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19.1 Introduction

For over two decades the subject of laser-induced phase transitions in semiconduc-
tors 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 conven-
tional method for this process is thermal annealing — the slow baking of a semicon-
ductor in an oven. In the heated sample the increased mobility allows defects and
dislocations to diffuse to the surface. In the 1970s, a similar effect was produced by
irradiating a doped semiconductor with a short laser pulse [1]. Although laser an-
nealing of semiconductors has not replaced thermal annealing in industrial semicon-
ductor processing, the discovery of laser annealing opened up a new and exciting
chapter in the study of light-matter interactions: the use of light to alter the struc-
ture of matter.

19.1.1 Chemical Bonds and Energy Bands

The study of laser-induced structural change in semiconductor crystals lies at the in-
tersection 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.

Most of the work on laser-induced structural change has focused on Group IV and
II1-V semiconductors in the diamond and zinc blende crystal structures. These
materials are very appropriate for studying cohesion because of the central role
played by covalent bonds in their crystals. Both the diamond and the zinc blende
structures are built from tetragonally coordinated atoms, with each pair of nearest
neighbors held together by sharing two electrons. If a significant fraction of these



582 19 Laser-Induced Phase Transitions in GaAs

bonding electrons are excited to antibonding states, the cohesion of the crystal will
be strongly affected [2]. In this chapter we 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 19.1(a) 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 Wwere singly occupied (note that each
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Figure 19.1 (a) Covalent bonding results from the splitting of an atomic energy level into
bonding and antibonding levels separated by an energy AE,_,. (b) Metallic bonding results
from the broadening of an atomic energy level into a band of energies of width AE,,4: @,
filled electronic state; o, empty electronic state.
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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 cor-
responds to an antibonding state.

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. 19.1(b). Because this type
of bonding results in a partially filled energy band, such a material will exhibit
metallic electronic characteristics [3].

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
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Figure 19.2 (a) Schematic representation of a semiconductor: AEy_, > AE,q4. (b) Schematic
representation of a metal: AE,_, < AEp,;q.
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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 bet-
ween the bonding and the antibonding bands (see Fig. 19.2a). 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. 19.2b).
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 elec-
trons are excited from the valence to the conduction band. Conductivity in a semi-
conductor is mediated both by the negatively charged electrons excited to the con-
duction 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.

19.1.2 Previous Work

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 elec-
tronic excitation eventually 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.

19.1.2.1 Thermal Model versus Plasma Model

Following the first experiments in laser annealing, two models were proposed to ex-
plain the structural change resulting from electronic excitation. One, known as the
thermal model, describes the structural change as a thermal melting process [4-6].
The thermal model assumes that the excited electronic system rapidly equilibrates
with the lattice by exciting lattice vibrations (emitting phonons). With this assump-
tion, 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
[7, 8]. The plasma model assumes a slower rate of phonon emission by the excited
electronic system. This assumption implies that structural change can occur while
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the electronic system and the lattice are not in thermal equilibrium with each other,
although each of these systems may be internally in a quasiequilibrium. According
to this model, the structural change is driven directly by the excited electronic system.
If a sufficiently high fraction of the valence electrons are excited from bonding states
to antibonding states, then the covalent bonds can no longer hold the crystal to-
gether, and a structural transition occurs.

19.1.2.2 Picosecond Pulses versus 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 in-
volving 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 com-
puter simulations based on the thermal model [4]. Later, Raman spectroscopy ex-
periments on semiconductors confirmed that an excited electronic system can
equilibrate with the lattice in just a few picoseconds [9], in agreement with the
assumption in the thermal model.

The introduction of femtosecond lasers in the mid-1980s led to renewed interest
in this topic [10]. The development of laser pulses with pulse widths below 100 fs
opened up the possibility of depositing energy in a semiconductor on a timescale
which is short compared with the electron-lattice equilibration time of a few pico-
seconds. 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 [11]. Thus, femtosecond laser excitation of
semiconductors seems to 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 from its response to a picosecond or nanosecond laser pulse
[10, 12-16].

19.2 Experimental Probes

Most of the experiments on laser-induced structural change involve a pump laser
pulse to excite the material and a probe laser pulse to determine the response of the
material to the excitation. Varying the time delay between the arrival of the pump
pulse and the arrival of the probe pulse on the sample maps out the time evolution
of this response. Because the photons in both the pump pulse and the probe pulse
couple directly to the electronic system, not to the lattice, these experiments involve
the connection between energy bands and chemical bonds in two ways: in causing
the structural change and in characterizing it. First, by altering the electronic
distribution within the energy bands, the pump pulse induces a change in the
chemical bond structure. Then, by monitoring changes in the electronic response to
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light, the probe pulse provides information on how the chemical bond structure
changes following the excitation. This section explores some of the specific tech-
niques used to extract information on the chemical bond structure using an optical
probe.

19.2.1 Reflectivity

Using the probe pulse to measure the reflectivity for a particular polarization and
angle of incidence constitutes the simplest optical probe. While its measurement is
a relatively simple operation, the reflectivity does not provide direct information on
the electronic band structure. The reflectivity is related to the dielectric constant,
which, in turn, is determined by the electronic band structure. In general, since the
dielectric constant has both a real part and an imaginary part, a reflectivity measure-
ment at a single polarization and angle of incidence is insufficient to determine
material properties uniquely.

However, when the real and imaginary parts of the dielectric constant can be
modeled by a single parameter, the reflectivity provides enough information to ex-
tract the dielectric constant. A single-parameter model that is used extensively for
optically excited semiconductors is a modified Drude model [S, 17]. The basic Drude
model describes the response of free electrons to light [3]. In the modified version
the dielectric constant of the semiconductor is

6(60) =1+ 4“Ximerband (0)) + 47T'XDrude (w) (1)

where w is the angular frequency of the incident light. The term X;nerpand (@)
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 electrons and holes, created by an optical excitation, enters
the dielectric constant through the term yp.q4 (@), given by [3]:

i(Ne*/m*)t iwlt 2
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XDrude (W) =

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 7 is the average
mean free time between collisions of free carriers with ions. The plasma frequency
w, is the resonant frequency for collective excitations of the free carriers
(plasmons). Setting Xiyerband (@) = O in this model gives the dielectric constant for a
metal, in which the optical response is dominated by free carriers instead of by inter-
band transitions.

In the modified Drude model, both the real part and the imaginary part of the
dielectric constant are a function only of the free carrier density N. Because this
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model assumes that x;.....q(w) is constant, it is valid only when changes in
Xinterbang (@) due to excitation are much smaller than the corresponding changes in
Xpruge (@). Under these circumstances, this model can be applied to interpret reflec-
tivity measurements. It has been widely used in experiments involving free carrier
densities up to 102 cm 3 [17]. However, as we will see, for densities on the order of
10%! — 10?2 cm 3, which is roughly the excitation regime necessary to destabilize the
lattice, changes in X;,.erpana (@) become too great to ignore, and the modified Drude
model can no longer be applied.

19.2.2 Second-Harmonic Generation

Another optical probe used to study laser-induced structural change involves the
nonlinear process of second-harmonic generation [18-20]. In this technique, a detec-
tor measures radiation at the second-harmonic frequency of the probe produced 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 y. The linear response of a material to an
optical field E (w), involving processes such as reflection, transmission, and absorp-
tion, is given by the linear electric polarization

POw) = O () - E(w) 3)

Similarly, the second-order response of a material to E (w) is given by the second-
order electric polarization

I

PPOQRw)=xPQw=w + w): E(w) E(w) (4)

The second-order electric polarization, which is produced by an electric field
oscillating with frequency w, acts as a source which drives an electric field oscillating
with frequency 2w [21].

The reason for monitoring the second-order optical response in a laser-induced
structural change experiment is that the second-order susceptibility x ® reflects the
symmetry of the system. For instance, in a material with inversion symmetry, x ® re-
mains unchanged by an inversion operation. The vectors P¥ (2w) and E (w), however,
change sign under inversion. Thus, an inversion operation on Eq. (4) produces

-PPQw)=xPQuw =0 + ©): [-E)][-EW)] 4)

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

N

1PCu=w+w)=-x1?Quw=0w+w)=0 (6)

In other words, no second-harmonic radiation can be produced in a material with
inversion symmetry. A III-V semiconductor such as GaAs does not have inversion
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symmetry, so 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
chemical bond 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 imply a drop in x®@. This complication arises because the second-har-
monic radiation depends not only on x@, but also on the linear susceptibility x
at both the fundamental and second-harmonic frequencies [22]. Any pump-induced
changes in the linear reflectivity, the absorption depth, and the angle of refraction,
all determined by ¥, will affect the detected second-harmonic radiation. If these
changes induced in x© are small enough, then second-harmonic radiation measure-
ments will reflect primarily the behavior of x®. However, as will be shown Sec-
tion 19.3, the changes in x® during femtosecond laser-induced structural change
are actually quite large and cannot be ignored when analyzing second-harmonic
generation results.

19.2.3 The Dielectric Constant — an Intrinsic Material
Property

As described above, neither reflectivity nor second-harmonic probe yield unam-
biguous information on the behavior of the material. Interpretation of data taken
using these probes is difficult and cannot be done without assumptions that are
generally not valid in the regime of laser-induced structural changes. The difficulty
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 such as the dielectric constant
e=1+4my®.

19.2.3.1 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 in-
formation 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 a par-
ticular angle of incidence but at two different incident polarizations. Furthermore,
if the dielectric constant is changing rapidly in time, as in the case of laser-induced
structural change, the reflectivity measurements must occur on a timescale which is
short compared with that over which the dielectric constant is changing.
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More than one method exists for determining the time-dependent dielectric cons-
tant [23], but here we will focus on a technique that we used recently to study laser-
induced structural changes in GaAs. We measured 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 dielec-
tric constant and angle of incidence, we then converted the two simultaneous but in-
dependent reflectivity measurements into a real part and an imaginary part of the
dielectric constant. By varying the relative time delay between a pump pulse, which
induces the change in the dielectric constant, and the pair of probe pulses, we ob-
tained the time evolution of the dielectric constant following the excitation.

19.2.3.2 Choosing the Angles of Incidence

To distinguish between the real and imaginary parts of the dielectric constant using
this two-angle technique, one must choose angles of incidence which respond dif-
ferently to changes in the dielectric constant [24]. Specifically, the two incident
angles 6, and 6, must satisfy the condition

OR,(6,)/0Re(¢) N OR,(6,)/dRe(€)

7
9R,(0,)/0Im(e) OR,(6,)/0Im(e) @

where R, (6) is the reflectivity at incident angle 6 for light polarized in the plane of
incidence. For pairs of angles of incidence less than roughly 45°, the ratios of the
partial derivatives are almost the same, so that distinction between the real and im-
aginary parts of the dielectric constant is practically impossible. However, for pairs
of larger incident angles, the partial derivative ratios do satisfy Eq. (7). Figure 19.3
illustrates the effect of a small change in the dielectric constant on the reflectivity
for light polarized in the plane of incidence as a function of angle of incidence.
Because the Brewster angle (the angle of minimum reflectivity) is the only angle at
which the reflectivity is sensitive only to changes in the imaginary part, setting one
of the two incident angles to the Brewster angle will assure that Eq. (7) is satisfied.
In the experiment described below, we set one probe beam to be incident at Brewster
angle (75.8°) and the other a few degrees away at 70.9°. This choice of angles,
though optimized for small changes in the dielectric constant, satisfies Eq. (7) even
for the large changes in the dielectric constant which we observe,

While reflectivity measurements at two carefully chosen incident angles are suffi-
cient to extract the dielectric constant, additional measurement of 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 ex-
periment, we measured the reflectivity at an incident angle of 45° under excitation
conditions similar to those in the two-angle measurements. The measured 45 ° reflec-
tivities show excellent agreement with 45° reflectivity values calculated using the
dielectric constant extracted from our measurements at 75.8° and 70.9°.
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Figure 19.3 Effect of small changes in the dielectric constant on the angle dependence of the
plane-polarized reflectivity of GaAs: —, no changein ¢, ----- , small change in Re(¢g), — —,
small change in Im/(g).

19.2.3.3 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 semicon-
ductor 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 [25]. 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 [25). We obtained a value for the effective thickness of the oxide layer on
the surface of our sample by measuring the incident angle dependence of the reflec-
tivity in the absence of any excitation. With the known dielectric constant of GaAs
[26] and a value of & = 4 for the dielectric constant of the oxide layer [25], a fit of
the three-phase model to the measured angle dependence yielded an effective oxide
layer thickness of 42 A.
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19.3 Behavior of the Dielectric Constant in GaAs

In the remainder of this chapter we focus on our recent work on GaAs as a specific
example of femtosecond laser-induced structural change. In this experiment we
measure the dielectric constant at a probe wavelength of 570 nm (2.2 €V) at a series
of time delays following excitation with a pump pulse at a wavelength of 635 nm
(1.9 €V). The photon energy of the pump pulse is well above the band gap minimum
of GaAs (1.4 eV), allowing excitation of a high density of free carriers through both
linear and nonlinear absorption. The excitation conditions in this experiment are
similar to those in other recent experiments on GaAs using the techniques described
in Sections 19.2.1 and 19.2.2 [14-16]. However, the information contained in the
dielectric constant measurements presented below provides important new insight
into laser-induced structural changes as well as direct data on an intrinsic material
property.

19.3.1 Experimental Setup

The pump and both probe beams are derived from the amplified output of a col-
liding-pulse mode-locked (CPM) laser, which produces a train of 100-fs pulses
centered at 620 nm. Self-phase modulation in a single-mode fiber broadens the spec-
trum of the 620-nm pulses from about 5 nm to roughly 200 nm [27]. Following this
spectral broadening, a beamsplitter splits the output from the fiber into two beams.
One of the beams passes through a three-stage amplifier using the dye DCM to
amplify a 20-nm spectral region centered at 635 nm while the other beam passes
through a two-stage amplifier using the dye Rhodamine 6G to amplify a 10-nm
region centered at 570 nm. Both amplifiers are pumped by a frequency-doubled,
10-Hz Nd:YAG laser. A separate grating pair compresses the amplified pulses in each
of the two beams to about 70fs (full width at half-maximum; FWHM). Another
beamsplitter then splits the 570-nm beam into the two probe pulses.

All three beams are polarized in the plane of incidence and are focused to the same
spot on the sample, which is an insulating (110) GaAs wafer (Cr doped, p > 7 x 107
Q cm) in air. To monitor a uniformly excited region, the two probe beams, incident
at 75.8° and at 70.9° from the surface normal, are focused more tightly than the
pump beam, incident at 63° (see Fig. 19.4). The probed surface area is about
16 times smaller than the 0.01-mm? 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 (<170 nm, depending on the strength of the excitation)
compared with that of the pump beam (270 nm).

To measure the time dependence of the dielectric constant, we vary the time delay
between the pump and the probe pulses. This is achieved by changing the difference
in optical path lengths to the sample between pump and probe. The zero in time is
defined by maximum temporal overlap of pump and probe at the sample. We deter-
mine this zero in time by maximizing the nonlinear sum-frequency signal produced
by each pair of beams as we vary the optical path lengths. At each pump-probe time
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Figure 19.4 Probing geometry; p-pol,, plane-polarized.

delay, the collected data span a range of pump-pulse fluence from 0to3.2kIm™2
The fluence of each probe beam is kept below 0.1 kJ m~2 so as not to produce any
detectable changes in the dielectric constant to within our experimental resolution.
Since the excitation can permanently alter the material, the sample is translated dur-
ing data collection so that each data point is obtained at a different spot on the
sample.

19.3.2 Experimental Results

Figure 19.5 summarizes the experimentally measured dielectric constant of GaAs at
2.2 eV following femtosecond laser pulse excitation. The four graphs in Fig. 19.5(a)
show the real part (@) and the imaginary part (o) of the dielectric constant plotted
as a function of time delay for four different pump-pulse fluences. The behavior of
the dielectric constant is particularly revealing when viewed as a function of pump
pulse fluence at fixed time delay, as shown in Fig. 19.5(b). In all four of these graphs,
the imaginary part of the dielectric constant Im(g) rises from an initial value close
to 2 to a peak of roughly 60. Coincident with the peak in Im(¢) is a drop through
zero in the real part of the dielectric constant, Re(e). The peak in Im(g) and zero-
crossing of Re(e) occur earlier in time at higher pump fluences than at lower ones.
This fact is highlighted in Fig. 19.6, which shows a plot of the time delay at which
this feature occurs as a function of pump fluence. The lowest fluence at which we
still observe a peak and zero-crossing is 0.8 kJ m~2. This is slightly below the
1.0 kJ m 2 threshold for permanent visible damage which we determined by cor-
relating the incident energy of a pump pulse with the size of the damage spot it pro-
duces on the sample.

The behavior of the dielectric constant seen in Fig. 19.5 is characteristic of an ab-
sorption peak coming into resonance with the probe frequency. In general, Re(e) is
positive for frequencies below and negative for frequencies above the resonant fre-
quency of an absorption peak. The direction of the zero-crossing of Re(g) in
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Fig. 19.5 thus implies that the resonant frequency of a major absorption peak, in-
itially above the probe frequency of 2.2 €V, drops down through the probe frequency
as a result of the pump pulse excitation. Figure 19.6 suggests that the strength of the
excitation determines the rate and extent of the drop: the higher the pump fluence,
the faster and further the drop. For pump fluences less than 0.8 kJ m 2, the reso-
nant frequency of this absorption peak does not decrease all the way to the probe
frequency.
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Figure 19.5 (a, previous page) Dielectric constant at 2.2 €V versus pump-probe time delay for
four different pump fluences. The curves are drawn in to guide the eye. (b) Dielectric constant
at 2.2 eV versus pump fluence for four different pump-probe time delays. The curves are
calculated using a single-oscillator model for the dielectric constant. ®, Re(g); o, Im(e);
p-pol.

19.3.3 Interpretation of Results

The distinct behavior of the dielectric constant presented in Section 19.3.2 is some-
what surprising. While the system being studied is extremely complex, the graphs in
Fig. 19.5 are all dominated by one particularly striking feature — an absorption peak
coming into resonance with the probe frequency. In fact, all the data in Fig. 19.5(b)
can be made to overlap by simply rescaling the fluence axis of each graph. The
simplicity of the results suggests that a simple model may account for the behavior
of the dielectric constant.
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Figure 19.6 Pump-probe time delays at which Im () is maximal and Re(g) = 0 for different
pump fluences. The solid line is a fit of Eq. (9) to the data with wq(@, ¢) = Wpope; the broken
line corresponds to the semiconductor-metal transition where wy(@, ¢) = w,. The single-
oscillator model is valid only in the stippled region, where GaAs is a semiconductor.

19.3.3.1 Single-Oscillator Model for the Semiconductor Dielectric
Function

To identify the absorption peak in the data, we should look at the main features of
the dielectric function in semiconductors. The dielectric function of GaAs is typical
of most direct-gap semiconductors and is shown by the solid curves in Fig. 19.7 [26].
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Figure 19.7(a) For caption, see following page.
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Figure 19.7 (a, previous page) Re(¢) and (b) Im(¢) for GaAs as a function of photon energy
in the absence of any excitation (solid curves) [26]. Also shown is a fit (broken curves) of the
single-oscillator model given by Eq. (8) to the dielectric function. E, corresponds to the
minimum band gap, below which there is no absorption, while £, and E, label the two main
absorption peaks.

The first feature to notice is the point labeled E, in Fig. 19.7 (b), which corresponds
to the minimum in the band gap. For photon energies above this point, the dielectric
function is dominated by direct interband transitions, or transitions at the same k-
vector between valence and conduction bands. No interband absorption can occur
for photon energies below this point, so Im (¢) is zero in that region. The two absorp-
tion peaks E, and FE, result from regions in the band structure in which the valence
band is parallel to the conduction band, leading to a large joint density of states for
direct interband transitions [28]. The E, peak is the stronger of the two, and its
center frequency, 4.75 eV for GaAs [29], gives roughly the average bonding-anti-
bonding splitting of the material [2].

The dielectric function of GaAs can be approximated by that of a single harmonic
oscillator with a resonant frequency equal to the average bonding-antibonding split-
ting [28]. The single-oscillator dielectric function is given by

0)2

fw)=1-—F—— ®
W — 0} +is
0
T

where the plasma frequency w, corresponds to the oscillator strength, w, is the
resonant frequency of the oscillator, and 1/7 the width of the resonance. A fit of
Eq. (8) to the actual dielectric function of GaAs (see Fig. 19.7) yields w, = 15.2 €V,
wy = 4.55 &V, and 7 = 0.39 eV ~!. The value of w, extracted from the fit closely mat-
ches the 15.5-eV plasma frequency calculated using the total valence electron density
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of GaAs [30]. Note also that the value obtained for w, agrees with the average
bonding-antibonding splitting of GaAs, given roughly by the 4.75-€V location of the
E, absorption peak of GaAs. Thus, while the single-oscillator model smooths out
the features of the real dielectric function, it captures the essential physics.

The model in Eq. (8) provides a simple identification of the absorption peak in
the data in Fig. 19.5 as the single-oscillator resonant frequency wqy. With this iden-
tification, the data imply that w, depends on fluence ¢ and time delay ¢
wy = wo(@, 1); it starts off at an initial value wy (0, 0) = 4.55 €V 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
Wy (¢, 1) =4.55 eV — C(l + ;) o 9

where C and T are constants which can be determined from a fit to the data in
Fig. 19.6 since these points indicate the fluences and times at which wy(®,
1) = Wprobe = 2.2 €V. Substituting 2.2 €V into the left-hand side of Eq. (8) and fitting
the resulting expression to the data points in Fig. 19.6 yields C =3.0 eV kJ ™! m?
and T = 0.34 ps. Substituting Eq. (9) into Eq. (8) produces an expression for the
dielectric function of GaAs as a function of fluence and time following excitation
with the pump pulse. This expression is represented by the curves in Fig. 19.5(b),
which are plotted up to the fluence at which the resonant frequency reaches zero,

w0(¢) t) =0.

19.3.3.2 Semiconductor-Metal Transition

The single-oscillator model in Eq. (8) approximates the dielectric constant for a
semiconductor, whose optical response is dominated by interband transitions.
However, if the average bonding-antibonding splitting decreases so far that the
minimum of the conduction band drops below the maximum of the valence band,
then free charge carrier contributions to the dielectric constant, dominated by intra-
band transitions, will start to become important as the material takes on a metallic
character. In terms of the bonding picture presented in Figs 19.1 and 19.2, this transi-
tion from semiconductor to metal occurs when the average bonding-antibonding
splitting, characterizing the strength of the covalent bonding, becomes smaller than
the width of the energy bands, characterizing the strength of the metallic bonding.
Figure 19.8 illustrates this pump pulse-induced transition schematically.

At what time delay does the conduction band minimum just reach the valence
band maximum? This overlap point corresponds to a critical value of the average
bonding-antibonding splitting, w,,. Since the rate of decrease of the average bond-
ing-antibonding splitting increases with excitation strength, the time delay # at which
wy(9, t) = w,, will decrease with increasing pump fluence ¢. We can estimate the
value of w,, by assuming that the minimum value of ¢ for which wy (¢, 7) reaches
w,, corresponds to the 1.0 kJ m ™ threshold fluence for irreversible damage of the
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Figure 19.8 Schematic illustration of semiconductor-metal transition induced by femtose-
cond laser pulse excitation (represented by initial hammer blow).

material. At this fluence, then, the average bonding—antibonding splitting decreases
just far enough so that at infinite time wy(1.0 kJ m 2, ©) = w,,. Using these values
for ¢ and ¢ in Eq. (9) yields a value of approximately 1.6 €V for w,,. It should be
emphasized that this value is based on the single-oscillator model and is therefore
limited by the accuracy of the model.

Substituting w,, = 1.6 €V for the left-hand side of Eq. (9) produces a curve for
the time delay at which the semiconductor-metal transition occurs as a function of
pump fluence, shown as the broken curve in Fig. 19.6. The stippled region of the
graph to the left of the broken curve corresponds to wgy(@, ¢) > w,,, for which the
material is still a semiconductor. The white region to the right of the broken curve
corresponds to wy(@, ) < wg, for which the material is metallic. For fluences
greater than 2.0 kJ m~2, the transition takes place in under 1 ps. However, for
pump fluences less than 1.0 kJ m ™2, the excitation is not strong enough to cause
this transition at all. Once the material becomes metallic, the single-oscillator model
described by Eq. (8) is no longer a valid approximation for the dielectric constant.
This can be seen in Fig. 19.5(b), in which the calculated semiconductor-metal transi-
tion point is marked in each graph by a transition from solid line to broken line in
the single-oscillator model curves. Note that the curves do indeed start to deviate
from the experimental data once they become broken.

19.4 Discussion of Band Gap Collapse

The experimental results presented in Section 19.3 indicate that sudden excitation of
a high density of free carriers by a femtosecond laser pulse directly leads to a collapse
of the band gap, signaled by a drop in the average bonding-antibonding splitting.
How does an electronic excitation cause such a collapse? Fundamentally, the band
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structure of a solid is a result of Coulomb interactions among the component nuclei
and electrons. Any changes in the strength of the Coulomb interactions between
atoms will therefore affect the average bonding-antibonding splitting. The strength
of the interatomic interactions can be modified both by changes in the effective range
of Coulomb forces through screening by free carriers and by changes in the relative
positions of the interacting atoms themselves.

19.4.1 Electronic Screening

The creation of free electrons and holes by femtosecond laser pulse excitation in-
troduces into the system a sizable population of mobile charge carriers that will
reduce the effective range of Coulomb forces in the material. In other words, a
positive ion will attract a negative charge cloud that in turn screens out to a certain
extent the electric field of the ion [3]. This electronic screening thus reduces the inter-
atomic interaction strength, thereby diminishing the average bonding-antibonding
splitting. The extent to which electronic screening decreases the average bond-
ing-antibonding splitting will depend on the density of free carriers; a higher density
allows more efficient screening, causing a bigger decrease in the splitting.

In our experiment, the excited carrier densities are greater than 10*! cm ™. At
these densities the decrease in the band gap due to electronic screening can be a
sizable fraction of the gap [17, 31]. A precise value for the size of this effect is hard
to calculate, in part because the exact density of excited free carriers is not known.
However, we can assume that electronic screening will be strongest immediately
following the pump pulse because that is when the free carrier density is highest. As
this excited population decreases through recombination and diffusion processes, the
effect of electronic screening on the average bonding-antibonding splitting must
also decrease. In contrast, the experimental data show that the effect of the excitation
on the average bonding-antibonding splitting continues to increase for picoseconds
despite the 70 fs width of the excitation pulse. Thus, while electronic screening may
account for some of the initial drop in the average bonding-antibonding splitting,
it cannot account for the entire effect evident in the data.

19.4.2 Structural Change

Changes in the lattice structure will also have a strong effect on the band structure.
Band gap collapse is known to occur as a result of structural transformations in-
duced by high pressure or by thermal melting [32-34]. A 10% change in the bond
length is enough to cause a semiconductor-metal transition [32]. Structural change
of this magnitude is easily attainable on the timescale of the drop in the average
bonding-antibonding splitting described in Section 19.3. To move 10% of the bond
length of GaAs in 1 ps, an ion need only move at a speed of 25 ms .

To understand how the femtosecond laser pulse excitation can destabilize the lat-
tice and directly lead to structural change, we should look again at the mechanism
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for covalent bonding. As discussed in Section 19.1.1, a covalent bond is energetically
favorable when the two electrons that make up the bond are in the ground state. If
one of the electrons is excited to the antibonding level, then the total energy of the
system is no longer lower than that of two isolated atoms. Under this type of excita-
tion, the component atoms will move away from each other, as is seen in the case
of photodissociation of molecules [35]. The situation is much more complicated in
a covalent solid where there are on the order of 10** atoms cm 3, but we can expect
a similar kind of bond instability if enough electrons are excited from bonding
valence-band states to antibonding conduction-band states. Once this lattice in-
stability is set up by the initial excitation, the lattice structure will continue to evolve
toward a lower-energy configuration even after the pump pulse is gone, in agreement
with the evolution of the data presented in Section 19.3.

19.5 Conclusion

Although the field of laser-induced structural change in semiconductors has been an
important topic of research since the 1970s, it continues to generate new interest with
each result. The advent of femtosecond laser technology, in particular, opened a new
and growing list of questions to be answered. What, for instance, is the nature of
electron-lattice interactions when a significant fraction of the valence electrons have
been excited to the conduction band? To what new configuration does the lattice
evolve once the tetragonally coordinated covalent structure becomes unstable? As
the results presented here show, these questions strike at the very core of the connec-
tion between chemical bonds and energy bands.

To answer such questions, it will be necessary to characterize fully the behavior
of the band structure following intense femtosecond laser pulse excitation. This
chapter represents a first step in this characterization. As we add to current ex-
perimental information on the intrinsic material properties of laser-excited materials,
theoretical calculations will play an increasingly important role in the field. Progress
in the study of laser-induced lattice instability and structural change will lead to a
more complete picture of the cohesion of solids.
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