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Excitonic properties of colloidal silicon quantum dots (Si gdots) with mean sizes of 4 nm were examined
using stationary and time-resolved optical spectroscopy. Chemically stable silicon oxide shells were prepared
by controlled surface oxidation and silanization of HF-etched Si qdots. The ultrafast relaxation dynamics of
photogenerated excitons in Si qdot colloids were studied on the picosecond time scale from 0.3 ps to 2.3 ns
using femtosecond-resolved transient absorption spectroscopy. The time evolution of the transient absorption
spectra of the Si qdots excited with a 150 fs pump pulse at 390 nm was observed to consist of decays of
various absorption transitions of photoexcited electrons in the conduction band which overlap with both the
photoluminescence and the photobleaching of the valence band population density. Gaussian deconvolution of
the spectroscopic data allowed for disentangling various carrier relaxation processes involving electron-phonon
and phonon-phonon scatterings or arising from surface-state trapping. The initial energy and momentum
relaxation of hot carriers was observed to take place via scattering by optical phonons within 0.6 ps. Exciton
capturing by surface states forming shallow traps in the amorphous SiO, shell was found to occur with a time
constant of 4 ps, whereas deeper traps presumably localized in the Si-SiO, interface gave rise to exciton
trapping processes with time constants of 110 and 180 ps. Electron transfer from initially populated, higher-
lying surface states to the conduction band of Si qdots (>2 nm) was observed to take place within 400 or

700 fs.
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I. INTRODUCTION

Silicon (Si) nanostructures have stimulated intense re-
search activities because of their potential applications to
electronic devices and microphotonics.' Charge carrier mo-
tions in nanoelectronics devices operate at length scales of
electron mean free paths ranging between 5 and 10 nm in
bulk silicon at room temperature. The corresponding transit
times are picoseconds and less. This time scale is the domain
of electron and phonon scatterings and that of trapping by
surface states which are localized, for instance, in the native
passivation layer of Si. Hence, successful development of
high-speed nanoelectronics devices such as single-hole
transistors* requires comprehensive investigations of the re-
laxation dynamics of charge carriers (i.e., electrons and
holes) in nanoscale Si on an ultrashort time scale down to
femtoseconds. This may be achieved by examining the initial
decay dynamics of photogenerated excitons which occur via
elastic and inelastic carrier-carrier scatterings and carrier-
phonon scattering.’

Bulk Si crystallizes in a cubic diamond lattice and is an
indirect band gap semiconductor. This implies for its optical
properties that the direct I'— I transition (at k=0) reaches a
saddle point of the conduction band, whereas the lowest en-
ergetic I'— X transition violates the law of momentum con-
servation and requires therefore the assistance of transversal
optical (TO) or transversal acoustic (TA) phonons.’ For Si
quantum dots (qdots) having sizes smaller than the exciton
Bohr diameter of 8.6 nm,° the laws of momentum conserva-
tion are relaxed.” The motions of carriers and phonons are
confined in all three spatial dimensions, and their wave func-

1098-0121/2008/77(11)/115343(8)

115343-1

PACS number(s): 73.22.—f

tions are spread out in the k space. Direct consequences of
the quantum confinement effect are a modified energy band
structure, altered electron-phonon couplings, and enhanced
transition probabilities of the optical zero-phonon and
phonon-assisted transitions.>’® In particular, quantum con-
finement leads to large amplitudes of the carrier wave func-
tions at the surface. The resulting efficient carrier interac-
tions with surface states facilitate indirect-band-gap
transitions by scattering as well as they may induce ultrafast
exciton trapping and recombination.”?~!!

Stationary and time-resolved spectroscopy of Wannier-
Mott excitons in Si nanostructures has been in the focus of
extensive experimental and theoretical activities in recent
past.322 Si qdots in porous Si (Ref. 12) and Si qdots grown
by annealing Si-ion-implanted SiO, films'*!* or prepared by
electrochemical etching of Si wafers' were observed to ex-
hibit two species of photoluminescence (PL). The size-
independent blue PL was ascribed to radiative recombination
of trapped excitons which are localized at defects in the
Si-SiO, interface!’ or at oxygen vacancies in the amorphous
SiO, shell.!®!7 The other PL species depends on the size of
the Si qdots and is therefore attributed to the radiative re-
combination of quantum-confined excitons.?! The corre-
sponding X —I" transition was observed to be predominantly
assisted by the momentum conserving TO phonon at
57.3 meV or the TA phonon at 19 meV,?? while the zero-
phonon transition is predicted to become probable because of
the relaxed momentum conservation rule. The lifetime of the
quantum-confined exciton PL was reported to depend on the
detection energy and to range between 1 and 60 us.!7-?32*
The rather long lifetimes do not allow for direct monitoring
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the temporal evolution of the PL spectra using luminescence
up-conversion techniques.

Essential information of ultrafast carrier dynamics in Si
gdots can be achieved by femtosecond resolved pump-probe
spectroscopy which is sensitive to both the absorption of
photogenerated electrons in the conduction band and the
bleaching by the correspondingly diminished population
density in the valence band.>?® In this spectroscopy tech-
nique, an ultrashort laser pump pulse generates quantum con-
fined excitons in Si qdots via absorption transitions of
valence-band electrons to the conduction band. Excitation
with photon energies larger than the band gap creates hot
carriers as being electrons and holes with excess kinetic en-
ergies and specific momenta. Intraband relaxation dynamics
of hot carriers may take place by dephasing and thermaliza-
tion within the conduction or the valence band. Dephasing
occurs via momentum-relaxing carrier-carrier scattering in a
few hundred femtoseconds,?® while scattering of hot carriers
by longitudinal-optical (LO) phonons [E;5=53 meV (Ref.
27)] causes a thermalization with the lattice on a time scale
between a few hundred femtoseconds and several
picoseconds.?® Complete relaxation of the electrons to one of
the six degenerate (100)-valleys of the conduction band?’
requires the dissipation of the excess kinetic energy via se-
quential emission of smaller-energy acoustic phonons on a
time scale up to hundreds of picoseconds.’ The multiphonon
processes may be induced by lattice anharmonicities or by
surface states. They become progressively slower with de-
creasing energy until a phonon bottleneck is reached.’ A
competing process is trapping of photoexcited carriers by
surface states which also may occur on the early picoseconds
time scale.!!

Up to now, only Klimov et al.”> have applied femtosecond
transient absorption spectroscopy for the study of photoge-
nerated carrier dynamics in Si qdots. Their samples consisted
of Si qdots embedded in amorphous SiO, films. They ob-
served initial carrier decay dynamics on the sub-10 ps time
scale which they assigned to efficient surface-state trapping.
Although intense theoretical and experimental research ac-
tivities have been devoted to the elucidation of photophysical
properties of Si qdots, the ultrashort relaxation dynamics of
excitons are hardly understood until now. In particular, the
contribution of surface states to dephasing and thermaliza-
tion of hot carriers is a long-standing issue of the physics of
semiconductor gdots.!” The reason for this is the native pas-
sivation layer of Si nanostructures. The nonstoichiometric
composition and amorphous structure of the SiO, shell criti-
cally depend on the preparation technique and environmental
conditions and may significantly alter by aging. This implies
that the structural and electronic properties of surface states
are difficult to control or to be reproducibly prepared.

In this paper, we present a femtosecond spectroscopy
study of ultrashort exciton relaxation dynamics in silanized
Si qdots with mean sizes of 4 nm. Si qdots with natively
oxidized surfaces were prepared via rf-induced decomposi-
tion of silane. Stabilized surface structures were obtained by
the removal of the native passivation layer by HF etching
followed by reoxidization under controlled conditions. Stabi-
lization of the SiO, shell was achieved by silanization. The
silanized Si qdots were dispersed in cyclohexane. Irradiation
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of the Si qdots dispersion with 150 fs pump pulses at 390 nm
generated quantum-confined excitons via one photon absorp-
tion transitions of valence band electrons.”> The temporal
evolution of the absorption and bleaching of photogenerated
carriers were probed between 0 and 2.3 ns using variably
delayed 150 fs pulses of a white-light continuum. The analy-
sis of the transients allowed us to discriminate between dis-
tinct decay dynamics of the excitons. The short time behav-
ior (<5 ps) was assigned to electron-LO-phonon scattering
and exciton trapping by surface states, which form shallow
traps. Couplings of the photoexcited electrons with large
wave vector phonons (TA or LA phonons) providing com-
plete intraband relaxation or capture of the photoexcited
electrons by deep traps localized at the Si-SiO, interface
were discussed to be responsible for the observed long time
behavior (>100 ps).

II. EXPERIMENT
A. Materials

Si qdots with a mean size of 4 nm were prepared in a
low-pressure rf reactor using silane as a precursor.’® Trichlo-
rododecylsilane (Aldrich, purum, =95.0%), cyclohexane
(Fluka, =99.5%), 2-propanol (Fluka, =99.5%), and aqueous
hydrofluoric acid (Riedel-de Han, =40%) were used as re-
ceived.

B. Surface treatment

All wet-chemistry procedures were performed under am-
bient conditions. 40 ml of 1:1 mixture of cyclohexane and
2-propanol were used to disperse 100 mg of Si qdots. The
suspension was sonicated for 30 min. To remove the native
passivation layer of the Si qdots by HF etching 20 ml of
aqueous hydrofluoric acid (40%) were added and the suspen-
sion was stirred overnight. Two phases were formed: the
lower polar phase consisted of 2-propanol, HF, and water,
whereas the upper cyclohexane phase contained the etched Si
qdots. 3 ml of trichlorododecylsilane were added to the yel-
lowish suspension and the silanization was carried out by
stirring the mixture at 2 °C for 2 h. Finally, the silanized Si
qdots were washed several times with cyclohexane using an
ultracentrifuge (Heraeus, sepatech).

C. Steady-state spectroscopy

The photoluminescence spectra were recorded on a Jobin-
Yvon FluoroMax-3 spectro-fluorometer using the magic-
angle polarization configuration. All experiments were per-
formed at room temperature employing quartz cuvettes with
a thickness of 10 mm. Silanized Si qdots were dispersed in
cyclohexane at a concentration of 100 ug/ml.

D. Time-resolved spectroscopy

Femtosecond transient absorption spectroscopy experi-
ments were conducted with a Clark MXR CPA 2001 laser
system in conjunction with an Ultrafast Systems detection
system, consisting primarily of a glass fiber based spectrom-
eter. The output pulses (at 390 nm) of this laser system, used
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FIG. 1. PL spectrum of silanized Si qdots: the surface-state PL
was excited at 300 nm.

as pump pulses, are amplified frequency-doubled pulses of
the Er’* doped glass fiber oscillator. Their pulse duration is
about 150 fs [full width at half maximum (FWHM)] and
their repetition rate is 1 kHz. All samples were pumped at
excitation ~densities between 1.14X10° and 1.90
X 10° W/cm?. The samples consisting of 2 mg Si qdots dis-
persed in 1 ml cyclohexane were irradiated in quartz cu-
vettes with a thickness of 2 mm. A fraction of the fundamen-
tal was simultaneously passed through a sapphire plate to
generate a femtosecond white-light continuum between 400
and 1200 nm. The chirp between 400 and 750 nm was ap-
proximately 350 fs. Transient absorption spectra of silanized
Si gqdots in cyclohexane were taken at delay times between
-2 ps and 2.3 ns. They were recorded in the visible between
400 and 750 nm or in the near infrared (NIR) between 800
and 1200 nm. No photochemical degradation was observed
after each experiment as subsequent detecting of the sample
by luminescence spectroscopy has revealed.

PL decay profiles were recorded using the time-correlated
single-photon counting (TCSPC) luminescence technique.
PL of a Si qdot cyclohexane dispersion in a 10 mm quartz
cuvette was excited using the 390 nm output pulses of the
Clark MXR CPA 2001 laser system, while the time-resolved
measurement of the PL intensity was carried out on the TC-
SPC spectrometer Fluorolog-3 (Jobin Yvon) equipped with a
microchannel plate (Hamamatsu, R3809U-50) that provides
a time resolution of about 60 ps.

III. RESULTS AND DISCUSSION

PL of passivated Si qdots may originate either from local-
ized surface states of the amorphous SiO, shell or from
quasidelocalized states of quantum confined excitons.®%?
Figures 1 and 2 show the PL spectra of silanized Si qdots
dispersed in cyclohexane. The blue PL peaking at 380 nm
was excited at 300 nm (Fig. 1) and is ascribed to a distribu-
tion of energetically distinct surface states of the amorphous
SiO, shell. Irradiation of the Si qdot sample with 390 nm
light produced the red PL at 800 nm (Fig. 2) which was
attributed to radiative electron-hole recombinations between
quantized states near the minimum of the conduction band
and those at the valence band maximum. The weakly struc-
tured and asymmetric PL intensity distribution essentially re-
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FIG. 2. PL spectrum of silanized Si qdots: the exciton PL was
excited at 390 nm (black solid line); the PL intensity distribution is
simulated by a superposition of three Gaussians (dashed, dotted,
and dashed-dotted black lines).

sembles the PL spectrum of similarly prepared Si qdots with
a mean diameter of 4.1 nm.?* For ideally spherically shaped
Si qdots, the non-Gaussian intensity distribution of the PL
spectrum as being composed of at least three Gaussians (see
Fig. 2: dotted, dashed, and dashed-dotted lines) may be ex-
plained with distinctly weighted Gaussian size distributions,
giving rise to each other overlapping PL bands. Since the
HF-etching procedure will considerably alter the initially
spherical shapes of the Si qdots, the PL intensity distribution
does not any more depend via the radiative transition prob-
ability on one Gaussian size distribution.>! An ensemble of
Si qdots with different shapes and sizes cannot be rational-
ized by any standard distribution function. The PL excitation
(PLE) spectrum detected at 750 nm (see Fig. 3) consists of a
broad band with a prominent maximum at 340 nm
(29411 cm™) and a shoulder at 390 nm (25 640 cm™). The
large Stokes shift of about 16 100 cm™! is consistent with the
indirect-band-gap structure that is obviously still retained in
4 nm sized Si qdots. On the other hand, its FWHM of about
12 000 cm™! need not only arise from the wide size distribu-
tion of the Si gdots but may also partially stem from the
relaxed law of momentum conservation. In addition to indi-
rect phonon-assisted transitions, the direct zero-phonon tran-
sition becomes more probable due to the spread of the elec-
tron wave functions in the k space.

The decay dynamics of quantum-confined excitons gener-
ated with 150 fs pump pulses at 390 nm were monitored
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FIG. 3. PLE spectrum of the exciton PL detected at 750 nm.
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FIG. 4. (Color) (a) Temporal evolution of the transient absorp-
tion spectra (squares: experimental data and line: simulation) in the
visible for distinct delay times between 0.3 ps and 2.3 ns. (b) Tem-
poral evolution of the transient absorption spectra in the visible for
distinct delay times between O ps and 2.3 ns in a 3D representation.

using a temporally delayed femtosecond white-light con-
tinuum pulses. The pump pulse induced changes in the ab-
sorption of the Si qdots were recorded in the visible
(400-750 nm) and in the NIR (800-1200 nm). The peak
power of the pump pulse was varied between 1.14 X 10° and
1.90 X 10 W/cm?, where no noticeable difference in spec-
tral features and decay traces of the transient absorption
spectra could be observed. Figures 4(a) and 4(b) depict the
temporal evolution of the transient absorption spectra re-
corded in the visible as (a) two-dimensional and (b) three-
dimensional (3D) plots.

The transient absorption spectrum at 0.3 ps after excita-
tion exhibits a prominent photon-induced absorption (PA)
band (AOD>0) (OD denotes optical density) at 600 nm [see
Fig. 4(a)]. With rising the delay time to 0.7 ps, the initial PA
band decreases with the emerge of two new PA bands at 470
and 700 nm that decay on a time scale of a few hundreds of
picoseconds. At a delay time of 2.3 ns, photoinduced absorp-
tion completely vanishes, while a photon-induced bleaching
(PB) spectrum (AOD<0) is left over. The complex spectral
features of the transient absorption spectra obviously origi-
nates from a superposition of photobleaching with at least
three photoinduced absorption transitions. In order to ana-
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lyze the time evolution of the involved spectral components,
we have decomposed the transient absorption spectra of a
representative selection into, respectively, eight Gaussian
functions with fix peak positions and widths, whereas their
amplitudes were varied with the delay time until the best fit
was obtained [see line plot in Fig. 4(a)]. The PA bands at
470, 600, and 700 nm were accounted for by a sum of three
Gaussians (19 800, 21 500, and 22 300 cm™'), a sum of two
Gaussians (16200, and 17 800 cm™') and one Gaussian
(14 300 cm™), respectively. Since the photogeneration of
electron-hole pairs will have taken place within the temporal
pump-pulse width (150 fs) and the recovery of the valence-
band population density requires both radiative and nonradi-
ative recombinations of the excitons that occur in the micro-
second regime,?>?* the bleaching spectrum is assumed to be
instantaneously formed and to remain constant on our time
scale of study. The bleaching spectrum at 2.3 ns was simu-
lated by a sum of two Gaussians at 15 000 and 20 800 cm™'
with negative amplitudes. The transient absorption spectra
depicted in Fig. 4(a) were simulated by the sum of the eight
Gaussians by varying the amplitudes of those describing the
PA bands and by keeping constant the amplitudes of the PB
spectrum, the peak positions, and widths of all Gaussian
functions. Figure 5(a) represents two transients detected 550
and 600 nm which characterize the ultrafast decay behavior
of the PA band at 600 nm. Hence the measured decay
curves AOD(7) are approximated by a convolution of
the apparatus response function G(z) with a biexponential
decay function f(r): AOD(r)<f(r)® G(t), with f()
=a exp(—t/ Ty.pn) +b exp(=t/ Ty,). The apparatus response
function G(¢) was obtained as a Gaussian function with a
width of 210 fs, whereas the biexponential decay curves
were consistently fitted with the time constants of 0.57 and
4 ps. Since dephasing by electron-electron scattering under
ambient conditions presumably occurs within a few tens of
femtoseconds,*? the shortest time constant, Te-ph=0.57 ps, is
ascribed to electron-LO-phonon scattering. Subsequent pho-
non scattering processes contributing to the electron relax-
ation to the conduction band minimum should involve the
emission of lower-energy acoustic phonons and thus was
predicted to occur on a time scale of hundreds of picosec-
onds and more. The competitive decay process is assigned to
trapping of the photoexcited electrons with the time constant
Tuap=4 ps. Shallow surface states formed by surface-
standing Si=O bonds are argued to act as suitable traps.'®
The assignment of the short-time behavior to trapping events
is consistent with the results reported by Klimov et al.?
which were obtained from a femtoseconds transient absorp-
tion spectroscopy study of Si qdots in SiO, films.

The rise of the PA bands at 470 and 700 nm and the
long-time decay profiles of all three PA bands were examined
by analyzing the temporal evolutions of the respective am-
plitudes of the Gaussian functions used for the simulation of
the transient absorption spectra [Fig. 4(a)]. For the PA band
at 700 nm, one Gaussian amplitude scales with the AOD of
the band, while in the case of the PA bands at 600 and
470 nm, the respective arithmetic mean value of the ampli-
tudes were taken as a relative measure for the AOD. Figure
5(b) shows the time behavior of the amplitudes and of their
mean values which display the temporal evolution of the PA
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FIG. 5. (a) Short-time behavior of the PA transients detected at
550 and 600 nm. The temporal evolutions of the Gaussian ampli-
tudes simulating rise and decay dynamics of the PA bands at
470 nm (open circles), 600 nm (solid circles), and at 700 nm (solid
squares) depicted in (b) were fitted for the 600 nm data with a
triexponential decay function and for the 470 and 700 nm data with
a superposition of an exponential rise function and a triexponential
decay function (solid line); their short-time behavior is presented in
the inset. (c) shows the double logarithmic representation of the
experimental PL decay profile (open circles) and the stretched ex-
ponential fit function (solid line) with the fit parameters given in the
legend.

bands at 470 nm (open circles), 600 nm (solid circles), and
700 nm (solid squares). While the PA band at 600 nm was
instantaneously formed, the PA bands at 470 and 700 nm
were observed to emerge within 700 and 400 fs, respectively.
The decay dynamics of all PA bands are nonexponential and
obviously contain short-time and long-time components. The
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obvious resemblances in their decay traces suggest to assume
that at first, the observed PA transitions occur from different
k states of the conduction band and that, second, their initial
decay processes are similarly dominated by electron LO-
phonon scattering and fast trapping of the photoexcited elec-
trons in shallow traps. Thus, the decay dynamics of the
600 nm PA band is fitted by a three-exponential function
containing as three independent relaxation processes the
electron-LO-phonon scattering with the time constant 7,
=0.57 ps, the electron trapping with 7,,=4 ps and a slower
relaxation process with 7y, ;=110 ps. The latter relaxation
channel might be either caused by the interaction of the con-
duction band electrons with large wave vector phonons (i.e.,
LA or TA phonons) associated with lattice anharmonicity or
surface states®? or arise from the capture of the electrons by
deep traps localized in the interface between the Si core and
the SiO, shell. The ultrafast rise dynamics of the PA bands at
470 and 700 nm [see inset of Fig. 5(b)] are ascribed to elec-
tron transfer from initially populated, higher-energy surface
states of the SiO, shell to momentum states of the conduc-
tion band which are sufficiently far from the center of the
Brilloiun zone to give rise to the redshifted and blueshifted
PA transitions at 700 and 470 nm. According to the three-
zone model developed by Wolkin et al.3* surface states due
to Si=O0 bonds in the SiO, shell of Si qdots with sizes
larger than 2 nm lie above the conduction band and were
presumably excited with the 390 nm pump pulse by photon
absorption. The short-time decay behavior of the 470 and
700 nm PA bands resembles that of the PA band at 600 nm,
whereas their slow decay component exhibits a significantly
longer time constant with 7g,,=180 ps [see Fig. 5(b)]. The
difference in 7,,,; and 7y,,- corroborates the assignment of
the underlying decay process to conduction band-electron
capture by deep traps which may considerably differ in their
energies for Si qdots with sizes smaller than 2 nm compared
to those larger than 2 nm. The surface-states PL decay dy-
namics were examined in the 0—50 ns region under the ex-
citation conditions of the femtosecond transient absorption
spectroscopy experiment using the TCSPC technique. Si
qdots dispersed in cyclohexane were excited with the 150 fs
pump pulse at 390 nm, while the PL decay profile at 470 nm
was recorded on the TCSPC Fluorolog-3 spectrometer. As
the structural disorder and nonstoichiometric composition of
the SiO, shell suggest, the PL decay profile [see Fig. 5(c)] is
clearly nonexponential and obviously consists of a distribu-
tion of slightly different components on the nanoseconds
scale. Differences in the local environment of the surface
states lead to variations in the relaxation time and thereupon
to a distribution of relaxation times which is properly mod-
eled by the stretched exponential function® I(¢)
=1,(t)(7/t)'~P exp—(t/ 7). Here, 7 is the effective PL lifetime,
B is the dispersion factor ranging between 0 and 1, and / is
the amplitude. The solid line in Fig. 5(c) through the experi-
mental data (open circles) is obtained as least square fit with
the stretched exponential yielding the parameters 1,=0.53,
7=2.5 ns, and B=0.4. The relatively small value of S reflects
large structural disorder in the amorphous SiO, shell and
thereby the spread of the surface-state energies. On the other
hand, the rather short effective lifetime 7=2.5 ns inevitably
associated with a high radiative transition probability mani-
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FIG. 6. (a) Temporal evolution of the transient absorption spec-
tra in the NIR for distinct delay times between 0.7 ps and 2.5 ns. (b)
Short-time behavior of the transients detected at wavelength be-
tween 850 and 1150 nm and fitted to a biexponential function with
the time constants 7j_p, and Ty,

fests the localized nature of the surface states. Despite the
fact that the 390 nm pump pulse may provide either indirect
population of the surface states via photogeneration of exci-
tons in the Si core and subsequent trapping by lower energy
surface states (for Si qdot sizes <2 nm) or direct excitation
of the surface states (for Si qdot sizes >2 nm), no surface-
state PL with decay dynamics around 2.5 ns were observed
in any femtoseconds transient absorption spectroscopy ex-
periment. Fig. 6(a) displays the time evolution of the tran-
sient absorption spectra which were recorded in the NIR. In
contrast to those measured in the visible [see Figs. 4(a) and
4(b)], there are no pronounced structures, but a smooth rise
in photoinduced absorption from 800 to 1200 nm. This ob-
servation is consistent with the IR absorption of free elec-
trons in n-doped Si which was ascribed to transitions of elec-
trons from the conduction band minima to a higher-lying
energy band.> Free electrons in n-doped Si presumably cor-
respond to the photogenerated electrons in Si qdots when
they were completely thermalized and have relaxed to the
conduction band minima. At delay times above 1 ns, spectral
features with negative AOD values have been formed which
were ascribed to the exciton PL (see Fig. 3). There is no
spectroscopic evidence for I'— X absorption. This implies
that the indirect-band-gap transition is very unlikely, thus
rendering impossible the observation of the photoinduced
bleaching in the NIR.
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TABLE I. Parameters obtained from the merged deconvolution-
biexponential fitting procedure; a and b are the amplitudes and 7.,
and Ty, are the respective time constants.

Tel-ph Ttrap

a b (ps) (ps)

850 nm 0.59 0.22 0.57 4.0
900 nm 0.55 0.26 0.57 4.0
950 nm 0.51 0.29 0.57 4.0
1000 nm 0.46 0.33 0.57 4.0
1100 nm 0.42 0.36 0.57 4.0
1150 nm 0.40 0.38 0.57 4.0
1200 nm 0.38 0.40 0.57 4.0

The significantly different spectral features of the NIR
transient absorption spectra in comparison with those moni-
tored in the visible [see Figs. 4(a) and 4(b)] are explained by
the lack of photoinduced bleaching in the NIR as well as by
the differences in the density of states. However, the short-
time behavior of the transient spectra detected in the NIR
agrees very well with that of those detected in the visible
[see Fig. 6(a)]. The PA transients in the wavelength range
between 850 and 1150 nm were analogously analyzed using
the merged deconvolution-biexponential fitting procedure.

The values obtained for the respective two amplitudes, a
and b, and two time constants, Tel-ph and Tirap> AT SUMMA-
rized in Table 1. While the values of 7, and 7, coincide
with those of the transients detected in the visible, the two
amplitudes reflect a clear dependency on the detection wave-
length: with rising detection wavelength, the amplitude of
the exponential function accounting for the trapping process
increases at the expense of the decay process due to electron-
LO-phonon scattering. This might be understood in context
with the spread out of the electron wave functions in the k
space that has been enlarged by initial electron-electron scat-
tering. As an immediate consequence, the electrons distinctly
smeared out in the k space may experience different prob-
abilities for the electron-phonon scattering and trapping pro-
cesses. The long-time decay behavior of the transients addi-
tionally involves the rise of the photoluminescence in the
spectral range up to 1000 nm, whereas at longer detection
wavelengths, the only contributing process is that from the
decay of the photoinduced absorption. For the sake of com-
parison, the transients were fitted either by a monoexponen-
tial decay function for the PA or by a biexponential function
accounting for the decay of PA and rise of PB. The decay and
rise times are in in good agreement with the one obtained
from fitting the transients in the visible.

IV. CONCLUSION

The PL spectrum of colloidal silanized Si qdots dispersed
in cyclohexane consists of two emission bands, the maxi-
mum at 380 nm is assigned to surface states in the amor-
phous SiO, shell of the Si qdots, while radiative recombina-
tion of the quantum confined excitons produces the PL band
at 800 nm. Surface-state PL of Si qdots with sizes presum-
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FIG. 7. Electronic band structure bulk Si: the excitons are cre-
ated via an absorption transition (black arrow), the hot carriers relax
to the valence band maximum and the conduction band minimum
(curved black arrows), photoinduced absorption (dashed arrows)
and bleaching (dashed-dotted arrow) take place around k=0,
whereas the exciton photoluminescence (gray arrow) occurs as a
X—T transition.

ably larger than 2 nm was either directly excited by continu-
ous uv light (<320 nm) or by 150 fs pump pulses at 390 nm.
On the other hand, smaller-sized Si qdots are predicted to
exhibit a band gap larger than the energy difference between
the surface states®* which may act as traps and radiative re-
combination centers for the quantum confined excitons. The
exciton PL band at 800 nm is understood to originate from a
non-Gaussian distribution of Si qdot sizes which includes
sizes of about 1.5 nm and larger. The PLE spectrum peaking
at 340 nm manifests the enlarged I'—1T" band gap in com-
parison with bulk Si and its rather broad band width is prob-
ably due to the occurrence of zero-phonon and various
phonon-assisted absorption transitions. For Si qdots with
sizes larger than 3 nm, the ultrafast relaxation dynamics of
hot carriers created by a 150 fs pump pulse at 390 nm can be
described in terms of a simplified energy band structure
scheme (see Fig. 7). Valence-band electrons are transferred
via an absorption process (black arrows) into the conduction
band of the Si qdot. Since there is an excess excitation en-
ergy, nonequilibrium electron and hole densities with specific
momentum states and elevated temperatures are generated in
the conduction band and valence band, respectively. As the

PHYSICAL REVIEW B 77, 115343 (2008)

system evolves temporally and spatially toward the thermal
equilibrium with the lattice, momentum and energy relax-
ation will take place (curved black arrows). Elastic as well as
inelastic carrier-carrier scattering processes randomize the
momentum within tens of femtoseconds. The observed initial
fast decay of photo-induced absorption with 7, ;,=0.57 ps is
assigned to scattering of hot electrons by LO phonons. Scat-
tering of the conduction band electrons at large wave vector
phonons (i.e., LA or TA phonons) are discussed to be respon-
sible for the significantly slower decays of the photoinduced
absorption bands at 470, 600, and 700 nm that occurred with
time constants of 110 and 180 ps. Subsequent thermalization
may take place either via the decay of LO phonons into
lower-energy phonons by multiphonon processes or by
acoustic-phonon scattering of the conduction band electrons
into one of the conduction band valleys. An alternative ex-
planation for the slow decay dynamics employs the occur-
rence of deep traps in the interface which capture
conduction-band electrons with a time constant different for
Si gdots with sizes smaller and larger 2 nm. For Si qdots
with sizes smaller than 1.5 nm, trapping by surface states
dominates the exciton relaxation dynamics. The trapping
process was ascribed to the exponential decay with 7,
=4 ps. The surface states of Si qdots with sizes between 1.5
and 3 nm were stated to act as traps for electrons only.>*
Consistently, the ultrafast rise dynamics of the PA bands at
470 and 700 nm are ascribed to electron transfer processes
from initially photoexcited higher-lying surface states to the
conduction band of Si qdots with sizes larger than 2 nm.
Obviously, the size and shape distribution as well as the sur-
face state energies may determine the contribution of trap-
ping events to the ultrashort relaxation dynamics of the ex-
citon and thereby the quantum yield of the exciton PL.
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