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Ultrafast Carrier Dynamics in Silicon: A Two-Color Transient Reflection Grating Study
on a sss111ddd Surface
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The dynamics of excited carriers generated near a silicon surface were characterized on femtosecond
time scales using the transient grating technique in the reflection configuration. For electrons in
the energy range1.4 6 0.6 eV above the conduction band edge and their corresponding holes,
the lifetime for relaxation through phonon scattering at carrier densities below1020 cm23 was
determined to be 240 fs. This relaxation time increased sharply for carrier densities higher than5 3

1020 cm23, providing the first direct evidence for charge screening of carrier-phonon scattering in Si.
[S0031-9007(98)07978-2]

PACS numbers: 78.47.+p, 73.50.Gr
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Quantitative characterization of carrier dynamics
semiconductors is important to the understanding
modeling of many physical and chemical problems
volving hot carriers. For example, the relaxation ra
of hot carriers depicts how fast energy is deposited i
phonons and subsequently induces processes invol
atomic motion such as ablation [1], etching, melting, a
phase transitions [2]. For Si, the dynamics informati
would be particularly useful for understanding and d
signing Si processing with photons. The relaxation rate
photoexcited carriers determines the yield in surface p
tochemical reactions and the efficiency of using light
materials processing. Furthermore, accurate fundame
carrier relaxation rates are important for the correct m
eling of state-of-the-art Si devices [3].

In fundamental physics, at high carrier densities, ma
body interactions and dynamic screening become imp
tant in carrier dynamics. Previous ultrafast experime
at very high carrier densities on Si have focused on lat
melting and heating dynamics [2]. In this Letter, we r
port hot carrier dynamics directly probed using transi
reflection grating scattering at carrier densities from1019

to 1021 cm23, which are below the threshold for lase
induced order-disorder transitions [2], but significan
higher than those accessed in previous time-resolved
toemission experiments [4]. This carrier density region
where screening is expected to be important in electr
phonon interactions [5]. However, despite the importan
to fundamental physics and photochemical processing
Si, no data on the carrier dynamics exist for Si in this de
sity region. Transient grating (TG) techniques have be
used effectively for characterizing rate processes of ca
ers in Si such as ambipolar diffusion on pico and nanos
ond time scales [6,7]. To understand the carrier relaxa
dynamics the studies must be extended into femtosec
time scales.

In a TG experiment a pump pulse is split into two equ
intensity parts and recombined on the surface at a sm
64 0031-9007y98y81(25)y5664(4)$15.00
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angle, producing a sinusoidal modulation in light intens
through interference. As the pump photons are absor
an excited carrier concentration modulation is genera
resulting in a refractive index grating. A variably delay
probe pulse is then scattered off the grating and the
order diffracted signal is monitored as an indication
the grating strength. The latter is directly influenced
the hot carrier concentration and can be used for
extraction of the carrier relaxation rate.

Our experiments were performed with a 1 kH
Ti:sapphire regenerative amplifier laser system t
operated at 800 nm with 100 fs pulse widths and,1 mJ
pulse energy. The probe beam at 400 nm was gener
by doubling the laser output in a LiB3O5 crystal. The
800 nm pump was split into two equal intensity beam
focused, and recombined to the same spot with a diam
of 3 3 1022 cm on the Si sample. The probe bea
was greatly attenuated and focused to a diameter
1.5 3 1022 cm. The sample was ap-doped Si(111)
surface with a resistivity of 20–30V cm and a naturally
grown oxide layer. The pulse widths of the pump a
probe, determined by cross-correlation measureme
were90 6 10 fs and120 6 10 fs, respectively.

A diagram of the beam configuration is shown in t
inset of Fig. 1. The crossing angle of the two pum
beams, 1 and 2, was3.5±, producing a grating with a
13 mm period. The probe beam incidence angle was,8±

from surface normal. The pump and probe beams
orthogonal polarizations to minimize coherent coupli
effects. The first order diffracted signal at,10± was
detected by a photomultiplier tube, integrated and avera
by a boxcar and recorded using a personal computer.

TG scattering traces taken at different pump powe
normalized to the same maximum intensity, are shown
Fig. 1. The reported pump fluences are defined as
peak fluence in the interference pattern, since the diffr
tion strength is proportional to the grating’s peak c
rier density. All data were collected below the observ
© 1998 The American Physical Society
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FIG. 1. Normalized TG signal versus pump-probe delay tim
The solid lines are fits using the model described in the t
Inset: Experimental geometry. 1 and 2 are the pump beam
is the probe beam, and the dashed line is the diffracted sign

damage threshold of,140 mJ cm22. The TG traces in-
dicate three decay processes: the first appears to m
the pump-probe pulse overlap; the second grows in n
linearly with the pump fluence and decays within 500
the third occurs on a much longer time scale in comp
son with the maximum pump-probe delay time of 2 p
These observations manifest the anticipated physical
cesses of excited carriers in Si.

A schematic illustration of the excitation and relaxati
of carriers for this 800 nm pump, 400 nm probe T
experiment is shown in Fig. 2. Indirect one-phot
absorption creates excited electrons in theX valley and

FIG. 2. Schematic diagram of the excitation processes
relaxation dynamics in Si. The energetically allowed regio
for indirect one-photon transitions are indicated by the verti
lined shades. The regions for direct two-photon transitions
indicated by slanted-lined shades. The energy relaxation of
excited carriers toward the band edge is represented by a da
arrow.
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holes nearG. However, at high pump intensities, two
photon absorption through direct transitions creates hig
excited electron-hole pairs alongL to G. Initially, the
photoexcited carriers thermalize electronically via carr
carrier scattering, producing a hot carrier distributi
with an elevated temperature compared to the latt
Time-resolved photoemission experiments indicate
thermalization occurs much faster than 100 fs [4], a
therefore its effect in TG scattering, if there is an
is convoluted into the first process. However, a T
signal at 400 nm probe will result from the bleachi
of the absorptivity due to state filling, which refers
the presence of hot carriers in states of the conduc
and valence bands optically coupled to the probe.
bleaching decays as the hot carriers cool, relaxing
the band-edge minimum via carrier-phonon scatter
and depositing their excess energy into the lattice. T
hot carrier energy relaxation time over a wide carr
energy range appeared in time-resolved photoemissio
be ,1 ps at low carrier densities [4]. Concurrently, t
presence of holes at the band edge will lead to a
signal due to bleaching from band filling (the Burste
Moss effect [8]). Band filling refers to the presence
carriers in the states near the band edge that are opti
coupled to the probe. The TG signal due to band-e
carriers will decay as the excited carrier population n
the surface is reduced by recombination and diffusion.
the hot carriers relax, a TG signal may also arise fr
heating induced changes in the optical constants.

The TG signal,Sstd, is proportional to the squar
of the change of the complex index of refraction, i.
Sstd ~ jDñstdj2. The pump pulse induced change of t
refractive index can be expressed asDñ12std  DñN std 1

DñT std, whereDñN is due to excited carriers andDñT is
from lattice heating. As bleaching induced change of
refractive index manifests itself through the absorptiv
DñN is purely imaginary [DñN std  iDkN ]. To calculate
the change of the index of refraction due to photoindu
bleaching,DkN , we phenomenologically modelDkN as

DkN  sae2tytc 1 bdDNstd , (1)

whereDNstd is the grating’s peak surface carrier densi
tc is the time constant for hot carrier energy relaxati
anda andb are constants giving the relative contributio
of state and band filling. As the hot carriers cool a
heat up the lattice, theDñT std induced can be describe
by DnT  uDTlstd, whereu is the thermo-optical coeffi
cient, andDTlstd is the peak lattice temperature.

We have used a Boltzmann equation approach f
Ref. [9] to describe carrier and heat transport followi
excitation, and we solved the differential equations in t
model numerically. Added in this model is the fact th
the lattice temperature change is correlated to the exc
carrier density and the carrier energy relaxation rate.

Both the indirect one-photon and the direct two-pho
absorption contributions are included in generating
5665
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excited carriers in the model. The value of the two-pho
absorption coefficient,b, has not been measured at t
two-photon energy of 3.1 eV. We have extrapola
a value of 10 cm GW21 from the b measured below
the direct band gap at the two-photon energy of2.3 eV
[10] and above it at 4.0 eV [11]. Over the ran
of 5–100 mJ cm2, carrier excitation is dominated b
linear absorption at lower intensities and by two-pho
absorption at higher intensities. The two contributio
are equal at a fluence of,40 mJ cm22 sDN  2.3 3

1020 cm23d. The decay ofDN due to diffusion can be
neglected in the 2 ps of pump-probe delay time due to
large grating spacing and pump absorption length.

Besides the population grating produced by the inter
ence of pump pulses 1 and 2, a polarization grating ca
produced by the interference of pump pulse 1 with pr
pulse 3 [7]. Pump pulse 2 can scatter off of this additio
grating, producing an additional diffracted signal. T
coherent coupling gives an additional contribution to
index of refraction while the pump and probe pulses
temporally overlapped and are responsible for the in
TG signal. The totalDñstd is then given by a linear sum
of all induced refractive index changes described abov

From the theoretical model,DNstd and DTlstd are
calculated and then used to generate a time depen
TG signal. A fit to the experimentally measured T
decay traces, shown in Fig. 1, yields the carrier relaxa
time, tc, and the magnitude ofa and b constants. A
single pulse width used for both pump and probe was
treated as an adjusted parameter in the fit, instead of u
the values obtained by the correlation measurements.
the fits shown in Fig. 1, the fitted pulse width was77 6

4 fs, somewhat shorter than the correlation measurem
for the pump and probe pulses, but consistent w
expectations [12]. The fitted pulse width is determin
primarily by the initial coherent coupling TG signal.

In Fig. 3, the amounts of various components contrib
ing to the TG signal at a pump fluence of76 mJ cm22

are shown. The peak surface carrier density generat
5.7 3 1020 cm23. Near time zero, the TG signal is dom
nated by the coherent coupling component. As the
carriers are excited, signal amplitude due to state fil
becomes apparent. From the decay of this compon
which occurs within 500 fs, the hot carrier energy rela
tion lifetime is obtained. As the hot carriers relax to t
band edge, the calculated lattice temperature increase
most 100 K, producing a TG signal that rises withtc but
decays on a much longer time scale. The band-filling
plitude, from the band-edge carriers, decays by Auge
combination, also on a long time scale. Both bleach
components due to state and band filling are observe
vary linearly with the calculated carrier density.

The hot carrier energy relaxation lifetime obtained fr
the fit is shown as a function of the peak surface car
density in Fig. 4. Within the estimated uncertainty of t
measurements, the relaxation lifetime is constant at 24
5666
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FIG. 3. (a) TG Signal (,) versus pump-probe delay time a
the pump fluence of76 mJ cm22. The solid line is a fit to
the model described in the text. (b) The various compone
contributing to the TG signal calculated from the mod
analysis.

for carrier densities up to2 3 1020 cm23. The relaxation
time’s dependence on the carrier density appears
highlight the effect of screening in the carrier-phon
interaction. Yoffa’s calculation [5] predicted that th
hot carrier energy relaxation time depends on the car
density as

tc  tof1 1 sNyNcritd2g , (2)

where to is the carrier density independent relaxati
time, andNcrit is the critical carrier density for screen
ing. A fit of the data to Eq. (2) givesto  240 6 30 fs
andNcrit  s6.0 6 0.7d 3 1020 cm23. The latter is very
close to the theoretical value of2 3 1021 cm23 [5].
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FIG. 4. Carrier relaxation timetc versus surface carrie
density. The solid line is a fit to the screening model [5].
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Figure 4 gives the first experimental evidence of scre
ing of the carrier-phonon scattering in Si.

The hot carrier energy relaxation time obtained clarifi
previously reported values. The relaxation times deri
from time-resolved photoemission spectroscopy [4] w
observed to be shorter than a picosecond and to b
strong function of excess energy, with faster relaxat
observed for higher energies. Our TG measurement g
an average value oftc of hot electrons in the energy rang
of 1.4 6 0.6 eV above the conduction band edge and th
corresponding holes. Also, the TG signal is a function
both the electron and hole dynamics whereas incohe
time-resolved photoemission measurements are sens
only to the electron dynamics. Doany and Grischkows
[13] using differential reflectivity on thin silicon films
on sapphire measured a relaxation time of 350 fs
carriers generated using 2 eV pump photons at low ca
densities (,1017 cm23). They attributed this time to
the relaxation of electrons in theX valley. Our TG
experiment is more sensitive to the presence of hole
the G valley; as they relax they remain in the probe
optically coupled region.

The carrier relaxation time is indispensable in calcu
ing the quantum yield in hot-electron mediated surfa
photochemical reactions. Hot-electron induced deso
tion and photochemistry have been observed on metal
semiconductor surfaces [14]. The increase intc at high
carrier densities may imply an increase in yields of re
tions induced by photoexcited carriers. Also, the rela
tion time is important to further the understanding of t
ultrafast laser-induced phase transitions [2], which oc
at carrier densities higher than1022 cm23. At these high
densities, screening plays an important role in determin
the energy transfer rate between the carriers and the la
The dramatic increase in the relaxation time at high car
densities will increase the time required for the lattice
reach the melting temperature.

By using the transient grating technique on ultraf
time scales we were able to measure the hot carrier
ergy relaxation time as a function of excited carrier d
sity. The use of a probe at twice the pump frequen
enables bleaching effects due to hot carriers to be dire
observed while the reflection configuration provides s
sitivity to the near surface region. This technique sho
be generally applicable to other indirect band-gap se
conductors or wide band-gap materials.
-

d
e

a

s

r
f
nt
ve

r
r

in

-

-
d

-
-

r

g
e.
r

t
n-
-

ly
-

i-

The authors thank S. Ogawa, W. Nessler, H. Naga
and A. P. Heberle of Hitachi for technical support a
advice and K. Nakagawa for the Si sample. This wo
is supported in part by the National Science Foundat
MRSEC Program, under Grant No. DMR96-32598 a
the New Energy and Industrial Technology Developm
Organization of Japan. T. S. and H. L. D. thank Profes
E. Burstein for helpful discussions.

*To whom all correspondence should be address
Department of Chemistry, University of Pennsylvan
Philadelphia, PA 19104-6323. Electronic addre
dai@sas.upenn.edu.

[1] See, for example, K. Sokolowski-Tintenet al., Phys. Rev.
Lett. 81, 224 (1998); X. Liu, D. Du, and G. Mourou, IEEE
J. Quantum Electron.33, 1706 (1997).

[2] C. V. Shank, R. Yen, and C. Hirlimann, Phys. Rev. Le
50, 454 (1983); M. C. Downer and C. V. Shank,ibid.
56, 761 (1986); K. Sokolowski-Tinten, J. Bialkowski, an
D. von der Linde, Phys. Rev. B51, 14 186 (1995).

[3] M. V. Fischetti and S. E. Laux, J. Appl. Phys.78, 1058
(1995).

[4] J. Goldman and J. Prybyla, Phys. Rev. Lett.72, 1364
(1994); S. Jeong, H. Zacharias, and J. Bokor, Phys. R
B 54, 17 300 (1996).

[5] E. J. Yoffa, Phys. Rev. B21, 2415 (1980);23, 1909
(1981).

[6] C. M. Li, T. Sjodin, and H. L. Dai, Phys. Rev. B56, 15 252
(1997); C. M. Li, Z. C. Ying, T. Sjodin, and H. L. Dai
Appl. Phys. Lett.66, 3501 (1995).

[7] H. Eichler, P. Gunter, and D. Pohl,Laser-Induced Dy-
namic Gratings(Springer-Verlag, Berlin, 1986).

[8] E. Burstein, Phys. Rev.93, 632 (1954); T. S. Moss, Proc
Phys. Soc. London Sect. B76, 775 (1954).

[9] H. M. van Driel, Phys. Rev. B35, 8166 (1987).
[10] T. F. Boggesset al., IEEE J. Quantum Electron.22, 360

(1986).
[11] D. Reitze, T. Zhang, W. Wood, and M. Downer, J. Op

Soc. Am. B7, 84 (1990).
[12] We believe the correlation measurements are inaccu

due to errors introduced by phase velocity mismatch
the b-BaBO3 crystal used.

[13] F. E. Doany and D. Grischkowsky, Appl. Phys. Lett.52,
36 (1988).

[14] See, for example, F. Buddeet al., Phys. Rev. Lett.66,
3024 (1991); P. H. Lu, P. J. Lasky, Q. Y. Yang, and R.
Osgood, Jr., Chem. Phys.205, 143 (1996).
5667


