding, determine the number of allowed guided modes at a particular
wavelength of light. [Agrawal 1989] The fiber we use supports only one spatial mode in the
wavelength range spanned by the SPM-broadened spectrum. The shape of this mode,
known as the LP01 mode (LP stands for “linearly polarized”) in a polarization-preserving
fiber, can be approximated by a gaussian. [Agrawal 1989] Thus, even if the input to the
fiber does not have a gaussian profile, the spatial profile of the output from the fiber will be
approximately gaussian in shape.
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Fig. 2-5 Bethune prism dye cell. In side view T, N, F, and B label the parts
of the Nd:YAG beam which are incident on the top, near, far, and bottom
sides of the gain medium (shaded circle). the angled windows, shown in the
top view, prevent lasing in the cell due to back reflections.

Maintaining a uniform spatial profile during amplification requires a gain medium with
uniform gain across its cross-sectional area. The Bethune prism dye cell, invented by D. S.
Bethune and shown in Fig. 2-5, provides such a gain profile. [Bethune 1981; Schäfer 1990;
Saeta 1991] The transverse pumping geometry of the Bethune cell takes advantage of total
internal reflection in the prism to provide uniform excitation throughout the gain medium.
The incident pump beam, which in our case is the 532-nm Nd:YAG pulse, should have
cross-sectional dimensions spanning the length of the cell and four times the diameter of the
bore through which the gain medium flows. Then, at the proper height of incidence, the
pump beam splits into four beams which are directed by total internal reflection to the top,
bottom, near, and far sides (labeled T, B, N, and F in Fig. 2-5) of the bore. This
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arrangement avoids the problem in standard transverse pumping geometries of stronger
excitation by the pump beam of the near side of the gain medium compared to the far side
and also reduces sensitivity to the quality of the spatial profile of the pump beam that is
common in longitudinally pumped geometries.
The uniformity of the cross-sectional gain profile in a Bethune cell depends on the
absorbance of the gain material at the pump beam wavelength. The absorbance α of a
material is defined by
I(r) = I(0)e–αr,

(2.1)

where I(r) is the intensity of a beam incident on the material at a distance r inside the
material. Figure 2-6 shows the radial distribution of the absorbed pump beam energy for
three different values of the product αr, where r is the bore radius of the Bethune cell (the
calculation assumes a perfectly uniform pump beam spatial profile, as in Saeta, 1991). If the
absorbance of the gain material at the pump wavelength is too low, then too little pump
energy will be absorbed resulting in a low overall gain. However, if the absorbance is too
high, then too much pump energy will be absorbed along the outer circumference of the
gain material, leaving too little pump energy for the center. Such a gain distribution would
produce an amplified beam that appears to have a brighter outer ring and a darker center.
Since the absorbance of an organic dye solution depends linearly on the dye concentration,
one can set an appropriate value for the product α r by using the corresponding dye
concentration. Empirically, a value of about 0.8 for αr gives good results.
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Fig. 2-6 Absorbed pump energy in a Bethune cell of bore radius r plotted
versus radial position. The three curves correspond to different values of the
gain medium absorbance α at the pump wavelength. The gain is
proportional to the absorbed energy.

The third and perhaps most important component to producing the desired spatial
profile in the output of the dual-frequency amplifier is the use of spatial filters. In addition
to reducing ASE, spatial filters located between amplification stages prevent degradation of
the laser beam’s spatial profile arising from the formation of diffraction rings. In the absence
of apertures, a gaussian pulse will maintain a gaussian shape as it propagates without the
formation of diffraction rings. [Yariv 1989] However, even slight clipping of the wings of
the gaussian by an aperture will lead to the formation of diffraction rings during beam
propagation. Amplification of a beam with diffraction rings in its spatial profile will further
degrade the spatial profile.
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In practice, one cannot completely avoid clipping the beam, particularly with the
Bethune cells themselves. However, focusing the clipped beam and, with a pinhole,
selecting only the central portion of the spatial profile at the focal spot produces an Airy
pattern when the beam is recollimated. Using an iris to allow through only the central Airy
disk in the recollimated beam results in a spatial profile that resembles a gaussian and
propagates without developing noticeable diffraction rings. The aperture of the subsequent
amplifier cell can serve as an iris for this purpose. The optimum pinhole size for this setup is
slightly smaller than the size of the focal spot — a pinhole that is too large will not remove
high spatial-frequency variations from the beam profile, and a pinhole that is too small will
significantly reduce the beam energy. Repeating the spatial filter setup between all the
amplification stages maintains the quality of the spatial profile throughout the amplification
process. After the last stage of amplification, we use a telescope lens arrangement (with no
pinhole at the focal point) to bring in the far-field Airy pattern from which we select the
central Airy disk.

2.2 Self-Phase Modulation in an Optical Fiber
Self-phase modulation in an optical fiber forms the basis of the two-color femtosecond
laser amplifier. Experimental observation of SPM in optical fibers dates back to the 1970’s,
[Ippen, Shank et al. 1974; Stolen and Lin 1978] when the field of nonlinear fiber optics
started to emerge. [Agrawal 1989] In the 1980’s, the usefulness of single-mode optical
fibers in laser setups became apparent as researchers applied the spectral broadening
resulting from SPM in fibers to pulse compression. [Agrawal 1989; Fork, Brito Cruz et al.
1987; Fujimoto, Weiner et al. 1984; Halbout and Grischkowsky 1984; Knox, Fork et al.
1985; Nakatsuka, Grischkowsky et al. 1981; Nikolaus and Grischkowsky 1983; Palfrey and
Grischkowsky 1985; Shank, Fork et al. 1982]

In fact, the shortest laser pulse width

recorded to date — 6 fs — was produced by spectrally broadening the 620-nm output of a
CPM laser and then compensating for GVD using gratings and prisms. [Fork, Brito Cruz et
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al. 1987] More recently, single-mode optical fibers have been incorporated into amplified
femtosecond laser systems to provide the benefits of SPM. [Boyer, Franco et al. 1988;
Wang, Siegal et al. 1992] In this section, I discuss the advantages of single-mode optical
fibers over other materials as a medium for SPM and describe in more detail our optical
fiber setup.

2.2.1 Self-Phase Modulation and Self-Focusing
Self-phase modulation of a light pulse in a material arises from its nonlinear index of
refraction n = no + n 2I. [Agrawal 1989; Shen 1984] Here, no is the intensity-independent
part of the index of refraction, which is determined by the linear dielectric constant of the
material, n2 is a constant related to the third-order nonlinear susceptibility of the material,
and I is the intensity of the light. If the intensity of the light depends on time t, as in the
case of a pulse, then the index of refraction will also depend on time: n(t) = no + n2I(t).
Although all materials have a nonlinear index of refraction, the nonlinear term is generally
too small to have a significant effect on a material’s optical properties. Only at high light
intensities, such as those attainable with femtosecond laser pulses, do nonlinear effects
become important. In fused silica, a common material for the cores of optical fibers (such as
the one we use), no = 1.46 for 620-nm light and n2 = 3.2 × 10–16 cm2/W. [Agrawal 1989]
Thus, for light intensity of 1013 W/cm2, corresponding to the peak of a 100-nJ, 100-fs laser
pulse propagating through a fiber with a 3-µm diameter core, the intensity-dependent term
of the index of refraction is three orders of magnitude smaller than the intensityindependent term. Although it is still small compared to the constant part of the index of
refraction, the intensity-dependent term can have a significant effect on the propagation of
light at such high intensities.
To understand how the nonlinearity in the index of refraction broadens the spectrum of
a pulse, we should examine how it affects the phase of the electric field oscillations. We can
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write the electric field in a pulse of light propagating in the z-direction in a material of
index of refraction n as

⎡ ⎛
ω
⎤
E(t ) exp( −i φ ) = E(t ) exp ⎢−i ωt − nz ⎞ ⎥ ,
⎠⎦
c
⎣ ⎝

(2.2)

where E(t) is the slowly varying amplitude corresponding to the pulse shape, ω is the
frequency of the light, and c is the speed of light in vacuum. Inserting into Eq. (2.2) the
expression for the nonlinear index of refraction, we get the following result for the phase
accumulated by the pulse after propagating through a distance z in the material:
ωz
φ = ωt −
([n o + n 2I (t ) ]) .
c

(2.3)

Writing the phase as the sum of a time-independent term and a time-dependent term,

φ = φo + φ(t), we get
φ (t ) = ω t −

ω
zn 2 I (t )
c

t

=

∫ [ω + Δ ω (t ′ )]d t ′.

(2.4)

−∞

So the time-dependent term in the nonlinear index of refraction produces a shift in the
instantaneous frequency given by
Δ ω (t ) = −

ω
dI (t )
zn 2
.
c
dt

(2.5)

Thus, the nonlinearity in the index of refraction allows a pulse to modulate its own phase,
resulting in the generation of new frequencies.
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Fig. 2-7 Top graph: intensity vs. time for a gaussian laser pulse with a 1/e
width of τ . Bottom graph: SPM-induced frequency shift vs. time for the
same pulse.
The top graph in Fig. 2-7 shows a plot of the frequency shift Δ ω (t) versus t
corresponding to the temporal intensity profile I(t) shown in the bottom graph of Fig. 2-7.
The maximum frequency shift, which gives the spectral bandwidth of the self-phase
modulated pulse, is proportional to the maximum in the time-derivative of the intensity.
Note that each frequency, except for the extrema, appears at two different points in time.
This behavior leads to constructive or destructive interference at each frequency
component, depending on the phase difference between the two points in time. Because of
this interference, a typical SPM-broadened spectrum, such as the one shown in Fig. 2-8,
exhibits oscillations as a function of frequency. [Agrawal 1989]
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Fig. 2-8 Calculated spectrum for a gaussian pulse after SPM (after Stolen
1978). This calculation is for a maximum SPM phase shift of 3.5 π and
shows the characteristic oscillatory structure of SPM-broadened spectra.

Any lossless medium with a large enough n2 will produce spectral broadening of a laser
pulse through SPM. However, the nonlinear index of refraction can also lead to unwanted
degradation of the spatial profile of the laser pulse through a phenomenon known as selffocusing. [Golub 1990; Shen and Yang 1989] Self-focusing is the spatial analogue of selfphase modulation. The space-dependence of the light intensity I = I(r) introduces a spacedependence to the index of refraction through the intensity-dependent term. The resulting
index of refraction resulting from a gaussian-shaped spatial profile focuses the beam. If the
self-focusing is strong, small inhomogeneities in the spatial profile lead to instabilities in the
profile, and the beam will break up into filaments of light. [Campillo, Shapiro et al. 1973;
Campillo, Shapiro et al. 1974; Suydam 1974]

However, in an optical fiber, the built-in

space-dependence of the index of refraction dominates the spatial characteristics of light
propagating through it. In particular, the size of the core and the difference in index of

– 43 –

refraction between the core and the cladding determine the allowed guided spatial modes of
the fiber. Single-mode optical fibers therefore offer the unique possibility of producing a
broad output spectrum through SPM and a high-quality, gaussian spatial profile through
spatial mode selection.
The above discussion of self-phase modulation does not take into account the effects of
group velocity dispersion in the fiber. As SPM broadens the spectral width of the pulse,
GVD increases the temporal pulse width. In increasing the temporal pulse width, GVD
decreased the time derivative of the intensity of the pulse, thereby reducing the efficiency of
SPM as the pulse continues to propagate through the fiber. While a rigorous treatment of
SPM and GVD requires solving the nonlinear wave equation (see, for example, Chapter 4 in
Agrawal, 1989), it is sufficient for this discussion to note that, in effect, GVD limits the
interaction length of SPM. [Agrawal 1989] Thus, for optical fiber lengths longer than the
GVD-limited interaction length for SPM, the width of the output spectrum is not sensitive
to the length of the fiber. We use a 20-mm long single-mode fiber because that length is
convenient for mounting. Spectral measurements of the output from the 29-mm fiber and a
60-mm fiber confirm that the 60-mm fiber does not produce a broader spectrum than the
20-mm fiber. A typical spectrum from the 20-mm fiber appears in Fig. 2-9.4

4 Gain

saturation in the pump- and probe-beam amplifiers smooths out the sharp
features in the SPM spectrum produced by the fiber.[Wang, Siegal et al. 1992]
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2.2.2 Fiber Characteristics and Preparation
We use a 20-mm long, single-mode, polarization preserving fiber from Newport

Fig. 2-9 Typical single-shot spectrum (solid curve) of the output from a 20mm long, single mode, polarization-preserving fiber with a cut-off
wavelength of 450 nm. The spectrum of the input to the fiber (dashed
curve), derived from the amplified output of a CPM laser, is also shown for
comparison.

Corporation (model #F-SPA) that is optimized for an operating wavelength of 514 nm and
has a cut-off wavelength of 450 nm. Figure 2-10 shows a cross-sectional view of the fiber.
The core has a 1.5-µm diameter, and the cladding surrounding the core is 125 µm in
diameter. A 250-µm diameter protective jacket covers both the core and the cladding. The
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dark hour-glass shaped feature in the cladding introduces stress-induced birefringence and
defines the principal polarization axes.

The fiber is mounted in a plastic ferrule from AT&T,5 as shown in Fig. 2-11. To mount

slow axis

the fiber in the ferrule, one must first remove the protective jacket surrounding the core

core

fast axis

cladding
protective
jacket

Fig. 2-10 Cross-section of single mode, polarization-preserving fiber from
Newport Corp. (model #F-SPA). Core diameter: 1.5 µm; cladding diameter:
125 µm; protective jacket diameter: 250 µm. The shaded object in the
cladding determines the birefringent axes.
and cladding from a little over 10 mm of fiber length so that it fits through the narrow part
of the longitudinal hole through the ferrule. We use a chemical paint stripper to remove the
protective jacket. When the fiber is ready to be inserted into the ferrule, we first inject UV
adhesive into the longitudinal hole and then slide the fiber in until the end of the fiber
protrudes through the narrow end of the ferrule. The ferrule is then placed under a UV
5 These

ferrules are available as part of AT&T Kit #D-181698 for Rotary Splice. This
kit also includes UV adhesive, which is necessary for mounting the fiber in the ferrule.
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lamp to cure the UV adhesive, fixing the fiber in place. Once the fiber is set, we cut the
excess fiber length extending beyond the ferrule on both ends with a razor blade and then
polish both sides. To keep the fiber upright during polishing, we insert the ferrule into a
hole of matching diameter drilled into a small metal disk. This polishing tool assures that the
end faces of the fiber are polished perpendicular to the long axis of the fiber. We polish the
fiber in two steps: first with 8-µm paper and then with 0.3-µm paper. After polishing, we
clean both faces of the fiber first with methanol and a cotton swab and then with an air
blower to remove any remaining particles from the surfaces.
Examining the end faces of the fiber under a microscope indicates whether or not the
fiber is ready for use in the laser system. A clean, ready-to-use surface appears under a
microscope as the drawing in Fig. 2-10. The core of the fiber may be difficult to see because
of its small size, but illuminating the opposite end of the fiber with a flashlight will make it
clearly visible. If the surface has not been adequately polished, dark scratches will cover the
surface. Particles can be seen on the surface if it has not been cleaned properly after
polishing. The goal is to produce as smooth and clean a surface as possible, especially in the
area near the core, because scratches or dust particles covering the core will decrease the
coupling efficiency.

Fig. 2-11 Plastic ferrule (available in AT&T Kit #D-181698 for Rotary
Splice) used for mounting the fiber. Its length is 20 mm.
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The microscope serves as a good diagnostic for another important problem: laserinduced damage. A decrease in coupling efficiency occurring during use may indicate the
onset of damage. If this is the case, then one will see under a microscope a black spot at the
location where the core should be. This type of damage is usually limited to the surface
region and can be repaired easily by repolishing the affected end face. The polishing
procedure in this case is the same as that for initial preparation of the fiber. After
repolishing and cleaning, the black spot should be gone, and the core should once again be
clearly visible under back illumination with a flashlight.

2.2.3 Alignment of Fiber Assembly
The small size of the fiber core complicates the initial alignment of the laser beam into
the fiber. Coupling the light into the fiber requires submicron resolution in positioning the
objective lens which focuses the beam onto the input face of the fiber. Both the position
and the angle of incidence of the input beam are critical because of the limited acceptance
angle of the fiber, set by its numerical aperture. To achieve the necessary positioning
control, we use a submicron resolution four-axis positioning stage (Klinger, Inc. model
#YZ θ yθ z), with degrees of freedom perpendicular to the beam-propagation direction,
mounted on a submicron translation stage, with its degree of freedom parallel to the beampropagation direction. To reduce sensitivity to vibrations, the entire fiber assembly is set
closer to the table than the other amplifier optics. The beam height through the fiber
assembly is about three and a half inches above the optical table, lowered by two mirrors
from the seven-inch beam height through the pre-amplifier.
Initial alignment of the beam into the fiber occurs in two stages. The first stage involves
coupling the beam into the cladding of the fiber, which is easier to do than coupling
immediately into the core because the cladding has a much larger diameter. We start by
aligning the beam onto the fiber, without the input objective lens, using the two mirrors
that precede the fiber assembly. By requiring that the back reflection from the fiber face

– 48 –

return along the incident beam, we assure that the beam come in at normal incidence. When
we insert the objective lens, we adjust its tilt angle so that the back reflection from the lens
also returns along the incident beam. Then, we scan the lens up and down and side to side
until we find a bright spot of light at the center of the diffuse light exiting the fiber at the
output end. If we cannot get this bright center, we increase the distance between the lens
and the fiber to increase the spot size of the beam on the input fiber face. The larger spot
size facilitates coupling some light into the fiber cladding.
Once we get the bright center of light, signaling coupling into the cladding, we are ready
to fine-tune the alignment to couple the beam into the core. For this stage, it is best to
monitor the output from the fiber near a focal point. In this way, one reimages the light at
the output face of the fiber, producing a pattern resembling the drawing in Fig. 2-10. Since
we already have a telescope set up following the fiber assembly, we place an index card near
the focal point of this telescope to see this image of the output face. If light is coupling only
to the cladding and not to the core, one will see at the image point a circle of light with a
dark hour-glass shaped feature (as in Fig. 2-10) and a dark center where the core should be.
To couple light into the core, we scan the input positioning stage up and down and side to
side using only the fine controls until light appears at the center of the image. As the
coupling efficiency into the core increases, more light appears in the central spot in the
image and less in the area corresponding to the cladding. Once enough energy couples into
the core, the spot in the center becomes white because of SPM (the light in the cladding is
not intense enough to produce noticeable SPM). If the coupling efficiency is still not very
good after fine tuning the positioning stage, then we adjust the position of the translation
stage in the direction of beam propagation to try to decrease the size of the spot on the
input face of the fiber. A few iterations of optimizing the parallel direction and then
reoptimizing the perpendicular directions may be necessary to maximize the coupling
efficiency.
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Day-to-day alignment of the fiber is significantly easier than the initial alignment. We
align the pre-amplifier output through two irises which define a beam path that is roughly
aligned with the fiber. Once the beam is properly aligned through the fiber, it generally
already couples into the cladding. Since the focusing distance between the objective lens
and the fiber does not change on a daily basis, we only need to reoptimize the positioning
stage in the directions perpendicular to the beam propagation direction to maximize the
coupling efficiency into the core of the fiber. At times, adjustment of the CPM laser during
the course of a day will alter the beam direction before the fiber requiring a reoptimization
of the positioning stage; however, the alignment through the fiber is generally stable
throughout the course of a day.

2.3 Important Characteristics and Possible Improvements
The two-color femtosecond laser amplifier is a versatile system producing output beams
that are well suited for pump-probe experiments on laser-induced phase transitions in
semiconductors. The pump beam amplifier provides more than enough energy to induce the
phase transitions while the 70-fs pulse widths give ample time resolution for studying these
dynamics of these transitions. Moreover, the difference in pump and probe beam
wavelengths allows excellent spectral rejection of scattered pump light when measuring the
reflectivity at the probe wavelength. Also, because the pump and probe beams are
separately amplified, we can obtain high signal-to-noise ratio probe measurements even
when we decrease the pump fluence down to nearly zero by blocking some of the Nd:YAG
pulse energy to the pump beam amplifier. Although this last advantage may seem minor, it is
actually important to be able to collect data at fluences ranging all the way down to zero.
This serves as a consistency check by confirming that any effect of the pump beam on the
sample, monitored through probe beam measurements, goes to zero as the pump fluence
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goes to zero. Such a consistency check is much more difficult if the probe beam is split off
from the pump beam after amplification.6
While our laser system has served its purpose well, a number of improvements could
increase the usefulness of the apparatus. First of all, double passing the last stages of the
pump- and probe-beam amplifiers can increase the energy of both beams without requiring
an increase in Nd:YAG pulse energy. Optimizing more carefully the diameters and lengths
of the amplifier cells as well as the distribution of energy from the Nd:YAG laser may
further increase the energy output. In addition, the pulse widths of both beams, especially
that of the broader bandwidth pump beam, are longer than the transform limit and
therefore also have room for improvement. Compensating for higher order dispersion using
both gratings and prisms can potentially yield shorter pulse widths.
Finally, the beam direction in the pump- and probe-beam amplifiers has a tendency to
shift slightly during the course of a day. Although the shift is slight, it is large enough to
change the spatial overlap of the pump and probe beams on the sample, complicating data
taking. We find that beam shifting predominantly occurs during the morning and afternoon
hours, and the beam alignment stabilizes after roughly 5:00 P.M. To avoid beam-shifting
complications, we generally collect data during the evening and night.
Since the fiber decouples the beam alignment on the input side from that on the output
side, the source or sources for the beam shifting must originate in the optics on the output
side of the fiber. Two likely candidates are drift in optical mounts and changes in
temperature in the dye solution flowing through the Bethune cells. We have not been able
to isolate one particular culprit, indicating that there may be more than source for the
problem. However, we have correlated beam shifting on at least some occasions with
changes in dye solution temperature. In particular, by immersing the dye solution reservoir

6 While

filters can be used to reduce the pump beam energy without reducing the probe
beam energy, inserting them into the beam path of the pump beam can slightly change the
beam alignment. Even small changes in beam path may significantly alter the overlap of the
pump and probe beams at the sample.
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in an ice water bath, we corrected a shift in beam direction that occurred in one Bethune
cell when the dye solution temperature rose due to an overheating circulating pump. The
temperature change affects the index of refraction of the dye solution, thus altering the
angle of refraction of the beam as it enters and exits the Bethune cell. Changes in room
temperature during the morning and afternoon hours may therefore play a significant role in
the beam shifting, and maintaining the dye solutions at a fixed temperature should improve
this situation.
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Chapter 3: Optical Probing Techniques
Currently, optical probes provide the only means of directly studying dynamic processes
on a subpicosecond time scale. Most time-resolved experiments using femtosecond lasers are
variations on the general theme of the pump-probe technique, schematically illustrated in
Fig. 3-1. In this technique, a pump laser pulse excites the material to be studied, thereby
creating an initial condition and setting a zero in time. A probe laser pulse then determines
the response of the material to the excitation. Varying the time delay between the arrival of
the pump pulse and the probe pulse on the sample maps out the time evolution of this
response. In other words, the probe pulse takes a snapshot of the state of the material at
each pump-probe time delay.
The variations on this pump-probe theme involve differences in the type of initial
condition created by the pump pulse excitation and the specific information provided by
the probe pulse. Experiments on laser-induced phase transitions in semiconductors focus on
one type of initial condition: the generation of a high density of free carriers. However,
many different optical probing techniques exist for studying the material response to this
type of excitation. The common thread in the various optical probes is that they all couple
to the electronic system, not to the lattice, so information on lattice structural change must
be inferred from the changes in the electronic system. While some researchers are currently
working on developing subpicosecond X-ray pulses using amplified femtosecond optical
pulses, [Murnane, Kapteyn et al. 1991] this type of direct lattice probe still lies in the future.
Meanwhile, the currently available optical probes provide a great deal of important
information on laser-induced phase transitions. This chapter highlights the technical aspects,
uses, and limitations of some important optical probing techniques and focuses on a method
we1 used to determine experimentally the dielectric constant of a laser-excited

1 This

work was done by Eli Glezer, Li Huang, and Yakir Siegal.
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semiconductor with femtosecond time resolution. [Siegal, Glezer et al. 1994a; Siegal, Glezer
et al. 1994b; Siegal, Glezer et al. 1994c]

Fig. 3-1 Anatomy of a pump-probe experiment. The pump-probe time
delay is determined by the position of the translation stage. At various
discrete positions of the translation stage, data is collected over a range of
pump fluences, or excitation strengths. Then, taking the data corresponding
to a particular pump fluence gives the time-evolution of the signal
corresponding to that excitation strength.
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3.1 Reflectivity
The reflectivity R of a material is the fraction of the energy of an incident light beam
that is reflected at the surface of that material. In general, the reflectivity at a boundary
depends on the dielectric constants of the media on either side of the boundary as well as on
their magnetic permeabilities (although we can usually ignore magnetic permeabilities at
optical frequencies). The ratio r of the amplitudes of the reflected and incident electric
fields at a boundary (see Fig. 3-2) is given by the Fresnel formulas, derived by solving the
Maxwell equations and imposing the proper boundary conditions. [Jackson 1975]

E

θ

θt

rE
tE
ε1

ε2

Fig. 3-2 Electric field amplitudes for light at a boundary between to media.
E is the field amplitude of the incident beam, rE is the reflected beam field
amplitude, and tE is the transmitted beam amplitude.
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For light incident from a material of dielectric constant ε1 on a material of dielectric
constant ε2, the Fresnel formulas as a function of angle of incidence θ take the following
form: [Jackson 1975]
rs =

ε1 cos θ −

ε 2 − ε1 sin 2 θ

ε1 cos θ +

ε 2 − ε1 sin 2 θ

(3.1a)

for electric field polarization perpendicular to the plane of incidence (s-polarization), and
ε cos θ − ε1 ε 2 − ε12 sin 2 θ
rp = 2
(3.1b)
ε 2 cos θ + ε 1ε 2 − ε12 sin 2 θ
for electric field polarization parallel to the plane of incidence (p-polarization). Note that
since ε1 and ε2 are in general complex, r is also in general complex, signifying a phase change
between incident and reflected electric fields. For the case in which light is incident from
air on a material of dielectric constant ε , ε1 = 1 and ε2 = ε . The ratio of amplitudes r
directly yields the reflectivity R as function of dielectric constant and incident angle through
the relation Rs,p(ε, θ) = |rs,p(ε, θ)|2. Figure 3-3 shows a plot of the reflectivity of GaAs in
air for light of 2.2-eV photon energy as a function of incident angle for both s- and ppolarizations.
Using the probe pulse to measure the reflectivity for a particular polarization and angle
of incidence constitutes the simplest optical probe. While measuring the reflectivity is
relatively simple to do, the reflectivity does not provide direct information on the electronic
band structure. As the Fresnel formulas in Eqs. (3.1) show, the intrinsic material property
which determines the reflectivity is the dielectric constant ε, which, in turn, is determined
by the electronic band structure. But since the dielectric constant has both a real part and an
imaginary part, a reflectivity measurement at a single polarization and angle of incidence is
insufficient to uniquely determine material properties.
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Fig. 3-3 Reflectivity as a function of incident angle for light with a photon
energy of 2.2 eV incident from air onto GaAs.

However, when the real and imaginary parts of the dielectric constant can be modeled
by a single parameter, the reflectivity provides enough information to extract the dielectric
constant. A single-parameter model that is used extensively for optically excited
semiconductors is a modified Drude model. [Kurz and Bloembergen 1985; van Driel 1987]
The basic Drude model describes the response of free electrons to light. [Ashcroft and
Mermin 1976] In the modified version the dielectric constant of the semiconductor is

ε (ω ) = 1 + 4πχ interband (ω ) + 4πχ Drude ( ω ) ,

(3.2)

with ω the angular frequency of the incident light. The term χ interband( ω ) describes the
contribution of interband transitions to the dielectric constant and is equal to the dielectric
constant of the semiconductor in the absence of any excitation. The contribution of free
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electrons and holes, created by an optical excitation, enters the dielectric constant through
the term χDrude(ω), given by [Ashcroft and Mermin 1976]
2
i Ne m * τ
i ω p2 τ
χ Drude ( ω ) =
=
,
ω ( 1 − i ωτ ) 4πω ( 1 − i ωτ )

(

)

(3.3)

where N is the density of free electrons in the conduction band and holes in the valence
band (the density of conduction electrons is equal to that of holes for the case of optical
excitation because every excited electron leaves behind one hole in the valence band), m* is
a reduced effective mass for the free carriers, and τ is the average mean free time between
collisions of free carriers with ions. The plasma frequency ωp is the resonant frequency for
collective excitations of the free carriers (plasmons). Setting χinterband(ω ) = 0 in this model
gives the dielectric constant for a metal, in which the optical response is dominated by free
carriers instead of by interband transitions.
In the modified Drude model, both the real part and the imaginary part of the dielectric
constant are a function of the free carrier density N only. Because this model assumes that

χ interband(ω ) is constant, it is valid only when changes in χ interband(ω ) due to excitation are
much smaller than the corresponding changes in χDrude(ω). The modified Drude model has
been used successfully to interpret reflectivity measurements in experiments involving free
carrier densities up to 1020 cm–3. [van Driel 1987] However, as we will see, for densities
on the order of 1021–1022 cm–3, which is roughly the excitation regime necessary to
destabilize the lattice, changes in χinterband(ω) become too big to ignore, and the modified
Drude model can no longer be applied.

3.2 Second-Harmonic Generation
Another optical probe used to study laser-induced structural change involves the
nonlinear process of second-harmonic generation. [Akhmanov, Emel’yanov et al. 1985;
Akhmanov, Koroteev et al. 1983; Liu, Malvezzi et al. 1985] In this technique, a detector
measures the radiation at the second-harmonic of the probe frequency generated by the
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probe beam in the material. This type of measurement allows one to monitor changes in the
second-order optical response of the material. In general, the optical response of a material
is governed by the optical susceptibility χ. The linear response of a material to an optical
field E(ω), involving processes such as reflection, transmission, and absorption, is given by
the linear electric polarization
P (1 ) ( ω ) = χ (1 ) ( ω ) ⋅ E(ω ) .

(3.4)

The linear susceptibility χ (1) determines the dielectric constant through the relation

ε = 1 + 4πχ(1). The second-order response of a material to E(ω ) is given by the secondorder electric polarization
P ( 2) (2ω ) = χ ( 2 ) ( 2ω = ω + ω ):E( ω ) E(ω ) .

(3.5)

The second-order electric polarization, which is produced by an electric field oscillating
with frequency ω, acts as a source which drives an electric field oscillating with frequency
2ω. [Shen 1984b]
The reason for monitoring the second-order optical response in a laser-induced
structural change experiment is that the second-order susceptibility χ (2) reflects the
symmetry of the system. For instance, in a material with inversion symmetry (i.e., a
centrosymmetric material), χ(2) remains unchanged by an inversion operation. The vectors
P (2)(2ω) and E(ω ), however, change sign under inversion. Thus, an inversion operation on
Eq. (4) produces
–P( 2 ) ( 2ω ) = χ ( 2) (2ω = ω + ω ):[–E( ω )][–E( ω )] ,

(3.6)

implying that for a material with inversion symmetry (cf. Eqs. (4) and (5)),

χ ( 2) (2ω = ω + ω ) = – χ ( 2) (2ω = ω + ω ) = 0 .

(3.7)

In other words, no second-harmonic radiation can be produced in a material with inversion
symmetry. This prohibition, however, only applies to the lowest-order contribution to
second-harmonic generation in the bulk of centrosymmetric materials. Such materials can
produce second-harmonic radiation in the surface, where there is always a broken
symmetry. Also, higher-order contributions arising from gradients in the electric field can
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lead to some second-harmonic generation in the bulk even if the lowest-order contribution,
known as the dipole contribution, is forbidden. [Shen 1984b]

But the bulk dipole

contribution is generally much larger than these surface and higher-order contributions to
second-harmonic generation.

Fig. 3-4 Tetrahedral bond structure of Si and GaAs showing the center of
inversion in Si and the lack of one in GaAs.

As Fig. 3-4 shows, unlike Group IV semiconductors such as Si, III-V semiconductors
like GaAs do not have inversion symmetry, so bulk, dipole second-harmonic radiation can
be produced in such a crystal. However, structural change resulting from an excitation by a
pump pulse can change the crystal symmetry in such a way so that the material takes on
inversion symmetry. A vanishing of the second-order susceptibility then serves to signal a
change in the lattice structure.
A problem with the second-harmonic probe lies in the difficulty in interpreting the
measurements — a drop in the detected second-harmonic radiation does not necessarily
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imply a drop in χ(2). This complication arises because the second-harmonic radiation depends
not only on χ (2), but also on the linear susceptibility χ (1) at both the fundamental and
second-harmonic frequencies. [Shen 1984a] Any pump-induced changes in the linear
reflectivity, the absorption depth, and the angle of refraction, all determined by χ (1), will
affect the detected second-harmonic radiation. If these changes induced in χ (1) are small
enough, then second-harmonic radiation measurements will reflect primarily the behavior of

χ (2). However, as will be shown Chapter 4, the changes in χ (1) during femtosecond laserinduced structural change are actually quite large and cannot be ignored when analyzing
second-harmonic generation results.

3.3 The Dielectric Constant — an Intrinsic Material Property
As described above, neither reflectivity nor second-harmonic probes yield unambiguous
information on the behavior of the material. Interpretation of data taken using these
techniques can only be done by making assumptions that are generally not valid in the
regime of laser-induced phase transitions in semiconductors. The ambiguity in interpretation
stems from the fact that reflectivity and second-harmonic radiation are not in themselves
intrinsic material properties, but rather quantities that depend on a number of intrinsic
material properties. To obtain clear, direct information on the response of the material to an
excitation, one must therefore determine the effect of the excitation on an intrinsic material
property like the dielectric constant ε = 1 + 4πχ(1).
3.3.1 Time-Resolved Measurements
To determine the real part and the imaginary part of the dielectric constant of a material
at a certain frequency, one must have at least two independent pieces of information on the
optical response of the material at that frequency. This information can take the form of the
reflectivity of the material at that frequency for a particular polarization but at two
different angles of incidence, or the reflectivity for particular angle of incidence but at two
different incident polarizations. Furthermore, if the dielectric constant is changing rapidly
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with time, as in the case of laser-induced phase transitions, the reflectivity measurements
must occur simultaneously and on a time scale which is short compared to that over which
the dielectric constant is changing.
More than one method exists for determining the time-dependent dielectric constant,
[Choo 1992; Choo, Hu et al. 1993; Dadap, Choo et al. 1993; Greenaway and Harbeke 1968]
but here we will focus on the technique used in Chapter 4 to study laser-induced structural
changes in GaAs. We measure the reflectivity for light polarized in the plane of incidence
with 70-fs probe pulses simultaneously at two different angles of incidence. Using the
Fresnel formula for reflectivity as a function of dielectric constant and angle of incidence,
we then convert the two simultaneous but independent reflectivity measurements into a
real and an imaginary part of the dielectric constant. By varying the relative time delay
between the pump pulse, which induces the change in the dielectric constant, and the pair
of probe pulses, we obtain the time evolution of the dielectric constant following the
excitation.
3.3.2 Choosing the Angles of Incidence
Using two simultaneous reflectivity measurements to determine the real and imaginary
parts of the dielectric constant will only work if the two measured reflectivities, R 1 and R 2,
have sufficiently different dependences on the dielectric constant. [Greenaway and Harbeke
1968] To illustrate this point, we should examine the changes ΔR1 and ΔR2 for small
changes in the real and imaginary parts of the dielectric constant ΔRe(ε) and ΔIm(ε):
∂ R1
∂R1
ΔR1 =
Δ Re( ε ) +
Δ Im( ε ) ,
(3.8a)
∂ Re(ε )
∂ Im( ε )
∂R2
∂R2
and
ΔR2 =
Δ Re( ε ) +
Δ Im( ε ) ,
(3.8b)
∂ Re( ε )
∂ Im( ε )
where the partial derivatives can be calculated using the Fresnel formulas in Eqs. (3.1).
Equations (3.8a) and (3.8b) are independent equations only if the partial derivatives satisfy
the condition

∂ R1 ∂ Re( ε ) ∂ R2 ∂ Re(ε )
≠
∂ R1 ∂ Im( ε ) ∂ R2 ∂ Im( ε )

– 62 –

(3.9)

because otherwise ΔR1 and ΔR2 would be linearly related. So R1 and R2 must be chosen such
that the condition in Eq. (3.9) is clearly satisfied.
Two options for choosing R1 and R2 are to use the same angle of incidence but different
electric field polarizations or to use the same electric field polarization but different angles
of incidence. In the first case, R 1 = Rp ( θ ) and R 2 = Rs ( θ ) while in the second case
R 1 = Rp (θ1 ) and R 2 = Rp (θ2 ). To decide between these two options, we should examine
which one is more sensitive to changes in the dielectric constant. For a given change in the
real or imaginary part of the dielectric constant ΔRe(ε) or ΔIm(ε), ΔRs and ΔRp are roughly
the same size at most angles of incidence. However, as Fig. 3-3 shows, R s is greater than R p
except at 0° and 90° angles of incidence, where they are equal. In fact, near the Brewster
angle (the angle of minimum reflectivity for p-polarized light) Rs is greater than R p by more
than an order of magnitude. Thus, a given change in the dielectric constant leads to a greater
fractional change ΔR/R for p-polarized light than for s-polarized light. So using p-polarized
light at two different angles of incidence gives greater sensitivity to changes in the dielectric
constant than both polarizations at one angle of incidence.
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Setting R1 = Rp (θ1 ) and R2 = Rp (θ2 ), what is the optimum choice for the angles θ1 and

θ2 ? Figure 3-5 shows a plot of the ratio [∂Rp (θ)/∂Re(ε)]/[∂Rp (θ)/∂Im(ε)] as a function of
θ. For θ less than about 60°, the plot is almost a horizontal line, so if both θ1 and θ2 are less
than 60°, then the condition in Eq. (3.9) will not be satisfied. However, setting at least one
of the angles to be higher than 60° will satisfy the condition in Eq. (3.9). Note that at
about 76°, coinciding with the Brewster angle, [∂Rp (θ)/∂Re(ε)]/[∂Rp (θ)/∂Im(ε)] = 0
because ∂Rp (θ)/∂Re(ε) = 0. Thus, for small changes in the dielectric constant, the
10
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∂Rp
∂R p

∂ Re(ε )
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∂ Im(ε )
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θ
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Fig. 3-5 The ratio of the partial derivative of the p-polarized reflectivity
with respect to Re(ε) to the partial derivative with respect to Im(ε), plotted
versus incident angle. This calculation uses the dielectric constant of GaAs at
2.2 eV. Note that the curve is essentially flat for incident angles below 60°.

p-polarized reflectivity at the Brewster angle is sensitive only to changes in the imaginary
part, as illustrated in Fig. 3-6. This behavior makes the Brewster angle a particularly
attractive choice for one of the two incident angles. The choice for the second angle of
incidence is not critical since essentially any θ2 will satisfy Eq. (3.9) when θ 1 is set to the
Brewster angle.
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Fig. 3-6 Effect of small changes in the dielectric constant on the angle
dependence of the p-polarized reflectivity of GaAs. The solid curve
corresponds to no change in ε; the curve with short dashes shows the effect
of a small change in Re(ε); and the curve with long dashes shows the effect
of a small change in Im(ε).

The above analysis of angle choice is valid only for small changes in the dielectric
constant because the partial derivatives themselves depend on the dielectric constant.
However, the changes in the dielectric constant in our experiments turn out to be quite
large. For this type of experiment, one should ascertain whether a particular pair of incident
angles allows discrimination between the real and imaginary parts of the dielectric constant
throughout a sufficiently large range of values of the dielectric constant. A convenient way
to do this involves mapping the complex dielectric constant plane to a two-angle
reflectivity plane. In the first plane the x-axis is Re(ε ) while the y-axis is Im(ε ); in the
second plane the x-axis is R p (θ1 ) while the y-axis is R p (θ2 ). The Fresnel formula of Eq.
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Fig. 3-7 Mapping of complex dielectric constant plane to reflectivity plane.
For incident angle pairs in which both angles are less than 60°, as in the
middle graph, the image of the dielectric constant plane is essentially a onedimensional curve, so there is no clear one-to-one correspondence between
the two planes. However, the mapping is clearly one-to-one if at least one of
the incident angles is greater than 60°, as in the bottom graph.
(3.1b) maps each point [Re(ε), Im(ε)] in the dielectric constant plane to a point [Rp (θ1 ),
R p (θ2 )] in the reflectivity plane.
For good discrimination between the real and imaginary parts of the dielectric constant,
a clear one-to-one correspondence must hold between the dielectric constant plane and its
image in the reflectivity plane. As one might expect from the above analysis of small
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dielectric constant changes, however, a clear one-to-one correspondence does not hold
when both θ1 and θ 2 are less than roughly 60°. Figure 3-7 shows a grid of equally spaced
points in the dielectric constant plane mapped to the reflectivity plane for two different
pairs of incident angles. In the middle graph, where the angles are chosen to be θ1 = 45° and

θ2 = 25°, the points in the dielectric constant plane are mapped essentially to a single curve
in the reflectivity plane so that each point on this curve (within reasonable expected
experimental error in reflectivity measurements) corresponds to more than one point in the
dielectric constant plane. However, in the bottom graph, where θ1 = 76° and θ2 = 60°, the
points in the dielectric constant plane are mapped to a two-dimensional set of points in the
reflectivity plane, and one can establish a clear one-to-one correspondence between the
dielectric constant plane and its image. The density of points in the image of the dielectric
constant plane determines the resolution in the dielectric constant plane — regions with
lower density of points in the image give better resolution. In general, setting θ1 to be large
(≥ 75°) assures good discrimination between the real and imaginary parts of the dielectric
constant for a very large range of dielectric constant values. Again, the specific value of the
second angle of incidence turns out not to be critical.
We used this two-angle reflectivity technique to measure the time-dependent dielectric
constant following intense femtosecond laser pulse excitation at probe photon energies of
2.2 eV and 4.4 eV. In both cases, we set one probe beam to be incident at the initial
Brewster angle (75.8° for the 2.2 eV measurements and 76.0° for the 4.4 eV
measurements). While using an incident angle greater than the Brewster angle would
improve the resolution over a wider range of values of the dielectric constant, such a choice
is impossible in practice for our experiment because geometrical broadening in the plane of
incidence (proportional to 1/cosθ) would make probe beam spot size on the sample too
large. Technical considerations in the experimental set-up strongly influence the choice of
the second incident angle (70.9° for the 2.2 eV measurements and 58.5° for the 4.4 eV
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measurements) since the dielectric constant resolution does not depend critically on its
specific value.
While reflectivity measurements at two carefully chosen incident angles is sufficient to
extract the dielectric constant, measuring in addition the reflectivity at a third angle of
incidence provides an important consistency check. The choice of the specific angle for this
purpose is not critical. As a consistency check for our experiment, we measured the
reflectivity at an incident angle of 45° for the 2.2-eV work and 35.5° for the 4.4-eV work
under excitation conditions similar to those in the two-angle measurements. In both cases,
the measured reflectivities at the third incident angle show excellent agreement with the
reflectivity values expected at that angle based on the dielectric constant extracted from our
two-angle measurements.

3.3.3 Three-Phase Model
Another important consideration in implementing this technique is the condition of the
sample surface. In general, an oxide layer will form on the surface of a semiconductor
exposed to air. The presence of this layer alters the reflectivity of the sample and must be
taken into account when converting simultaneous reflectivity measurements to values for
the dielectric constant. This effect can be included in the conversion by using a three-phase
model of air–oxide–semiconductor for the system being studied. [Potter 1969] This model
assumes a sharp interface between the air and the oxide layer and between the oxide layer
and the semiconductor and accounts for reflections from both interfaces. The effect of
surface roughness on reflectivity is similar to that of an oxide layer, so with a modified
effective thickness for the oxide layer in the calculation, the three-phase model can also
account for surface roughness. [Potter 1969]
The general three-phase model, illustrated in Fig. 3-8, involves three media with
medium 2 of thickness l sandwiched between media 1 and 3. The three media have
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Fig. 3-8 Illustration of light rays in three-phase model. Light is incident
from medium 1 onto medium 2. Multiple reflections in the middle layer sum
to give the reflected beam in medium 1 and the transmitted beam in medium
3.
respective dielectric constants ε1, ε 2, and ε3. Let r i j represent the ratio of reflected electric
field amplitude to incident electric field amplitude for light incident from medium i on
medium j. Similarly, ti j represents the ratio of transmitted electric field amplitude to incident
electric field amplitude for the same case. If Im(εi ) = Im(εj ) = 0, then the relations r i j = –rj i
and ti j = tj i follow from the Fresnel formulas in Eqs. (3.1). Furthermore, conservation of
energy in this case requires that ri j2 + ti j2 = 1.
By summing up the multiple reflections from the 1-2 and 2-3 interfaces using the proper
phase relations, we can calculate the total ratio of reflected electric field amplitude to
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incident electric field amplitude for light incident from medium 1 as a function of incident
angle θ,
r total = r 12 + t 12 e iβ r 23 e iβ t 21 + t 12e iβ r 23e iβ r 21e iβ r 23e iβ t 21 + …
= r 12 + t 122r 23 e i 2 β − t 122r 12r 223e i 4β + …

(3.10)

= r 12 + (1 − r 122 )r 23e i 2β − (1 − r 122 )r 12r 223e i 4β + …,
where
2β = 2

ω
l ε 2 − ε1 sin 2 θ
c

(3.11)

is the extra phase accumulated by the electric field propagating through a round trip in
medium 2, ω is the angular frequency of the incident light, and c is the speed of light. [Born
and Wolf 1980] We can write Eq. (3.10) as a sum of two infinite series,
r total = r 12 + r 12 ( −r 12 r 23 e i 2β ) + r 12 ( −r 12 r 23e i 2 β ) 2 + …
+ r 23 e i 2β + r 23e i 2 β ( −r 12 r 23 e i 2 β ) + r 23e i 2 β ( −r 12 r 23 e i 2β ) 2 + …
=

(3.12)

r 12 + r 23e i 2 β
.
1 + r 12 r 23 e i 2β

Using the Fresnel formulas to calculate r 12 and r 23, we can then use Eq. (3.12) to calculate
the total reflectivity Rtotal = |rtotal|2 in the three-phase model.
We calibrated the effective thickness l of the oxide layer on the surface of our sample by
measuring the incident angle dependence of the reflectivity in the absence of any excitation.
With the dielectric constant of GaAs from the literature [Palik 1985] and a value of ε = 4
for the dielectric constant of the oxide layer,2 [Potter 1969] a fit of the three-phase model
to the measured angle dependence consistently yielded an effective oxide layer thickness of
about 4 nm. The effective thickness was

4.2 + 0.4 nm for the 2.2-eV photon energy

measurements and 4.4 + 0.4 nm for the 4.4-eV photon energy measurements.

2 The

oxide layer does not absorb at 2.2 eV or at 4.4 eV.
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3.3.4 Converting from Reflectivity to Dielectric Constant
Equations (3.1b) and (3.12) together allow the straightforward calculation of the ppolarized reflectivity at two different angles of incidence for a given dielectric constant. In
contrast, calculating the real and imaginary parts of the dielectric constant corresponding to
a given pair of p-polarized reflectivity values is not straightforward. This difficulty exists
because the Fresnel formulas are not analytically invertible. Extracting the dielectric
constant from a pair of reflectivity values therefore requires a numerical technique. To
convert the two-angle reflectivity measurements to values of the dielectric constant, we use
a look-up table method that takes advantage of the relatively easy calculation of reflectivity
values from dielectric constant values. This method, described below, provides a significant
time savings over attempting to solve the combination of Eqs. (3.1b) and (3.12) for each
conversion.
The look-up table conversion technique centers on creating a matrix ε xy in which
reflectivity values serve as indices and the matrix elements are values of the dielectric
constant. Generating εxy requires an intermediate matrix R ij in which the real and imaginary
parts of the dielectric constant serve as indices and the matrix elements consist of pairs of
reflectivity values. The first step in creating R ij involves dividing the complex dielectric
constant plane into a grid spanning the necessary range of values with a grid spacing giving
the desired resolution. In other words, we let Re(ε) span a range from Re(ε)min to Re(ε)max
with a step size of ΔRe(ε) and Im(ε) span a range from Im(ε)min to Im(ε)max with a step size
of ΔIm(ε). This gives a set of points {{Re(ε)i , Im(ε)j}} where
Re(ε ) i = Re( ε ) min + i × Δ Re( ε ),
Im( ε ) j = Im( ε ) min + j × ΔIm( ε ),
and i and j are integers satisfying the condition
Re( ε ) max − Re( ε ) min
0 ≤ i ≤
,
Δ Re( ε )
Im( ε ) max − Im( ε ) min
0 ≤ j ≤
.
Δ Im( ε )
From the set of points {{Re(ε)i , Im(ε)j}}, we create the matrix
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(3.13)

(3.14)

Rij = {R p [θ1 , Re( ε ) i , Im( ε ) j ], R p [θ 2 , Re( ε ) i , Im( ε ) j ]},

(3.15)

where the p-polarized reflectivities for each incident angle and dielectric constant value are
calculated using Eqs. (3.1b) and (3.12) together. The effective oxide layer thickness,
obtained using the calibration technique described in Section 3.3.3, enters the conversion
process at this point through Eq. (3.12).
The desired look-up table matrix εxy follows directly from the intermediate matrix R ij
after what amounts to interchanging the indices with the elements:

ε xy = {Re( ε ) i , Im( ε ) j },
with

x = 500 × Rp [θ 1 , Re( ε ) i , Im( ε ) j ],
y = 500 × Rp [θ 2 , Re(ε ) i , Im( ε ) j ],

(3.16)

(3.17)

both rounded off to the nearest integer. Equation (3.17) provides a way of transforming
reflectivity values, which are numbers between 0 and 1, to integer matrix indices.
Multiplying by 500 and rounding off the result is not the only way to perform this
transformation, but it gives us an acceptable resolution of ±0.001 for the reflectivity,
coinciding with our experimental error throughout most of the range of the measured
values. Note that R ij and εxy are not necessarily the same size so that interchanging the
elements and the indices will not fill all the elements of ε xy but by making ΔRe( ε ) and
ΔIm(ε) small enough and the range of dielectric constant values large enough, one can fill up
the relevant section of εxy. Once the look-up table εxy is set up and stored in a computer,
two-angle reflectivity measurements can be converted immediately to real and imaginary
parts of the dielectric constant. In our case, we multiply each measured reflectivity by 500
and round off the result as in Eq. (3.17) to obtain the indices that give the corresponding
dielectric constant.
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3.3.5 Limitations
The only assumption involved in the two-angle reflectivity technique is that the threephase model describes the physical system well.3 As long as the interfaces between the
media are sharp and planar, this technique can be used as described above for time-resolved
experimental determination of the dielectric constant. However, if the interfaces are not
well-defined, then the Fresnel equations no longer apply, and the relationship between
reflectivity and the optical properties of the sample become more complicated. In this
situation, one must solve the more general Helmholtz wave equations. [Milchberg and
Freeman 1989]
For an interface to be well-defined, the change in the dielectric constant across the
interface must occur on a length scale that is short compared to the wavelength of the
incident light. The change in the dielectric constant across the surface of a semiconductor in
air generally occurs on a length scale of a few atomic layers (< 1 nm) while the wavelength
of visible light is on the order of 500 nm, so the three-phase model is an excellent
approximation for this type of system in the absence of any excitation. [Potter 1969]
Following an intense optical excitation, the three-phase model will be valid in certain
regimes but not valid in others. The surface of a semiconductor will lose its sharpness
following an intense excitation if the excitation is sufficiently above the damage threshold
to ablate material. [Wang and Downer 1992]

However, for femtosecond laser-pulse

excitation, a time lag exists between the excitation and the onset of macroscopic changes in
the sample surface. Ablation of material from the surface becomes important only after a
pump-probe time delay of about 10 ps. [Saeta 1991] Thus, the three-phase model should
apply during the first 10 ps following the excitation. Furthermore, if the pump fluence is
below the damage threshold, then the excitation will not affect the validity of the threephase model even at later times. In our work, we apply the two-angle reflectivity technique

3 This

requires that optical properties of the oxide layer do not vary significantly over
the time scale of interest — the first 10 ps following the excitation.
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to time delays up to 10 ps at a wide range fluences both above and below the damage
threshold.
Another potential problem caused by the excitation is the creation of a spatial gradient
in the dielectric constant in the semiconductor by the spatial gradient of the laser intensity
in the material. The length scale of the spatial gradient in the dielectric constant will be of
the order of the penetration depth of the pump laser beam. This gradient will not be
important, however, if the penetration depth of the probe laser beam is smaller than that of
the pump beam. In our experiment, the linear penetration depth of the 1.9-eV pump beam
is 270 nm while the linear penetration depth of the 2.2-eV probe beam is 170 nm and that
of the 4.4-eV probe beam is 10 nm. Moreover, the changes in the dielectric constant
induced by the excitation act in our favor by decreasing the penetration depth at 2.2-eV by
up to a factor of 30 and that at 4.4-eV by up to a factor of 2.
Reflectivity measurements at a third angle of incidence for each probe frequency
confirm the applicability of the three-phase model and the two-angle reflectivity technique.
These extra reflectivity measurements agree well with reflectivity values calculated for the
respective third angle of incidence using our experimentally determined values of the
dielectric constant. This agreement shows that the relationship between the dielectric
constant and the reflectivity at a given angle of incidence is correctly described by the
combination of Eqs. (3.1) and (3.12) throughout the regime of pump-probe time delays and
pump fluences which we studied.

– 74 –

Chapter 4: Behavior of the Linear Optical Susceptibility
Reflectivity and second-harmonic generation studies of femtosecond laser-excited
semiconductors show evidence of rapid changes in the material (within a few hundred
femtoseconds) following the excitation. [Downer, Fork et al. 1985; Govorkov, Shumay et
al. 1991; Saeta, Wang et al. 1991; Shank, Yen et al. 1983a; Sokolowski-Tinten, Schulz et al.
1991; Tom, Aumiller et al. 1988] However, the nature of these material changes is buried in
the results of these experiments. Interpretation of reflectivity and second-harmonic
generation results is difficult because these quantities do not directly yield the behavior of
intrinsic material properties. In particular, the reflectivity at a particular wavelength
depends on both the real and imaginary parts of the dielectric constant at that wavelength.
Furthermore, the measured second-harmonic radiation depends on the dielectric constant at
both the fundamental and second-harmonic wavelengths as well as on the second-order
susceptibility. The amount of information in the linear reflectivity and second-harmonic
generation measurements, therefore, is not sufficient to uniquely determine the behavior of
the linear or nonlinear optical material properties.
Without direct determination of the time-evolution of the dielectric constant,
interpretation of reflectivity and second-harmonic data has relied to date on making
assumptions about the form of the dielectric constant. Specifically, it has been assumed that
the changes to the dielectric constant induced by the excitation are dominated by the free
carrier contribution to the optical susceptibility, allowing the changes in the dielectric
constant to be modeled using a single-parameter Drude model. [Kurz and Bloembergen
1985; Saeta, Wang et al. 1991; Shank, Yen et al. 1983b] While this type of assumption is
useful at lower excitation regimes, it can be misleading in the case of laser-induced
disordering experiments. Misinterpretation of the data may arise because a single-incidentangle reflectivity value does not correspond to a unique value of the dielectric constant.
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Thus, one can reproduce single-incident-angle reflectivity data using dielectric constant
values that are completely different from the actual ones.
To avoid relying on an assumed form for the dielectric constant in interpreting the
results of femtosecond pump-probe experiments on GaAs, we1 directly determined the time
evolution of the real and imaginary parts of the dielectric constant at photon energies of 2.2
eV and 4.4 eV following excitation with an intense, 70-fs pump pulse at 1.9 eV. [Siegal,
Glezer et al. 1994a; Siegal, Glezer et al. 1994b; Siegal, Glezer et al. 1994c] To obtain two
independent measured quantities at each probe frequency, we measured the p-polarized
reflectivity at two different angles of incidence using two simultaneous 70-fs probe beams.
We then converted each measured pair of reflectivities to the real and imaginary parts of the
dielectric constant as a function of pump-probe time delay. We verified that our two-angle
technique yielded dielectric constant values consistent with reflectivity measurements at a
third angle of incidence. The data we present in this paper show that for excitation fluences
on the order of 1 kJ/m2, the Drude model does not adequately describe the induced
changes to the dielectric constant. The results indicate that the interband transition
contribution to the optical susceptibility dominates the behavior of the dielectric constant,
and not the free carrier contribution as has been generally assumed. This conclusion suggests
that the reflectivity rise following high-intensity femtosecond laser-pulse excitation of
semiconductors [Govorkov, Shumay et al. 1991; Saeta, Wang et al. 1991; Shank, Yen et al.
1983b; Sokolowski-Tinten, Schulz et al. 1991; Tom, Aumiller et al. 1988] is due to
dramatic changes in the electronic band structure which result from the excitation.

4.1 Optical Properties and Electronic Structure
The linear response of a material to an applied electric field E oscillating at an angular
frequency ω takes the form of an electric polarization P(ω) = χ(1)(ω )E(ω ), where χ (1)(ω) is
the linear optical susceptibility of the material at frequency ω. This polarization leads to an
1 These

experiments were performed by Eli Glezer, Li Huang, and Yakir Siegal.
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electric displacement in the material given by D(ω) = E(ω) + 4πP(ω) = ε(ω)E(ω), where

ε(ω) = 1 + 4πχ(1)(ω ). [Jackson 1975] The dielectric function ε ( ω ), or equivalently the
linear optical susceptibility χ(1)(ω), is the macroscopic material property which determines
all of the linear optical properties of the material, including reflectivity and absorption
length.
The response of the charged particles in a material to an applied electric field determines
the form of the dielectric function of the material. In principle, the electric field couples to
all the charged particles in the material: electrons and ions. However, an electric field
oscillating at optical frequencies produces a negligible response from the heavier ions
compared to the response of the electrons. While lattice vibrations can contribute to the
dielectric function for frequencies in the far infrared, the electronic structure of a material
alone determines its dielectric function at frequencies at or above the near infrared, which is
the relevant frequency range for this discussion.

4.1.1 Classical Oscillator Model for the Dielectric Function
Classically, and in the frequency range in which one can ignore the lattice response to
the electric field, one can think of the electrons in a material as charged particles of mass m
and charge e, each attached by a spring to an infinitely massive ion. Each electron then
corresponds to a harmonic oscillator of resonant frequency ωi and damping coefficient Γi .
To calculate the dielectric constant for such a system, we first examine the polarization
induced in a single such harmonic oscillator with resonant frequency ωo and damping
coefficient Γ by an electric field E oscillating at frequency ω . The displacement amplitude
x(ω) of the bound electron caused by the field is given by [Jackson 1975]
e E(ω )
= x (ω ) + Γ x (ω ) + ω 2o x ( ω )
m
= (−ω 2 + i ωΓ + ω o2 ) x ( ω ).
The resulting dipole moment p(ω) = ex(ω) then is
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(4.1)

e 2 E(ω )
p( ω ) =
.
m ( ω o2 − ω 2 + i ωΓ )

(4.2)

Since the total electric polarization density P(ω ) = χ(1)(ω )E(ω ) is equal to the sum of
the dipole moments in a unit volume, the dielectric constant for a collection of N such
harmonic oscillators per unit volume is given by the expression
4 πNe 2
ε (ω ) = 1 +
.
m ( ω o2 − ω 2 + iωΓ )
We can separate this dielectric function into the following real and imaginary parts:
4 πNe 2
ω 2 − ω o2
Re[ε ( ω )] = 1 −
,
m ( ω 2 − ω 2o ) 2 + (ωΓ ) 2
4 πNe 2
ωΓ
and
Im[ ε ( ω )] =
.
2
m ( ω − ω 2o ) 2 + (ωΓ ) 2

(4.3)

(4.4a)
(4.4b)

Figure 4-1 shows the real and imaginary parts of the single-oscillator dielectric function
plotted versus frequency. This dielectric function shows a characteristic peak in Im(ε) and
zero-crossing in Re(ε) at the resonant frequency of the harmonic oscillator.
To take into account different groups of electrons in a material, the single-oscillator
model can be generalized to a multiple-oscillator model. In this generalization, we assume
that group i, containing a fraction fi of the total number of electrons, corresponds to a set of
oscillators with resonant frequency ωi and damping coefficient Γi . This gives a dielectric
function of the form [Jackson 1975]

4πNe 2
ε (ω ) = 1 +
m

∑ (ω
i

2
i

fi
.
− ω 2 + iωΓ i )

(4.5)

In the case of a semiconductor, one can think of ω i > 0 corresponding to bound electrons
and ωi = 0 corresponding to free electrons.
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For a direct-gap semiconductor, the contribution from the bound electrons involves
direct interband electronic transitions and therefore depends very sensitively on the band
structure. In contrast, the free electron contribution involves phonon-assisted intraband
electronic transitions and is relatively insensitive to changes in the band structure. Because
of the different nature of the bound electron and free electron contributions to the
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(2ωo Γ)–1
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Γ

0
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Re( ε)

(2ωo Γ)–1
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–(2ωo Γ)–1

0

ωo

ω

2ωo

Fig. 4-1 Typical dielectric function for an electron bound in a harmonic
oscillator potential.
dielectric function, it is useful to write the dielectric constant as

ε (ω ) = 1 + 4π [χ interband (ω ) + χ Drude (ω )] ,
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(4.6)

where χ interband(ω) describes the interband transitions that give rise to the bound electron
contribution, χDrude(ω) is the free carrier contribution and can be written in a Drude model
[Ashcroft and Mermin 1976] form. The next two subsections examine each of these two
contributions more closely.

4.1.2 Interband Transition Contribution to the Dielectric Function
The interband transition contribution to the dielectric function arises from the coupling
of states in different bands through the applied electric field. One can derive a quantum
mechanical expression for χinterband(ω ) using a perturbation theory approach. The lowestorder perturbative coupling comes from an electric dipole interaction ex⋅E, [Shen 1984]
where e is the charge of the electron, x is the position operator and E is the electric field.
For a direct-gap semiconductor, we define the interband position matrix element
xmn(k) ≡ <n,k|x|m,k>, where k is the crystal momentum and m and n are band indices
(using the same crystal momentum for both the initial and final states enforces the direct
transition condition). Furthermore, we take fn(k) to be the probability that state k in band n
is occupied by an electron. Then we can write for an isotropic, direct-gap semiconductor
[Philipp and Ehrenreich 1963; Shen 1984]
2e 2
2
χ interband (ω ) =
d 3k ∑ x mn (k) [ f m (k) − f n (k)] ×
3 ∫
(2 π ) 
m ,n
⎡
⎤
1
1
⎢⎣ ω mn (k ) − ω − iΓ mn (k) + ω mn (k) + ω + i Γ mn (k ) ⎥⎦,

(4.7)

where  ω mn(k) = En(k) – Em(k) is the energy difference between the states |n,k> and
|m,k>, Γmn(k) is a dephasing time associated with the transition, and the k-space integral
runs over the Brillouin zone. A classical oscillator analogy becomes apparent when one
notes that for small Γ mn(k), each term in the integrand of Eq. (4.7) is proportional to
[ωmn(k)2 – ω2 – i2ωΓmn(k)]–1, which has the same form as the single-oscillator model for χ(ω )
in Eq. (4.3).
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The imaginary part of χinterband(ω) most clearly illustrates the direct relationship between

χ interband(ω) and the electronic band structure. Using the general relation for the limit γ→0,
⎛ 1 ⎞
Im ⎜
= − πδ ( x ) ,
(4.8)
⎝ x + iγ ⎠
we can write the imaginary part of χinterband(ω) as
2
2e 2
Im[ χ interband ( ω )] = −
d 3k ∑ x mn (k) [ f m (k ) − f n (k)] ×
3 ∫
( 2π ) 
m ,n

{δ [ω

mn

(k ) − ω ] + δ [ω mn (k ) + ω ]}.

In the ground state, fvalence bands(k) = 1 and fconduction bands(k) = 0 so that
2
2
3
Im[ χ interband ( ω )] ∝
δ [ω mn (k) − ω ] .
3 ∫ d k ∑ x mn (k)
( 2π )
m ,n

(4.9)

(4.10)

In general it is reasonable to assume that ω2|xmn(k)|2 is roughly a constant,2 so we can pull it
out of the integral in Eq. (4.10) to give the approximate relation [Cohen and Chelikowsky
1988; Harrison 1989]

1
2
3
2 ∑
3 ∫ d k δ [ω mn (k ) − ω ]
ω m ,n (2 π )
1
=
J (ω ),
ω2

Im[ χ interband ( ω )] ∝

(4.11)

where J(ω) is the joint density of states of the material. The quantity J(ω)dω gives the total
number of direct transitions in the electronic band structure in which the energy separation
between the initial and final states is between ω and ω + dω. Thus, the joint density of
states provides a direct link between the electronic band structure and the interband
transition contribution to the dielectric constant.
Most Group IV and III-V semiconductors have qualitatively similar joint densities of
states, leading to similar dielectric functions in the ground state.3 [Cohen and Chelikowsky
2 The

dielectric function can be calculated using either position (x) or momentum
(∂/∂x) matrix elements. In this discussion, I use the position matrix element because it
better shows the connection to the classical oscillator description in Section 4.1.1.
However, the momentum matrix element, which is proportional to ω2|xmn(k)|2 is the one
that is generally held constant in calculations. [Cohen and Chelikowsky 1988; Harrison
1989]
3 The ground state of a semiconductor corresponds to fully occupied valence bands and
completely empty conduction bands.
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1988; Harrison 1989; Philipp and Ehrenreich 1963] The solid curves in Fig. 4-2 show both
the real and imaginary parts of the dielectric function of undoped GaAs at room
temperature.4 [Palik 1985] The three main features labeled Eo, E1, and E2 are common to
the Group IV and III-V semiconductors although their locations and the relative sizes of
these features vary from material to material. The point Eo (at 1.4 eV for GaAs) marks the
fundamental band edge below which Im(ε) is zero; E1 and E2, (located at 3.0 eV and 4.75
eV, respectively, for GaAs [Aspnes, Schwartz et al. 1981]) label the two main absorption
peaks in the spectrum. These peaks arise from regions in the band structure (the region
around the L-point for the E1 peak and the region around the X-point for the E2 peak —
see GaAs band structure diagram in Fig. 4-3) in which the valence band is roughly parallel
to the conduction band, resulting in a large joint density of states for direct interband
transitions. [Cohen and Chelikowsky 1988] The E2 peak, coincident with the zero-crossing
in Re(ε), is the stronger of the two absorption peaks, and its location approximately gives
the value of the average bonding-antibonding splitting of GaAs. [Harrison 1989]

4 The

thermally-excited free-carrier density at room temeperature in GaAs is on the
order of 106 cm–3, [Seeger 1991] which is negligible compared to the total valence electron
density of order 1023 cm–3. So, for our purposes, we can think of GaAs at room
temperature as the ground state with totally filled valence bands.
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Fig. 4-2 Dielectric function of GaAs. The solid curves show the dielectric
function taken from the literature (after Palik 1985). the dashed curves
show a fit of the single-oscillator dielectric function to the solid curves. Eo
labels the fundamental absorption edge, corresponding to the minimum band
gap while E1 and E2 label the two main absorption peaks.
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Fig. 4-3 A section of the electronic band structure of GaAs (after
Chelikowsky 1976) showing some of the regions that contribute to the E1
and E2 absorption peaks in the dielectric function.

The overall shape of the GaAs dielectric function (i.e., the solid curves in Fig. 4-2)
resembles qualitatively that in Fig. 4-1. We can think of the GaAs dielectric function in
terms of a single average harmonic oscillator as described by Eq. (4.3) with N equal to the
total density of valence electrons, the resonant frequency ωo corresponding to the average
bonding-antibonding splitting, [Cohen and Chelikowsky 1988] and Γ related to the width of
the energy bands. The dashed curves in Fig. 4-2 represent a fit of Eq. (4.3) to the groundstate dielectric function of GaAs. While this type of picture does not describe the structure
in the semiconductor dielectric function very well, it provides a simple physical
interpretation for the overall shape and highlights some important characteristics. In
particular, it illustrates that the main interband absorption peak in the semiconductor
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dielectric function has the same features as an oscillator resonance: a zero-crossing in the
real part coinciding with a peak in the imaginary part. This identification will be of
importance in the interpretation of the data presented in Section 4.3.

4.1.3 Free-Carrier Contribution to the Dielectric Function — The Drude Model
The free carrier contribution to the dielectric constant of a semiconductor is generally
treated in the framework of the Drude model for the ac conductivity of free electrons.
[Fauchet and Li 1987; Kurz and Bloembergen 1985; van Driel 1987] In this model, we
take the equation of motion for the momentum p of a free electron with charge e in the
presence of an applied electric field E to be [Ashcroft and Mermin 1976]
dp
p
= −
+ e E,
dt
τ

(4.12)

where τ is the mean collision time for the electrons. If the electric field oscillates with a
frequency ω, then Eq. (4.12) becomes

e E( ω )

p( ω ) =

⎛
1
−iω + ⎞
⎝
τ⎠

.

(4.13)

Substituting Eq. (4.13) into the relation j = Nep/m = σ E, with j the current density
induced by the electric field, N the electron density and m the electron mass, we obtain the
following expression for the ac conductivity: [Ashcroft and Mermin 1976]
Ne 2 τ
σ( ω) =
.
m (1 − i ωτ )

(4.14)

Note that σ(0) = Ne2τ/m, thus relating the mean collision time τ to the dc conductivity.
Using χ ( ω ) = i σ / ω , we arrive at the following result for the free-electron optical
susceptibility χDrude(ω ):

χ Drude ( ω ) =

iNe 2τ
.
m ω (1 − i ωτ )

(4.15)

A few modifications need to be made to Eq. (4.15) to properly account for the response
of free charge carriers in a semiconductor (as opposed to truly free electrons) to an applied
electric field. First of all, the effective inertia of a free carrier depends on the curvature of
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the band in which the free carrier moves. An electron in a band with high curvature
responds to a force with a bigger acceleration than an electron in a band with a low
curvature. [Ashcroft and Mermin 1976]

To account for the difference between

semiconductor bands and true free electron bands, therefore, we replace the electron mass
m with an effective mass m* that is inversely proportional to the curvature of the band in
which the free carrier is located. Secondly, the free carrier optical response of a
semiconductor comes from both electrons in the conduction bands and holes in the valence
band. Incorporating these modifications into Eq. (4.15) leads to the expression
⎤
ie 2 ⎡
Ne τ e
N h τh
χ Drude ( ω ) =
+
⎥,
ω ⎢⎣ m e*(1 − i ωτ e )
m *h (1 − i ωτ h ) ⎦

(4.16)

where the subscript e refers to electrons and the subscript h refers to holes. If the free
carriers are produced by optical excitation, then N e = Nh = N, where N is the number of
electron-hole pairs created by the excitation. Defining a reduced effective mass m* such that
1/m* = 1/me* + 1/mh* and assuming that τe ≈ τh ≈ τ, Eq. (4.16) reduces to Eq. (4.15) with
m→m* for the case of optical excitation.
The general shape of the Drude optical susceptibility is very different from that of the
optical susceptibility near an interband transition resonance. The real and imaginary parts of

χ Drude(ω) are given by
Re[χDrude (ω )] = −
and

Im[ χ Drude (ω )] =

Ne 2 τ 2
m * (1 + ω 2 τ 2 )

⎛ 1 ⎞
Ne 2 τ 2
.
⎝ ωτ ⎠ m * (1 + ω 2 τ 2 )

(4.17a)
(4.17b)

Eqs. (4.17a-b) show that Re[χDrude(ω)] is a featureless, monotonically-increasing function of

ω while Im[χDrude(ω)] is a featureless, monotonically-decreasing function of ω. If ωτ >> 1,
which is generally the case for semiconductors in the visible frequency range, the magnitude
of the imaginary part is much smaller than that of the real part, and we can write

χ Drude(ω) ≈ –ωp 2/4πω2, where ωp ≡ [4πNe2/m*]–1/2 is called the plasma frequency. The Drude
dielectric function ε(ω) = 1 + 4πχDrude(ω) goes through a resonance at ω = ωp as Re[ε(ω)]
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passes through zero. This plasma resonance corresponds to the excitation of plasmons, or
collective oscillations of the free-carrier charge density. [Ashcroft and Mermin 1976] Note
that Im[ε (ω )] continues to decrease as a function of ω at a plasma resonance, in sharp
contrast to the peak shape of Im[ε(ω)] at an interband transition resonance. At fixed ω in a
semiconductor, one can in principle go through a plasma resonance by increasing the free
carrier density N. In this case, Re[ε(N,ω )] decreases through zero as the carrier density
increases while the Im[ε(N,ω)] increases monotonically with carrier density.

4.1.4 Standard Assumption for ε(ω) Following Laser Excitation
As evidenced by changes observed in the reflectivity following the laser pulse excitation,
excitation of a semiconductor with a laser pulse modifies the dielectric constant of the
material. [Downer, Fork et al. 1985; Govorkov, Shumay et al. 1991; Kurz and
Bloembergen 1985; Liu, Malvezzi et al. 1985; Malvezzi, Kurz et al. 1985; Saeta 1991;
Shank, Yen et al. 1983a; Tom, Aumiller et al. 1988] The model generally used for the timedependent dielectric function ε (ω ,t) of a semiconductor following laser-pulse excitation
involves the assumption that the interband contribution to the susceptibility does not
change significantly as a result of the excitation: χ interband(ω,t) ≈ χinterband(ω ,t = −∞).
[Othonos, van Driel et al. 1989; Shank, Yen et al. 1983b]

Under this assumption the

changes in the dielectric function are taken to be due mainly to the time dependence of

χ Drude(ω,t), arising from the time-dependent free-carrier density N(t) produced by the laser
pulse excitation. In other words, the effect of the excitation on the dielectric constant is
assumed to be dominated by changes in the free-carrier contribution to the optical
susceptibility. In terms of Eqs. (4.6) and (4.15), we can express this model as
⎡
iN (t )e 2 τ ⎤
ε (ω , t ) = 1 + 4π ⎢ χ interband (ω , t = −∞) +
.
m ω (1 − i ωτ ) ⎥⎦
⎣

(4.18)

The free-carrier density N(t) created by the laser-pulse excitation depends on the
excitation fluence φ. At a fixed time t after the excitation, N(φ, t) increases monotonically
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with excitation fluence. So according to Eq. (4.18) one would expect Re[ε (ω , φ , t)] to
decrease monotonically and Im[ε ( ω , φ , t)] to increase monotonically with increasing
excitation fluence. Furthermore, with ωτ >> 1, the increase in Im[ε(ω, φ, t)] should show
be only slight.
While this Drude-like model for the dielectric constant of a laser-excited
semiconductor, with minor revisions, can successfully be used for describing data at low and
moderate carrier excitation levels (N ≤ 1020 cm–3), [Choo, Hu et al. 1993; Othonos, van
Driel et al. 1991] the data we present below show that it cannot be used to analyze
reflectivity data at high carrier excitation levels (N ≥ 1021 cm–3). The experimental results
in Section 4.3 show that, in this strong excitation regime, the response of the dielectric
function to the laser pulse excitation is dominated by changes in the interband transition
contribution to the dielectric constant resulting from a major alteration of the electronic
band structure. The difference between the expected behavior of ε(ω,φ,t) based on previous
assumptions and the experimentally observed behavior will be highlighted in Section 4.3.5.

4.2 Experimental Set-up
4.2.1 Two-Color Amplified Femtosecond Laser System
The results presented in this chapter involve two sets of measurements made using a
two-color pump-probe technique. One set consists of data taken using a 70-fs, 1.9-eV
pump beam and a simultaneous pair of 70-fs, 2.2-eV probe beams while the other set
consists of data taken using the same pump beam conditions but a doubled probe photon
energy of 4.4 eV. To generate pump and probe beams at different frequencies, we pass the
amplified output of a colliding pulse modelocked laser through a 20-mm, single-mode,
polarization-preserving optical fiber. [Wang, Siegal et al. 1992] Self-phase modulation in the
fiber broadens the spectrum of the input pulse from 5 to 200 nm. By splitting this
continuum beam with a broadband beamsplitter, we can independently amplify different
spectral regions within the 200-nm bandwidth using two separate amplifier chains. A
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three-stage amplifier using the dye DCM produces a 300-µJ pump beam centered at 635 nm
with a 20-nm bandwidth; a two-stage amplifier using the dye Rhodamine 6G produces a
30-µJ probe beam centered at 570 nm with a 10-nm bandwidth. Both amplifiers are
pumped by a frequency-doubled, 10-Hz Nd:YAG laser. Following amplification, each beam
is compressed by a separate grating pair to about a 70-fs pulse width (FWHM).

4.2.2 Time-Resolved Determination of the Dielectric Constant
To determine both the real and imaginary parts of the dielectric constant of GaAs with
femtosecond time resolution, we simultaneously measure the reflectivity at two different
angles of incidence as a function of pump-probe time delay. In the 2.2-eV experiment, the
pair of probe beams is produced simply by splitting the 570-nm beam in two. In the 4.4-eV
experiment, we first double the 570-nm beam in a 100-µm thick BBO crystal before
splitting the beam. The probing geometries for both experiments are summarized in Fig. 44. In both cases, the incident beams are polarized in the plane of incidence and are focused
onto the same spot on an insulating (110) GaAs wafer (Cr doped, ρ > 7×107 Ω cm), which
is exposed to air. To monitor a uniformly excited region, we focus the probe beams more
tightly than the pump beam: the probed surface area is about 16 times smaller than the
0.01-mm2 focal area of the pump beam on the sample. Uniform excitation in the probed
region is further assured by the smaller penetration depth of the probe beams (between 5
and 170 nm at 2.2 eV and 5 and 10 nm at 4.4 eV)5 compared to that of the pump beam
(270 nm). The pump pulse fluence at each pump-probe time delay spans a range from 0 to
2.5 kJ/m2 . The probe beam fluence never exceeds 0.1 kJ/m2 so as not to produce any
detectable changes in the dielectric constant. To avoid cumulative damage effects, we

5 Our

experimental results show major changes in the dielectric constant following
excitation by the pump beam. Since the penetration depth is determined by the dielectric
constant, its value when the probe beam arrives at the sample depends on the strength of
the excitation and on the pump-probe time delay.
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translate the sample during data collection so that each data point is obtained at a new spot
on the sample.
We convert each pair of reflectivity measurements to the corresponding real and
imaginary parts of the dielectric constant by numerically inverting the Fresnel formula for
reflectivity as a function of incident angle. Setting one of the probe beam angles of
incidence to the Brewster angle provides good sensitivity in distinguishing changes in Re(ε)
from changes in Im(ε) because the p-polarized reflectivity at this angle is determined mainly
by Im(ε). [Greenaway and Harbeke 1968] We base our choice of the second incident angle,
which is not as critical, on constraints in the experimental setup. The two angles of
incidence for the 2.2-eV measurements were 75.8° and 70.9°; in the 4.4-eV measurements
we used 76.0° and 58.5°. To keep the angular separation between pump and probes small,
we used a 63° incident angle for the pump beam in the 2.2-eV experiment and a 68°
incident angle in the 4.4-eV experiment.
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pumped area
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All beams
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θpump

Rp ( θ1 )

Rp ( θ2 )

probe
wavelength

θ1

570 nm (2.2 eV)

70.9° 75.8° 63°

285nm (4.4 eV)

58.5° 76.0° 68°

θ2

θ pump

Fig. 4-4 Probing geometry with table of incident angles for the 2.2-eV and
4.4-eV measurements. All beams are p-polarized.

Because the GaAs surface oxidizes in air, we use a three-phase model (air-oxide-GaAs)
in converting the reflectivity measurements to dielectric constant. Surface roughness effects
can also be accounted for in this type of model with the proper oxide layer effective
thickness. [Potter 1969] We calibrate the effective thickness of the oxide layer by
measuring reflectivity as a function of incident angle in the absence of excitation by a pump
pulse. Using the ground-state dielectric constant of GaAs [Palik 1985] and a value of ε = 4
for the dielectric constant of the oxide layer, [Potter 1969] we fit the three-phase model to
the measured angle dependence with the effective oxide layer thickness as a fit parameter.
This procedure consistently yields an effective thickness for the oxide layer of about 4 nm.
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In the 2.2-eV experiment the obtained value was 4.2 ± 0.4 nm while in the 4.4-eV
experiment the value was 4.4 ± 0.4 nm.
As a consistency check of our determination of the dielectric constant, we measured the
time-evolution of the reflectivity at a third, and completely different, angle of incidence
(45° for the 2.2-eV case and 35.5° for the 4.4-eV case) under similar pump pulse excitation
conditions at both probe frequencies. We then calculated the expected reflectivity at that
third incident angle using our experimentally determined time- and fluence-dependent
values for the dielectric constant. The measured reflectivity showed excellent agreement
with the calculated reflectivity at this third angle of incidence for both the 2.2-eV and 4.4eV data. An example is shown in Section 4.3.3.

4.3 Experimental Results
4.3.1 Dielectric Constant at 2.2 eV
Figures 4-5 and 4-6 summarize the experimental data on the dielectric constant at 2.2
eV. In Fig. 4-5, Re(ε) (filled circles) and Im(ε) (open circles) are plotted vs. pump-probe
time delay for four different excitation fluences; in Fig. 4-6, Re(ε) and Im(ε) are plotted vs.
pump fluence at four different time delays. As these plots clearly show, the change induced
in the dielectric constant by the pump pulse excitation is completely different from that
expected from the free carrier contribution to the optical susceptibility. At pump fluences
near 1 kJ/m2, Im(ε) starts at an initial value of about 2, rises to a peak near 60, and then
drops to somewhere between 10 and 15 — a strong contrast to the slight, featureless
increase predicted by the Drude model. Re( ε ), meanwhile, initially decreases slightly but
then increases before dropping sharply through zero. Note that the zero-crossing of Re(ε)
coincides with the peak in Im(ε).
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Fig. 4-5 Dielectric constant at 2.2 eV vs. pump-probe time delay for four
different pump fluences. ●: Re(ε), ●: Im (ε).
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The results shown in Figs. 4-5 and 4-6 indicate that a strong absorption peak comes into
resonance with the probe frequency as a result of the excitation. The resonance behavior is

Fig. 4-6 Dielectric constant at 2.2 eV vs. pump fluence for four different
pump-probe time delays. ●: Re(ε), ●: Im (ε).
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most striking in Fig. 4-6 because the features are particularly sharp when plotted versus
pump fluence. This behavior cannot arise from a free carrier plasma resonance but, rather,
must result from an interband absorption peak because the zero-crossing in Re( ε ) is
accompanied by a peak in Im(ε) rather than by a steady increase. From the behavior of
Re(ε) both in time and as a function of pump fluence, we can infer the behavior of this
interband absorption peak. Near an absorption peak, Re(ε) must be positive for frequencies
below the resonant frequency and negative for frequencies above the resonant frequency.
Thus, as can be seen in the time evolution of Re(ε) in Fig. 4-5, the resonant frequency of
the absorption peak evident in the data starts out above the probe frequency and then
sweeps down through the probe frequency as a result of the excitation.
The rate at which the resonant frequency of the absorption peak drops through the
probe frequency depends on the strength of the excitation: the higher the pump fluence, the
faster Re(ε) drops through zero. Figure 4-7 illustrates this dependence by showing the time
delay at which Re(ε) crosses through zero plotted vs. pump fluence. For fluences around
2.0 kJ/m2, the absorption peak comes into resonance with the probe frequency within a
few hundred femtoseconds; at fluences just above 0.8 kJ/m2, on the other hand, the
absorption peak takes on the order of 10 picoseconds to come into resonance. For fluences
below 0.8 kJ/m2, Re(ε) never goes through zero, indicating that the excitation is not strong
enough to bring the resonant frequency of the peak down to the probe frequency.
The dashed line in Fig. 4-7 at 1.0 kJ/m2 indicates the threshold fluence for permanent
damage to the sample. We determined this threshold by correlating pump pulse fluence with
the size of damage spots on the sample measured through a microscope. Above the damage
threshold the pump pulse induces irreversible changes in the sample while below the
damage threshold the induced changes are reversible. Measurements taken several seconds
after the excitation confirm that the dielectric constant eventually returns to its initial value
for fluences below the damage threshold. Note, however, that the absorption peak comes
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into resonance with the probe frequency even for pump fluences below this damage
threshold.

4.3.2 Qualitative Picture — Band-Gap Collapse
It is useful at this point to develop a qualitative interpretation of the data presented in
the preceding section; a more quantitative analysis of the results will appear in Section 4.4.
The first step in interpreting the data is to attach a physical significance to the interband
absorption peak. As discussed in Section 4.1.2, the dielectric function of GaAs can be

20

12

8

damage threshold

time delay (ps)

16

4

0
0.5

1.0

1.5

2.0

pump fluence (kJ/m2)
Fig. 4-7 Pump-probe time delays at which Re(ε) = 0 for different pump
fluences. The solid curve is a fit of Eq. (4.19) to the data with ωo(φ, t) =
2.2 eV (see Section 4.4.1). the dashed line corresponds to the damage
threshold of 1.0 kJ/m2. Above this fluence, the induced changes in the
material are irreversible while below this fluence, the induced changes are
reversible.
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approximated by that of a single harmonic oscillator with a resonant frequency equal to the
average bonding-antibonding splitting, which corresponds to the average separation
between the valence band and the conduction band. [Cohen and Chelikowsky 1988]
Identifying the interband absorption peak in the data with the harmonic oscillator
absorption peak, we can think of the shift in this peak as a drop in the average bondingantibonding splitting. In GaAs, the average bonding-antibonding splitting in the ground
state is about 4.75 eV. [Aspnes, Schwartz et al. 1981; Harrison 1989] The 2.2-eV data then
suggest that the laser-pulse excitation induces a drop in the average bonding-antibonding
splitting from 4.75 eV to below 2.2 eV.
Figure 4-8 illustrates schematically the qualitative picture that emerges from the 2.2-eV
data. The average bonding-antibonding splitting ΔEb-a starts out far above 2.2 eV, so the
probe photon energy lies at the foot of the single-oscillator absorption peak where Im(ε) is
small (step 1 in Fig. 4-8). As a result of the excitation (represented by the hammer blow in
the figure), ΔEb-a begins to decrease, leading to a downward shift in the resonant frequency
of the single-oscillator absorption peak and therefore a rise in Im(ε) at 2.2 eV (step 2 in Fig.
4-8). As ΔEb-a drops past 2.2 eV (step 3 in Fig. 4-8), Im(ε) goes through a peak. If ΔEb-a
drops far enough, the minimum in the conduction band will drop below the maximum in
the valence band and the semiconductor will take on metallic properties (step 4 in Fig. 4-8).
The 2.2-eV dielectric constant at high fluences and long time delays, after the collapse of
the bandgap, is consistent with the characteristics of a poor metal and is similar to that of
liquid silicon [Fauchet and Li 1987] and liquid carbon [Reitze, Ahn et al. 1992] produced by
laser pulse excitation.
This interpretation of the 2.2-eV results in terms of a drop in the average bondingantibonding splitting allows us to predict qualitatively the behavior of the dielectric
constant at different photon energies under similar excitation conditions. In particular, for a
given excitation strength, the dielectric constant at a probe photon energy between 2.2 eV
and 4.75 eV should exhibit resonance features at an earlier pump-probe time delay than the
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Fig. 4-8 Schematic representation of band-gap collapse. The pump pulse,
represented here by the hammer blow, leads to a drop in the average
bonding-antibonding splitting from its initial value of about 4.75 eV to
below the probe photon energy of 2.2 eV. If the minimum in the
conduction band drops below the maximum in the valence band, the
material takes on metallic properties. The drop in the average bondingantibonding splitting appears as a shift in the main absorption peak in the
dielectric function, as illustrated in the figure. cb: conduction band; vb:
valence band; ΔEb− a : average bonding-antibonding splitting; ω : probe
photon energy.
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dielectric constant at 2.2 eV. Equivalently, for a fixed pump-probe time delay, the dielectric
constant at a probe photon energy in the above range should exhibit resonance features at a
lower pump fluence than the dielectric constant at 2.2 eV.

Fig. 4-9 Dielectric constant at 4.4 eV vs. pump-probe time delay for four
different pump fluences. ●: Re(ε), ●: Im (ε).
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Fig. 4-10 Dielectric constant at 4.4 eV vs. pump fluence for four different
pump-probe time delays. ●: Re(ε), ●: Im (ε).
4.3.3 Dielectric Constant at 4.4 eV
To verify the interpretation described in the preceding section, we measured the
behavior of the dielectric constant at 4.4 eV, which is only slightly below the initial value of
the average bonding-antibonding splitting of GaAs. Figures 4-9 and 4-10A summarize the
data at 4.4 eV. Figure 4-9 presents the time-dependence of the 4.4-eV dielectric constant at
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the same four pump fluences shown in Fig. 4-5, and Fig. 4-10 shows the fluence
dependence of the 4.4-eV dielectric constant for fixed pump-probe time delay. As expected
on the basis of the interpretation in the preceding section, the dielectric constant in Figs. 49 and 4-10 exhibits a behavior similar to that in Figs. 4-5 and 4-6. Note that at equal pump
fluence the peak in Im(ε) and the zero-crossing in Re(ε) occur at earlier time delays in the
4.4-eV case than in the 2.2-eV case. Correspondingly, these features occur at lower fluences
in the 4.4-eV data than in the 2.2-eV data for equivalent time delays. This behavior stands
out in Fig. 4-11, which adds to Fig. 4-7 the corresponding points for the 4.4-eV results.
Re(ε) at 4.4 eV crosses zero for fluences as low as 0.5 kJ/m2 compared to the minimum
fluence of 0.8 kJ/m2 required for a zero-crossing at 2.2 eV.
The behavior of the dielectric constant at 4.4 eV is indeed consistent with the picture
described in Section 4.3.2 of a drop in the average bonding-antibonding splitting. Following
the pump pulse excitation, ΔEb-a drops from its initial value of about 4.75 eV first past 4.4eV and then continues down past 2.2-eV. A stronger excitation causes a faster drop through
both probe frequencies. At pump fluences between 0.5 kJ/m2 and 0.8 kJ/m2, the
excitation is strong enough to bring the resonant frequency of the absorption peak below
4.4 eV but not all the way down to 2.2 eV. Note that since 4.4 eV is close to the initial
value of the average bonding-antibonding splitting, Im[ε(4.4 eV)] does not rise much above
its initial value before coming down.
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Fig. 4-11 Pump-probe time delays at which Re(ε) = 0 for different pump
fluences at both 2.2 eV and 4.4 eV. The dashed curve through the 4.4 eV
data points is drawn to guide the eye while the solid curve is the same as the
one in Fig. 4-7. ●: 4.4 eV, ●: 2.2 eV.
4.3.4 The Role of Free-Carrier Contributions
The striking resonance behavior we observe indicates that the response of the dielectric
constant to the excitation is dominated by changes in the electronic band structure rather
than by free-carrier contributions to the optical susceptibility. However, this does not mean
that the free-carrier contributions are absent. One can get a sense for the size of these
contributions to the optical susceptibility by looking at low fluence data where the band
structure changes are not strong enough to overwhelm the free-carrier effects. At 0.5
kJ/m2, for example, Re(ε) at 2.2 eV shows an almost instantaneous decrease followed by a
slower recovery (see Fig. 4-5). At this fluence, which is significantly below the damage
threshold, we expect the band structure changes to be relatively small. Furthermore, based
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on the slope of the dielectric function vs. photon energy at 2.2 eV, a drop in the average
bonding-antibonding splitting should lead to a slight increase in Re(ε). Therefore, the initial
decrease must result from the Drude term contribution of the excited free carriers.6 As the
free carrier population decreases due to strong Auger recombination, the Drude term
contribution decreases and Re(ε ) recovers. The observed recovery time of a few
picoseconds agrees with the predicted high carrier-density Auger recombination time
predicted by Yoffa. [Yoffa 1980] At fluences exceeding 0.6 kJ/m2, however, the band
structure resonance behavior is so strong that it masks the Drude term contributions to the
dielectric constant.

4.3.5 Comparison of Observed Behavior with Expected Behavior
Figure 4-12 highlights the unexpected nature of the experimental results by comparing
the observed behavior of the dielectric constant with that expected based on the standard
assumption expressed in Eq. (4.18). This figure also illustrates the ambiguity inherent in the
interpretation of single angle-of-incidence reflectivity measurements. In both Figs 4-12a and
4-12b, the open squares in the top graph represent the measured p-polarized reflectivity at
an incident angle of 45° plotted versus pump fluence for a pump-probe time delay of 2 ps.
The bottom graph in Fig. 4-12a shows the experimentally determined dielectric constant at
2.2 eV plotted against pump fluence also at a time delay of 2 ps (this corresponds to one of
the graphs in Fig. 4-5). The x’s in the top graph of Fig. 4-12a, which show excellent
agreement with the open squares, correspond to the p-polarized, 45° reflectivity values
calculated using the dielectric constant in Fig. 4-12a. The top graph in Fig. 4-12a therefore
provides a consistency check for our two-angle technique. For comparison, the bottom of
Fig. 4-12b presents a Drude-like dielectric constant based on Eq. (4.18) that produces
effect of the Drude contributions is not noticeable in the behavior of Re(ε) at 4.4
eV because the Drude term has a 1/ω2 dependence and is therefore smaller by a factor of 4
at the higher photon energy. Also, the band structure changes at low fluences have a larger
effect on Re(ε) at 4.4 eV than at 2.2 eV because of the larger slope at 4.4 eV of Re(ε) as a
function of photon energy.
6 The
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reflectivity values (the x’s in the top graph in Fig. 4-12b) that also agree with the measured
values (shown again by the open squares).
The distinctive resonance features of Fig. 4-12a produce essentially the same reflectivity
behavior at 45° incidence as the Drude-like monotonically decreasing Re(ε) and increasing
Im(ε) of Fig. 4-12b. However, the two dielectric constants reflect very different underlying
physics: changes in χinterband(ω ) dominate the former while the latter would indicate the
prevalence of changes in χ Drude( ω ). Thus, experimental determination of the complex
dielectric constant is essential to understanding laser-induced phase transitions in
semiconductors.
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Fig. 4-12 Illustration of ambiguity in interpretation of single-angle
reflectivity measurements. The top graph in both (a) and (b) shows the 45°
p-polarized reflectivity at 2.2 eV plotted versus pump fluence for a pumpprobe time delay of 2 ps. The bottom graph shows in (a) the experimentally
determined 2.2-eV dielectric constant and in (b) a Drude-like fit to the
measured reflectivity. ×: reflectivity calculated from dielectric constant, ■ :
measured reflectivity, ●: Re(ε), ●: Im (ε).

– 105 –

4.4 Analysis and Discussion
4.4.1 Quantitative Analysis — Single- and Double-Oscillator Models
As a first attempt at developing a more quantitative picture from the qualitative one
presented in Section 4.3.2, we can construct a fluence- and time-dependent single-oscillator
model to describe the data. In developing this model, we will focus first on the 2.2 eV data.
We start by fitting the single-oscillator dielectric function Eq. (4.3) to the ground-state
dielectric function of GaAs, resulting in the dashed curves in Fig. 4-2. These curves
correspond to fit parameters of ωp = 15.2 eV,  ω o = 4.55 eV, and Γ = 2.56 eV, where
the plasma frequency ωp is defined by ωp2 = 4πNe2/m. The value of ωp extracted from the
fit closely matches the 15.5 eV plasma frequency calculated using the total valence electron
density of GaAs. [Philipp and Ehrenreich 1963] Note also that the value obtained for ωo
agrees with the average bonding-antibonding splitting of GaAs, given roughly by the 4.75eV location of the E 2 absorption peak. Thus, while the single-oscillator model smoothes
out the features of the real dielectric function, it captures the main resonance behavior.
The model in Eq. (4.3) provides a simple identification of the absorption peak in the
data in Figs. 4-5 and 4-6 as the single-oscillator resonant frequency ωo. With this
identification, the data imply that ωo depends on fluence φ and time delay t, ωo = ωo(φ, t); it
starts off at an initial value ωo(0, 0) = 4.55 eV and decreases as a result of the pump pulse
excitation. The magnitude and rate of this drop depend on the strength of the excitation.
The laser-induced drop in the resonant frequency can be described phenomenologically by
−1
⎛ T⎞
ω o (φ , t ) = 4.55 eV − C 1 +
φ,
(4.19)
⎝
t⎠
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Fig. 4-13 Single-oscillator model at 2.2 eV. The figure shows the dielectric
constant at 2.2 eV vs. pump fluence for four different pump-probe time
delays plotted together with curves derived from a single-oscillator model
for the dielectric constant. The curves are calculated by substituting Eq.
(4.19) into Eq. (4.3) with ω = 2.2 eV and are plotted up to the fluence for
which ωo = 0. ●: Re(ε), ●: Im(ε).
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where C and T are constants which can be determined from a fit to the data in Fig. 4-8
since these points indicate the fluences and times at which  ω o(φ, t) = ωprobe = 2.2 eV.
Setting the left-hand side of Eq. (4.19) equal to 2.2 eV and fitting the resulting expression
to the data points in Fig. 4-8 yields C = 3.0 eV kJ–1 m2 and T = 0.34 ps. Substituting Eq.
(4.19) with these values into Eq. (4.3) then produces an expression for the dielectric
function of GaAs as a function of fluence and time following excitation with the pump
pulse. The resulting fluence- and time-dependent dielectric constant at 2.2 eV is shown in
Fig. 4-13 together with the observed 2.2-eV dielectric constant. The curves in Fig. 4-13
represent the values obtained from the single-oscillator model, which are plotted up to the
fluence at which ω o(φ , t) = 0, while the data points in Fig. 4-13 are the same as those in
Fig. 4-6.
The single-oscillator model reproduces the resonance behavior in the observed response
to the excitation of the dielectric constant at 2.2 eV and suggests that a drop in the average
bonding-antibonding splitting can indeed translate into the measured results at a fixed probe
photon energy. However, the single-oscillator model produces smoothed-out features rather
than the sharp features actually in the data. The smoothing out of the features is not
surprising, however, when one compares the dashed curves with the solid curves in Fig. 42.
The oversimplification of the single-oscillator model becomes a problem when one
applies it to the 4.4 eV data. Using the combination of Eqs. (4.19) and (4.3) with ω = 4.4
eV and the above values for C and T produces the curves shown in Fig. 4-14, which also
shows the experimental values for the 4.4-eV dielectric constant as taken from Fig. 4-10.
Note that in this case, the model does not reproduce very well the location of the resonance
features in the data.
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Fig. 4-14 Single-oscillator model at 4.4 eV. The figure shows the dielectric
constant at 4.4 eV vs. pump fluence for four different pump-probe time
delays plotted together with curves derived from a single-oscillator model
for the dielectric constant. The curves are calculated by substituting Eq.
(4.19) into Eq. (4.3) with ω = 4.4 eV and are plotted up to the fluence for
which ωo = 0. ●: Re(ε), ●: Im(ε).
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The discrepancy between the single-oscillator model and the 4.4-eV data results from
the condition in Eq. (4.3) that ωo is the only parameter that varies with pump fluence and
time delay (i.e., that Γ is constant) as well as from the linear dependence of ωo on pump
fluence as described by Eq. (4.19). Since the 4.4-eV probe photon energy is just below the
initial location of  ω o, the slightest excitation will bring the location of the resonant
frequency below that of the probe frequency. The two conditions described above
correspond to the physical conditions that the widths of the energy bands remain constant
during the band-gap collapse and that the drop in the resonant frequency of the main
absorption peak depends linearly on the excitation strength. Neither of these conditions is
very realistic — both were imposed artificially with the intention of simplifying the analysis
to explain the main resonance behavior.
To refine the picture we have so far developed of a laser-induced drop in the average
bonding-antibonding splitting, we need a double-oscillator model that better captures the
features of the ground-state dielectric function. In addition, allowing both the location and
the width of each absorption peak to vary with pump fluence and time delay will better
reproduce the data at both 2.2 and 4.4 eV. Generalizing Eq. (4.3) to describe two harmonic
oscillators gives the following expression for the double-oscillator dielectric function:
⎡
⎤
f1
f2
ε (ω ) = 1 + ω 2p ⎢ 2
+ 2
,
(4.20)
2
2
⎣ (ω 1 − ω + i ωΓ 1 ) (ω 2 − ω + i ωΓ 2 ) ⎥⎦
where ωi and Γ i are the resonant frequency and width of the ith oscillator. The oscillator
strength fi , which obeys the sum rule f 1 + f2 = 1, corresponds to the fraction of the total
number of electrons N (appearing in ωp2) that contributes to the strength of oscillator i.
Fitting Eq. (4.20) to the GaAs ground-state dielectric function using ω1 = 3.10 eV and

ω2 = 4.75 eV to match the location of the E1 and E2 absorption peaks yields
Γ1 = 1.6 eV, Γ2 = 0.68 eV, ωp = 13.7 eV, f1 = 0.16, and f2 = 0.84. The higher value of f2
compared to f1 indicates that a larger region of the band structure contributes to the E2
peak than to the E1 peak.
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To model the response of the dielectric function to the laser pulse excitation using the
double-oscillator model, we fit Eq. (4.20) simultaneously to the real and imaginary parts of

Fig. 4-15 Double-oscillator model fit to data for pump fluence of 1.0
kJ/m2. At each time delay, the double-oscillator model is fit to the four
experimental data points. ×: double-oscillator model ●: experimental Re(ε),
●: experimental Im(ε).
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the dielectric constant at both 2.2 eV and 4.4 eV for each pump fluence and time delay. The
fit parameters here are ω1, ω2, Γ1, and Γ2 (ωp, f1 and f2 are held constant), implying that both
the location and the width of the two absorption peaks can vary as a result of the
excitation. To ensure reasonable fluence and time evolution of the parameters, we impose
the additional constraint when fitting Eq. (4.20) to the data that each parameter not change
too much for each subsequent fluence or time step. For measurements taken at a pumpprobe time delay of –0.33 ps, before the pump pulse arrives at the sample, the doubleoscillator fit to the data produces values of ω1 = 3.10 eV, ω2 = 4.77 eV, Γ1 = 1.9 eV,

Γ2 = 0.73 eV, closely reproducing the ground-state dielectric function. This result for
negative pump-probe time delay provides a consistency check for the double-oscillator
fitting routine.
The double-oscillator fits show very good agreement with the observed values of the
complex dielectric constant at both 2.2 and 4.4 eV, as is seen in the example for a pump
fluence of 1.0 kJ/m2 shown in Fig. 4-15. The results for other pump fluences are in similar
agreement with the data. Figure 4-16 shows the time-evolution of the full double-oscillator
dielectric function (plotted versus photon energy) that corresponds to the fits in Fig. 4-15.
The most interesting aspect of the time-evolution of the dielectric function shown in Fig. 416 is that it initially exhibits primarily a broadening of the absorption peaks followed by a
shift to lower photon energy in the location of the resonance features. The broadening at
early time delays produces the more gradual changes we observe in the 4.4 eV dielectric
constant compared with the changes that would arise from a pure shift in the location of
the main absorption peak. This effect helps explain the discrepancies between the singleoscillator model discussed above and the 4.4-eV data.
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We can interpret the plots in Fig. 4-16 in terms of the electronic band structure of
GaAs (see Fig. 4-3). The broadening of the absorption peaks at early time delays implies
that the regions around the L- and X-points, which contribute respectively to the E1 and
E2 peaks, become less parallel immediately following the excitation. Such an effect would
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Fig. 4-16 Time evolution of double-oscillator model dielectric function vs.
photon energy corresponding to the fits in Fig. 4-15.
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6

result, for example, if the direct gap at the X-point became significantly smaller while the
direct gap at the Γ-point did not. The subsequent narrowing of the absorption peaks as they
shift to lower photon energies suggests that as parts of the conduction band and valence
band get closer together, they also become more parallel. This type of behavior could arise,
for instance, from the region between the L-point and the Γ-point if the direct gap at the Lpoint decreased from its initial value of about 3 eV while the direct gap at the Γ-point
continued to remain roughly the same at about 1.4 eV. The behavior of ε(ω ) near ω = 0
(infrared frequencies) at a pump-probe time delay of 4.0 ps, reminiscent of the infrared
spectrum of metals, is consistent with a collapse of the minimum band gap. The large,
positive values of Im(ε) and large, negative values of Re(ε) in this frequency range develop
as the resonant frequency of one of the absorption peaks approaches zero. Once the
minimum band gap goes to zero, one would indeed expect a resonance at ω = 0.
The double-oscillator model analysis yields a time evolution for the dielectric function
that agrees with the observed behavior of the dielectric constant at 2.2 and 4.4 eV.
However, it is important to note that we fit the four-parameter double-oscillator model to
just four independent values (Re(ε) and Im(ε) at 2.2 and 4.4 eV) at each pump fluence and
time delay. Thus, while the experimental data presented in Section 4.3 strongly indicate
significant band structure changes marked by a drop in the average bonding-antibonding
splitting, the details of these changes are not uniquely determined by the double-oscillator
model analysis. Further refinement of our picture of the laser-induced changes in the
electronic band structure requires an experimental determination of the dielectric function
over a wide range of probe photon energies rather than at a few discrete points. To this end,
we are currently developing a broadband probe beam as well as incorporating broadband
light detection capabilities into the two-angle reflectivity technique.
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4.4.2 Underlying Physics — Electronic Screening and Structural Change
The data presented here conclusively show that the femtosecond laser pulse excitation
leads to a major change in the electronic band structure marked by a drop in the average
separation between the valence band and the conduction band. What underlying physical
effects are responsible for this alteration of the band structure? To answer this question, we
should examine two main sources of band structure modification: electronic screening and
structural change.
Through electron-hole pair generation, the pump pulse creates a large population of
mobile charge carriers that can partially screen the ionic potential in the material. Since the
average bonding-antibonding splitting increases with the strength of the ionic potential,
[Harrison 1989] electronic screening reduces the average bonding-antibonding splitting.
Note that electronic screening, through its modification of the band structure, results in
changes to the interband transition contribution to the dielectric constant and is therefore
completely different from the direct intraband contribution of the free carriers to the
dielectric constant through a Drude term. A recent calculation shows that when 10% of the
valence electrons are excited to the conduction band, the direct gap at the X-point in the
band structure of GaAs will decrease by roughly 2 eV due to electronic screening and manybody band gap renormalization while the direct gap at the Γ-point changes only slightly.
[Kim, Ehrenreich et al. 1994] Such an effect would lead to a broadening of the absorption
peaks in the dielectric function as discussed in Section 4.4.1.
Because the strength of electronic screening increases with the free-carrier density, the
effects due to screening should follow the carrier density instantaneously. Therefore, the
effect of screening on the dielectric constant should be largest when the free carrier density
is highest—i.e. immediately following the excitation. As Auger recombination and diffusion
reduce the free-carrier density, the influence of electronic screening on the band structure
should correspondingly decrease. The time scale for electronic screening is consistent with
that for the initial broadening of the absorption peaks, seen in Fig. 4-16 at the earliest time

– 115 –

delays. However, the subsequent changes in the dielectric constant, marked primarily by a
shift in the resonance features, continue to grow with time delay during the picoseconds
following the excitation, when the carrier density is already decreasing from its peak value.
Electronic screening by itself, therefore, cannot explain all of the data.
To account for the time evolution of the shift in the resonance features of the dielectric
constant, we must examine the effect of lattice structural change on the band structure. The
electronic band structure depends fundamentally on the crystal structure. The
semiconducting behavior of Group IV and III-V materials such as GaAs arises from the
tetrahedrally-coordinated diamond or zincblende arrangement of the constituent atoms. If
this arrangement is disturbed, the electronic properties will change accordingly. In general,
deformation of the diamond or zincblende structure leads to a collapse of the band gap and
a semiconductor-metal transition. [Froyen and Cohen 1983; Glazov, Chizhevskaya et al.
1969; Harrison 1989; Jank and Hafner 1989] Even a 10% change in average bond length is
enough to cause a semiconductor-metal transition. [Froyen and Cohen 1983] Note that an
ionic velocity as small as 25 m/s is already sufficient to achieve a 10% change in the GaAs
bond length within 1 ps.
Because the covalent bonds of semiconductors like GaAs are stabilized by the valence
electrons, excitation of a sufficient number of electrons from bonding valence states to
antibonding conduction states can lead directly to lattice instability. [Biswas and
Ambegoakar 1982; Stampfli and Bennemann 1990; Van Vechten, Tsu et al. 1979] If the
femtosecond pump pulse is intense enough to excite this critical density of electrons, the
resulting instability in the lattice will cause the atoms to deform towards a new minimum
potential energy configuration. This deformation begins immediately following the
excitation but continues long after the pump pulse is gone. The change in the dielectric
constant accompanying the lattice deformation will therefore continue to increase in the
picoseconds following the excitation, in agreement with the observed behavior of the
dielectric constant.
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4.5 Conclusion
Our data show that a Drude model cannot be used to analyze high-intensity
femtosecond pump-probe reflectivity measurements. At pump fluences on the order of the
damage threshold, the excitation causes major changes in the electronic band structure.
Because of these changes, the behavior of χ interband(ω ) rather than χ Drude(ω ) dominates the
response of the dielectric constant to the excitation.
The data indicate that the femtosecond laser pulse excitation induces a drop in the
average separation between the valence and the conduction bands. This drop manifests
itself in a decrease of the main absorption resonances in the GaAs dielectric function. The
rate and extent of the drop in average valence-conduction band separation increases with
pump fluence. For high enough fluence, the minimum in the conduction band drops below
the maximum in the valence band, resulting in metallic behavior. Electronic screening may
account for the initial changes in the dielectric function, consisting primarily of a
broadening of the absorption peaks, while the subsequent shift in the resonance features
most likely results from lattice deformation caused by destabilization of the covalent bonds.
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Chapter 5: Behavior of the Second-Order
Optical Susceptibility
Because of its sensitivity to crystal symmetry, second-harmonic generation has been used
by a number of researchers to study laser-induced phase transitions in semiconductors.
[Akhmanov, Emel’yanov et al. 1985; Govorkov, Shumay et al. 1991; Liu, Malvezzi et al.
1985; Saeta, Wang et al. 1991; Schröder, Rudolph et al. 1990; Shank, Yen et al. 1983;
Sokolowski-Tinten, Schulz et al. 1991; Tom, Aumiller et al. 1988] The sensitivity of
second-harmonic generation in a nonlinear material to the symmetries of the material arises
from the dependence of second-harmonic generation on the material’s second-order optical
susceptibility χ(2), which reflects the symmetry group of the material. [Shen 1984] A change
in the material’s symmetry properties, such as in a phase transition, therefore affects χ (2) and
results in a change in the detected second-harmonic signal. However, the detected secondharmonic signal depends on more material properties than just χ (2). In particular, it depends
also on the values of the linear optical susceptibility χ (1) (or, equivalently, the linear
dielectric constant ε ) at both the fundamental frequency ω and the second-harmonic
frequency 2ω of the probe beam used for second-harmonic generation. [Shen 1984] Thus,
to extract the behavior of χ (2) from second-harmonic generation measurements, one must
first know the behavior of ε(ω) and ε(2ω).
We1 combined experimental measurements of ε ( ω ) and ε (2 ω ) following intense
femtosecond laser-pulse excitation of GaAs [Siegal, Glezer et al. 1994a; Siegal, Glezer et al.
1994b; Siegal, Glezer et al. 1994c] with second-harmonic generation measurements under
identical excitation conditions to unambiguously determine the response of χ (2) to this type
of excitation. This experiment is unique because it represents the first time, to our
knowledge, that the response of χ (2) to femtosecond laser-pulse excitation has been
extracted from second-harmonic generation measurements by explicitly taking into account
1 This

experiment was performed by Eli Glezer, Li Huang, and Yakir Siegal.
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the experimentally determined response of χ (1) to the same excitation rather than by
assuming that the effect of χ(1) on the second-harmonic generation measurements is small. In
fact, the experimentally-determined changes in χ(1) are much larger than previously expected
(see Chapter 4), and our results show that these changes have a significant effect on the
detected second-harmonic signal, contrary to earlier assumptions. [Govorkov, Shumay et al.
1991; Saeta, Wang et al. 1991; Tom, Aumiller et al. 1988]

5.1 Second-Harmonic Generation — Background
The linear optical response of a material at frequency ω results from an electric
polarization,
Pi (1)(ω) = χij(1)(ω)Ej(ω ),

(5.1)

induced in the material by the applied electric field Ej(ω) (the subscripts i, j = x, y, z denote
components along crystallographic axes). As Eq. (5.1) shows, this response depends on the
linear optical susceptibility χ(1) of the material. However, an applied electric field oscillating
with frequency ω can also elicit an optical response at other frequencies by inducing a
nonlinear polarization P (n) determined by the nth-order optical susceptibility χ (n). [Shen
1984] For the work presented here, we are interested in the optical response at the secondharmonic frequency 2ω arising from the second-order polarization, [Shen 1984]
Pi (2)(2ω) = χijk(2)(2ω = ω + ω)Ej(ω)Ek(ω ).

(5.2)

The electric polarization at 2ω induced by E(ω ) then acts as a source for an electric field
E(2ω), resulting in second-harmonic generation.

5.1.1 Symmetry-Dependence of χ(2)
As material properties, the linear and the nonlinear optical susceptibilities of a material
must reflect the symmetry properties of the material. In general, higher-order susceptibilities
depend on more specific symmetry groups than do lower-order susceptibilities. For
example, in all media with cubic symmetry (including GaAs), χij(1) = χ(1)δij, but χ ijk(2) depends
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further on the specific symmetry subgroup within the cubic class. For GaAs, which has
43m symmetry, the χ (2) tensor has only six nonzero elements (out of 3 3 = 27 total
elements), and they are all equal: χxyz(2) = χxzy(2) = χyzx(2) = χyxz(2) = χzxy(2) = χzyx(2). [Shen 1984]
Of particular importance in our study is that all elements of the χ (2) tensor are zero in a
material with inversion symmetry.

Fig. 5-1 Harmonic (dashed curve) and anharmonic (solid curve) potentials.
There are a number of ways to understand the vanishing of χ (2) in materials with
inversion symmetry (see Chapter 3, Shen 1984, and Boyd 1992). Here we focus on a
classical picture in which we think of the linear response of a material as arising from
electrons moving in harmonic potentials (see Chapter 4, Section 4.1.1). In this picture, a
nonlinear optical response results from anharmonicities, or deviations from perfect
parabolicity, in the potentials in which the electrons move, illustrated in Fig. 5-1. A
harmonic potential is proportional to x2, where x is the displacement of the electron from
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the minimum in the potential. In the dipole approximation, in which the source for the
optical response of the system comes from the induced dipole, a second-order response
would arise from a term in the potential which is proportional to x3. However, terms
proportional to odd powers of x are not symmetric under inversion and must therefore be
absent in materials with inversion symmetry. Thus, there can be no second-order optical
response in materials with inversion symmetry.
The absence of second-harmonic generation in materials with inversion symmetry is not
absolute. First of all, a broken symmetry always exists at the surface of a material, so the
surface may contribute to second-harmonic generation even if the bulk does not. [Shen
1984] Secondly, while inversion symmetry forbids bulk second-harmonic generation in the
electric dipole approximation, it does not forbid higher-order bulk contributions to secondharmonic generation such as those arising from an electric quadrupole source term. [Shen
1984] The quadrupole contribution involves terms containing gradients of the electric field.
[Tom, Aumiller et al. 1988] While surface dipole and bulk quadrupole contributions to
second-harmonic generation are important in materials like Si that have inversion symmetry,
the bulk dipole contribution dominates second-harmonic generation in materials like GaAs
that have no center of inversion. Since the different contributions involve different tensor
elements, they should each have different dependences on the orientation of the material
relative to the incident electric field polarization. By measuring the dependence of our
second-harmonic signal on sample orientation, we confirmed, to within the experimental
noise, that our signal came only from the bulk dipole contribution, so the data presented
below reflects changes in bulk properties.

5.1.2 χ (1)- and χ(2)-Dependence of Second-Harmonic Signal
While second-harmonic generation cannot occur without a second-order optical
susceptibility (in the dipole approximation), the linear optical susceptibility (or equivalently
the dielectric constant ε ) also affects this process. The role of χ (2) in second-harmonic
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generation is direct and straightforward: it determines the nonlinear polarization P (2)(2ω ),
induced by an incident field E(ω ), which acts as a source for the second-harmonic field
E(2ω). The role of χ(1) in second-harmonic generation is more indirect and complicated, but
still very important. Changes in the dielectric constant can affect both the strength of
P (2)(2ω ) itself as well as the amount of second-harmonic radiation produced by a given
P (2)(2ω ).
The dielectric constant influences the strength of P(2)(2 ω ) by affecting the orientation
and magnitude of E(ω ) relative to the crystallographic axes. As an example, if E( ω ) is
oriented in the y-z plane of a crystal and at an angle θ to the y-axis, the nonlinear
polarization produced through χxyz(2) is given by
Px (2)(2ω) = χxyz(2)E(ω)cosθE(ω)sinθ = χxyz(2)E2(ω)sin(2θ)/2.

(5.3)

If the beam at frequency ω is initially incident on the crystal in the y-z plane at some fixed
angle θi to the y-axis, then, through Snell’s Law, ε(ω ) determines the angle θ inside the
material that appears in Eq. (5.3), as shown in Fig. 5-2. Thus, changes in the dielectric
constant affect P(2)(2ω ) through the dependence of P (2)(2ω ) on θ. In addition, through the
Fresnel formulas for reflection and refraction, ε(ω) also determines the magnitude of the
field in the material for a given incident magnitude. Note that the field magnitude E
appearing in Eq. (5.3) is the field magnitude inside the material, so changes in reflection can
have a significant effect on P(2)(2ω ).
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Fig. 5-2 Effect of a change in the dielectric constant of a material on the
orientation of the electric field in the material relative to the crystallographic
axes.

Besides its effects on the strength of P(2)(2ω ) itself, the dielectric constant also affects
the amount of second-harmonic radiation generated from a given P(2)(2 ω ) in a number of
ways. Firstly, the index of refraction, given by n(ω) = Re[ε(ω)]–1/2, determines the phase
velocity for light at frequency ω. The efficiency of second-harmonic generation depends on
n( ω ) – n(2 ω ), known as the phase mismatch: the larger the phase mismatch, the less
efficient is second-harmonic generation. [Shen 1984] The phase mismatch is important
because it determines the length scale over which second-harmonic radiation generated by
the propagating fundamental (frequency ω ) beam adds with the proper phase to the
propagating second-harmonic beam generated earlier along the beam path. Another way in
which ε(ω) and ε(2ω) affect second-harmonic generation is by determining the absorption
depth at ω and at 2ω. The absorption depth affects second-harmonic generation by limiting
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the interaction length over which this process takes place. [Shen 1984]

If the energy

depleted from the fundamental beam by second-harmonic generation is negligible, then the
total amount of second-harmonic generation produced is proportional to the interaction
length. So an order of magnitude reduction in the absorption depth at one of the
frequencies should reduce second-harmonic generation by an order of magnitude as well.
Finally, by modifying the reflection of the second-harmonic radiation at the surface of a
material, changes in ε(2ω) affect the amount of second-harmonic radiation that gets out of
the material.
Because GaAs absorbs in the visible and the ultraviolet, we carried out our secondharmonic generation measurements in a reflection geometry, as illustrated in Fig. 5-3. One
can derive an expression for the intensity of the reflected second-harmonic radiation as a
function of ε(ω ), ε(2ω ), χ (2), and the incident field magnitude Ei (ω ) and angle θi of the
fundamental beam. To do this, one must first solve the Maxwell equations for the electric
field amplitude inside the material, including the effects of the nonlinear polarization. Then,
the amplitude of the reflected second-harmonic field is determined by imposing the proper
boundary conditions at the surface and using a nonlinear generalization of Snell’s Law.
[Bloembergen and Pershan 1962; Shen 1984] For the probing geometry illustrated in Fig. 53, the reflected second-harmonic field amplitude is given by [Shen 1984]
⎧
⎪
ε ( ω ) − sin 2 θi − ε ( 2ω ) − sin 2 θi
( 2)
E r (2ω ) = − 4 πP
(2ω ) ⎨
2
⎪⎩ [ε (ω ) − ε ( 2ω )] ⎡⎣ ε (2ω ) − sin θi − cos θi
where

⎧
⎫
2
2
⎪
4 sin θi cos θi ε ( ω ) − sin θi ⎪
P (2 ) ( 2ω ) = 2 χ ( 2)E i2 (ω ) ⎨
2 ⎬.
2
⎡
⎤
⎪ ε (ω ) cos θi + ε ( ω ) − sin θi
⎪
⎦ ⎭
⎩⎣

⎫
⎪
⎬ , (5.4)
⎤⎪
⎦⎭

(5.5)

The intensity of the reflected second-harmonic signal, and therefore the detected signal S, is
2

proportional to E r ( 2ω ) .
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2

In the experiment presented here, we want to extract the behavior of χ ( 2 ) following
femtosecond laser-pulse excitation from measurements of the second-harmonic signal. In
2

other words, we want to determine χ ( 2 ) ( φ ,t ) , where φ is the fluence of the excitation
pulse and t is the time delay following the excitation. Note from Eqs. (5.4) and (5.5) that
we can separate the dependence of the detected signal on the dielectric constant from its
dependence on the second-order susceptibility as follows:
2
S
= F [θi , ε ( ω ), ε ( 2ω )] × χ (2 ) ,
2
Ei ( ω)

(5.6)

where F[θ i ,ε ( ω ),ε (2 ω )] is a function that depends only on the dielectric constant and
incident angle and not on the second-order susceptibility. We can define the normalized
second-harmonic signal Snorm(φ ,t) ≡ S(φ ,t)/S(0,–∞), where S(0,–∞) is the second-harmonic
signal detected in the absence of any excitation. Similarly, we

define

( 2)
Fnorm(φ ,t) ≡ F(φ ,t)/F(0,–∞) and χ norm
( φ ,t ) ≡ χ ( 2) (φ ,t ) / χ ( 2) (0,–∞) . We can calculate

Fnorm(φ,t) with values for ε(ω,φ,t) and ε(2ω,φ,t) determined experimentally using a two-angle
reflectivity technique under similar laser-excitation conditions as in the measurements of
Snorm(φ,t) presented here (see Chapters 3 and 4). [Siegal, Glezer et al. 1994a; Siegal, Glezer et
al. 1994b; Siegal, Glezer et al. 1994c] Then, with the measured values of Snorm(φ ,t), we get
2

( 2)
from Eq. (5.6) values for χnorm
(φ ,t ) :

χ ( 2 )norm ( φ ,t )

2

=

S norm ( φ ,t )
.
F norm ( φ ,t )

(5.7)

Eq. (5.7) allows us to extract the desired information on the behavior of the second-order
susceptibility from our second-harmonic generation measurements.

5.2 Experimental Setup
The experiment presented in this chapter involves measurements made using 70-fs, 1.9eV pump pulses to excite the sample and 70-fs, 2.2-eV probe pulses that monitor secondharmonic generation and reflectivity at various time delays with respect to the excitation.
To generate pump and probe pulses at different frequencies, we pass the amplified output
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of a colliding pulse modelocked laser through a 2-cm, single-mode, polarization-preserving
optical fiber. [Wang, Siegal et al. 1992] Self-phase modulation in the fiber broadens the
spectrum of the input pulse from 5 nm to 200 nm. By splitting this continuum beam with a
broad band beamsplitter, we can independently amplify different spectral regions within
this 200-nm band width using two separate amplifier chains. A three-stage amplifier using
the dye DCM produces a 300-µJ pump beam centered at 635 nm with a 20-nm band width;
a two-stage amplifier using the dye Rhodamine 6G produces a 30-µJ probe beam centered
at 570 nm with a 10-nm band width. Both amplifiers are pumped by a frequency-doubled,
10-Hz Nd:YAG laser. Separate grating pairs compress each beam temporally to a final pulse
width of about 70 fs (FWHM).
Figure 5-3 shows the probing geometry for the second-harmonic generation
measurements. The pump beam arrives at an incident angle of 63° with respect to the
surface normal while the probe beam comes in with an incident angle of 45°. Both beams
are polarized in the plane of incidence and are focused to the same spot on the sample,
which is an insulating (100) GaAs wafer (Cr doped, ρ > 7×107 Ω cm) in air. The sample is
set to a position with two of the crystallographic axes in the plane of incidence of the
beams and the third one perpendicular to it. To monitor a uniformly excited region, we
focus the probe beams more tightly than the pump beam: the probed surface area is about
25 times smaller than the 0.01-mm2 focal area of the pump beam on the sample. Uniform
excitation in the probed region is further assured by the small absorption depth of the
second-harmonic radiation generated in the sample (about 20 nm) compared to that of the
pump beam (270 nm). The pump pulse fluence at each pump-probe time delay spans a range
from 0 to 2.5 kJ/m2 . The probe beam fluence does not exceed 0.1 kJ/m2 so as not to
produce any detectable changes in the optical properties to within our experimental
resolution. To avoid cumulative damage effects, we translate the sample during data
collection so that each data point is obtained at a new spot on the sample.
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To extract the behavior of the second-order susceptibility from the second-harmonic
generation measurements, we need to combine these measurements of Snorm( φ ,t) with the
previous measurements of ε(ω,φ,t) and ε(2ω,φ,t), as described in Section 5.1.2. Combining
these different sets of measurements requires that the response of the dielectric constant to
the excitation during the second-harmonic generation measurements match the observed
response during the previous measurements. By simultaneously measuring the linear
reflectivity along with the second-harmonic signal, we can check the consistency in the
linear optical response between the data sets. We use a UV mirror to separate the reflected
second-harmonic radiation from the reflected fundamental radiation, allowing us to
measure simultaneously the second-harmonic signal using a photomultiplier tube as well as
the linear reflectivity using a calibrated phototube. The reflectivity values measured in this
way agree with the reflectivity values we calculate for 45° incident angle and polarization in
the plane of incidence using the measured dielectric constant from the previous set of data,
confirming that the underlying physical response to the excitation is the same in both sets of
measurements.
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Fig. 5-3 Probing geometry for second-harmonic generation measurements.
A p-polarized probe beam is incident at 45° on a (100) GaAs sample in air.
An ultraviolet mirror separates the reflected second-harmonic radiation,
which is s-polarized from the reflected fundamental radiation, which is still
p-polarized. PMT: photomultiplier tube, PT: phototube, UVM: ultraviolet
mirror.

5.3 Experimental Results
5.3.1 Effect of the Linear Optical Susceptibility on the Second-Harmonic Signal
Figure 5-4 summarizes the second-harmonic generation measurements and highlights the
importance of taking into account the effects of changes in the linear optical susceptibility
on the second-harmonic signal. The filled circles in Fig. 5-4 represent the measured values
of the normalized second-harmonic signal Snorm(φ ,t) plotted versus pump fluence φ at four
different pump-probe time delays t. The open circles in the figure represent the values of
Fnorm(φ,t) calculated using Eqs (5.4)-(5.6) and the experimentally determined behavior of the
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dielectric constant at photon energies of 2.2 and 4.4 eV (taken from Chapter 4 of this
thesis). Note from Eq. (5.6) that the function F norm( φ ,t) is identical to Snorm( φ ,t) when
( 2)
χ norm
( φ ,t ) is held constant at its initial value of 1. In other words, the open circles in Fig.

5-4 show the changes that result in the second-harmonic signal solely from the behavior of

χ (1) following the excitation; they do not include any effects from changes in χ(2).
As Fig. 5-4 shows, the changes induced in χ(1) by the excitation have a significant impact
on the measured second-harmonic signal, contrary to previous assumptions. [Govorkov,
Shumay et al. 1991; Saeta, Wang et al. 1991; Tom, Aumiller et al. 1988] The locations of
the minimum value of Fnorm(φ,t) in each of the plots in Fig. 5-4 coincide with the locations
of a large peak in the imaginary part of the dielectric constant at 2.2 eV (see Chapter 4). The
order of magnitude decrease in the absorption depth of the fundamental beam
accompanying this peak in Im[ε(2.2 eV,φ,t)] plays a major role in the large drop in Fnorm(φ ,t)
since it leads to a corresponding decrease in the interaction length for second-harmonic
generation.2 Note, however, that while the changes in Fnorm(φ,t) play an important role in the
behavior of Snorm(φ ,t), the drop in F norm(φ,t) does not account for the vanishing of Snorm(φ ,t),
which falls to zero before Fnorm(φ ,t) reaches its minimum value. The vanishing of Snorm(φ ,t)
must therefore result from a vanishing of χ(2).

2 While

a drop in the penetration depth certainly reduces the bulk dipole contribution to
SHG, its effect on the bulk quadrupole contribution is more complicated. The complication
arises from the dependence of the quadrupole contribution to SHG on the electric field
gradient, which increases as the penetration depth decreases. More generally, Eq. (5.5),
which gives the dependence of the nonlinear polarization on the dielectric constant, applies
only to bulk dipole SHG. An appropriate expression must be substituted for Eq. (5.5) to
analyze SHG experiments on centrosymmetric materials such as Si where quadrupole
contributions are important (such as in Tom, 1988).
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Fig. 5-4 Normalized second-harmonic signal vs. pump fluence for four
different pump-probe time delays. ● : Snorm (measured second-harmonic
signal); ●: Fnorm (second-harmonic signal calculated based solely on measured
changes in dielectric constant).
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5.3.2 The Response of χ(2) to the Excitation
According to Eq. (5.7), dividing Snorm(φ,t) (the filled circles in Fig. 5-4) by Fnorm(φ,t) (the
2

( 2)
( 2)
open circles in Fig. 5-4) yields χnorm
(φ ,t ) . The resulting values of χnorm

2

, plotted versus
2

( 2)
pump fluence, appear in Fig. 5-5. Figure 5-6 illustrates the time dependence of χnorm

for

various excitation strengths, with Fig. 5-6a showing the behavior at lower pump fluences
and Fig. 5-6b at higher pump fluences. The results exhibit a range of behaviors, depending
on the excitation strength. At pump fluences less than 0.8 kJ/m2, χ (2) undergoes a partial
decrease, but it does not reach zero. At pump fluences greater than 0.8 kJ/m2, χ (2) goes to
zero on a time scale which decreases with increasing pump fluence; above 1.5 kJ/m2 it
reaches zero within a pump-probe time delay of 130 fs while below 1.0 kJ/m2 the time
scale is about 2 ps. Figure 5-6a shows that for pump fluences below 0.5 kJ/m2, χ (2) recovers
to its initial value on a time scale of a few picoseconds.
While the high fluence behavior is consistent with conclusions from previous secondharmonic generation experiments in which changes in the dielectric constant are not
explicitly taken into account, [Govorkov, Shumay et al. 1991; Saeta 1991; Schröder,
Rudolph et al. 1990; Sokolowski-Tinten, Schulz et al. 1991; Tom, Aumiller et al. 1988] the
behavior at the lower fluences has not been reported before. In the lower fluence range,
where χ (2) does not reach zero, it is particularly important to account for the effects of
changes in the dielectric constant on the measured second-harmonic signal. In fact, a
( 2)
comparison of the Snorm measurements in Fig. 5-4 with the values of χnorm

2

in Fig. 5-5

shows that the Snorm measurements in the lower fluence range are actually misleading if the
changes in the dielectric constant are not included in the analysis. If one assumed that the
( 2)
behavior of χnorm

2

is given directly by the second-harmonic signal, one would conclude

( 2)
from Fig. 5-4 that at low fluences χnorm

2

first rises and then drops below its initial value

( 2)
within a few picoseconds. However, our results show that at these fluences χnorm

decreases and then recovers to its initial value within a few picoseconds.
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2

first

Fig. 5-5 |χ(2)norm|2 (the square of the second-order susceptibility) plotted vs.
pump fluence for four different pump-probe time delays.
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Fig. 5-6 |χ (2)norm|2 plotted vs. pump-probe time delay for various pump
fluences (a) less than or equal to 0.8 kJ/m2 and (b) greater than or equal to
0.8 kJ/m2. Note the different axis scales in (b). The curves in both (a) and
(b) are drawn to guide the eye. ●: 0.2 kJ/m2, ●: 0.4 kJ/m2, ■: 0.6 kJ/m2, ■ :
0.8 kJ/m2, ▲: 1.0 kJ/m2, ▲: 1.5 kJ/m2.
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5.3.3 Long-Time Behavior: Reversible versus Irreversible Changes
Although we focused our attention on the behavior of χ (2) during the first 10 ps
following the excitation, we also measured the second-harmonic signal at a pump-probe
time delay of 100 ps, as shown in Fig. 5-7a, and both the second-harmonic signal and the
linear reflectivity at infinite time delay,3 as shown in Fig. 5-7b. Although the measurements
at 100 ps are complicated by the ablation of material from the surface on this time scale,
[Saeta 1991; Wang and Downer 1992] they do still indicate whether or not χ (2) is zero at
that time delay. In particular, they show that for fluences greater than or equal to 0.8
kJ/m2, once χ(2) vanishes, it remains zero for more than 100 ps. Thus, any recovery of χ (2) in
this fluence range occurs on a time scale which is orders of magnitude larger than for
fluences less than or equal to 0.5 kJ/m2.
The measurements at infinite time delay show a sharp demarcation at 1.0 kJ/m2 with
qualitatively different final states on either side of this pump fluence. For excitation
strengths below 1.0 kJ/m2, both the second-harmonic signal and the linear reflectivity
eventually return to their initial values.4 However, neither the second-harmonic signal nor
the linear reflectivity ever returns to its initial value for pump fluences above 1.0 kJ/m2.
Thus, the changes induced in the material by the laser-pulse excitation are reversible if the
pump fluence is below 1.0 kJ/m2 but are irreversible if the pump fluence is above 1.0
kJ/m2. This conclusion is consistent with an examination of the sample through a
microscope. By correlating pump pulse fluence with the size of damage spots on the sample
measured through the microscope, we determined a threshold fluence for permanent
damage of 1.0 kJ/m2, in agreement with the threshold for irreversible change evident in
Fig. 5-7b.
3 Infinity

here actually corresponds to a time delay of a few seconds, long after the
sample reaches a final state.
4 The noise apparent in the infinite time delay SHG measurements stems from the
photomultiplier tube we used to detect the SHG signal. At other time delays, we collected
enough data to improve the signal-to-noise ratio through averaging. However, we have
fewer data points at infinite time delay, limiting the reduction in noise achievable through
averaging.
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Fig. 5-7 (a) S norm vs. pump fluence at a time delay of 100 ps. (b) Snorm and
normalized 45° reflectivity at infinite time delay (the probe pulse arrives at
the sample several seconds after the pump pulse). ●: normalized secondharmonic signal, ●: normalized reflectivity.
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5.4 Discussion
5.4.1 Three Regimes of Behavior
The results presented in the preceding section suggest three main regimes of behavior for

χ (2) following laser-pulse excitation. In the low-fluence regime, below 0.5 kJ/m2, χ (2)
exhibits a partial drop but recovers to its initial value within a few picoseconds. At medium
fluences, between 0.8 and 1.0 kJ/m2, χ (2) vanishes on a time scale between a few hundred
femtoseconds and a few picoseconds and remains zero for over 100 ps but eventually also
recovers to its initial value. In the high-fluence regime, above 1.0 kJ/m2, χ (2) vanishes
within a few hundred femtoseconds and never recovers to its initial value. While a clear
boundary at 1.0 kJ/m2 separates the medium- and high-fluence regimes, no clear boundary
separates the low- and medium-fluence regimes. Rather, the behavior gradually changes
from low-fluence behavior to middle-fluence behavior between 0.5 kJ/m2 and 0.8 kJ/m2.
The behavior of χ(2) in the low-fluence range most likely results primarily from changes
in the electron population distribution. Because the optical response of delocalized
conduction electrons is less sensitive to the asymmetric Ga-As bond than that of localized
valence electrons, conduction electrons contribute little to χ (2) compared to valence
electrons. [Akhmanov, Galyautdinov et al. 1985; Akhmanov, Koroteev et a l . 1983;
Bloembergen, Chang et al. 1968] Thus, we expect the excitation of a high density of
electrons from the valence band to the conduction band by the pump pulse (> 1021 cm–3)
to cause a drop in χ (2). As the excited free-carrier density decreases through Auger
recombination and diffusion following the excitation, χ (2) should return to its initial value.
The picosecond time scale for the observed recovery of χ(2) in the low-fluence regime agrees
with the time scale for Auger recombination and diffusion at free-carrier densities on the
order of 1021 cm–3. [Yoffa 1980; van Driel 1987]
In contrast, structural changes in the lattice most likely dominate the behavior of χ (2) in
the middle- and high-fluence regimes. The time dependence of χ(2) in these two regimes is
not consistent with electronic time scales. First of all, at 0.8 kJ/m2, χ (2) continues to
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decrease for over a picosecond following the excitation, when the free-carrier density
should already be dropping from its peak value. Secondly, the recovery time for χ (2) is at
least 100 ps in the middle-fluence regime and infinite in the high-fluence regime compared
with electronic relaxation times of a few picoseconds. Furthermore, the magnitude of the
drop in χ(2) at these higher fluences cannot be accounted for by the 10% order of magnitude
valence band depopulation achieved by the pump pulse. [Akhmanov, Galyautdinov et al.
1985] A loss of long-range order in the lattice, however, could lead to a vanishing of χ (2) on
the observed time scales. [Stampfli and Bennemann 1990] Recovery times for reversible
lattice changes should be comparable to lattice cooling times, which are on the order
nanoseconds [Spaepen 1986] — i.e., much greater than 100 ps.

5.4.2 Loss of Long-Range Order and Band-Gap Collapse
What does the vanishing of χ(2) imply about the structural changes in the lattice induced
by the pump pulse? The loss of bulk, dipole χ (2) does not necessarily mean that the material
has taken on a true, local, center of inversion within each unit cell. Rather, a loss of longrange order on the scale of the wavelength of light is sufficient to cause the observed drop
in χ (2) in the middle- and high-fluence regimes. [Akhmanov, Galyautdinov et al. 1985]
Experiments show that the degree of amorphization induced by low-dosage ion
implantation (1×1012 - 6×1015 cm–2 integrated flux of 80-keV Te+ and S+ ions) leads to a
one-to-two order of magnitude drop in χ(2). [Akhmanov, Galyautdinov et al. 1985]
While a partly-amorphized semiconductor structure, such as that resulting from ion
implantation, may lack long-range order, it can still have a short-range structure very similar
to that in the perfect crystal. [Erman, Theetan et al. 1984; Fritzsche 1981] Since the linear
optical properties of a material depend more strongly on short-range than on long-range
order, [Cohen and Chelikowsky 1988; Harrison 1989] we expect a faster response in χ (2)
than in χ (1) to laser-induced structural changes. We can get a sense for the time scales of
2)
both the long- and short-range structural changes by comparing the behavior of χ (norm
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2

with that of ε (2.2 eV), the dielectric constant at 2.2 eV (see Chapter 4), following
2)
femtosecond laser-pulse excitation. Figure 5-8 shows the time delay at which χ (norm

2

(filled

squares) vanishes as well as the time delay at which Re(ε) at 2.2 eV (open circles) crosses
2)
through zero plotted versus pump fluence. The vanishing of χ (norm

2

indicates the loss of

long-range order; the zero-crossing of the real part of ε (2.2 eV), in contrast, reflects
significant short-range structural changes that result in the collapse of the band gap, as
discussed in Chapter 4 and elsewhere. [Siegal, Glezer et al. 1994a; Siegal, Glezer et al.
1994b; Siegal, Glezer et al. 1994c] In particular, the observation of a resonance feature in

ε (2.2 eV)] indicates when the average bonding-antibonding splitting of GaAs, which is
determined by the short-range order of the material, [Cohen and Chelikowsky 1988;
Harrison 1989] has dropped from its initial value of 4.75 eV to 2.2 eV. Figure 5-8 shows
that for a given excitation strength, χ (2) vanishes before the dielectric constant exhibits the
resonance behavior associated with the drop in the average bonding-antibonding splitting.
The plot in Fig. 5-8 supports the conclusion that the femtosecond laser pulse induces an
instability in the covalent bonding of GaAs that leads to structural change in the lattice.
[Biswas and Ambegoakar 1982; Stampfli and Bennemann 1990; Van Vechten, Tsu et al.
1979] The instability, which results from the excitation of a critical density of electrons
from bonding valence states to antibonding conduction states, occurs instantaneously with
the excitation. Because the zincblende structure is no longer stable, the ions start to move
away from their ground state positions. As the ions start to move, the material quickly loses
its long-range order, and χ(2) goes to zero. Further ionic motion results in the changes in the
short-range structure that lead to a collapse of the band gap. A stronger excitation results in
a stronger instability and, therefore, faster ionic motion. Thus, at higher fluences, both the
drop in χ(2) as well as the collapse of the band gap occur more rapidly. The difference in
time scales evident in Fig. 5-8 suggests that band-gap collapse requires an order of
magnitude greater ionic motion than loss of long-range order. As mentioned in Chapter 4, a
10% change in the average bond length is sufficient to cause a collapse of the band gap,
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[Froyen and Cohen 1983] so we expect a 1% change in the average bond length to be
sufficient for χ(2) to go to zero. Thus, an average ionic velocity as small as 25 m/s can result
in the vanishing of χ(2) within 100 fs and a collapse of the band gap within 1 ps.
The dashed line at 1.0 kJ/m2 in Fig. 5-8 marks the fluence threshold for permanent
damage. As discussed in Section 5.3.3, pump fluences greater than this threshold (shaded
region) induce irreversible changes in the material while the material changes for pump
fluences below this threshold (unshaded region) are reversible. Note that in the pump
fluence regime between 0.8 and 1.0 kJ/m2, the material exhibits particularly interesting
behavior. Specifically, GaAs reversibly undergoes sufficiently large structural changes to lose
its long-range order and experience a drop of more than 2 eV in its average bondingantibonding splitting. The ability to induce such large transient changes in a semiconductor’s
structural, electronic, and optical properties may have important applications in the
development of opto-electronic switching devices.
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Fig. 5-8 Comparison of time scales for long-range disordering and shortrange structural changes. ■ : time delay at which |χ(2)norm|2 vanishes,
indicating loss of long-range order; ●: time delay at which Re(ε) at 2.2 eV
crosses through zero, indicating band-gap collapse associated with shortrange structural changes. Curves are drawn to guide the eye.

5.5 Conclusion
We extracted the behavior of χ (2) following femtosecond laser-pulse excitation from
second-harmonic generation measurements by explicitly taking into account the effect on
the second-harmonic signal of changes in the linear dielectric constant. We find that
accounting for the changes in the linear dielectric constant is particularly important for
pump fluences at which χ(2) does not vanish because the changes in the second-harmonic
signal at these fluences do not mirror the changes in χ (2). The results show three regimes of
behavior: (1) at low fluences, χ (2) exhibits a partial drop and a recovery to its initial value
within a few picoseconds, (2) at middle fluences, χ(2) vanishes but eventually recovers to its
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initial value, and (3) at high fluences, χ (2) vanishes and never recovers to its initial value.
Electronic effects dominate the behavior of χ(2) in the low-fluence regime below 0.5 kJ/m2
while structural change in the lattice is more important in the middle- and high-fluence
regimes above 0.8 kJ/m2. Both effects are important in the transition region between 0.5
and 0.8 kJ/m2.
The structural changes that follow the laser-pulse excitation in the middle- and highfluence regimes result from the destabilization of the covalent bonds by the excitation. The
resulting ionic motion leads initially to a loss of long-range order, signaled by the vanishing
of χ (2). Then, continuing deformation of the lattice causes changes in the short-range
structure accompanied by a collapse of the band gap. For pump fluences below 1.0 kJ/m2,
the induced structural changes are reversible, and the material eventually returns to its
initial configuration. However, for pump fluences above 1.0 kJ/m2, the induced structural
changes are irreversible and lead to permanent damage to the crystal structure.
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