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Ultrafast carrier dynamics on the Si(100)2x1 surface
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We present a study of ultrafast carrier dynamics on the cleét03Rx1 surface using time-resolved
photoemission spectroscopy. A rapid thermalization inside the surface band is observed, and the carrier relax-
ation occurs on a time scale of a few hundred femtoseconds to a few picoseconds depending on the initial state
energy. The relaxation time increases as the initial state energy decreases with respect to the band minimum.
[S0163-182606)50248-1

Understanding ultrafast phenomena in solids is very im-800 nm, and 150 fsec pulses at a repetition rate of 1 kHz. An
portant for basic science and its contribution to technologicaultraviolet probe beam at 266 nm is produced by frequency
innovations in devices and surface chemistfyFor ex- tripling using two beta barium borat8BO) crystals in tan-
ample, as the size of silicon transistors decreases into thdem. The probe pulsewidth is 400 fsec due to the group
deep submicrometer range, device simulation becomes moxelocity dispersion between the purt®00 nn) and the sec-
complicated because the conventional drift-diffusion modebnd harmonic(400 nn). The polarization of the probe is
starts to fail. Deeper understanding of electron dynamics ifixed asp polarization while that of pump can be changed by
needed to properly estimate device performance andsing half a wave plate. No difference in photoelectron spec-
reliability.® Hot-electron induced desorption from solid sur- tra was observed for different pump polarizations.
faces is another aspect with potential technological impact. The vacuum chamber, equipped with low energy electron
Desorption due to the presence of the hot carriers was exdiffraction (LEED), is kept at a base pressure ok 50 1!
perimentally demonstrated on metals by several grotips Torr. The sample is @-doped silicon(100 wafer with a
and theoretical research is still being purstidaappeet al.  doping concentration of 210™ cm 3. Samples are cleaned
showed that hot-electron induced desorption is also possibleefore introduction into the chamber by dipping into a buff-
on semiconductor surfaceand Tienet al.” presented ex- ered HF solution. Further cleaning of the sample, inside the
perimental evidence that hot-electron induced desorptiochamber, is performed by heating to 1050 °C for 2 min. Af-
plays an important role in stiction reduction of microelectro-ter slowly cooling the sample to room temperature, a very
mechanical systems after ultrashort pulsed laser illuminatiorsharp 2<1 LEED pattern is observed. The energy of the

Hot carrier dynamics in silicon is relatively difficult to photoemitted electrons is measured using the time-of-flight
study using ultrashort pulsed lasers due to the indirect opticaechnique.
band gap. Time-resolved multiphoton photoemission spec- Figure 1 shows a photoemitted electron spectrum, using
troscopy has proven to be particularly effective in overcom-the probe only, from a clean @002X1 surface. The total
ing this difficulty. Experiments that measured photoelectricnumber of collected electrons is kept below 0.8 electrons
current as a function of laser intensity reported electroniger laser shot throughout this experiment to avoid space
temperatures well above the lattice temperature for nanosecharge broadening of the spectra. The photoelectron spec-
ond pulse excitatioA.The study on Sil11)2x 1 surface per- trum taken with the probe only has a sharp peak on the lower
formed by Halaset al® showed the dynamic surface charg- energy side; the high energy side has a sharp cutoff at 4.8 eV
ing plays an important role in carrier dynamics near thewith an abrupt shoulder around 3.8 eV. These spectral fea-
surface. A comprehensive study on various silicon surfacetures are similar to what have been reported by other re-
by Roweet al1® showed that electron energy relaxation in- searchers with the same photon enefyy’ The electrons
side the surface band occurs on a time scale shorter thanvidith kinetic energy greater than 0.8 eV originate from the
psec. Goldmaret al. reported that the electron temperature valence band via two photon photoemission, while lower en-
inside the conduction band changes from 1500 to 800 K irergy electrons are believed to come from the occupied sur-
less than 60 fsec after excitatibh. face states via one photon photoemission. These features are

In this paper, we report on carrier dynamics on theshown in the inset of Fig. 1 in which probe-only spectra with
Si(1002x1 surfacé? after ultrafast laser excitation using different intensities are normalized by the square of the
time-resolved two-photon photoemission spectroscopy witlprobe intensity. The six spectra overlap above 0.8 eV con-
subpicosecond time resolution. A Ti-sapphire oscillator-firming the two photon photoemission behavior. From the
regenerative amplifier laser system is used to obtain 0.5 mabove interpretation, the electrons at the high energy cutoff
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FIG. 1. Photoelectron spectrum from third-harmonic béaré6 FIG. 2. Pump and probe photoemission spectra at two different

eV). Inset: photoelectron spectra normalized by the square of théme delaysi(a T=—1.6 psec(b) T=0 psec.
third harmonic intensity.
holder plate. The increase was about 10 °C. The peak tem-

come from the valence-band maximuBM ). This can be perature rise in the excitation region was estimated to be less
' than 100 °C.

used to identify the initial states from which photoelectrons™ ' .
Figure 2 shows pump and probe spectra taken at two

originate. . : !
To relate the kinetic energy in vacuum to the energydifferent time delays. Figures (@ and 2b) show the

of the initial states inside the sample, the contact poten§pect;altaken al= _h1-6 antc)i 0 psecarespﬁctively. Ner?ative
tial and the electron affinity must be known. The kinetic M€ delay means the probe precedes the pump. The spec-

energy of a photoemitted electron is given by the following{™UM atT=—1.6 psec is the same as the sum of the pump-
relation: only spectrum and the probe-only spectrum, as expected, and
can be considered as background. The spectrum taken at
T=0 psec[see Fig. 20)] shows a double peak. The peak
Ex=niw—(x—E)+ dq=nhio+E—(x—dg), Q) around 0.3 eV is present at all time delays with small change
in strength and the peak around 1.2 eV shows significant
whereo is the photon energy) is the number of photons change in strength as a function of time delay between the
pump and probe.

absorbed for photoemissiors Is the energy Inside the Figure 3 shows photoelectron spectra taken at different

sample measured from the conduction-band minimurqime delays between the pump and probe with the
(CBM), x is the electron affinity, and, is the contact po- spectrum aff = — 1.6 psecshown in Fig. 22)] subtracted

tential. Measuring the kinetic energy of electrons from thefrom each spectrum. The electrons from the CBM
VBM allows the determination of the quantigy/— ¢4. From . pectrum. .
relation (1) we find y— ¢ to be 3.4 eV, which is in good appear with a kinetic energy of 1.2 eV from relation
agreement with the value calculated in the same way from
photoelectron spectra we obtained using the fourth harmonic R B
beam for one photon photoemission from the valence band.
Usually, determining initial state energy from a laser-excited
photoelectron spectrum is complicated in semiconductors
due to the band bending and resultant photovoltaic shift. In
this experiment, no photovoltaic shift in photoelectron spec-
tra is observed, in agreement with other studfes. There-
fore, the contribution of photovoltaic shift to the kinetic en-
ergy of photoemitted electrons can be ignored in this
experiment.

The pump pulse also generates photoemitted electrons.
With increasing pump fluence, the number of photoelectrons
increases rapidly. The space charge effect thus sets an upper

"CBM{

limit to the pump fluence we can use. The maximum pump 0.0 05 1.0 1.5 20 25 3.0
fluence level in this experiment set by this consideration is Energy (eV)

found to be 1 mJ/cf The carrier density produced for 1

mJ/cnf fluence at 800 nm is estimated to be 210" cm™>. FIG. 3. Time-resolved spectra at different time deldgsT=0

When the pump beam is inci_der}t on the sample with arpsec,(b) T=0.13 psec,(c) T=0.33 psec,(d) T=1.07 psec,(e)
average power of 200 mW, a rise in sample temperature was= 2.4 psec(f) T=—0.27 psec(dashed ling (g) T= —0.47 psec
observed through the thermocouple attached onto the samplgashed ling
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(1), with x—¢4q=3.4 eV. The transient peak in Fig. 3 ap- mum. At time delays longer than 1 psec, the number of elec-
pears above and below the conduction-band minimunirons above the conduction-band minimum drops below the
(CBM). Electrons with kinetic energy less than 1.2 eV can-hoise level. .

not come from the conduction band but instead must come Relaxation features are more visible when the number
from the surface states of the(800)2x1 surface. The dy- of electrons in the transient peak is plotted as a function

; - o f the delay between the pump and the probe. Figure 4
namics of the transient peak and the positions of the dOUbIghows data for electrons with kinetic energies of 1.8, 1.5,

peakiin Fig. 2 are what \.NOUId be expectgi;rom theisurfac<=1_2, 1.0, 0.8, and 0.6 eV, respectively. The solid line fit to the
band structure of the &i002x1 surface’>~" We believe experimental data was obtained by solving a simple
that the transient peak is attributable to surface states. Thebeeneration-relaxation equation, assuming a Gaussian tempo-
are two reasons why we believe this is the case. First, thgy| pyise shape and a constant relaxation time. The rising
strength of the peak was sensitive to the contamination frongqge is primarily determined by the pulsewidths of the laser
the residual gas inside the chamber, becoming weaker aftgjeams and the risetime is around 0.22 psec. The relaxation
about one day. Furthermore, if the sample is reheated up t@me for each curve is taken as 0.2, 0.2, 0.2, 0.4, 1.0, and 2.5
1050 °C for 2 min, the peak becomes strong again. The segsec, respectively. It is clear that the relaxation time becomes
ond reason is that there is no direct transition from the bulkshorter as the initial state energy changes from inside the
X valley to states above the vacuum level in this range. Phosulk band gap to above the bulk conduction-band minimum.
toemission from theX valley would require indirect transi- It is interesting to note that this kind of fast electron relax-
tions. On the other hand, emission from surface states doegion dynamics has been observed for a variety of metal
not have to satisfy momentum conservation along the samplgystems®~2° One word of caution is that relaxation times
normal and this transition has a higher probability than thegiven above should not be taken literally as single particle
indirect transition from theX valley, as was argued in Ref. lifetimes at given energies because the population dynamics
10. at a certain energy level might involve population feeding
Figure 3 shows several noticeable features. First, idTom the higher-lying statéSand density-dependent carrier-
the spectrum dt =0, the kinetic energy of electrons extends C&rrier scattering as well as population decay and photoexci-
up to 3 eV. When electron-hole pairs are generated front@tion. These effects can qnly be dealt Wlth. by solving the
800 nm illumination, the maximum electron excess kineticBOltzrnann t_rans.port eq“af“"” beyond the simple relaxau.on
energy above the conduction-band minimum would bet!me apprOXIr_natlc_m. The S'mplﬁ energ;(/j-dfependent reli';_lxafuon
only 450 meV, as indicated in Fig. 3. The reason whyt'me approximation serves the need for our qualitative

electrons are observed with excess kinetic energy of u tgiscussion.
ay P Particularly noteworthy is the absence of the coupling

1.8.eV above .the_conduct|on-band edge el explalngd tyetween the bulk and surface states. If there is strong popu-
rapid thermalization among the carriers. Due 10 Carmielyaiion feeding between the surface states and bulk states,
carrier scattering, kinetic energy is redistributed among thgne s\ rface states whose energy is below the conduction-
carriers. Figure 3 shows that the carrier-carrier scatteringsngd minimum would show very slow decay dynamics
takes place faster than the temporal resolution of this experkecause the carrier recombination time in silicon is
ment. The spectral shape of the transient peak cannot Bgown to be considerably longer than the time scale of our
fitted with a simple Maxwell-Boltzmann distribution because study. But here we see fast relaxation decay below the
what is observed is the product of the carrier distributionconduction band, as has been observed in Ref. 10 for sili-
function and the surface density of states. Second, with agon. This can be interpreted as the absence or negligible
increase in the time delay between the pump and probesontribution of carrier feeding from the bulk states. There-
the carrier distribution moves toward lower energy, indicat-fore, the transient signal is dominated by photoexcitation into
ing carrier cooling. The cooling time is comparable to thethe surface states followed by relaxation inside the surface
pulsewidth for electrons above the conduction-band mini-states.
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