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Ultrafast carrier dynamics near the Si„100…231 surface
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We present a time-resolved photoemission study of carrier dynamics near the Si~100!231 surface. It is
found that the dominant contribution to the photoemission process originates from defect states on the
Si~100!231 surface. Enhanced optical absorption is observed for these defect states and carrier exchange
between these states and the bulk is observed. The electron density near the surface and the shape of the
electron energy distribution are found to change on a very fast time scale. A simple theoretical model is
established to extract transport parameters from the observed electron energy distribution.
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I. INTRODUCTION

The study of the transport properties of semiconduc
materials is a very active research area not only due to
merous scientific and practical applications for various el
tronic and optical devices but also due to novel physi
phenomena found in their heterostructures and nanos
tures. Especially, the study of the transport properties of
con has been very actively pursued because it has bee
material of choice for modern integrated circuit technolog
The theoretical description of carrier transport inside a s
con electronic device has been largely based on simple
of linear differential equations referred to as ‘‘drift-diffusio
equations’’ in which the energy distribution of carriers
assumed to be thermal. However, as modern electronic
vices are scaled down to an ever-smaller dimension and
operating speeds become faster, the carriers are subjec
strong spatiotemporal gradient of electric field, rendering
validity of the drift-diffusion equations approach and the a
sumption of equilibriated carrier distribution questionable.
fact, a number of new phenomena have been attributed to
presence of a nonthermal or hot-electron distribution of c
riers and a detailed microscopic understanding of the ca
dynamics in this hot-electron regime is needed for pro
modeling of these hot-electron phenomena.1

To study carrier transport occurring on a very short tim
scale in the direct time domain, a very powerful approa
employing state-of-the-art short pulse laser technology
been used. Because the time scale accessible with ultr
laser spectroscopic techniques approaches or even exc
that of the fundamental scatterings in semiconductors, t
have provided valuable insights into the carrier dynam
before carriers reach an equilibrium state.2 However, this
technique was mainly applied to direct band-gap mater
such as GaAs. The difficulty of applying ultrafast laser sp
troscopic techniques to indirect band-gap materials suc
silicon is simply that the momentum-conserving phonon
volved in the fundamental optical transition makes it hard
relate observed experimental changes in optical propertie
changes in the carrier distribution.
PRB 590163-1829/99/59~7!/4943~9!/$15.00
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As one of the ultrafast spectroscopic techniques, tim
resolved multiphoton photoemission spectroscopy has a
tential to become a particularly effective tool in overcomi
this. Photoemission spectroscopy can directly probe the e
tron energy distribution inside the solid. Furthermore, t
angle-resolved detection capability of photoemission sp
troscopy can be used to probe different parts of the Brillo
zone.3 The surface sensitivity of photoemissio
spectroscopy4 can be a valuable tool for studying physics
carrier dynamics near the surface where the presence o
band-gap states plays an important role.5 There are quite a
few studies of ultrafast carrier dynamics in silicon using m
tiphoton photoemission spectroscopy with various pulsed
ser systems.6–9

After a preliminary result of ultrafast carrier dynamic
near the Si~100!231 surface was reported in Ref. 6, we ha
performed a more detailed and quantitative study on the
ture of the states involved in the photoemission, the origin
fast decay observed in states near the conduction-band m
mum~CBM!, the temporal evolution of the electron temper
ture and its pump beam fluence dependence. In Sec. II of
paper, a description of the experimental setup is given
Sec. III, the time-resolved spectra are presented and the
ture of the states observed in the experiments is discu
using the symmetry property of the observed states and
substrate temperature dependence of the photoemis
yield. In Sec. IV, various processes involving linear optic
absorption, nonlinear optical absorption, surface recomb
tion and the diffusion of carriers from the surface state in
the bulk states are shown to coexist on an ultrafast t
scale. It is shown how the carrier distribution evolves fro
the initial nonthermal distribution to a thermal one, and t
fluence dependence of the electron energy distribution is
cussed. An effective electron temperature at each stag
electron energy distribution evolution is extracted by fitti
the experimental data to a Maxwell-Boltzmann distributio
A simple theoretical model is presented to extract useful
namical parameters such as the electron energy relaxa
time.
4943 ©1999 The American Physical Society
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II. EXPERIMENTAL SETUP

The experimental setup is similar to the one described
previous publications.6,10 The laser system is a Ti:sapphi
regenerative amplifier system delivering 150 fsec pulses
energy greater than 0.5 mJ per pulse at 1 kHz. The la
beam is transported to the vacuum chamber using var
optical components. The schematic of the optics layou
presented in Fig. 1. A 50/50 beam splitter~BS1! splits the
optical pulse into two pulses of equal energy. One pu
referred to as ‘‘pump beam’’ travels through the optical d
lay line and eventually it is delivered to the sample insid
vacuum chamber. The polarization of the pump beam can
varied by rotating the half wave plate~WP3! and its intensity
can be varied by using a half wave plate~WP2! and a thin-
film polarizer ~POL! combination. The second pulse is us
to generate the third-harmonic pulse~266 mm! through the
harmonic generator. The 266-nm pulse is referred to a
‘‘probe beam.’’ The probe pulse~266 nm! and pump pulse
~800 nm! are aligned to travel collinearly toward the samp
inside the vacuum chamber using a dichroic mirror~DM!.

The vacuum chamber is equipped with low-energy el
tron diffraction ~LEED! and an electron spectrometer. Th
pressure inside the chamber is kept below 5310211Torr.
The energy of the photoemitted electrons is measured u
the time-of-flight technique.

For the experiments described in this paper, three dif
ent Si~100! samples are used to satisfy certain experime
requirements. Table I shows the doping density, resistiv
and miscut with respect to the Si~100! face. From the resis
tivity of each sample provided by the manufacturer, the d
ing density is calculated by using mobility values given
the literature.11

FIG. 1. Optics layout before the vacuum chamber.~L1, L2:
telescope lens; PD1: photodiode; BS1: beam splitter; M1, M2, M
M4: mirror; WP1, WP2, WP3: wave plate; POL: polarizer; DM
dichroic mirror.!
in

of
er
us
is

e
-
a
be

a

-

ng

r-
al
,

-

Before introduction into the chamber, the samples are
vent rinsed and then the native oxide on the surface is
moved by dipping into a buffered HF solution. After an H
dip, the surface of the sample is terminated with hydrog
which is evidenced by the dewetting of the surface. T
sample is mounted on theXYZsample manipulator immedi
ately after HF cleaning and deionized water rinsing. Once
pressure of the vacuum chamber reaches 5310211Torr after
bakeout, the sample is cleaned by heating to 1300 K for
minutes using the electron-beam heater. After slowly cool
the sample to room temperature at a rate of 20 K per min
a very sharp 231 LEED pattern is observed. The LEED
pattern survives a few weeks but the sharpness of the pa
degrades with time. The LEED pattern becomes sharp a
after annealing the sample at 1000 K. The LEED pattern
monitored after each run of the experiment.

III. NATURE OF INITIAL STATES

Figure 2 shows the time-resolved spectrum obtained fr
a double domainp-type Si~100!231 surface~sample 1!. The
energy scale is with respect to the CBM whose position
determined from the probe-only spectrum.6 The spectrum at

,

FIG. 2. Time-resolved spectra for different time delays a
shown. The pump probe time delay is specified for each plot.
TABLE I. Sample specifications.

Sample #
Crystal

face
Miscut
~degree! Dopant

Doping density
~cm23!

Resistivity
~V cm!

Sample 1 100 ,60.5 B~p-type! 1015 15;30
Sample 2 100 9 P~n-type! 1.231013 350
Sample 3 100 ,60.5 Sb~n-type! .231018 0;0.02
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T521.8 psec consists mainly of two-photon photoemiss
with the probe beam which can be considered as a cons
background and can be subtracted from each spectrum
show the two-color spectrum more clearly. AtT50.0 psec at
which the probe beam is in a temporal overlap with the pu
beam, there is an appreciable yield increase especiall
kinetic energies ranging from20.8 to 0.5 eV. As has bee
shown by earlier studies, there is a strong emission fr
states inside the bulk band gap.8 For these band-gap state
there is also a very fast decay at early time delays. This ra
decay in electron yield for states right below the conducti
band minimum has been observed in previous studies6,8 and
it was attributed to a fast relaxation inside the upper intrin
surface states. However, the nature of the initial states
served in the time-resolved photoemission and the origin
the fast decay for states above CBM has remained unc
until now.

The nature of the initial states can be studied by prob
their symmetry property. It is well known that the upp
intrinsic surface state of Si~100!231 surface has odd sym
metry while the lower surface state has even symmetry w
respect to the mirror plane bisecting the Si dimer.12 With the
transition probability written as

P} z^c i up•êuc f& z2,

the symmetry principle requires that the matrix element
main invariant under the reflection with respect to the mir
plane. For a photoelectron to be detected in the electron
tector lying on the mirror plane, the final state has to be e
under the reflection with respect to the mirror plane. Wh
the probe beam polarization lies in the mirror plane, the te
p•ê is even under the reflection. Therefore, the whole ma
element is odd under reflection with respect to the mir
plane. It means that the transition probability for this proc
is identically zero. In other words, when the dimers a
aligned in such a way as to produce a mirror plane paralle
the optical table and the probe beam polarization lies in
mirror plane, the photoemission probability from the upp
surface states with odd symmetry is zero.

On a single domain Si~100!231 surface, the Si dimers ar
known to form in a preferential direction, allowing study
symmetry properties with respect to the dimer axis. A sin
domain Si~100!231 surface has been prepared from a lo
dopedn-type sample with 9 degree miscut~sample 2!. After
the cleaning, the 231 LEED pattern with missing half inte
gral spot in the horizontal direction confirms that the sam
is composed of a single domain with the Si dimer axis p
pendicular to the optical table. When the time-resolved p
toemission spectra were taken from the single dom
Si~100!231 surface with probe beam polarization parallel
the optical table, there was no readily noticeable differe
in the shape of the spectrum and its dynamics compare
those observed in the double domain surface. This indic
that the observed initial states lack the mirror symme
which is associated with 231 reconstruction. Hence, it i
more probable that the states observed in time-resolved
toemission are related to the defect states on the Si~100!231
surface as concluded in ultraviolet photoemission spect
copy and inverse photoemission spectroscopy study o
Si~100!231 surface performed by Martensson a
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co-workers.13,14 The presence of surface defects such
missing dimer defects on the Si~100!231 surface and their
electronic properties have been studied by researchers
ploying scanning tunneling microscopy.15 For example, au-
thors of Ref. 15 reported that the average surface defect
sity on Si~100!231 surface is approximately 5% with
sample-to-sample variation to some extent. They classi
defects in Si~100!231 into so-called type-A, type-B, and
type-C defects. Among them, the most common defects
type-C defects that break the mirror symmetry with resp
to the plane bisecting the Si surface dimers. However, m
careful study is needed to relate the defects observed in
scanning tunneling microscopy study to the peak in the p
toemission spectra.

The assignment of the peak below the CBM to a def
related structure on the Si~100!231 surface can be given
further support by showing that this state can be observed
one-photon photoemission from a heavily dopedn-type
sample as was done in Ref. 13. In a heavily dopedn-type
sample, the bulk Fermi level moves close to the conducti
band minimum. The surface states close to the conduct
band minimum are occupied with electrons, if there is
strong surface Fermi-level pinning, which is the case for
Si~100! surface as confirmed by the absence of the pho
voltage shift.8 When the state is occupied by electrons, it c
be observed with one-photon photoemission with a 4.66
probe beam.

To verify whether this is the case, fourteen photoemiss
spectra were taken from a heavily dopedn-type sample
~sample 3! with different intensities of the 4.66 eV beam
Figure 3~a! shows two of the fourteen spectra with third
harmonic intensities differing by a factor of 6.1. At eac
energy position, the electron yield can be plotted with t

FIG. 3. ~a! Spectra with 266 nm only from heavily dopedn-type
sample with two different laser intensities;~b! optimum exponent at
each energy position.
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4946 PRB 59SEONGTAE JEONG AND JEFFREY BOKOR
probe beam intensity and the relation of yield versus pr
beam intensity can be fitted with a power law considering
exponent as the fitting parameter. The optimum exponen
each energy position is shown in Fig. 3~b!. Clearly, the elec-
trons at high energy are generated from the two-photon
sorption of the probe beam as is well known from previo
studies.6,8 The exponent around the conduction band mi
mum is less than 2, which shows that the electron yi
around the peak is a mixture of one-photon photoemiss
and two-photon photoemission.

To determine the relative magnitude of the one-pho
photoemission process and the two-photon photoemis
process, the electron yield at each energy position is fit w
the following relation:

Y5AI1BI2,

whereI is the third-harmonic intensity,A is the one-photon
photoemission coefficient, andB is the two-photon photo-
emission coefficient. The best-fit values of coefficientsA and
B at each energy position are displayed in Figs. 4~a! and
4~b!. The yield around the peak cannot be well fitted with t
above expression, which is manifested by the relatively la
size of the error bars. The reason is because at that en
position one-photon photoemission and two-photon pho
emission occur at the same time, giving rise to complicati
due to the simultaneous population change.

From the pump-and-probe photoemission spectra fro
heavily dopedn-type Si~100!231 sample, one can compar
the relative contribution to the photoemitted electrons fr
carriers from the doping and photogenerated carriers. Fig
5 shows the pump-and-probe spectra taken from the hea
dopedn-type sample atT50.0 psec andT524.0 psec. The
spectrum atT50.0 psec has a contribution from optical
generated carriers plus the electrons in equilibrium with
bulk doping of 231018cm23. However, the spectrum atT

FIG. 4. ~a! One-photon photoemission coefficient;~b! two-
photon photoemission coefficient.
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524.0 psec has the contribution only from the surface def
statesin equilibrium with the bulk doping. The two spectr
merge approximately at 0.9 eV. The two-color signal occ
only at energy positions of 0.9 eV or below. At the ener
position of20.3 eV where the peak occurs, the two-phot
photoemission yield atT50.0 psec is about 13 times great
than that of T524.0 psec spectrum. The photogenera
carrier density with an irradiation of an 800-nm beam w
the fluence level of 1 mJ/cm2 is approximately
331018cm23, which is comparable to the bulk doping lev
of the sample. The fact that the spectrum atT50.0 psec
shows 13 times greater peak strength than that aT
524.0 psec~which includes contribution from bulk doping
only! indicates a substantial departure from the equilibriu
between the surface defect state and bulk states after
light illumination. This departure implies that the optic
transition matrix element for the defect state is substanti
higher than for the bulk states. This kind of optical enhan
ment is not unreasonable at all because the arrangeme
the surface is different from that of the bulk and the optic
and electrical properties can be different from those of
bulk. Surface-state induced optical anisotropy
Si~100!231 surface is a well-known example.16

The nature of the optical transition involved in the phot
emission process and the role of phonons in the carrier
namics can be studied by investigating the photoemiss
spectra taken at different substrate temperatures.17 Because
the typical optical phonon energy is less than 50 meV,18 the
change in substrate temperature modifies the equilibr
population of the optic phonons significantly. Therefore a
change in the photoemission spectra due to the optic phon
will manifest itself as the substrate temperature is chang
To study the role of phonons in the optical excitation proc
and the carrier dynamics, time-resolved photoemission
periments are performed on a clean silicon sample held
two different temperatures. The temperature of the samp
maintained at a constant level by flowing an appropri
amount of dc current through the electron-beam heater
ment. The sample specimen plate is heated due to the ra
tion from the electron-beam heater filament. The volta
drop between the two ends of the filament is measured to
5 V with the current of 1.8 A. It gives rise to a static electr
field but it is shielded out by the sample specimen plate.
this method, the temperature of the sample can be va
from 300 to 600 K.

FIG. 5. Time-resolved spectra from a heavily dopedn-type
sample.
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Time-resolved photoemission spectra are taken at 600
300 K from a sample of lightn-type ~sample 2!. Figure 6~a!
shows the spectra atT524.0 psec and Fig. 6~b! shows the
two-color signal atT50.0 psec for two different substrat
temperatures. A uniform horizontal shift of magnitude 2
meV is observed between spectra taken at two different s
strate temperatures for both time delays. The uniform ene
shift is due to the Fermi-level shift of the sample at tw
different temperatures. The amount of the shift agrees w
with the estimate of the Fermi-level shift at two differe
temperatures. The spectra at negative time delays anT
50.0 psec are similar in their magnitude and spectral sh
Figure 7 shows the magnitude of two-color signal as a fu
tion of the time delay between the pump and probe for
two temperatures. The magnitude of two-color signal is
fined as the total number of electrons at each time de
minus the number of background electrons. The magnit
of two-color signal is almost the same for early time dela
regardless of the substrate temperature, while it shows
appreciable difference at longer time delays. The fact that
T50.0 psec spectrum is independent of the substrate t

FIG. 6. ~a! Spectra at two different substrate temperatures aT
50 psec time delay;~b! spectra at two different substrate tempe
tures atT524.0 psec time delay. The thick line denotes the sp
trum at 600 K and the thin line at 300 K.

FIG. 7. Magnitude of the two-color signal as a function of pum
probe delay at two different substrate temperatures.
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perature suggests that the phonon is not involved eithe
the carrier generation process or the photoemission pro
itself.

On the other hand, the electron yield at 600 K is high
than that at 300 K at time delays longer than 0.5 psec. It
be explained by the exchange of carriers between the b
states and the defect states that are being observed. It is
known that the optical absorption coefficient increases as
substrate temperature is increased.19 There is little doubt that
the density of carriers generated in the bulk at the subst
temperature of 600 K is approximately twice as large as t
of 300 K. The coupling between the defect states and
bulk states should establish a balance of the carrier den
between those two states at sufficiently long time dela
Therefore, the carrier density at the defect site is shown to
balanced at the level proportional to that of the bulk carr
density at sufficiently long time delays.

IV. ELECTRON TEMPERATURE
AT VARIOUS TIME DELAYS

In previous sections, it was shown that the initial sta
observed in this photoemission experiment are related to
fects on the Si~100!231 surface and that there is a substa
tial departure from equilibrium in carrier density near t
surface. The equilibrium between the surface defect state
bulk state is established by the diffusion of carriers into
bulk states at later times. In the present section, based
these interpretations, the time-resolved spectra from a c
p-type Si~100!231 surface will be analyzed in detail and
simple model will be established for its interpretation. Som
of the time-resolved spectra are shown in Fig. 2.

In Fig. 8, the electron yields at selected energy positio
are displayed in a logarithmic scale as a function of the ti
delay to show the dynamic feature more clearly. The ene
is referenced to the bulk conduction band minimum. T
background spectrum has already been subtracted. At 0.
above the conduction band minimum, the yield follows t
laser temporal profile because the relaxation time is short
those states due to a large phase space for relaxation.20 For
states around and below the conduction-band minimu

-
-

FIG. 8. The photoemission yield as a function of pump pro
time delay at different energy positions.
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4948 PRB 59SEONGTAE JEONG AND JEFFREY BOKOR
there is also a rapid rise following the laser profile. There
a rapid decrease in yield afterT50.0 psec, and this rapid
decrease is followed by a slow decrease in yield at lon
time delays. At 0.8 eV below the conduction-band minimu
the yield starts increasing afterT51 psec, due to the accu
mulation of electrons into these states.

As was previously mentioned, the optically generated c
rier density at the defect site is far from the equilibrium w
the optically generated carriers in the bulk. The excess
riers at the defect site transport to neighboring sites or
the bulk of silicon. The transport of carriers appears as
fast decay of the two-color signal afterT50.0 psec and it
continues until the carrier density at the defect site beco
comparable to the bulk carrier density, resulting in the p
teau of the carrier density at time delays longer than 0.7 p

Along with a fast carrier transport out of the defect sta
into neighboring sites, the shape of the electron energy
tribution also changes on a very short time scale. Figur
displays the carrier distribution above the conduction-ba
minimum for six different time delays~20.2, 0.0, 0.2, 0.4,
0.6, and 3.2 psec!. To quantify the change in the shape of t
electron energy distribution, the electron energy distribut
can be fitted with the expression

f ~E!5A* expS 2
E

kBT* DAE,

with A* andT* as fitting parameters.E is the kinetic energy
of electrons referenced to the conduction-band minimum

FIG. 9. Electronic distribution function above the conductio
band minimum. The solid line represents the best-fit Maxw
Boltzmann distribution curve.
s
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d

the density of states is assumed to be proportional to
square root of the energy.

The best-fit electron temperatures are shown in each
the graphs. The corresponding Maxwell-Boltzmann distrib
tions are shown with solid lines while the experimental d
are shown as discrete points. AtT520.2 psec andT
50.0 psec delay, the experimental data do not exactly fal
the solid lines: there are excess electrons below 0.5 eV
fewer electrons above 0.5 eV. This is because 0.5 eV is
one-photon absorption cutoff. In other words, 0.5 eV is t
maximum kinetic energy an electron can acquire when
electron-hole pair is generated by absorption of a sin
800-nm photon. Figures 9~a! and 9~b! show that the electron
energy distribution is not a thermal one atT50.0 psec or
earlier. At positive time delays, the carrier-carrier scatter
starts distributing the kinetic energy among carriers and
nonthermal feature smoothes out. AfterT50.4 psec, the dots
fall on the best-fit Maxwell-Boltzmann energy distributio
except a few noisy points at high kinetic energies.

The fact that carrier-carrier scattering smoothes out a n
thermal distribution by distributing kinetic energy amon
carriers can also be seen in a Monte Carlo simulation
carrier dynamics in Si.21 However, authors of Ref. 7 ob
served only thermal distributions inside the silicon samp
even though their time resolution was better than that of
current experiment. One possible reason is that their pu
photon energy was 2.0 eV. A 2.0-eV photon genera
electron-hole pairs with excess kinetic energy as large as
eV. The relaxation time for high kinetic energy carriers
extremely short, making it impossible to observe the o
photon absorption cutoff.

Aside from smoothing of the electron energy distributio
the electron temperature also changes as the time dela
increased. The electron temperatures extracted from the
the experimental data are displayed as a function of the t
delay in Fig. 10. The peak temperature reaches 1700 K
T50.0 psec, which is in good agreement with the sim
estimate based on the average kinetic energy of the phot
nerated carriers. The electron temperatures at negative
delays are comparable to that ofT50.0 psec. At negative
time delays, the photogeneration is the dominant proc
and the average kinetic energy of an electron is close to
value of \v2Eg . Therefore the electron temperature r

-

FIG. 10. Electron temperature as a function of pump probe
lay time.
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mains close to 1700 K atT,0.0 psec. The electron temper
ture becomes stabilized at 600 K at time delays later than
psec. The reason why the steady-state temperature is a
ently higher than 300 K is because of limited~;50 meV!
energy resolution of the electron spectrometer.

The electron energy distribution and the electron tempe
ture can depend on the pump beam fluence incident on
sample. The relationship between pump beam fluence
the electron temperature can reveal the mechanism how
energy of the optical beam is transferred to the electrons.
current section discusses the time-resolved photoemis
spectra taken at four different pump fluences: 0.44, 0.6, 0
and 0.86 mJ/cm2. The pump beam fluence is varied by
combination of a half wave plate and a polarizer as descri
in the Sec. II. Figure 11~a! shows the spectra atT
50.0 psec for four different pump beam fluences on a lo
rithmic vertical scale. For each spectrum, the correspond
background spectrum has already been subtracted. The
zontal energy scale is with respect to the conduction-b
minimum. At all pump beam fluences, the electron spectr
reaches far beyond the one-photon absorption cutoff whic
0.5 eV above the conduction-band minimum.

At each energy position, the yield versus the pump be
fluence can be fit with a power-law dependence. The o
mum exponent at each energy position is shown in F
11~b!. The error becomes larger at higher energy due
fewer electron counts. The yield depends linearly on
pump beam fluence at lower energies, which is indicated
an exponent close to 1.0. The yield varies quadratically w
the pump beam fluence above 0.5 eV, which agrees
with the one-photon absorption cutoff. Therefore the el
trons with kinetic energy greater than 0.5 eV are genera
with two-photon absorption of the pump beam. The tw
photon absorption feature and the hot-electron tail are cle
visible even at the lowest fluence 0.44 mJ/cm2. The electrons
with kinetic energy between 0.0 and 0.5 eV are genera
partly via one-photon absorption and partly via two-phot
absorption, which is indicated by an exponent between
and 2.0.

FIG. 11. ~a! Electron distribution atT50.0 psec with four dif-
ferent pump fluences;~b! optimum exponent at each energy po
tion.
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Another interesting feature is a saturation below t
conduction-band minimum, which is indicated by the exp
nent less than one. The saturation occurs exactly where
electron energy distribution peaks. As a matter of fa
around the energy position of the peak, the data canno
properly fit by a power-law dependence. The saturation
the optical pumping at the peak of the distribution agre
well with the notion that there is a strong optical enhan
ment into these states.

When two pump photons are absorbed for creating
electron-hole pair, the excess kinetic energy imparted to
pair becomes as high as 2.0 eV per pair, compared to 0.5
for one-photon absorption process. Therefore, the elec
distribution can reach appreciably higher temperature w
two-photon absorption is included. The electron temperat
also depends on the pump beam fluence if two-photon
sorption is a dominant process. Figure 12 shows the elec
temperatures extracted from the experimental data at dif
ent pump beam fluences as a function of the time delay.
peak temperature occurs atT50.0 psec for all fluences and
depends on the pump fluence. It reaches 2100 K with
highest pump fluence~0.86 mJ/cm2! while it is 1700 K for
the lowest fluence~0.44 mJ/cm2!. However, the temperatur
at T520.5 psec does not depend on the pump beam flue
because the pump beam intensity at that time delay is so
that linear absorption is dominant. At all fluence levels, t
electron temperature reaches a plateau in less than 0.5

Even though the density of photogenerated carriers un
goes a rapid change near the surface afterT50.0 psec, the
temporal change of the electronic temperature can be at
uted to the energy transfer from the carriers to the latti

FIG. 12. Calculated electron temperatures vs experimentally
termined electron temperatures at different pump beam fluence
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The decay of the electron temperature within 0.5 psec s
gests that the carrier energy relaxation occurs on a time s
comparable to the pulse width of the incident laser. A sim
and illustrative theoretical model is now proposed to extr
transport parameters such as electron energy relaxation
The model should incorporate the electron temperature
pendence on the pump fluence and the fast transport of
riers out of the defect state. The model is based on the t
temperature model which has previously been applied
explain the optical properties of silicon irradiated with pic
second laser pulses.22 It consists of a set of balance equ
tions: the continuity equation for the carrier transport, t
laser beam attenuation, and energy balance equation fo
carriers and the lattice. The equations used in Ref. 22
displayed below for discussion.

]N

]t
1“•J5G1R, continuity equation,

dI

dx
52aI 2bI 22QNI, laser beam attenuation,

]

]t
U1“•W5SU2LU , carrier energy balance,

]T

]t
5CL“•kL~“T!2LU , lattice heat diffusion.

In these equations,N is the carrier density,J is the current
density,G is the generation rate,R is the recombination rate
I is the intensity of the laser,a is the linear absorption coef
ficient, b is the two-photon absorption coefficient,Q is the
free-carrier absorption cross section,U is the carrier energy
density,W is the ambipolar energy current,SU is the source
of the total carrier energy from the laser beam, andLU is the
loss rate of carrier energy to the lattice.

In Ref. 22, it was assumed the carriers reach a quasie
librium among themselves which is characterized by a sin
carrier temperature. This assumption is not strictly true
the time scale that is being discussed in this paper becau
nonthermal electron energy distribution is observed at t
delays close toT50.0 psec. However, to provide a startin
point for the theoretical modeling of the ultrafast carrier d
namics in silicon, it is assumed that the carrier distribut
can be described by a single quasithermal electron temp
tureTC . Based on this assumption, the carrier energy den
and the loss rate of the carrier energy to the lattice can
expressed as

UC5N~Eg13kBTC!,

and

LU5
3NkB

tc
~TC2TL!,

respectively.tc is the carrier energy relaxation time. Furthe
more, it is assumed that the lattice temperature change ca
neglected on the time scale of interest and it can be take
be 300 K.10 Because the absorption depth of the 800-
pump beam is much greater than the probing depth of
266-nm beam, the spatial dependence of the laser inten
g-
le

e
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due to photogeneration of carriers, the diffusion of carrie
and the lattice heat diffusion are neglected.

Due to an optical enhancement and carrier transport to
neighboring defect sites or into the bulk states, the obser
electron density decreases very fast. The fast decay is s
lated by putting a term2N/t0 in the continuity equation for
the carrier density. The electron transports occurs with
transport of energy. To account for the energy loss acco
panying the carrier transport, a term2(N/t0)(Eg
13kB /TC) is added to the energy balance equation.t0 is the
time for the carrier transport and it can be determined fr
the plot of the density of the electrons above the conducti
band minimum versus the time delay.

Based on these assumptions, the four partial differen
equations used in Ref. 22 are reduced to two ordinary dif
ential equations:

dN

dt
5

aI 10.5bI 2

\v
2

N

t0
,

dUC

dt
52

3NkB

tC
~TC2TL!1aI 1bI 22

N

t0
~Eg13kBTC!.

These two ordinary differential equations are numerica
solved to calculate the carrier density and the carrier te
perature as a function of the time delay for different las
fluences. With an appropriate choice of the fitting para
eters, a reasonable fit with four different curves is achiev
The calculated electron temperature is displayed for four
ferent fluences in Fig. 12 with the experimental data d
played for comparison. The fitting parameters for the so
lines in Figs. 12~a!–12~d! are tC50.4 psec,t050.2 psec,
andb5120 cm/GW. The value forb is approximately 3–5
times greater than the value expected based on the ex
mental data available at other wavelengths.23 The difference
might come from the uncertainty in the measurement of
laser fluence and the simplicity of the model itself. Cons
ering the simplicity of the model, the value fortC is in
reasonable agreement with the value of 0.27 psec obta
through a dc transport measurement on a short cha
device24 or with the value of 0.32 psec obtained with
Monte Carlo simulator.24

V. CONCLUSION

We showed that the population of electrons and the sh
of the electron energy distribution near the surface chan
on a very short time scale after laser illumination. A pr
nounced peak has been observed near the bottom of the
duction band. Our study of the polarization properties of t
peak revealed that it is associated with surface defect sta
We also showed that there is an enhanced optical trans
into the defect state compared to the bulk optical transit
and that the defect state exchanges carriers with bulk st
on a very short time scale.

We studied the carrier distribution at various pump be
fluences, and found that the pump beam photons are
sorbed by carriers through both one-photon absorption
two-photon absorption. The two-photon absorption is
sponsible for high kinetic energy electrons inside the c
duction band. The energy relaxation time for these electr
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is much shorter than the temporal resolution of the curr
experiment. The initial energy distribution of photogenera
carriers is observed to be nonthermal with a drop at 0.5
above the conduction-band minimum. It arises from the o
photon absorption cutoff. The carrier-carrier interacti
smoothes out the one-photon absorption cutoff, bringing
nonthermal distribution to a thermal one. This thermalizat
also occurs on a very short time scale comparable to
temporal resolution of the experiment.

The more gradual change in the shape of the elec
energy distribution can be characterized by the change in
electron temperature, which can be determined by fitting
experimental data with a Maxwell-Boltzmann distributio
The peak electron temperature occurs at zero time delay
it is shown to be greater than 1700 K, depending on
pump fluence. The photogenerated carriers are shown to
their kinetic energy to the lattice at subsequent time dela
The ‘‘relaxation’’ of the kinetic energy to the steady-sta
value occurs on a time scale of 0.5 psec.
se
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A simplified set of ordinary differential equations is d
veloped to extract the energy relaxation time from the
perimental data. The model includes the two-photon abso
tion and carrier transport into neighboring sites or into t
bulk states. The calculated electron temperatures for four
ferent pump fluences are compared with experimental d
and the best-fit parameters have reasonable values. The
rier energy relaxation time has been extracted from the
and it is determined to be 0.4 psec.
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