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Ultrafast carrier dynamics near the Si(1002x 1 surface
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We present a time-resolved photoemission study of carrier dynamics near(#d®)3k1 surface. It is
found that the dominant contribution to the photoemission process originates from defect states on the
Si(1002x1 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.
[S0163-18209)07107-9

I. INTRODUCTION As one of the ultrafast spectroscopic techniques, time-
resolved multiphoton photoemission spectroscopy has a po-
The study of the transport properties of semiconductotential to become a particularly effective tool in overcoming
materials is a very active research area not only due to nithis. Photoemission spectroscopy can directly probe the elec-
merous scientific and practical applications for various electron energy distribution inside the solid. Furthermore, the
tronic and optical devices but also due to novel physicakhngle-resolved detection capability of photoemission spec-
phenomena found in their heterostructures and nanostrutroscopy can be used to probe different parts of the Brillouin
tures. Especially, the study of the transport properties of silizone®> The surface sensitivity of photoemission
con has been very actively pursued because it has been tepectroscoplcan be a valuable tool for studying physics or
material of choice for modern integrated circuit technology.carrier dynamics near the surface where the presence of the
The theoretical description of carrier transport inside a sili-hand-gap states plays an important rolEhere are quite a
con electronic device has been largely based on simple sefsy studies of ultrafast carrier dynamics in silicon using mul-

of linear differential equations referred to as “drift-diffusion {jphoton photoemission spectroscopy with various pulsed la-
equations” in which the energy distribution of carriers is ggr system&:®

assumed to be thermal. However, as modern electronic de- After a preliminary result of ultrafast carrier dynamics

vices are scaled down to an ever-smaller dimension and theHear the SiL00)2x 1 surface was reported in Ref. 6, we have

operating speeds become _faster, the cgrri_ers are sub_ject % 8rformed a more detailed and quantitative study on the na-
strong spatiotemporal gradient of electric field, rendering th ure of the states involved in the photoemission, the origin of

validity of the drift-diffusion equations approach and the as- . . .
sumption of equilibriated carrier distribution questionable. In]caSt decay observed in states near the conduction-band mini-

fact, a number of new phenomena have been attributed to tHBum(CB,M)’ the temporal evolution of the electron tempera—.
presence of a nonthermal or hot-electron distribution of cariure and its pump.beam fluence dependence. In S'ec..ll of this
riers and a detailed microscopic understanding of the carridf@P€r, @ description of the experimental setup is given. In
dynamics in this hot-electron regime is needed for propeP€C: !ll, the time-resolved spectra are presented and the na-
modeling of these hot-electron phenoména. ture of the states observed in the experiments is discussed

To study carrier transport occurring on a very short timeusing the symmetry property of the observed states and the
scale in the direct time domain, a very powerful approactsubstrate temperature dependence of the photoemission
employing state-of-the-art short pulse laser technology hayield. In Sec. IV, various processes involving linear optical
been used. Because the time scale accessible with ultrafsglpsorption, nonlinear optical absorption, surface recombina-
laser spectroscopic techniques approaches or even excedts and the diffusion of carriers from the surface state into
that of the fundamental scatterings in semiconductors, thethe bulk states are shown to coexist on an ultrafast time
have provided valuable insights into the carrier dynamicsscale. It is shown how the carrier distribution evolves from
before carriers reach an equilibrium statelowever, this the initial nonthermal distribution to a thermal one, and the
technique was mainly applied to direct band-gap materialfluence dependence of the electron energy distribution is dis-
such as GaAs. The difficulty of applying ultrafast laser speccussed. An effective electron temperature at each stage of
troscopic techniques to indirect band-gap materials such aectron energy distribution evolution is extracted by fitting
silicon is simply that the momentum-conserving phonon in-the experimental data to a Maxwell-Boltzmann distribution.
volved in the fundamental optical transition makes it hard toA simple theoretical model is presented to extract useful dy-
relate observed experimental changes in optical properties twamical parameters such as the electron energy relaxation
changes in the carrier distribution. time.
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Il. EXPERIMENTAL SETUP

The experimental setup is similar to the one described in
previous publication81° The laser system is a Ti:sapphire
regenerative amplifier system delivering 150 fsec pulses of 10 -05 00 08 10 05 00 08 10
energy greater than 0.5 mJ per pulse at 1 kHz. The laser
beam is transported to the vacuum chamber using various
optical components. The schematic of the optics layout is |G, 2. Time-resolved spectra for different time delays are
presented in Fig. 1. A 50/50 beam splitt@S1) splits the  shown. The pump probe time delay is specified for each plot.
optical pulse into two pulses of equal energy. One pulse
referred to as “pump beam” travels through the optical de-  Before introduction into the chamber, the samples are sol-
lay line and eventually it is delivered to the sample inside asent rinsed and then the native oxide on the surface is re-
vacuum chamber. The polarization of the pump beam can bgoved by dipping into a buffered HF solution. After an HF
varied by rotating the half wave plat@/P3 and its intensity  dip, the surface of the sample is terminated with hydrogen,
can be varied by using a half wave plawP2) and a thin-  which is evidenced by the dewetting of the surface. The
film poIarizer(POL) combination. The second pulse is Usedsamp|e is mounted on tMYZSamFﬂe manipu|ator immedi-
to generate the third-harmonic pulé266 mm) through the  ately after HF cleaning and deionized water rinsing. Once the
harmonic generator. The 266-nm pulse is referred to as gressure of the vacuum chamber reaches6~ ' Torr after
“probe beam.” The probe pulsé266 nm and pump pulse pakeout, the sample is cleaned by heating to 1300 K for two
(800 nm) are aligned to travel collinearly toward the sample minutes using the electron-beam heater. After slowly cooling
inside the vacuum chamber using a dichroic mir(@M). the sample to room temperature at a rate of 20 K per minute,

The vacuum chamber is equipped with low-energy elecqy very sharp 1 LEED pattern is observed. The LEED
tron diffraction (LEED) and an electron spectrometer. The pattern survives a few weeks but the sharpness of the pattern
pressure inside the chamber is kept below ® ''Torr.  degrades with time. The LEED pattern becomes sharp again
The energy of the photoemitted electrons is measured usingfter annealing the sample at 1000 K. The LEED pattern is

Kinetic Energy (eV)

the time-of-flight technique. monitored after each run of the experiment.
For the experiments described in this paper, three differ-
ent S{100 samples are used to satisfy certain experimental Ill. NATURE OF INITIAL STATES
requirements. Table | shows the doping density, resistivity,
and miscut with respect to the($00 face. From the resis- Figure 2 shows the time-resolved spectrum obtained from

tivity of each sample provided by the manufacturer, the dopa double domaimp-type S{1002X 1 surface(sample 1. The
ing density is calculated by using mobility values given inenergy scale is with respect to the CBM whose position is
the literature'! determined from the probe-only spectr@rfihe spectrum at

TABLE |. Sample specifications.

Crystal Miscut Doping density Resistivity
Sample # face (degree Dopant (cm™3) (Qcm)
Sample 1 100 <+0.5 B(p-type) 10 15~30
Sample 2 100 9 @-type) 1.2x 10" 350

Sample 3 100 <+0.5 Skin-type) >2x 101 0~0.02
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T=—1.8 psec consists mainly of two-photon photoemission 10%(a) P
with the probe beam which can be considered as a constant
background and can be subtracted from each spectrum to :
show the two-color spectrum more clearly. P& 0.0 psec at
which the probe beam is in a temporal overlap with the pump
beam, there is an appreciable yield increase especially at
kinetic energies ranging from-0.8 to 0.5 eV. As has been
shown by earlier studies, there is a strong emission from
states inside the bulk band g&ffor these band-gap states,
there is also a very fast decay at early time delays. This rapid
decay in electron yield for states right below the conduction-
band minimum has been observed in previous stfifliead

it was attributed to a fast relaxation inside the upper intrinsic (b)

surface states. However, the nature of the initial states ob- CBM
served in the time-resolved photoemission and the origin of
the fast decay for states above CBM has remained unclear
until now.

The nature of the initial states can be studied by probing
their symmetry property. It is well known that the upper
intrinsic surface state of @002x1 surface has odd sym-
metry while the lower surface state has even symmetry with
respect to the mirror plane bisecting the Si dirtfewith the
transition probability written as M "0 ) 5 3
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FIG. 3. (a) Spectra with 266 nm only from heavily dopaeype
the symmetry principle requires that the matrix element ressample with two different laser intensitig$) optimum exponent at
main invariant under the reflection with respect to the mirroreach energy position.

plane. For a photoelectron to be detected in the electron de- kersl314 Th ¢ surf def h
tector lying on the mirror plane, the final state has to be eveff9 WOrKers. e presence of surface defects such as

under the reflection with respect to the mirror plane. Wher{msSing dimer defects on the($002x1 surface and their

the probe beam polarization lies in the mirror plane, the termelectromc properties have been studied by researchers em-

" . . ploying scanning tunneling microscopyFor example, au-
p-€IS even under the reflect|o_n. Th_erefore, the whole matring, ors of Ref. 15 reported that the average surface defect den-
element is odd under reflection with respect to the mirror,

" o : sity on S{1002x1 surface is approximately 5% with
plane. It means that the transition probability for this Procesgample-to-sample variation to some extent. They classified

is identically zero. In other words, when the dimers aregefects in Si1002x1 into so-called type-A, type-B, and
aligned in such a way as to produce a mirror plane parallel tgpe-C defects. Among them, the most common defects are
the optical table and the probe beam polarization lies in th@ype-C defects that break the mirror symmetry with respect
mirror plane, the photoemission probability from the upperto the plane bisecting the Si surface dimers. However, more
surface states with odd symmetry is zero. careful study is needed to relate the defects observed in the
On a single domain §1002x1 surface, the Si dimers are scanning tunneling microscopy study to the peak in the pho-
known to form in a preferential direction, allowing study of toemission spectra.
symmetry properties with respect to the dimer axis. A single The assignment of the peak below the CBM to a defect
domain S{1002x1 surface has been prepared from a lowrelated structure on the @002x1 surface can be given
dopedn-type sample with 9 degree misoisample 2. After  further support by showing that this state can be observed via
the cleaning, the 1 LEED pattern with missing half inte- one-photon photoemission from a heavily dopedype
gral spot in the horizontal direction confirms that the samplesample as was done in Ref. 13. In a heavily dopegipe
is composed of a single domain with the Si dimer axis persample, the bulk Fermi level moves close to the conduction-
pendicular to the optical table. When the time-resolved phoband minimum. The surface states close to the conduction-
toemission spectra were taken from the single domaihand minimum are occupied with electrons, if there is no
Si(1002x%1 surface with probe beam polarization parallel tostrong surface Fermi-level pinning, which is the case for the
the optical table, there was no readily noticeable differenceSi(100) surface as confirmed by the absence of the photo-
in the shape of the spectrum and its dynamics compared tgoltage shif When the state is occupied by electrons, it can
those observed in the double domain surface. This indicatése observed with one-photon photoemission with a 4.66 eV
that the observed initial states lack the mirror symmetryprobe beam.
which is associated with 21 reconstruction. Hence, it is To verify whether this is the case, fourteen photoemission
more probable that the states observed in time-resolved phgpectra were taken from a heavily dopedype sample
toemission are related to the defect states on tE82X1  (sample 3 with different intensities of the 4.66 eV beam.
surface as concluded in ultraviolet photoemission spectrosrigure 3a) shows two of the fourteen spectra with third-
copy and inverse photoemission spectroscopy study on karmonic intensities differing by a factor of 6.1. At each
Si(1002x1 surface performed by Martensson andenergy position, the electron yield can be plotted with the
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.§ I Eﬂﬁ@t{ =—4.0 psec has the contribution only from the surface defect
g [Ty | e, statesin equilibrium withthe bulk doping. The two spectra
s :i-l e merge approximately at 0.9 eV. The two-color signal occurs
A 0 1 2 3 only at energy positions of 0.9 eV or below. At the energy
position of —0.3 eV where the peak occurs, the two-photon
Energy (eV) photoemission yield af =0.0 psec is about 13 times greater

than that of T=—-4.0psec spectrum. The photogenerated
carrier density with an irradiation of an 800-nm beam with
the fluence level of 1 mJ/cn is approximately

probe beam intensity and the relation of yield versus probg’XlOlscm %, which is comparable to the bulk doping level
beam intensity can be fitted with a power law considering th®’ the sample. The fact that the spectrumat 0.0 psec
exponent as the fitting parameter. The optimum exponent &10Ws 13 times greater peak strength than thatTat
each energy position is shown in Figb® Clearly, the elec- = —4.0 psedwhich includes contribution from bulk doping
trons at high energy are generated from the two-photon anly) indicates a substantial departure from the equilibrium
sorption of the probe beam as is well known from preViousbetween the surface defect state and bulk states after laser

studies® The exponent around the conduction band mini-light illumination. This departure implies tha}t the optic;al
mum is less than 2, which shows that the electron yieldransition matrix element for the defect state is substantially

around the peak is a mixture of one-photon photoemissioﬁ"gher than for the bulk states. This kind of optical enhance-

and two-photon photoemission. ment is not unreasonable at all because the arrangement at
To determine the relative magnitude of the one-photorfhe surface is different from that of the bulk and the optical

photoemission process and the two-photon photoemissioﬁ”d electrical properties can be different from those of the

process, the electron yield at each energy position is fit witfPulk- Surface-state induced optical _anisotropy on
the following relation: Si(1002x1 surface is a well-known exampt@.

The nature of the optical transition involved in the photo-
Y=Al+BI?, emission process and the role of phonons in the carrier dy-
namics can be studied by investigating the photoemission
wherel is the third-harmonic intensityA is the one-photon  spectra taken at different substrate temperattir@ecause
photoemission coefficient, anl is the two-photon photo- the typical optical phonon energy is less than 50 m&the
emission coefficient. The best-fit values of coefficiehsnd  change in substrate temperature modifies the equilibrium
B at each energy position are displayed in Fig&)4nd population of the optic phonons significantly. Therefore any
4(b). The yield around the peak cannot be well fitted with thechange in the photoemission spectra due to the optic phonons
above expression, which is manifested by the relatively largevill manifest itself as the substrate temperature is changed.
size of the error bars. The reason is because at that energy study the role of phonons in the optical excitation process
position one-photon photoemission and two-photon photoand the carrier dynamics, time-resolved photoemission ex-
emission occur at the same time, giving rise to complicationperiments are performed on a clean silicon sample held at
due to the simultaneous population change. two different temperatures. The temperature of the sample is
From the pump-and-probe photoemission spectra from @gaintained at a constant level by flowing an appropriate
heavily dopedn-type S{1002x1 sample, one can compare amount of dc current through the electron-beam heater fila-
the relative contribution to the photoemitted electrons fromment. The sample specimen plate is heated due to the radia-
carriers from the doping and photogenerated carriers. Figurgon from the electron-beam heater filament. The voltage
5 shows the pump-and-probe spectra taken from the heaviljrop between the two ends of the filament is measured to be
dopedn-type sample al =0.0 psec and=—4.0psec. The 5 V with the current of 1.8 A. It gives rise to a static electric
spectrum atT=0.0 psec has a contribution from optically field but it is shielded out by the sample specimen plate. By
generated carriers plus the electrons in equilibrium with thehis method, the temperature of the sample can be varied
bulk doping of 210" cm 3. However, the spectrum &  from 300 to 600 K.

FIG. 4. (a) One-photon photoemission coefficiert) two-
photon photoemission coefficient.



PRB 59 ULTRAFAST CARRIER DYNAMICS NEAR THE . .. 4947

= Y. AR R
g (2) _—r
= \ Ay 4
£ 1o TR 1 N
A \ 10 & | g™ ol g S
w @ Wé;ﬁ NSRS
T = 4 -
o [ °
Z 10F 3 e &° . e o o .
© -E o % A
8 o
— 3 407 b o -083ev | |
2 10 (b) o . o .023eV
S > o A 0076V
s . o o +0.53eV
& 10 o ] o
[e]
g 2“. 101: o
Z 10 " E S R R
© -1 0 1 2 3
1 2 3 4 5 i
Delay Time (psec)
Energy (eV)

FIG. 8. The photoemission yield as a function of pump probe
FIG. 6. (a) Spectra at two different substrate temperaturet at time delay at different energy positions.
=0 psec time delay(b) spectra at two different substrate tempera-

tures atT=—4.0 psec tim_e o!elay. The thick line denotes the SPeCperature suggests that the phonon is not involved either in
trum at 600 K and the thin line at 300 K. the carrier generation process or the photoemission process
Time-resolved photoemission spectra are taken at 600 ar:Ejse(l)fr'] the other hand, the electron yield at 600 K is higher
300 K from a sample of light-type (sample 2 Figure 88)  than that at 300 K at time delays longer than 0.5 psec. It can
shows the spectra &t=—4.0 psec and Fig.(6) shows the  pe explained by the exchange of carriers between the bulk
two-color signal atT=0.0 psec for two different substrate states and the defect states that are being observed. It is well
temperatures. A uniform horizontal shift of magnitude 200ynown that the optical absorption coefficient increases as the
meV is observed between spectra taken at two different subypstrate temperature is increas®@here is little doubt that
strate temperatures for both time delays. The uniform energy,e gensity of carriers generated in the bulk at the substrate
shift is due to the Fermi-level shift of the sample at two temperature of 600 K is approximately twice as large as that
different temperatures. The amount of the shift agrees welht 300 K. The coupling between the defect states and the
with the estimate of the Fermi-level shift at two different p states should establish a balance of the carrier density
temperatures. The spectra at negative time delays Tand petween those two states at sufficiently long time delays.
=0.0psec are similar in their magnitude and spectral shaperherefore, the carrier density at the defect site is shown to be

Figure 7 shows the magnitude of two-color signal as a funcpalanced at the level proportional to that of the bulk carrier
tion of the time delay between the pump and probe for thgjensity at sufficiently long time delays.

two temperatures. The magnitude of two-color signal is de-

fined as the total number of electrons at each time delay

minus the number of background electrons. The magnitude IV. ELECTRON TEMPERATURE
of two-color signal is almost the same for early time delays AT VARIOUS TIME DELAYS

regardless of the substrate temperature, while it shows an | previous sections, it was shown that the initial states
appreciable difference at longer time delays. The fact that thgyseryed in this photoemission experiment are related to de-
T=0.0psec spectrum is independent of the substrate teMacts on the $1L002x 1 surface and that there is a substan-
tial departure from equilibrium in carrier density near the
surface. The equilibrium between the surface defect state and
o 60DK bulk state is established by the diffusion of carriers into the
o 30DPK bulk states at later times. In the present section, based on
these interpretations, the time-resolved spectra from a clean
p-type S(1002x1 surface will be analyzed in detail and a
L simple model will be established for its interpretation. Some
@ L of the time-resolved spectra are shown in Fig. 2.
o’-i In Fig. 8, the electron yields at selected energy positions
QQD? ® ¢ are displayed in a logarithmic scale as a function of the time
$ Q 0 delay to show the dynamic feature more clearly. The energy
I 1
6 8

O—@
o "O [ ]

Yield above CBM
> o

O

(o]

| is referenced to the bulk conduction band minimum. The
0 2 4 10 background spectrum has already been subtracted. At 0.5 eV
Time (psec) above the conduction band minimum, th(_a yie-_ld fqllows the
laser temporal profile because the relaxation time is short for
FIG. 7. Magnitude of the two-color signal as a function of pump those states due to a large phase space for relax&tfeor.
probe delay at two different substrate temperatures. states around and below the conduction-band minimum,
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The best-fit electron temperatures are shown in each of
the graphs. The corresponding Maxwell-Boltzmann distribu-
. . 3 - 3 tions are shown with solid lines while the experimental data
, . = , _ , o are shown as discrete points. At=—0.2psec andT
00 05 10 15 00 05 10 15 =0.0 psec delay, the experimental data do not exactly fall on

the solid lines: there are excess electrons below 0.5 eV and
fewer electrons above 0.5 eV. This is because 0.5 eV is the

FIG. 9. Electronic distribution function above the conduction- one-_photon _abs_orptlon cutoff. In other words, 015 eV is the
band minimum. The solid line represents the best-fit Maxwell-Maximum kinetic energy an electron can acquire when an
Boltzmann distribution curve. electron-hole pair is generated by absorption of a single

800-nm photon. Figures(8 and 9b) show that the electron

there is also a rapid rise following the laser profile. There i€N€rgy distribution is not a thermal one &t=0.0 psec or

a rapid decrease in yield aftdr=0.0 psec, and this rapid earlier. At positive time delays, the carrier-carrier scattering
decrease is followed by a slow decrease in yield at Ionge?tarts distributing the kinetic energy among carriers and the
time delays. At 0.8 eV below the conduction-band minimum,nonthermal featur_e smoothes out. Affer 0.4 psec, _thg do_ts
the yield starts increasing aftdr=1 psec, due to the accu- fall on the best-_ﬂt Ma_xweII-Bthzmz.';mn. energy.dlstrlbutlon
mulation of electrons into these states. except a few noisy _pomts ".’It high k|n.et|c energies.

As was previously mentioned, the optically generated car- The fact that carrier-carrier scattering smoothes out a non-
rier density at the defect site is far from the equilibrium with ther_mal d'Str'blu“OE by d'StF'bU“’I‘\% kmetcl:c Iener_gy Ia”FO”gf
the optically generated carriers in the bulk. The excess Caﬁarr!ersdcan also. es'%sle|e_|n n a ontt?] ar(]z Em;u ?“OS 0
riers at the defect site transport to neighboring sites or intgarrer dynamics in St. Flowever, authors of Ret. /7 0b-

the bulk of silicon. The transport of carriers appears as théerved only ther_me_ll distributiqns inside the silicon sample,
fast decay of the two-color signal aftdi=0.0psec and it €'eN though their time resolution was better than that of the

continues until the carrier density at the defect site become&Urrent experiment. One possible reason is that their pump
hoton energy was 2.0 eV. A 2.0-eV photon generates

comparable to the bulk carrier density, resulting in the plapI tron-hol . ith Kineti | 09
teau of the carrier density at time delays longer than 0.7 pse@ ectron-nole pairs with excess kinetic energy as farge as b.

Along with a fast carrier transport out of the defect statesev' The relaxation time for high kinetic energy carriers is

into neighboring sites, the shape of the electron energy gi€xtremely shor;, making it impossible to observe the one-
hoton absorption cutoff.

tribution also changes on a very short time scale. Figure § : . .
displays the carrier distribution above the conduction-band Aside from smoothing of the electron energy distribution,

minimum for six different time delay§—0.2, 0.0, 0.2, 0.4 the electron temperature also changes as the time delay is
0.6, and 3.2 psacTo quantify the change in,thé éha{pé o.f t'heincreased. The electron temperatures extracted from the fit to

ettt o the experimental data are displayed as a function of the time
electron energy distribution, the electron energy distributiorf e
can be fitted with the expression delay in Fig. 10. The peak temperature reaches 1700 K at

T=0.0psec, which is in good agreement with the simple
estimate based on the average kinetic energy of the photoge-
) JE, nerated carriers. The electron temperatures at negative time
delays are comparable to that 0.0 psec. At negative
time delays, the photogeneration is the dominant process,
with A* andT* as fitting parameter& is the kinetic energy and the average kinetic energy of an electron is close to the
of electrons referenced to the conduction-band minimum angalue of hw—E4. Therefore the electron temperature re-

- Energy (eV)

E

_ Ak _
f(E)=A exp( _kBT*
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FIG. 11. (a) Electron distribution aff =0.0 psec with four dif- 1000}
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mains close to 1700 K at<0.0 psec. The electron tempera-
ture becomes stabilized at 600 K at time delays later than 0.7 ol— , _ ol ‘ ,
psec. The reason why the steady-state temperature is appar 0 1 2 3 0 1 2 3
ently higher than 300 K is because of limit¢e50 me\) Time (psec)

energy resolution of the electron spectrometer.

The electron energy distribution and the electron tempera- £, 12. Calculated electron temperatures vs experimentally de-

ture can depend on the pump beam fluence incident on th@rmined electron temperatures at different pump beam fluences.
sample. The relationship between pump beam fluence and

the electron temperature can reveal the mechanism how the Another interesting feature is a saturation below the
energy of the optical beam is transferred to the electrons. Theonduction-band minimum, which is indicated by the expo-
current section discusses the time-resolved photoemissiament less than one. The saturation occurs exactly where the
spectra taken at four different pump fluences: 0.44, 0.6, 0.74lectron energy distribution peaks. As a matter of fact,
and 0.86 mJ/cfa The pump beam fluence is varied by a around the energy position of the peak, the data cannot be
combination of a half wave plate and a polarizer as describefdroperly fit by a power-law dependence. The saturation of
in the Sec. Il. Figure 1B shows the spectra af  the optical pumping at the peak of the distribution agrees
=0.0 psec for four different pump beam fluences on a logawell with the notion that there is a strong optical enhance-
rithmic vertical scale. For each spectrum, the correspondingient into these states.
background spectrum has already been subtracted. The hori- When two pump photons are absorbed for creating an
zontal energy scale is with respect to the conduction-bandlectron-hole pair, the excess kinetic energy imparted to the
minimum. At all pump beam fluences, the electron spectrunpair becomes as high as 2.0 eV per pair, compared to 0.5 eV
reaches far beyond the one-photon absorption cutoff which ifor one-photon absorption process. Therefore, the electron
0.5 eV above the conduction-band minimum. distribution can reach appreciably higher temperature when
At each energy position, the yield versus the pump beantwo-photon absorption is included. The electron temperature
fluence can be fit with a power-law dependence. The optialso depends on the pump beam fluence if two-photon ab-
mum exponent at each energy position is shown in Figsorption is a dominant process. Figure 12 shows the electron
11(b). The error becomes larger at higher energy due tdemperatures extracted from the experimental data at differ-
fewer electron counts. The yield depends linearly on theent pump beam fluences as a function of the time delay. The
pump beam fluence at lower energies, which is indicated bpeak temperature occurs®t 0.0 psec for all fluences and it
an exponent close to 1.0. The yield varies quadratically withdepends on the pump fluence. It reaches 2100 K with the
the pump beam fluence above 0.5 eV, which agrees wehighest pump fluencé€0.86 mJ/cr) while it is 1700 K for
with the one-photon absorption cutoff. Therefore the electhe lowest fluenc€0.44 mJ/crf). However, the temperature
trons with kinetic energy greater than 0.5 eV are generatedt T=—0.5 psec does not depend on the pump beam fluence
with two-photon absorption of the pump beam. The two-because the pump beam intensity at that time delay is so low
photon absorption feature and the hot-electron tail are clearlshat linear absorption is dominant. At all fluence levels, the
visible even at the lowest fluence 0.44 mJXcifhe electrons  electron temperature reaches a plateau in less than 0.5 psec.
with kinetic energy between 0.0 and 0.5 eV are generated Even though the density of photogenerated carriers under-
partly via one-photon absorption and partly via two-photongoes a rapid change near the surface after0.0 psec, the
absorption, which is indicated by an exponent between 1.@emporal change of the electronic temperature can be attrib-
and 2.0. uted to the energy transfer from the carriers to the lattice.
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The decay of the electron temperature within 0.5 psec sugdue to photogeneration of carriers, the diffusion of carriers,
gests that the carrier energy relaxation occurs on a time scabnd the lattice heat diffusion are neglected.

comparable to the pulse width of the incident laser. A simple Due to an optical enhancement and carrier transport to the
and illustrative theoretical model is now proposed to extracheighboring defect sites or into the bulk states, the observed
transport parameters such as electron energy relaxation timelectron density decreases very fast. The fast decay is simu-
The model should incorporate the electron temperature ddated by putting a term- N/ 7 in the continuity equation for
pendence on the pump fluence and the fast transport of cathe carrier density. The electron transports occurs with the
riers out of the defect state. The model is based on the twaransport of energy. To account for the energy loss accom-
temperature model which has previously been applied tpanying the carrier transport, a term-(N/7)(E,
explain the optical properties of silicon irradiated with pico- +3kg/Tc) is added to the energy balance equatignis the
second laser pulsés.It consists of a set of balance equa- time for the carrier transport and it can be determined from
tions: the continuity equation for the carrier transport, thethe plot of the density of the electrons above the conduction-
laser beam attenuation, and energy balance equation for theand minimum versus the time delay.

carriers and the lattice. The equations used in Ref. 22 are Based on these assumptions, the four partial differential
displayed below for discussion. equations used in Ref. 22 are reduced to two ordinary differ-

N ential equations:
E+V~J:G+ R, continuity equation, dN al +0.5812 N

dt ho T
dl

—=—al—pBI?2~0ONI, laser beam attenuation,

dx dUc  3Nkg

dt TC

N
(Te—TL) +al+B1%2— T—O(Eg+3kBTC).

& .
gUTV-W=Sy-Ly,, carrier energy balance, These two ordinary differential equations are numerically

solved to calculate the carrier density and the carrier tem-
] o perature as a function of the time delay for different laser
Z7 =CLV-x(VT)—Ly, lattice heat diffusion. fluences. With an appropriate choice of the fitting param-
eters, a reasonable fit with four different curves is achieved.
In these equationsyl is the carrier density) is the current  The calculated electron temperature is displayed for four dif-
density,G is the generation rat® is the recombination rate, ferent fluences in Fig. 12 with the experimental data dis-
| is the intensity of the lasew is the linear absorption coef- played for comparison. The fitting parameters for the solid
ficient, B is the two-photon absorption coefficierd, is the  |ines in Figs. 12a)—12d) are 7-=0.4 psecy,=0.2 psec,
free-carrier absorption cross sectithjis the carrier energy and 8=120cm/GW. The value fog is approximately 3—5
density,W is the ambipolar energy currer8 is the source times greater than the value expected based on the experi-
of the total carrier energy from the laser beam, &gds the  mental data available at other wavelength$he difference
loss rate of carrier energy to the lattice. might come from the uncertainty in the measurement of the
In Ref. 22, it was assumed the carriers reach a quasiequiaser fluence and the simplicity of the model itself. Consid-
librium among themselves which is characterized by a singlering the simplicity of the model, the value fat. is in
carrier temperature. This assumption is not strictly true forreasonable agreement with the value of 0.27 psec obtained
the time scale that is being discussed in this paper becauseat&ough a dc transport measurement on a short channel
nonthermal electron energy distribution is observed at timgjevicé* or with the value of 0.32 psec obtained with a
delays close td' =0.0 psec. However, to provide a starting Monte Carlo simulatof
point for the theoretical modeling of the ultrafast carrier dy-
namics in silicon, it is assumed that the carrier distribution
can be described by a single quasithermal electron tempera-
ture T . Based on this assumption, the carrier energy density We showed that the population of electrons and the shape
and the loss rate of the carrier energy to the lattice can bef the electron energy distribution near the surface changes
expressed as on a very short time scale after laser illumination. A pro-
nounced peak has been observed near the bottom of the con-
Uc=N(Eg+3kgTc), duction band. Our study of the polarization properties of this
and peak revealed that it is associated with surface defect states.
We also showed that there is an enhanced optical transition
3Nkg into the defect state compared to the bulk optical transition
(Te=To), and that the defect state exchanges carriers with bulk states
on a very short time scale.
respectivelyr. is the carrier energy relaxation time. Further- ~ We studied the carrier distribution at various pump beam
more, it is assumed that the lattice temperature change can fiaences, and found that the pump beam photons are ab-
neglected on the time scale of interest and it can be taken teorbed by carriers through both one-photon absorption and
be 300 K!° Because the absorption depth of the 800-nmtwo-photon absorption. The two-photon absorption is re-
pump beam is much greater than the probing depth of theponsible for high kinetic energy electrons inside the con-
266-nm beam, the spatial dependence of the laser intensitjuction band. The energy relaxation time for these electrons

V. CONCLUSION

LU:

C
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is much shorter than the temporal resolution of the current A simplified set of ordinary differential equations is de-
experiment. The initial energy distribution of photogeneratedveloped to extract the energy relaxation time from the ex-
carriers is observed to be nonthermal with a drop at 0.5 e\perimental data. The model includes the two-photon absorp-
above the conduction-band minimum. It arises from the onetion and carrier transport into neighboring sites or into the
photon absorption cutoff. The carrier-carrier interactionbulk states. The calculated electron temperatures for four dif-
smoothes out the one-photon absorption cutoff, bringing théerent pump fluences are compared with experimental data
nonthermal distribution to a thermal one. This thermalizationand the best-fit parameters have reasonable values. The car-
also occurs on a very short time scale comparable to thder energy relaxation time has been extracted from the fit
temporal resolution of the experiment. and it is determined to be 0.4 psec.

The more gradual change in the shape of the electron
energy distribution can be characterized by the change in its
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