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Ultrafast carrier dynamics on the Si„100…231 surface
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We present a study of ultrafast carrier dynamics on the clean Si~100!231 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.
@S0163-1829~96!50248-1#
im
ica

t
o
de
s
an
r-
c
e
s

ib

tio
o
io

tic
e
m
tri
ni
se

g-
th
ce
n-
an
re
i

he
g
it
or
m

An
ncy

up

by
ec-

ron

d
ff-
the
f-
ery
he
ght

ing

ns
ace
pec-
wer
eV

fea-
re-

he
en-
sur-
s are
ith
the
on-
he
toff
Understanding ultrafast phenomena in solids is very
portant for basic science and its contribution to technolog
innovations in devices and surface chemistry.1,2 For ex-
ample, as the size of silicon transistors decreases into
deep submicrometer range, device simulation becomes m
complicated because the conventional drift-diffusion mo
starts to fail. Deeper understanding of electron dynamic
needed to properly estimate device performance
reliability.3 Hot-electron induced desorption from solid su
faces is another aspect with potential technological impa2

Desorption due to the presence of the hot carriers was
perimentally demonstrated on metals by several group2,4

and theoretical research is still being pursued.5 Trappeet al.
showed that hot-electron induced desorption is also poss
on semiconductor surfaces6 and Tienet al.7 presented ex-
perimental evidence that hot-electron induced desorp
plays an important role in stiction reduction of microelectr
mechanical systems after ultrashort pulsed laser illuminat

Hot carrier dynamics in silicon is relatively difficult to
study using ultrashort pulsed lasers due to the indirect op
band gap. Time-resolved multiphoton photoemission sp
troscopy has proven to be particularly effective in overco
ing this difficulty. Experiments that measured photoelec
current as a function of laser intensity reported electro
temperatures well above the lattice temperature for nano
ond pulse excitation.8 The study on Si~111!231 surface per-
formed by Halaset al.9 showed the dynamic surface char
ing plays an important role in carrier dynamics near
surface. A comprehensive study on various silicon surfa
by Roweet al.10 showed that electron energy relaxation i
side the surface band occurs on a time scale shorter th
psec. Goldmanet al. reported that the electron temperatu
inside the conduction band changes from 1500 to 800 K
less than 60 fsec after excitation.11

In this paper, we report on carrier dynamics on t
Si~100!231 surface12 after ultrafast laser excitation usin
time-resolved two-photon photoemission spectroscopy w
subpicosecond time resolution. A Ti-sapphire oscillat
regenerative amplifier laser system is used to obtain 0.5
540163-1829/96/54~24!/17300~4!/$10.00
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800 nm, and 150 fsec pulses at a repetition rate of 1 kHz.
ultraviolet probe beam at 266 nm is produced by freque
tripling using two beta barium borate~BBO! crystals in tan-
dem. The probe pulsewidth is 400 fsec due to the gro
velocity dispersion between the pump~800 nm! and the sec-
ond harmonic~400 nm!. The polarization of the probe is
fixed asp polarization while that of pump can be changed
using half a wave plate. No difference in photoelectron sp
tra was observed for different pump polarizations.

The vacuum chamber, equipped with low energy elect
diffraction ~LEED!, is kept at a base pressure of 5310211

Torr. The sample is ap-doped silicon~100! wafer with a
doping concentration of 131015 cm23. Samples are cleane
before introduction into the chamber by dipping into a bu
ered HF solution. Further cleaning of the sample, inside
chamber, is performed by heating to 1050 °C for 2 min. A
ter slowly cooling the sample to room temperature, a v
sharp 231 LEED pattern is observed. The energy of t
photoemitted electrons is measured using the time-of-fli
technique.

Figure 1 shows a photoemitted electron spectrum, us
the probe only, from a clean Si~100!231 surface. The total
number of collected electrons is kept below 0.8 electro
per laser shot throughout this experiment to avoid sp
charge broadening of the spectra. The photoelectron s
trum taken with the probe only has a sharp peak on the lo
energy side; the high energy side has a sharp cutoff at 4.8
with an abrupt shoulder around 3.8 eV. These spectral
tures are similar to what have been reported by other
searchers with the same photon energy.10,13 The electrons
with kinetic energy greater than 0.8 eV originate from t
valence band via two photon photoemission, while lower
ergy electrons are believed to come from the occupied
face states via one photon photoemission. These feature
shown in the inset of Fig. 1 in which probe-only spectra w
different intensities are normalized by the square of
probe intensity. The six spectra overlap above 0.8 eV c
firming the two photon photoemission behavior. From t
above interpretation, the electrons at the high energy cu
R17 300 © 1996 The American Physical Society
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come from the valence-band maximum~VBM !. This can be
used to identify the initial states from which photoelectro
originate.

To relate the kinetic energy in vacuum to the ener
of the initial states inside the sample, the contact pot
tial and the electron affinity must be known. The kine
energy of a photoemitted electron is given by the followi
relation:

Ek5n\v2~x2E!1fd5n\v1E2~x2fd!, ~1!

where\v is the photon energy,n is the number of photons
absorbed for photoemission,E is the energy inside the
sample measured from the conduction-band minim
~CBM!, x is the electron affinity, andfd is the contact po-
tential. Measuring the kinetic energy of electrons from t
VBM allows the determination of the quantityx2fd . From
relation ~1! we find x2fd to be 3.4 eV, which is in good
agreement with the value calculated in the same way fr
photoelectron spectra we obtained using the fourth harm
beam for one photon photoemission from the valence ba
Usually, determining initial state energy from a laser-exci
photoelectron spectrum is complicated in semiconduc
due to the band bending and resultant photovoltaic shift
this experiment, no photovoltaic shift in photoelectron sp
tra is observed, in agreement with other studies.10,11 There-
fore, the contribution of photovoltaic shift to the kinetic e
ergy of photoemitted electrons can be ignored in t
experiment.

The pump pulse also generates photoemitted electr
With increasing pump fluence, the number of photoelectr
increases rapidly. The space charge effect thus sets an u
limit to the pump fluence we can use. The maximum pu
fluence level in this experiment set by this consideration
found to be 1 mJ/cm2. The carrier density produced for
mJ/cm2 fluence at 800 nm is estimated to be 2.731018 cm23.
When the pump beam is incident on the sample with
average power of 200 mW, a rise in sample temperature
observed through the thermocouple attached onto the sa

FIG. 1. Photoelectron spectrum from third-harmonic beam~4.66
eV!. Inset: photoelectron spectra normalized by the square of
third harmonic intensity.
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holder plate. The increase was about 10 °C. The peak te
perature rise in the excitation region was estimated to be l
than 100 °C.7

Figure 2 shows pump and probe spectra taken at t
different time delays. Figures 2~a! and 2~b! show the
spectra taken atT521.6 and 0 psec, respectively. Negativ
time delay means the probe precedes the pump. The s
trum atT521.6 psec is the same as the sum of the pum
only spectrum and the probe-only spectrum, as expected,
can be considered as background. The spectrum take
T50 psec@see Fig. 2~b!# shows a double peak. The pea
around 0.3 eV is present at all time delays with small chan
in strength and the peak around 1.2 eV shows signific
change in strength as a function of time delay between
pump and probe.

Figure 3 shows photoelectron spectra taken at differ
time delays between the pump and probe with t
spectrum atT521.6 psec@shown in Fig. 2~a!# subtracted
from each spectrum. The electrons from the CB
appear with a kinetic energy of 1.2 eV from relatio

e
FIG. 2. Pump and probe photoemission spectra at two differ

time delays:~a! T521.6 psec,~b! T50 psec.

FIG. 3. Time-resolved spectra at different time delays:~a! T50
psec,~b! T50.13 psec,~c! T50.33 psec,~d! T51.07 psec,~e!
T52.4 psec,~f! T520.27psec~dashed line!, ~g! T520.47psec
~dashed line!.
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FIG. 4. Transient peak strengt
as a function of time delay betwee
pump and probe. Different spectr
correspond to different energy pos
tions.
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~1!, with x2fd53.4 eV. The transient peak in Fig. 3 ap
pears above and below the conduction-band minim
~CBM!. Electrons with kinetic energy less than 1.2 eV ca
not come from the conduction band but instead must co
from the surface states of the Si~100!231 surface. The dy-
namics of the transient peak and the positions of the dou
peak in Fig. 2 are what would be expected from the surf
band structure of the Si~100!231 surface.13–17 We believe
that the transient peak is attributable to surface states. T
are two reasons why we believe this is the case. First,
strength of the peak was sensitive to the contamination f
the residual gas inside the chamber, becoming weaker
about one day. Furthermore, if the sample is reheated u
1050 °C for 2 min, the peak becomes strong again. The
ond reason is that there is no direct transition from the b
X valley to states above the vacuum level in this range. P
toemission from theX valley would require indirect transi
tions. On the other hand, emission from surface states d
not have to satisfy momentum conservation along the sam
normal and this transition has a higher probability than
indirect transition from theX valley, as was argued in Re
10.

Figure 3 shows several noticeable features. First,
the spectrum atT50, the kinetic energy of electrons exten
up to 3 eV. When electron-hole pairs are generated fr
800 nm illumination, the maximum electron excess kine
energy above the conduction-band minimum would
only 450 meV, as indicated in Fig. 3. The reason w
electrons are observed with excess kinetic energy of up
1.8 eV above the conduction-band edge can be explaine
rapid thermalization among the carriers. Due to carri
carrier scattering, kinetic energy is redistributed among
carriers. Figure 3 shows that the carrier-carrier scatte
takes place faster than the temporal resolution of this exp
ment. The spectral shape of the transient peak canno
fitted with a simple Maxwell-Boltzmann distribution becau
what is observed is the product of the carrier distribut
function and the surface density of states. Second, with
increase in the time delay between the pump and pro
the carrier distribution moves toward lower energy, indic
ing carrier cooling. The cooling time is comparable to t
pulsewidth for electrons above the conduction-band m
-
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mum. At time delays longer than 1 psec, the number of e
trons above the conduction-band minimum drops below
noise level.

Relaxation features are more visible when the num
of electrons in the transient peak is plotted as a funct
of the delay between the pump and the probe. Figur
shows data for electrons with kinetic energies of 1.8, 1
1.2, 1.0, 0.8, and 0.6 eV, respectively. The solid line fit to t
experimental data was obtained by solving a sim
generation-relaxation equation, assuming a Gaussian tem
ral pulse shape and a constant relaxation time. The ris
edge is primarily determined by the pulsewidths of the la
beams and the risetime is around 0.22 psec. The relaxa
time for each curve is taken as 0.2, 0.2, 0.2, 0.4, 1.0, and
psec, respectively. It is clear that the relaxation time becom
shorter as the initial state energy changes from inside
bulk band gap to above the bulk conduction-band minimu
It is interesting to note that this kind of fast electron rela
ation dynamics has been observed for a variety of m
systems.18–20 One word of caution is that relaxation time
given above should not be taken literally as single parti
lifetimes at given energies because the population dynam
at a certain energy level might involve population feedi
from the higher-lying states19 and density-dependent carrie
carrier scattering as well as population decay and photoe
tation. These effects can only be dealt with by solving t
Boltzmann transport equation beyond the simple relaxa
time approximation. The simple energy-dependent relaxa
time approximation serves the need for our qualitat
discussion.

Particularly noteworthy is the absence of the coupli
between the bulk and surface states. If there is strong po
lation feeding between the surface states and bulk sta
the surface states whose energy is below the conduct
band minimum would show very slow decay dynami
because the carrier recombination time in silicon
known to be considerably longer than the time scale of
study. But here we see fast relaxation decay below
conduction band, as has been observed in Ref. 10 for
con. This can be interpreted as the absence or neglig
contribution of carrier feeding from the bulk states. The
fore, the transient signal is dominated by photoexcitation i
the surface states followed by relaxation inside the surf
states.
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