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Generation of dense electron-hole plasmas in silicon with intense 100-fs laser pulses is studied by time-
resolved measurements of the optical reflectivity at 625 nm. For flueRcétween 10 mJl/cfacF
<400 mJ/cr, plasma generation is dominated by strong two-photon absorption, and possibly higher-order
nonlinearities, which lead to very steep spatial carrier distributions. The maximum carrier densities at the
sample surface are in excess of4@m 3, and therefore, the reflectivity shows a mainly Drude-like free-
carrier response. Within the Drude model, limits for the optical effective mass and the damping time are
determined.

[. INTRODUCTION of femtosecond laser-induced melting in silicon and gallium
arsenide by means of time-resolved measurements of the op-

The properties of optically excited electron-hole plasmadical reflectivity and the reflected second harmonic. These
in semiconductors have been extensively studied during thexperiments provided changes of the linear optical constants
past two decades.The availability of femtosecond laser and of the second-order nonlinear optical susceptibility. Our
pulses has led to an enormous progress, because the elé@ta suggest a simple two-step model of the laser-induced
tronic properties of semiconductors are determined by th@hase transition. This model distinguishes betweem i
basic relaxation processes of the free carriers, which occur ittion stageand atransition stage While Ref. 18 empha-
the subpicosecond time domain. In most cases, the exper$ized the melting process during the transition stage, the
mental work was limited to carrier densities below present paper will focus on the excitation stage. We have
10%° cm™3. investigated in detail the carrier generation processes and the

Work on electron-hole plasmas of higher density has beeflasma properties in silicon at very early times before melt-
done in connection with the investigation of nanosecond anéng occurs.
picosecond laser-induced phase transitions in solid materials. The paper is organized as follows. In Sec. Il we briefly
Starting with the discovery of laser anneafingf crystal ~ describe the experimental setup. Based on results from pre-
damage in ion-implanted semiconductors at the end of thgious work on low-densitye-h plasmas, Sec. Il discusses
1970s and the attempts by Van Vechtenal to explain  the expected laser-induced changes of the optical properties.
these processes by the so-calfgdsma modelthere was a In Sec. IV we describe and analyze the experimental data. As
controversial debateabout the mechanisms of melting by the main result, a lower limit of the density of teeh plasma
short laser pulses. This stimulated a great deal ofis a function of excitation fluence is derived, givipganti-
experimentat ° and theoretical~**work on the properties tative evidence fore-h densities in excess of ¥ cm™3. A
of laser excitede-h plasmas up to the £8cm 2 range. summary and some conclusions concerning the relevance of
Meanwhile, it was generally acceptédhat for pulse dura- the results in the context of femtosecond laser induced melt-
tions down to a few picoseconds the phase transformation g are presented in Sec. V.

a rapid thermal process, due to the fast energy exchange
between the optically excited electronic subsystem and the
lattice.

The situation is quite different when much shorter laser To investigate the generation and the properties of dense
pulses are used. Time-resolved optical experiments on fenelectron-hole plasmas in silicon, time-resolved measure-
tosecond excited silicol? 8 gallium arsenidé®~?indium  ments of the reflectivity have been performed on
antimonide’? and carboff gave strong evidence that the single-crystalliné* optically polished samples. We applied
transition to the disordered liquid phase is possible on a sulstandard femtosecond pump-probe techniques using 100-fs
picosecond time scale, too fast to be explained by thermdight pulses at 625 nm provided by a 10-Hz-amplified
processes. Based on Van Vechten and co-workers*fded  colliding-pulse, passively mode-locked dye-laser
plasma-induced softening of the crystal lattice, a number ofrhodamine6G/DODQI The s-polarized pump beam struck
theoretical studigs=2° investigated nonthermal melting in the sample surface at an angle of incidence of 30°; the probe
semiconductors. These studies set a lower density limit obeam wag polarized with an angle of incidence of 49°. The
approximately 1& cm 3 for the proposed lattice instability. probe was focused to the central part of the excited area to
However, only few experimerts >3 directly addressed this minimize the effects of spatial averaging. The silicon wafers
density range. The experimental verification of densities invere raster scanned during the measurements by a stepper-
excess of 1 cm 3, and a thorough understanding of the motor-driven two-axis translation stage in order to ensure
properties of such denseh plasmas, is still lacking. that each pump pulse strikes a fresh, unexcited area on the

In a recent papéf we presented a detailed investigation sample surface.

IIl. EXPERIMENT
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For each laser shot the energy of the pump and the probe A. State and band filling
beam and the reflectivity were measured by calibraieeh A description of the effect of state and band filling

photodlodes_. Great care was t{;\ken to measure the excnatl(mepop) would, in principle, require a detailed knowledge of
fluence precisely. We used a diode array in a reference plange carrier distribution in the conduction and valence bands.
representing a replica of the target surface to control gy, vever, due to the high plasma temperature it is reasonable
spatial intensity distribution of the pump beam on they, 55qume that the carriers are almost uniformly distributed
sample. During the experimental runs the diode array wagyer the Brillouin zone. Therefore, no distinct spectral struc-
replaced by a suitable pinhole followed by an additional phos1es such as spectral hole burrfhgould be expected, and
todiode. The pinhole represents that part of the excited areg magnitude of\ ey, could be simply estimated from the

which is actually interroga?ed by the probe bea“."- Due G ai0 of the densityN,, of excitede-h pairs and the total
small pulse-to-pulse variations of the beam profile of the\/alence-band densiti, (silicon: Ng=2x 10 cm~3) in
focused pump beam and variations of the spatial overlayPne unexcited stat&® 0 n0

between pump and probe, the local pump fluence turned out
to be a much better energy reference than the total pump Ney
energy. By this technique the scattering of the measured re- Aepop=—(€g—1) ,\T ) 2
flectivity data could be significantly reduced. 0

The fluence of the excitation pulse was varied from below
0.01 J/cm up to 0.4 J/crh with the help of a half-wave B. Band-structure renormalization
plate in conjunction with an optical polarizer. The highest
fluence corresponds to approximately 2.5 times the meltin%in
threshold of 0.17 J/cf The fluence of the probe pulse was
kept at a level of about a few hundredl/cnf, well below
the single-shot melting threshold.

Band-structure renormalization describes changes of the
gle-particle energy of the carriers due to many-body inter-
actions in the excited plasma. Often these changes are treated
as a rigid shift of the band structure resulting in a shrinkage
of the energy gapXEy,,) which is proportional to the cubic
root of the density!*344Deviations from the simple cubic
root law are expected due to the temperature dependence of
AEgap,** and additional high density contributions described
by Kim and co-workeré® Neglecting the latter effects the
This section discusses the electronic structure of stronglghanges of the optical properties can be estimated within the
excited silicon, and the expected changes of the optical progigid band shift model from a corresponding shift of the op-
erties. We are dealing with electron-hole densities aroundical spectra®
10?2 cm™ 3. The temperature of the plasma could be roughly
estimated from the effective excess energy of the electron- A€pgs= €g(hiw+AEg,p) — €4(fiw). (3
hole pairs, which is greater than the single-photon excess
energyfiwo—Ega,. As we show later, this is due to the
strong two-photorf3® and free-carrier contributions to the
overall absorption of the pump pulse. The initial distribution ~ The changes of the optical constants caused by the re-
of the excitece-h pairs thermalizes very rapidly within a few SPonse of the free carriers can be described by the Drude
tens of femtosecond&® due to ultrafast carrier-carrier scat- modef’
tering. Thus the initial carrier temperature should be above

Ill. OPTICAL PROPERTIES OF STRONGLY
EXCITED SILICON

C. Free-carrier response

10* K, making the plasma nondegenerate even at these high Ne.ne? 1 wp)? 1
densities’’ o= == —
To deduce some basic guidelines concerning the expected 0" optTe™ 1 4j— 1+i—
. . wWTp W Tp
changes of the optical properties, we extrapolate the results (4)

of previous low-excitation work to the density and tempera-
ture regimes encountered in this study. Three physical effecighere ¢,, m,, and » have their usual meaningm’gm
are responsible for changes of the linear optical properties of (m# "1+ m¥ 1)~ denotes the optical effective mass of

a semiconductorti) state a”%ba”d filing>*° (i) renormal- e carriers h: andm? are the mobility effective masses of
ization of the band structufe,and (iii) the free-carrier re-  glectrons and holgs o the Drude damping time, andp

sponse. For simplicity we assume first that each mechanism > * .
. : : = \Neneegmg,im, is the plasma frequency
contributes separately to the dielectric constaftof the . pr/e = o . .
The optical mass in silicon is known only for low-density,

excited material: :
relaxed plasmas, where the carriers occupy states near the

band edges. Using common definitions for the mobility ef-
(1) fective massé§ and tabulated values for the different mass

parameters in silicorf a value ofm? ,=0.15 is found. Con-

sidering again the high density and high temperature of the
Here ¢4 is the dielectric constant of the unexcited materiale-h plasma with carriers far from the band edges, the as-
[Si, 625 nm(Ref. 42: €,=15.26+i0.17]. Aeyop, A€pgs, sumption of a constant mass parameter is questionable, be-
and Ae;, represent the changes of the dielectric constantause of the nonparabolicity of the bands. Under these con-
due to state and band filling, renormalization of the bandlitions the optical mass in E¢3) must be calculated as an
structure, and the free-carrier response, respectively. average over all occupied statéswhich again requires a

€ =€yt Aepopt Aepgst A€
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0.8F ) ' 7 The dotted curve represents the combined contributions
02 R due to state and band filling and band-gap renormalization
0.6} according to the first part of EQS)._Due to the' opposite sjgn
o1 of the two effects the change in reflectivity is relatively
small. The dashed curve shows the reflectivity derived from

1077 1070 107° 10 1073
T [8]

Reflectivity

]
1. .
0-45 0ok i v . ! a pure Drude moddthe free-carrier response alone; see Eq.
i

(4)]. Very briefly, the main reflectivity features of the pure
Drude model are the decrease at lower densities and a drastic
increase at higher densities. The reflectivity minimum corre-

0 . ; . sponds to the density where the real partbdfis equal to 1.

10'? 1020 102" 1022 The reflectivity increases when the electron-hole density ex-
ceeds thecritical density N, which corresponds to Ref)

=0 [also called theplasma resonancewp~yRe(eg) w].

FIG. 1. Theoretical predictions for the reflectivity of silicon as a With the given optical constants and the chosen Drude pa-
function of the excited electron-hole density, 625-nm wavelengthyameters n;,,=0.18, rp=1 fs) the value of the critical
49° angle of incidence, angl polarization. Dotted curve: contribu- density isN.,=8.7xX 10?* cm™3. The value of the reflectiv-
tions due to state and band filling and band-gap shrinkage; dashéty at the minimum and the slope of the rising part are deter-
curve: pure Drude contribution; solid curve: total reflectivity ac- mined by the magnitude of the imaginary partedf, which
cording to Eq.(5). Inset: minimal reflectivity as a function of the depends(in the pure Drude modglonly on the damping
Drude damping time. constant. The inset of Fig. 1 shows the minimum reflectivity

as function of the Drude damping time,. For a strongly
knowledge of the carrier distribution functiomsy,, will be-  damped plasma«{rp<1) the minimum reflectivity stays
come in principle a density- and temperature-dependentlose to the value of the unperturbed solid; for a weakly
quantity?13 damped plasmas{p>1), it approaches zero.

Similar restrictions apply for the Drude damping timg The solid curve represents the reflectivity calculated with
which also becomes density and temperature depentight. the total dielectric function given in Ed5). The principal
At low densities the current relaxation is determined byshape of this curve is very similar to the pure Drude model.
carrier-phonon collisions (#4~10" s~ 1). For higher den- This demonstrates that, especially at higher densities, free
sities carrier-carrier collisions, in which the total momentum,carriers dominate the optical response. Only for densities
but not the current, is conserved, are thought to be responwell below the critical density may the positive contribution
sible for the high damping rates ¢4/~10'° s 1) observed resulting from gap shrinkage be stronger. Other differences
in previous high-density experimems! between the dashed and solid curves are a slight increase of

Although no detailed experimental data exist on the denthe critical densityfcaused by the increase of R&( due to
sity and temperature dependences of the Drude parametersgiip shrinkage and an increased reflectivity value at the
will be shown in Sec. IV that the changes of the opticalminimum[due to the increase of Ina{)]. Nevertheless, it is
properties are dominated by the response of the free carrieimiportant to note that under high-density conditions the pure
at the high densities we are dealing with in this work. Drude model alone may be sufficient to interpret experimen-
tal reflectivity data:(i) The relation between carrier density
and laser fluence is usually unknown. This relation deter-
mines position and slope of the plasma resondase func-
Summarizing the discussion of the last paragraphs the fokion of fluence. (ii) An increased damping constant can ac-

lowing expression for the dielectric function of an optically count for the changes of the minimum reflectivity.
excited semiconductor can be derived:

0.2

e-h density [cm™ 3]

D. Optical constants and reflectivity

IV. EXPERIMENTAL RESULTS AND ANALYSIS

NO_ Ne—h
€' (hw)=1+[ (ot ABgap) —1] No In this section we describe the investigation of plasma
generation and plasma properties in femtosecond photoex-
Ngne? 1 cited silicon. Experimentally, we measure the optical reflec-
o oM M2 1 (5) tivity of the probe pulse as a function of the pump pulse
0Mopt ™ 1 4+j— fluence. Such reflectivity data for four different delay times

@7p between pump and probe are shown in Fig. 2. Each data

point represents the measured reflectivity o$iagle laser

We will use this equation to analyze in more detail thepulse. Due to the procedure described above of measuring
expected changes of the reflectivity and the importance ofhe pump fluence on the actually probed portion of the ex-
the different contributions. For simplicity we assume acited area, no averaging of the data is necessary to obtain a
temperature-independent gap shrinkage and constant valugigh accuracy.
for the optical mass and the damping time. For the last two
parameters we choom;‘pt= 0.18 andrp=1 fs(see experi-
mental data In Fig. 1 thep-polarized reflectivity of silicon
for A\ =625 nm at an angle of incidence of 49° is plotted as The results shown in Fig. 2 extend over a fluence range
a function of the carrier density. from below the melting thresholl,,=0.17 J/cm up to ap-

A. Melting dynamics
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J S R R A L L L S ] after the pulse, and is related to the phase transition. As we
’ ofs 150 fs have shown previoushf there is only a small time window
oSt T 1 just after the excitation pulse in which the strongly excited
state of the solid phase can be studied. The following analy-
sis will focus on the reflectivity data measured at very early
times, e.g.At=150 fs. AtAt=150 fs creation of the-h
plasma is complete, but for most of the fluence range under
investigation there is not enough time for relaxation of the
plasma or melting. Only at the highest fluences shown here
will the reflectivity be influenced by the very fast onset of
nonthermal melting® Therefore, the main conclusions of the
analysis presented in the next sections are based on the re-
flectivity behavior at lower fluence@ip to ~300 mJ/cr).

Reflectivity

0 10 200 300 400 10 200 300 400 B. Plasma generation and plasma density

Fl J/ . ..
uence. [muiem’) As mentioned above, the reflectivity curves observed at

FIG. 2. Reflectivity of silicon as a function of excitation fluence early delay times follow the behavior expected from the
for four different delay times, 625-nm wavelength, 49° angle of Drude model. This shows that the free carriers dominate the
incidence, ang polarization. The dotted and dashed lines mark theoptical response of the excited material, in agreement with
reflectivity of solid and liquid silicon, respectively. the analysis presented in Sec. IV A. Before the Drude model

) . . is used to analyze our reflectivity data at=150 fs, we
proximately 2.5 Fr,. Although here we do not discuss in briefly discuss the absorption of light in solid silicon.
detail the solid-liquid phase transitidifor details see, e.g., The absorption processes determine the density, the tempera-
Refs. 18 and 211 it may be useful to give a brief description y,re and the spatial profile of the excited carrier plasma. In
of the melting dynamics and the corresponding reflectivityg;jicon, electron-hole pairs are created by linear and by two-
changes. Upon melting, a drastic increase of the reflectivi%hoton absorption TPA).32 Neglecting recombination and
due to the transformation from the semiconducting solidyitfsion during and shortly after excitation, carrier genera-
phase to the metallic liquid is expectefiig. 2: dotted line o can be described by the following differential equations

Rsor, dashed lineR;iq), in agreement with the general be- o the carrier density and the pump intensity:
havior of the measured curves. From a closer inspection of

the data, different fluence regimes could be distinguished. J |
For fluences below,, only relatively small changes of 9z

the reflectivity are observed. In this fluence regime the mea-

sured signals at early times are determined by the creation iN = ant } (2t I(z,t) 7

and relaxation of an electron-hole plasma, and, after approxi- at (z0=|ao Zﬁ b ho 0

mately 1 ps, by the time evolution of the lattice temperaturé e e ; genotes the spatial coordinate perpendicular to the

We define the melting threshold as the lowest pump fluencg,,itace o, and 8 describe linear and two-photon interband

fo;l which th? Obl,sderV_Fd reflecti;wty rlgtle_bequals tr;‘? expectedpsorption, and intraband free-carrier absorption is included

reflectivity o So'o S'4'C0n at the equilibnum me ting tem- s 5 space- and time-dependent coefficiept, . Assuming

perature of 1685° KR* Such a definition with reference to G . | h ~(t1)? the densit i

thermal melting is justified, because this reflectivity rise oc-& 2aussian puise s apge , the density equation can
be integrated in time. To calculate the fraction of the incident

c:u;% ;)ast)her slowly in tens of picosecondsig. 2, At laser-pulse energy which is coupled into the material, we
' neglect changes of the reflectivi during the pump pulse.

For fluences abové&,,, melting must be taken into ac- __ "2~~~ g - R
count. For gallium arsenide, it has been shtwhthat two This is justified by the reflectivity curve fakt=0 fs in Fig.
2, which shows only slight changes & as a function of

different regimes of femtosecond laser-induced melting ex: 57 B : . .
ist. In the vicinity of the melting threshold the solid-liquid Uence:” UsingFo= Vtol o the following result is obtained

phase transition is a slow, thermal process occurring on rthe _car_rier density at the sample surface as a function of
10-100 ps time scale. For higher fluences the experimentd® xcitation fluencé, (Ref. 32:

(zt)=—[aotasa(z,t) + BI(ZD]I(Z1),  (6)

data show melting on a subpicosecond time scale. In this (1-R) (1-R)
fluence regime melting is due to the plasma-induced lattice Ne_h=F0h— agtBFo——|- (8
instability discussed in the introduction. The behavior ob- w 22ty

served on silicon is very similakcompare Fig. 2,At Introducing the optical effective mass;,, on both sides of

=650 fs andAt=70 ps). this equation, and dividing b¥,, gives
It should be noted, however, that a clear distinction be-
tween the highly excited solid phase and the molten phase is Nen  ao(1—R) N B(1-R)? ©

quite difficult’® For example, the shape of the reflectivity
curves measured att=150 and 650 fs is in both cases in
agreement with the behavior expected from the Drude modalvhile the right-hand side of Eq9) represents a simple lin-
(Fig. 1). Nevertheless, the large increase of reflectivity ob-ear function inF,, the quantity on the left can be inferred
served for higher fluences At=650 fs occurs significantly from the measured data. By applying the Drude model, the

mgp[Fo_ Myptw  2y2mmg,tohw
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FIG. 4. Absolute electron-hole density as function of excitation

FIG. 3. RatioN m: F function of laser fluendg,. . . .
G .3 ?to e/ (Mop 0)_ as alu cftp oflaser flue d& fluence. Open circles: measured data points; solid curve: corrected
Open circles: measured data; solid line: linear fit to the data up t%ensit (taken from numerical simulationso account for the stee
fluences of about 180 mJ/émdotted curve: numerical simulation y P

under the assumption of a density-dependent optical mass: dasﬁpaﬂal carrier distributions. The dashed line marlkkrasholdden-

: 2 —3
dotted curve: back-calculated density from simulated reflectivitySlty of 10 cm.

(solid curve in Fig. & neglecting the spatial inhomogeneity. . . . . .
To obtain an estimate on the influence of the spatial varia-

tion of the optical properties on the measured reflectivity
data, we performed numerical calculations based on 6gs.

and (7), using the experimentally determined parameters
(ﬂ,m*pg. Changes of the optical absorption are included via

damping timery can be determined from the minimum re-
flectivity Ryin. The observed value d®,;,=13.5% vyields
~0.5 fs. Knowingrp, the plasma density or, more pre-

cisely, the ratiN.,/mg,, can be calculated from the mea- o ) X ) : X
sured reflectivity. The result is depicted in Fig. 3, where the? Space- and time-dependent dielectric function according to

- ; ; Eq. (5). As a result, the spatial carrier distributions as a func-
experimentally determined ratNe_h/(mgptFo) is plotted as . . .
a function of excitation fluence dt=150 fs. The data fol- tion .Of time are_ob.taln.ed. As an example Fig. 5 shows the
low the expected linear dependence up to fluences of abo paual carrier distributions 150 fs after the pump pulse for
180 mJ/cm (solid curve: linear fit to the data; the dotted ree sele_cte_d pump fluences. _The_steepenmg of the carrier
curve will be discussed belowwith the help of E'q(9) the profiles with increasing fluence is evident. At 25 mJdite

parameters of the linear fit function can be used to extract thg|str|but|on IS St'.“ exponential, although aIr.eady with a de-
. . R X ; . Creased absorption depth due to TPA. At higher fluences the
optical effective massng,, (intersection with ordinateand

- N distributions develop a nonexponential shape with a drasti-
tthTP_A coefficient 3 (slopg. This yields mg,=(0.18 cally reduced effective absorption depth below 100 nm.
+0,09, In rather close agreement with the known value for |, 5 second step we used these carrier profiles to calculate
low-density plasmas in silicon. A value g8=(50+10)  the reflectivity of the probe pulse. To account for the spatial
cm/GW, somewhat higher than in previous stud®e,is  variation of the optical constants, we employed the matrix
deduced. It must be concluded that in silicon TPA makes thegorithn?® of thin-film optics, which divides the profile into
dominant contribution to plasma generation: At the meltingthin slices of constant optical properties. In this description,
threshold of 170 mJ/cfp TPA is approximately one order the distributed response is due to multiple interference at a
of magnitude stronger than linear interband absorptiongrge number of layers.
[@=3.42<10° em™',* and B(1—R)Io=3x 10" cm™1]. The reflectivity of a spatially nonhomogeneowsh
Equation (9) can finally be used to infer from the mea- plasma still looks like a Drude response similar to Fi§:q.
Sured data. the absolute e|ectr0n-h0|e denSitieS. The I‘eSU|t -@)mparing W|th a homogeneous p|asma' the main difference
shown by the data points in Fig. 4. The threshold density for
nonthermal melting is approximately 20cm™3. This limit
is marked by the dashed line. The measured data clearly
show that this density threshold éxceeded

-

(=]
[
o

""" 25mJ/cm? 3
~—""100mJ/cm?
——300mJ/cm?

C. Spatial effects and model calculations

. . . . 2 TTT—
The dominance of TPA in the carrier generation process ot T T

has important consequences. First, the excess energy of the
created carriers and thus the plasma temperature is signifi-
cantly increased. Second, the effective absorption length is
much shorter than the linear absorption length afl/ 10%% 0 700 300
~2 um). Therefore, TPA leads to very steep spatial carrier
distributions. Under these conditions, the Fresnel formulas,
which assume an optically homogeneous medium, are no FIG. 5. Electron-hole density as a function of depth 150 fs after
longer properly describing the reflectivity. Instead, the dis-the pump pulse for three different pump fluences, as obtained from
tributed response of the spatial profile of the optical conthe numerical integration of Eq$6) and (7). Parameters of the

*

stants must be taken into account. calculation:3=50 cm/GW,mj,=0.18, andrp=1.1 fs(see text

e-h Density [cm™]

Depth [nm]
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0.4 T T T dotted curve reproduces quite well the deviation from the
At = 150fs expected linear behavior at higher fluences, demonstrating
the increasing importance of the spatial inhomogeneity of the
carrier distributions.

It is necessary to make some comments on the influence
of band-gap-shrinkage and state and band filling on the re-
sults of our calculations. These effects should lead to an
increase of both the real and imaginary parts of the dielectric
function with carrier density and thus with fluen€e The
increase of the imaginary part affects the determinatiof of
) 100 200 300 300 (a becomes an increasing function k). Therefore, the
analysis based on E¢9) and a pure Drude modéin con-
junction with the Fresnel formu)aends to overestimatg.

FIG. 6. Reflectivity of silicon as a function of laser fluence at a This overestimate is partially canceled by the increase of the
delay time of 150 fs. Open circles: measured data; dashed curveeal part of the dielectric function, because it shifts the
numerical simulation using a homogeneous reflectivity modelplasma resonance to higher densities. The valygé afed in
(Fresnel formulg solid line: numerical simulation taking into ac- the simulation including all effectéstate and band filling,
count the spatial variation of the optical properties. band-gap shrinkageis therefore only slightly smalle(45

cm/GW) than the value of 50 cm/GW directly obtained from
is a flattening of the structures associated with the plasmthe data. A pure but inhomogeneous Drude-model gives a
resonance(l) the minimum reflectivity value is raised, and similar good approximation of our reflectivity data wiph
(2) the slope of the reflectivity rise for higher densities is =50 cm/GW. The differences are within the experimental
decreased. Qualitatively speaking, the spatial inhomogeneitgrrors.
has a similar effect as an increased damgioger ). The spatial variation of the carrier density also influences

The latter point is demonstrated by Fig. 6, which showsthe determination of the absolute carrier density shown in
the measured reflectivity data At=150 fs from Fig. 2 on  Fig. 4. The data points correspond to the directly determined
an expanded scale. The dashed curve represents the reflelensity using a homogeneous reflectivity modeksnel for-
tivity calculated from the results of our simulations using themula). Such a descriptionnderestimatethe carrier density
Fresnel formula, where the spatial variation of the opticalat the sample surface. The solid line is taken from our simu-
properties is ignored. It is assumed that the plasma density igtions used to fit the measured reflectivity, and should be
constant, and corresponds to the maximum density at theloser to the true maximum carrier density at the surface.
sample surface as obtained from the simulation. The solid
curve uses the same numerical results as before, but takes
into account the spatial carrier profile. Both models provide a
good approximation to the measured reflectivity up to flu- It is quite remarkable that the Drude model with constant
ences of about 180 mJ/@mWhile the homogeneous de- parametersng,, and 7p provides such a good approximation
scription fails at higher excitation, a much better fit is ob-of the measured reflectivity. As discussed in Sec. llIC, it is
tained with the inhomogeneous model. For the homogeneousxpected that the optical mass increases with carrier
model, a shorter damping,=0.5 fs is necessary, whereas density:>** An increase ofmj,, should lead to a strong de-
for the inhomogeneous model we havg=1.1 fs. In the viation from the observed linear behaviorNf.,/(m},Fo).
density calculations the latter value was used to determingjsing the results of our simulations in conjunction with a
ater in order to maintain self-consistency between thedensity-dependent optical maSshe dotted curve in Fig. 3
density- and the reflectivity-calculations. is calculated from Eq9). It is obvious that this curve cannot

The conclusions drawn from Fig. 6 justify the use of adescribe the data. To be consistent with the data, an increas-
homogeneous modéFresnel formulain the analysis of our  jng optical mass would require additional carrier generation
reflectivity data for fluences below 180 mJfnit is suffi-  mechanisms at high carrier densities. For exam@lshould
cient to adjust the damping constant to account for the spatiglouble for electron-hole densities around?2.@m™2. Such
variation of the e-h density. This explains why below an increase is unlikely, not only because of state-filling ef-
180 mJ/crA, Eq. (9), which was derived for the carrier den- fects which bleach two-photon transitions between the va-
sity at thesample surfacegives such a good approximation |ence and conduction bands. Moreover, from the measured
of the measured data. Moreover, it becomes quite clear whyjispersion of 3,3 it is expected that the TPA coefficient
there are deviations from the linear dependence in Fig. 3 ahould also decrease due to band-gap shrinkage. Another
higher fluences. These deviations are not due to changes gbssibility might be impact ionization due to the high plasma
material parameter§.e., 8 or mg ), but could be naturally temperature, but it is difficult to assess the importance of this
explained by the increasing influence of the steep carrier diseffect. To obtain a reasonable estimate of the rate of impact
tributions and the failure of the homogeneous reflectivityionization it is necessary to know how the Coulomb interac-
model. This is also evidenced by the dash-dotted curve ifion between the carriers is screened at high densities. Un-
Fig. 3. This curve has been derived from the simulated refortunately, no experimental data are available for high-
flectivity (solid curve in Fig. 6 by applying the same proce- density plasmas, and different theoretical viewpoints can be
dure that was used to obtah..,/(mj5,F) from the experi-  found in the literaturé>*°A simple static screening modél
mental reflectivity datgopen circles in Fig. B The dash- suggests that impact ionization should be negligible. On the

Reflectivity

Fluence [mJ/cm?]

D. Drude parameter
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other hand, assuming an unscreened interaction, the impaiained, because of the uncertainties of other physical param-
ionization rate would become comparable to the TPA rate agters involved.
higher excitation levels. Therefore, the experimentally ob- Using a simple but surprisingly successful Drude descrip-
tained electron-hole densities shown in Fig. 4 must be retion, we were able to determine important quantities to un-
garded as dower limit. derstand carrier generation in silicon and the optical proper-
As mentioned before, the experimentally determinedies of dense electron-hole plasmas. Within the Drude model
Drude damping time of approximately 1 fs is in agreementan effective two-photon absorption coefficient gf=50
with both previous high-density experimehtsand theoret- =10 cm/GW, an optical mass ofi},=0.18, and a Drude
ical predictions>* The theoretical studies showed that atdamping time ofrp=1.1 fs were determined. Free-carrier
high densities electron-hole collisions are responsible for thgeneration in silicon at higher intensity is therefore domi-
rather strong damping. In this theoretical work, it has beemated by nonlinear absorption. The observed damping time
recognized that the value af,=0.3 fs, which was obtained of approximately 1 fs is in agreement with theoretical pre-
by Hulin et al3! from the analysis of self-reflectivity data, is dictions. An apparently constant value for the optical mass
too high, even fore-h scattering. Based on the results pre-up to very high densities seems to indicate that additional
sented here we propose an explanation of this discrepancy. tarrier generation mechanisms become important at high flu-
Ref. 31 an inhomogeneous model for carrier generation angnces.
reflectivity was used, but two-photon absorption was ne- Moreover, it was demonstrated that the spatial variation
glected. For a self-reflectivity measurement the influence obf the carrier density and of the optical properties, caused by
TPA is twofold. TPA creates much steeper carrier distribu-strong two-photon and free-carrier absorption, must be taken
tions than linear and free-carrier absorption alone. Neglectinto account. Otherwise, misinterpretation of the experimen-
ing TPA must then be compensated for by an increased fregal data and a drastic underestimate of the carrier density at
carrier absorption, e.g., stronger damping. At=0 an higher fluences will occur.
additional effect occurs due to the transient increase of the Finally, we would like to comment on the relevance of
imaginary part of the dielectric function caused by TPA.our results in the context of nonthermal laser-induced melt-
Again, an apparently higher value of the damping constant ifng of semiconductors. It is generally accepted that such non-
deduced, if the reflectivity data are interpretgithout TPA.  thermal mechanisms are only important above a certain level
of electronic excitation of the material: As mentioned in Sec.
V. SUMMARY AND CONCLUSIONS I, theoretical work®=?° has set a lowee-h density limit of
approximately 1& cm™3. To our knowledge, Fig. 4 repre-

In summary, we have presented a detailed study of th@e s the first explicit quantitative determination of electron-
generation and the properties of extremely dense electroq]-me densities well in excess of this threshold value. There-

hole plasmas in femtosecond photoexcited silicon. The megq e the careful characterization of the properties of the

sured time-resolved reflectivity data can be explained by theyqngly excited solid quantitatively supports the models of a

Drude-like optical response of the free-carrier plasma, inyasma-induced lattice instability as an explanation for dis-
agreement with simple theoretical considerations. State angrdering and melting on a subpicosecond time scale.
band filling and also band-gap shrinkage are of minor impor-

tance only.

Based on a careful analysis of the reflectivity data, a
lower limit for the plasma density as a function of excitation
fluence was determined. The maximum densities were found K. S-T. gratefully acknowledges support by tRieghafen
to be in excess of ¥ cm™3, which corresponds to approxi- Frankfurt Main foundation. The authors would like to thank
mately 10% of the total valence-band population. Although al. Bialkowski for assistance with the femtosecond dye laser,
number of studies gave evidence that such high carrier corand A. Cavalleri for useful discussions and a careful reading
centrations are created, quantitative values could not be olof the manuscript.
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