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We study ultrafast photoluminescence (PL) dynamics of Si nanocrystals (NCs). The early-time PL
spectra (<1 ns), which show strong dependence on NC size, are attributed to emission involving NC
quantized states. The PL spectra recorded for long delays (> 10 ns) are almost independent of NC size
and are likely due to surface-related recombination. Based on instantaneous PL intensities measured 2 ps
after excitation, we determine intrinsic radiative rate constants for NCs of different sizes. These constants
sharply increase for confinement energies greater than �1 eV indicating a fast, exponential growth of the
oscillator strength of zero-phonon, pseudodirect transitions.
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Bulk Si is an indirect-gap semiconductor, and thus, the
radiative recombination in this material can occur only via
low-efficiency, phonon-assisted processes. Following the
initial observation of efficient photoluminescence (PL)
from porous Si [1,2], there have been numerous reports
on greatly enhanced emission efficiencies in various types
of Si nanostructures [3–6]. For example, a recently devel-
oped plasma-synthesis and organic surface passivation
technique produces Si nanocrystals (NCs) with a PL quan-
tum yield >60% [7]. The mechanism for high-efficiency
PL from Si nanostructures is still under debate [5,6]. For
example, ‘‘surface-state’’ models ascribe it to recombi-
nation of carriers trapped at surface sites [8], while
‘‘quantum-confinement’’ models explain it by recombina-
tion across the fundamental nanostructure band gap. In the
latter case, the increase in the radiative rate is attributed to
confinement-induced relaxation of momentum conserva-
tion, which opens an additional radiative decay channel via
zero-phonon, pseudodirect transitions.

In this Letter, we analyze the evolution of PL spectra of
Si NCs on subpicosecond to submicrosecond time scales
using different spectroscopic techniques. This analysis
allows us to distinguish between contributions from intrin-
sic NC-core and extrinsic (likely surface-related) states.
The core-state emission dominates early-time PL spectra
that show strong dependence on NC size. The spectrum of
late-time emission (>10 ns) does not vary significantly
with NC size, which is a signature of surface-related
recombination [9,10]. On the basis of emission rates mea-
sured immediately after excitation, we infer that the intrin-
sic radiative rate constants exhibit fast, exponential growth
for confinement energies greater than �1 eV, which in-
dicates a rapid increase in the strength of zero-phonon
transitions.

We have studied Si NCs fabricated by two different
methods: laser-induced SiH4 pyrolysis [11,12] (series-A

samples) and room-temperature plasma dissociation of
SiH4 [7,13] (series-B samples). For both methods, the
mean NC diameter was smaller than 4 nm and the NC-
size distribution had a standard deviation of 15%–20%.
Electron microscopy and x-ray diffraction studies indi-
cate a high degree of crystallinity of the NCs. The NC
surfaces were functionalized with 1-octadecence (series A)
or 1-dodecene (series B) [7] in order to passivate surface
traps and to make NCs soluble. Spectroscopic studies were
conducted at room temperature using NC hexane solutions;
a cell with NCs was continuously moved during the mea-
surements to avoid sample degradation.

The NCs were studied by steady-state PL (SSPL) and
two different time-resolved PL methods. The PL dynamics
in the nanosecond regime were monitored with 70 ps time
resolution using a time-correlated single photon counting
(TCSPC) system (excitation by 3.1 eV, 50 ps pulses from a
pulsed diode laser). Femtosecond PL measurements
(300 fs time resolution) were performed using PL up-
conversion (UPL) [14], in which the emission from a
sample excited by 3.1 eV, 200 fs pulses at 250 kHz
(frequency-doubled amplified Ti:sapphire laser) was
frequency-mixed (gated) with 1.55 eV, 200 fs pulses in a
nonlinear-optical crystal.

Figure 1(a) shows SSPL and early-time (t � 2 ps) UPL
spectra of a series-A sample. The UPL band is blue-shifted
by 0.32 eV with respect to the SSPL band. Other A- and
B-type samples exhibit a similar shift with the magnitude,
which increases for samples emitting at lower energies
[Fig. 1(b)]. An analogous shift between the steady-state
and early-time PL was recently reported for Si NCs em-
bedded in a sol-gel SiO2 matrix [15].

In Fig. 2(a), we show steady-state and time-resolved
PL spectra (TCSPC) of a series-B sample. On short time
scales (<1 ns), the emission is dominated by a high-energy
band (�2:3 eV), shifted from the SSPL maximum by
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�300 meV [consistent with UPL results in Fig. 1(a)]. On
longer time scales, we observe a gradual shift of the PL
maximum to the red until it eventually reaches the SSPL
maximum (�2 eV). The temporal evolution of the PL
indicates the existence of two emitting states that are
responsible for early-time (high-energy state) and late-
time (low-energy state) emission. The fact that only two
species contribute to PL is also supported by the appear-
ance of an isostilbic point [at�2:2 eV in Fig. 2(a)] in time-
resolved PL spectra normalized to the same area [16,17].
Each of the emitting states is likely distributed in energy
(because of sample polydispersity); however, these dis-
tributions are characterized by distinct central energies
[�2:3 eV and 2.05 eV in Fig. 2(a)] and time-independent
line shapes [16].

The existence of two distinct emission sources is also
evident from the PL dynamics in Fig. 2(b) that indicate two
distinct relaxation time scales. The PL relaxation at high
spectral energies is dominated by fast, �5 ns decay, while
on the low-energy side, this fast component is superim-
posed on a large, slow background with a decay constant of
>100 �s. Similar PL dynamics with two different time
scales are also observed for series-A samples and were
recently reported in Ref. [18] for ion-implanted Si NCs.

To spectrally map the states responsible for the fast and
the slow PL decay, we integrate spectrally resolved tran-
sients for time intervals t � 0–5 ns and t > 5 ns. This
procedure shows that the fast PL decay component origi-
nates from higher-energy states [blue line in Fig. 2(c)],
while the slow-decaying background is due to lower-
energy states [red line in Fig. 2(c)]. The superposition of
the slow and fast spectra [green line in Fig. 2(c)] closely

reproduces the SSPL spectrum (gray shading). Further, we
observe that for this particular sample, the SSPL is domi-
nated by the low-energy state, while the high-energy state
contributes only a weak high-energy shoulder to the spec-
trum. A similar analysis applied to other samples shows
that the high-energy feature becomes progressively more
important for smaller NCs. We also observe that this band
plays a major role in defining the size dependence of the

FIG. 2 (color). (a) Time-resolved PL (lines; TCSPC, jp �
0:38 �J cm�2) and SSPL (gray shading) spectra of Si NCs
(series-B sample); the TCSPC spectra are normalized to the
same area. (b) Time transients (symbols) measured for three
spectral energies indicated by arrows in panel (a); lines are
single-exponential fits. (c) The PL spectra of a series-A sample
generated by integrating spectrally resolved PL dynamics for
time intervals t � 0–5 ns (blue line) and t > 5 ns (red line) and
the sum spectrum (green line) in comparison to the measured
SSPL (gray shading). (d) The dependence of the maxima of the
short-lived (blue diamonds) and the long-lived (red squares) PL
bands on the SSPL maximum (shown also along the vertical axes
by crosses). (e) Early-time PL dynamics for a series-A sample
monitored at 1.91 eV (solid circles) and 2.48 eV (open squares).
The signal buildup at the lower energy (�b � 0:61 ps) is com-
plimentary to the hot PL decay at the higher energy (�d �
0:38 ps). (f) Schematics of relaxation processes in Si NCs.
Following photoexcitation, an exciton relaxes into the lowest
energy quantized state, j1i, from which it can either recombine
radiatively (‘‘fast,’’ high-energy PL feature, �r) or nonradiatively
(�nr) or get trapped at the surface (�tr) and then recombine
through the surface site (‘‘slow,’’ low-energy PL feature, �s).
Energies of the NC-core states are size dependent, while the
energy of the surface state is virtually NC-size independent.
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FIG. 1 (color online). (a) SSPL (solid lines), UPL (symbols;
t � 2 ps, pump fluence jp � 0:5 mJ cm�2), and absorption
(dashed line) spectra for a series-A Si NC sample. The arrow
marks the energy gap of bulk Si. (b) The UPL spectral maximum
versus the SSPL maximum for all of the series-A and series-B
samples studied here (symbols); the dashed line corresponds to
the situation where UPL and SSPL have the same emission
maxima.
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SSPL. As evident from Fig. 2(d), the spectral maxima of
the fast component tracks the changes in the position of the
SSPL maximum, while the position of the slow component
is almost independent of NC size.

The pronounced high-energy shift of the fast PL band
for smaller NCs indicates that it is likely due to NC-core
emission, which is expected to be strongly affected by
quantum confinement. Further, the fast buildup of this
band [�b � 0:61 ps; Fig. 2(e), solid circles] suggests that
it develops before processes such as surface trapping can
occur; hence, it cannot be due to surface defects. Finally,
this band cannot be attributed to ‘‘hot’’ carrier emission.
The latter is observed as a high-energy shoulder in early-
time spectra and is characterized by extremely short,
�0:38 ps decay [Fig. 2(e); squares], which indicates large
intraband relaxation rates, comparable to those in, e.g.,
CdSe NCs [19].

The low-energy, slow band, which does not show sig-
nificant size dependence is likely to be surface related and,
as suggested in Refs. [9,10], may be due to a recombination
of an electron-hole pair, in which one or both carriers are
localized on a surface bond. This low-energy state is
possibly populated as a result of relaxation of carriers
from the higher-energy NC-core states. In the latter sce-
nario, the 5 ns time constant measured for the high-energy
band determines the time scale of such a relaxation process
[Fig. 2(f)].

Because of potentially significant nonradiative losses,
the dynamics measured for the high-energy band cannot be
used to infer the radiative decay time (�r) of quantized
states. Therefore, here we determine �r by analyzing in-
stantaneous emission rates (re) that are measured by inte-
grating time-resolved UPL spectra. The value of re is
proportional to the radiative recombination rate, n=�r (n
is the concentration of emitters), and, hence, �r can be
determined by comparing the spectrally integrated UPL
intensity for a Si NC sample (I) with that of a reference
sample (IR) with a known radiative rate. We perform UPL
measurements immediately after excitation (t � 2 ps) to
ensure that the number of emitting NCs is determined by
the number of absorbed photons. The latter is proportional
to the product of the absorption coefficient (�0) and the
pump fluence (jp), and, hence, �r � �r

R��0=�0
R��

�jp=jp
R��I=IR�, where superscript R denotes values for

the reference sample.
In the inset of Fig. 3(a), we show UPL spectra for several

Si NC samples with different emission wavelengths (lines)
together with the UPL spectrum of a reference CdSe NC
sample (gray shading; �r � 20 ns [22]). One obvious trend
in these data is a rapid increase in the UPL intensity of Si
NCs with increasing emission energy, which indicates an
increase in the radiative rate constant (kr � 1=�r) for
smaller NCs. The values of kr derived from the UPL
spectra are shown in Fig. 3 versus the UPL emission
maximum (@!m). We observe that radiative decay is rela-

tively slow for larger particles with @!m < 2 eV [e.g.,
kr � 0:13 �s�1 (�r � 8 �s) for @!m � 1:9 eV].
However, kr sharply increases for particles of smaller sizes
(higher emission energy); for example, kr � 5 �s�1 (�r �
200 ns) for NCs with @!m � 2:3 eV. This growth explains
the increase in the contribution from the NC-core emission
to the SSPL for smaller NC sizes, which results in the
convergence of the SSPL and the UPL band positions at
large confinement energies [Fig. 1(b)].

The findings described above are consistent with a NC-
core origin of the high-energy, fast PL band. In addition to

FIG. 3 (color online). (a) The radiative rate constant versus the
UPL peak position for series-A (diamonds) and series-B
(squares) Si NC samples. These data were derived from spec-
trally integrated UPL spectra measured at 2 ps for Si NCs (lines
in the inset; series-A samples) and the reference CdSe NC
sample (gray shading in the inset). All samples had approxi-
mately the same optical density at the pump wavelength and
were excited with the same pump fluences. (b) The dependence
of the radiative rate constant on the NC confinement energy
(solid squares and open diamonds; this work) in comparison to
pseudodirect transition rates derived from the experimental data
of Ref. [20] (open squares) and calculated phonon-assisted decay
rates (dashed line) from Ref. [21]. The rates of pseudodirect
recombination can be closely described by an exponential de-
pendence (solid line).
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increasing the energy gap, quantum confinement is ex-
pected to mix states with different k vectors [21,23,24],
which opens an additional radiative decay channel via
zero-phonon, pseudodirect transitions. A theoretical analy-
sis of Ref. [21] shows that this effect becomes significant
for confinement energies (Ec) of �1 eV (emission energy
of �2:1 eV), when the rates of the indirect and pseudo-
direct recombination become comparable. The latter con-
clusion is consistent with previous experimental studies of
relative intensities of the zero-phonon and the phonon-
assisted PL features [20]. Since the strength of pseudodir-
ect transitions increases with decreasing NC size much
faster than the strength of indirect transitions [20,21], the
total recombination rate is expected to rapidly grow for Ec
greater than 1 eV, which is exactly the trend observed in
our experiments.

There is also a reasonable agreement between absolute
values of the calculated decay rates with those measured
by us for low confinement energies, for which radiative
recombination is presumably still primarily indirect. For
example, for Ec � 0:8 eV, we measure kr � 0:13 �s�1,
while the calculated total rate is�0:1 �s�1 [20,21]. On the
other hand, in the range of large Ec, for which radiative
decay is anticipated to be dominated by pseudodirect tran-
sitions, the measured values of kr show a much faster
growth with Ec than predicted theoretically. Within the
effective-mass model, the rate constant of the zero-phonon
transitions shows scaling kr / �Ec�6=X, where 1:2 � X �
2, depending on the NC-size dependence of Ec. On the
other hand, our measurements indicate a fast exponential
growth: kr / exp�Ec=E0� with E0 � 115 meV [Fig. 3(b),
solid line].

Interestingly, the same exponential dependence de-
scribes well the rate constants for smaller confine-
ment energies calculated by multiplying the ratio of the
strengths of the direct and indirect transitions measured in
Ref. [20] by the theoretical rate of the phonon-assisted
transitions from Ref. [21]. The data produced by this
procedure [open squares in Fig. 3(b)] lie close to the
exponential dependence derived from our measurements
for larger Ec. The observed correspondence between the
two data sets is particularly remarkable given that they
span a wide range of confinement energies (�0:4–1:2 eV)
and 4 orders of magnitude in the transition rate. It is also
noteworthy that these data are consistent for samples pro-
duced by four different methods (two different gas phase
techniques in our work and electrochemical etching and
high-temperature precipitation in SiO2 in Ref. [20]). This
strongly suggests that the observed rapid increase in the
rate of zero-phonon recombination with Ec is not sample-
dependent, but is intrinsic to Si NCs.

In conclusion, the analysis of time-resolved PL from Si
NCs suggests the existence of two sources of emission with
distinct spectral and dynamical properties that we attribute
to intrinsic NC-core states (high-energy, fast PL feature)

and extrinsic, likely surface-related states (low-energy,
slow feature). Using instantaneous emission rates mea-
sured shortly after excitation, we derive radiative decay
rates for quantum-confined NC states. These rates show
fast exponential growth with confinement energy for emis-
sion energy >2 eV, which indicates a rapid increase in the
efficiency of pseudodirect recombination.
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