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Spectrally resolved electronic energy transfer from silicon nanocrystals to molecular oxygen
mediated by direct electron exchange
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We report on a spectroscopic study of electronic energy transfer from excitons confined in silicon nanoc-
rystals to triplet ground-state oxygen molecules, being either physisorbed on the nanocrystal surface or present
in the gas phase. The broad photoluminescence spectrum of the nanocrystal assembly probes the transfer of
excitation and verifies that nonresonant energy transfer proceeds via multiphonon emission. At low tempera-
tures a small spatial separation of the interacting species and a long lifetime of triplet-state excitons provide the
strongest coupling. The energy-transfer time to the first and second excited states of molecular oxygen is in the
range of 100ms and shorter than 3ms, respectively. Nanocrystals with a chemically modified surface are
employed to demonstrate that energy transfer is governed by direct electron exchange. Magneto-optical ex-
periments reveal the importance of the spin orientation of the exchanged electrons for the transfer rate. In the
regime of intermediate temperatures (110–250 K) the transfer of excitation to the O2 dimer is resolved.
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I. INTRODUCTION

One of the most fundamental consequences of electr
cally coupled systems is the possibility to exchange ene
of excitation. Although the intrinsic properties of the isolat
species are well understood, an insight into the ene
transfer mechanism due to different types of interaction
difficult to access experimentally. Different frameworks a
used to describe the energy transfer being a key proces
various scientific fields. It is well known that deep centers
semiconductors give rise to energy levels in the forbidd
band gap and act as efficient traps for free carriers and e
tons. During the capturing process the energy of electro
excitations in the crystal is transferred to these localiz
states by multiphonon emission to account for the ene
difference.1–3 Midgap states reduce the quantum yield of
minescence, but the phonon-assisted transfer cannot b
solved spectroscopically due to two reasons: the initial st
are well defined by the band edges of the semiconduc
while the individual local environment of a deep center
sults in a broad energy band of the final states.

On the contrary, in the field of photophysics and pho
chemistry the transfer of electronic excitation is trea
within the concept of photosensitization.4 If quantum-
mechanical selection rules~e.g., spin, parity, and angular mo
mentum! inhibit the efficient direct excitation of a substan
by light, an intermediary substance~donor! with optically
allowed transitions is employed and subsequent energy tr
fer to the acceptor molecules occurs. For an efficient tran
of excitation a long lifetime of the donor excited state, t
overlap of the donor and acceptor energy levels, and a s
spatial separation of the interacting species are essentia
fulfill these demands organic dye molecules in solution
0163-1829/2003/68~11!/115405~11!/$20.00 68 1154
i-
y

y-
is

in

n
ci-
ic
d
y

re-
es
r,

-

-
d

s-
er

all
To
e

conventionally used as donors. Spin-triplet states of the
cited donor assure a slow decay rate. A maximum spec
overlap results from homogeneously broadened energy le
governed by the large vibrational and rotational degree
freedom and collisions with solvent molecules. Howev
these broadening effects prevent clarification of the deta
process of excitation transfer by means of spectroscopy.

The interest molecular oxygen~MO! has attracted in vari-
ous scientific fields, e.g., molecular physics and photoch
istry, stems from its particular electronic configuratio
~scheme, Fig. 1!. Oxygen molecules in the3S ground state
~superscript denotes the spin multiplicity! possess two un-
paired electrons that are assigned to different atoms and
parallel spin alignment. The resulting spin-triplet state a
counts for the paramagnetic properties and the poor chem
reactivity of MO, because the formation of singlet molecu
from triplet and singlet reactants is forbidden by the sp
selection rule. The lowest excited states (1D, 1S) have sin-
glet nature and arise from an electron redistribution amo
the orbitals and antiparallel spins. Spin and angular mom
tum selection rules inhibit an efficient direct optical excit
tion of the 1D and the1S state, lying 0.98 eV and 1.63 eV
above the ground state, respectively.5 This results in long
radiative lifetimes of the electric quadrupole (1D→3S) and
magnetic dipole (1S→3S) transitions in isolated oxygen
molecules, being 50 min and 7 s, respectively.5

Microporous silicon~PSi! is a structural modification of
bulk silicon ~Si!, realized by electrochemical etching of S
wafers. It consists of a Si nanocrystal skeleton and an in
connected pore network with an average structure size
2 –5 nm.6 Due to quantum confinement effects and a dis
bution of sizes and shapes of the Si particles, the effec
band-gap energies of the nanocrystal assembly range
©2003 The American Physical Society05-1
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1.12 eV up to 2.5 eV. The optical absorption-emission cy
of Si nanocrystals is characterized by two possible spin c
figurations of the confined exciton: an optically active sp
singlet state and an optically inactive spin-triplet state, wh
is lowered in energy due to the electron-hole exchange in
action. Despite a small singlet-triplet splitting being in t
meV range,6 75% of the excitons reside in the threefold d
generated triplet state even at elevated temperatures.
long lifetime of the excitons is governed by the indirect n
ture of the optical transition and the corresponding spin
lection rules. At cryogenic temperatures only the triplet e
citon state is occupied and radiative decay proceeds o
millisecond time scale. At room temperature excitons per
in the triplet state on a time scale comparable to the radia
lifetime of singlet excitons, being 10–100ms.6 Thus, the
electronic structure of excitons in Si nanocrystals is v
similar to that of dye molecules. The morphology of P
results in a huge accessible internal surface area~up to
1000 m2/cm3) that permits a direct contact between t
whole Si nanocrystal assembly and molecules present in
interconnected pores. Therefore, PSi meets the main req
on a photosensitizer concerning an efficient transfer
energy.

Here we report on a spectroscopic study of the ener
transfer mechanism in a coupled binary system containin
nanocrystals and oxygen molecules. Its specific charact
tics allow us to combine the above-mentioned concepts,
a detailed, self-consistent description of the transfer proc
is obtained. Recently, we have shown that due to the ove
of the energy levels of Si nanocrystal assemblies and M
PSi can be successfully employed in the photosensitized
glet oxygen generation.7 By adsorption of oxygen molecule
on the surface of Si nanoparticles electronic coupling is
alized. In this paper we want to demonstate that in this c
figuration all important physical quantities that determine
energy transfer from excitons confined in Si nanocrystals

FIG. 1. Emission spectrum of PSi in vacuum~dashed line! and
in the presence of adsorbed oxygen molecules~solid line!. The
spectral positions of excited states (1D, 1S) of MO are indicated.
Electronic-spin configurations and spectroscopic labeling of m
lecular oxygen states are shown. Inset: High-resolution spectru
the 1D state emission line.T55 K, Eexc52.41 eV.
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MO are experimentally accessible. The infrared emission
the 1D→3S transition verifies the presence of oxygen mo
ecules in the excited state, having a decay time of 500ms.
Upon oxygen adsorption, the initially broad photolumine
cence~PL! spectrum of PSi reveals a fine structure that e
dences the multiphonon emission during the transfer of
citation. The strong spectral dispersion of the energy-tran
time is in accordance with the phonon-selective transfer p
cess. The difference in the energy-transfer time, being in
range of 100ms and faster than 3ms for the 1D and the1S
state, respectively, is governed by quantum-mechanical
lection rules. The dependence of the PL intensity of PSi
the optical excitation power allows us to estimate the aver
number of adsorbed oxygen molecules per nanocrystal. C
trolled modification of the surface termination shows that
energy-transfer mechanism is governed by direct electron
change. Magnetic-field experiments reveal the importanc
the spin orientation of the exchanged electrons for the tra
fer rate. At elevated temperatures the energy transfe
dimer states of MO and the production of singlet oxygen
the gas phase are demonstrated. The observed depende
PL quenching on the oxygen gas pressure is discussed in
framework of Langmuir-isotherm molecule adsorption.

II. EXPERIMENTAL DETAILS

PSi layers have been prepared by electrochemical etc
of ~100! oriented, Boron-doped bulk Si wafers with a res
tivity of 50 mV cm and 10V cm in a 1:1 by volume mixture
of hydrofluoric acid~50 wt % in water! and ethanol.6 The
current density and etching time ranges from 25 mA/cm2 to
100 mA/cm2 and from 1 to 10 min, respectively. The thick
ness of the porous layer varies from 6mm to 30mm with a
mean nanocrystal size of 2 –10 nm, depending on the s
strate used.8 A modification of the chemical composition o
the surface layer of the as-prepared nanocrystals is rea
by tempering the porous layers at 200 °C in oxygen ambie
The porous layer is mounted on an optical cryostat and
periments are performed either in vacuum or with a giv
oxygen ambient pressure in the sample chamber. The in
tigated temperature range is 5 –300 K. In the cw PL exp
ments the sample is excited under normal incidence usin
Ar1-laser ~excitation energies 2.41 eV and 2.54 eV! and a
tunable Ti-saphire laser~excitation energy range 1.5–1.
eV!. To avoid PL saturation in ordinary PL measurements
excitation intensity less than 10 mW/cm2 is used. Magneto-
optical experiments have been performed in a cryo
equipped with a superconducting solenoid that provid
magnetic fields up to 11 T. For excitation of the sample a
collection of the emitted light fiber optics has been e
ployed. The dependence of the PL emission on the excita
intensity has been measured using optically thin sample
assure homogeneous excitation of the layer in depth.9 Time-
resolved measurements are carried out with a puls
frequency-doubled Nd-YAG~yttrium aluminum garnet! laser
~excitation energy 2.33 eV, pulse energy 1 mJ, repetition r
10 Hz, pulse duration 8 ns, and spot size 5 mm!. The spec-
trally resolved intensity of the emitted light is measured w
a monochromator equipped with a charge-coupled dev

-
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SPECTRALLY RESOLVED ELECTRONIC ENERGY . . . PHYSICAL REVIEW B68, 115405 ~2003!
~detection energy 1.3–2.5 eV! or a nitrogen-cooled Ge de
tector~detection energy 0.8–1.5 eV!. The spectral resolution
is 2 meV and all spectra are corrected on the spectral se
tivity of the optical systems. Transients of the infrared a
visible emission have been recorded by an InGaAs ph
multiplier ~100 ns response time! and an S1 photomultiplie
(3 ms response time!, respectively.

III. RESULTS AND DISCUSSION

A. Energy transfer at cryogenic temperatures

Figure 1 demonstrates the strong interaction of photo
cited Si nanocrystals with oxygen molecules. The lo
temperature PL spectrum of PSi measured in vacu
~dashed line! is characterized by a broad, featureless em
sion band located in the visible region that reflects the w
band-gap distribution of the Si nanocrystal assembly. Int
sic defects, commonly attributed to unoccupied Si orbitals
the surface of the nanocrystal~dangling bonds!, strongly in-
fluence the light emission properties. They give rise to bro
energy levels within the band gap, and trapping of free c
ries occurs on a submicrosecond time scale. Thus, nano
tals having dangling bonds do not contribute to the visi
PL but cause a weak infrared emission band due to a s
probability of radiative recombination at the defect site.10

These emission spectra are drastically modified by
physisorption of oxygen molecules~Fig. 1, solid line!. Both
emission bands of PSi are quenched and the spectrum e
its a fine structure. The spectral position of the PL quench
onset and of the narrow infrared emission line coincide w
the energies of the1S-3S and 1D-3S transitions of MO~in
the following, the terms1S state and1D state refer to the
energy of these transitions!. This indicates that these tw
characteristic energies are entirely relevant to both syste
the Si nanocrystal assembly and MO. Desorption of oxyg
molecules leads to a complete recovery of the initial em
sion properties of PSi which evidences the reversibility
the quenching mechanism.

In the coupled system the triplet-singlet transitions of M
play a role of midgap levels that are externally introduced
the inhomogeneously broadened band-gap distribution of
nanocrystal assembly. The transfer of energy from excit
confined in Si nanocrystals to oxygen molecules is appa
from the almost complete suppression of the PL emiss
above 1.63 eV and the1D state emission line~quenching of
the infrared emission band will be discussed later!. The
triplet-triplet annihilation during the transfer process co
serves the electronic spin. However, angular momentum c
servation is only fulfilled for the energy transfer to the1S
state, whereas the3S→1D excitation requires a change o
angular momentum (DL52). The strong coupling of the1S
state results in a strong PL suppression, while partial quen
ing occurs for nanocrystals that interact weakly with the1D
state. The back transfer of energy from the1S state to Si
nanocrystals is inhibited by its fast relaxation either to
1D state or to the3S state,11 whereas energy transfer from
the 1D state is impossible since its energy is below the ba
gap of bulk Si. We note that for physisorbed oxygen t
energies of the infrared1D emission line~0.973 eV, inset
11540
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Fig. 1! and of the PL onset~1.619 eV! are lower than those
known for gaseous oxygen, being 0.98 eV and 1.63 eV,
spectively. The weak van der Waals interaction of adsor
oxygen molecules with Si surface atoms lowers the energ
the excited states of MO and slightly broadens the tran
tions.

The efficiency of the energy transfer is governed by
number of oxygen molecules physisorbed on the surface
Si nanocrystals as well as by the exciton lifetime. To sepa
these two contributions to the strength of PL quenching
measured its temperature dependence~Fig. 2, pressure of
oxygen atT5300 K is 1022 mbar). For temperatures abov
120 K a large spatial separation between oxygen molec
in the gaseous state and Si nanocrystals inhibits a mu
interaction and the shape of the PL spectrum remains
changed. Slightly above the bulk condensation tempera
of oxygen~90 K!, molecule adsorption takes place and ef
cient PL quenching above the1S state is observed. Signifi
cant energy transfer to the weakly coupled1D state requires
additionally a long lifetime of the exciton. At temperature
below 55 K the exciton lifetime increases substantially d
to the preferential occupation of the triplet exciton state6 and
further quenching of the whole spectrum occurs. The integ
PL intensity of the PSi emission above~open circles! and
below ~closed circles! the 1S state as a function of tempera
ture is shown in the inset of Fig. 2. In this representation
two distinct onsets, relevant to the adsorption of MO~100 K!
and the increase of the exciton lifetime ('50 K), are indi-
cated by arrows.

To investigate the nature of the spectroscopic fine str
ture, the tunable emission properties of Si nanocrystal ass
blies are employed. Different sample preparation procedu8

are used to vary the size distribution of the Si nanocrys
assembly and shift the luminescence energies from the b
gap of bulk Si up to 2.2 eV~Fig. 3, dotted lines!. To resolve

FIG. 2. Temperature dependence of the PL spectrum of PS
oxygen ambient~pressure of oxygen atT5300 K is 1022 mbar).
For better comparison spectra at 55 K and 5 K have been scale
the indicated multiplication factor. Inset: Integral PL intensity of t
PSi emission above~open circles! and below~closed circles! the 1S
state as a function of temperature. Arrows indicate the temperat
where efficient energy transfer is activated.
5-3
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E. GROSSet al. PHYSICAL REVIEW B 68, 115405 ~2003!
the spectral features above the1S state that is strongly
coupled to excitons confined in Si nanocrystals, a weak
suppression has been realized by a low concentration of
sorbed oxygen molecules~Fig. 3, solid lines!. The quenched
emission spectra reveal a fine structure which is presen
the entire probed spectral range and the features have
tical spectral positions for samples having different
bands.

Signatures in the PL of PSi have been previously
served under resonant excitation.12,13 They have been as
signed to momentum-conserving phonons of bulk Si
volved in the optical transitions since their spectral posit
is fixed with respect to the excitation energy. The reson
excitation of the quenched PL~Fig. 4, position of the lase
energies is shown by arrows! demonstrates a different beha
ior. The spectral positions of the features neither depend
excitation energy nor are related to the demarcation ene
introduced by the1S state of MO. They can be readily see
even at excitation below the energy of the1S state.

FIG. 3. PL spectra of PSi in vacuum~dotted lines! and with
adsorbed oxygen molecules~solid lines!. Substrate resistivity and
etching current density are 50 mV cm, 40 mA/cm2 ~left emission
band! and 10V cm, 100 mA/cm2 ~right emission band!. T55 K
andEexc52.54 eV.

FIG. 4. Resonantly excited PL spectrum of PSi with oxyg
molecules adsorbed on the Si nanocrystal surface. Spectral pos
of the excitation is indicated by arrows.T55 K.
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As follows from Fig. 3, the exact shape of the quench
PL spectra is defined by the convolution of the ‘‘envelo
function,’’ i.e., the Si nanocrystal size distribution and t
spectral dependence of the coupling strength between e
tons and MO. To eliminate the influence of the size distrib
tion on the shape of the quenched PL spectrum we define
strength of quenching as the ratio of the PL intensity m
sured in vacuum to that measured in quenched conditio14

Figure 5 demonstrates the results of this procedure for
spectra shown in Fig. 3. To resolve the weak spectral mo
lation of the curve covering the energy region above the1S
state its second derivative is used~partial scaling is used for
convenient presentation!.

The spectral dependence of the PL suppression stre
allows a detailed description of the energy-transfer mec
nism. Quenching is strongest for nanocrystals having ba
gap energies that coincide with the3S-1S transition of MO.
Since Si nanocrystals also luminesce 57 meV below th
bandgap due to the emission of a momentum-conserving
phonon,6 they do not contribute to the PL while transferrin
the excitation. Therefore, an additional maximum in t
quenching strength is observed 57 meV below the1S state
energy. It is evident from Fig. 5 that nanocrystals who
band gaps do not match resonantly the excitation energie
MO singlet states participate in the energy transfer as w
The excess of the exciton energy with respect to the ener
of the 1D and 1S states is released by the emission
phonons. In Fig. 6 the mechanism of energy transfer fr
excitons to MO is sketched. Since real electronic states
low the nanocrystal band gap are absent, energy dissipa
should be governed by multiphonon emission rather tha
phonon cascade. This process is most probable for phon
having the highest density of states which in bulk Si a
transversal optical phonons being almost at the center of

ion

FIG. 5. Spectral dependence of the PL quenching strength
PSi (T55 K). Spectroscopic features, related to multiple T
phonon emission, are representatively labeled at two spectral p
tions. Vertical dotted lines are guide for the eye. Inset: Second
rivative of the quenching strength curve shown above. F
convenient presentation, the data has been partially scaled by
indicated multiplication factor.
5-4
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Brillouin zone with an energy of 63 meV.15 If the band-gap
energy of Si nanocrystals does not coincide with the exc
tion energy of a MO singlet state plus an integer numbe
the energy of those phonons, the additional emission
acoustical phonons is required to conserve the energy.
process has smaller probability and the efficiency of ene
exchange is reduced. Consequently, equidistant maxima
minima in the spectral dependence of the quenching stre
appear, which experimentally evidences the phonon-ass
energy transfer.16 The energy-transfer resonances can
spectrally resolved due to a singularity in the phonon den
of states.

We would like to mention that multiphonon emission c
accompany the exciton recombination in po
semiconductors.17 Despite strong exciton-phonon couplin
the luminescence intensity of phonon replicas drops ord
of magnitude with an increasing number of phonons
volved in the exciton recombination.18 In Si the exciton-
phonon coupling is weak, but surprisingly, the simultaneo
emission of up to eight phonons during the energy transfe
the 1D and 1S state is detected with comparable probabili
To clarify this observation the mechanism of energy trans
has to be considered in detail.

B. Mechanism of energy transfer

Basically, dipole-dipole~Förster transfer19! or direct elec-
tron exchange~Dexter transfer20! coupling can account fo
the energy transfer from excitons to MO. Since long-ran
multipole interaction is based on optically allowed tran
tions of the donor and acceptor, it cannot be applied to
triplet-triplet annihilation of excitons and MO followed b
singlet oxygen creation. However, in the electron excha
mechanism these spin restrictions are lifted, and triplet e
ton annihilation accompanied by spin-flip excitation of

FIG. 6. Energy-level diagram of molecular oxygen and the
nanocrystal assembly. Principal steps of the energy-transfer pro
are sketched. Direct electron exchange~dotted arrows! is accompa-
nied by multiphonon emission~solid arrows!. Electrons photoex-
cited in Si nanocrystals are exchanged with electrons belongin
MO. This process results in the formation of singlet MO states
compensation of the holes confined in Si nanocrystals.
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oxygen molecule is an allowed process.21 The energy-
transfer rate is defined by the spatial overlap of the electro
wave functions of the interacting species and depends e
nentially on the donor-acceptor distance.20 The advantage of
our system is that a controlled variation of the dono
acceptor separation is possible by modification of the na
crystal surfaces. As-prepared PSi exhibits a hydrog
terminated surface with characteristic absorption lines of
vibrational modes of the Si-H bond~inset of Fig. 7, solid
line!. Annealing of the porous layers at 200 °C in oxyg
ambient introduces a monolayer of backbonded oxygen
the nanocrystal surface, while the hydrogen passivation
the surface is preserved.22 The chemically modified sur-
rounding of the Si-H bonds shifts the infrared absorpti
lines to larger wave numbers~inset Fig. 7, dotted line!. For
oxidized Si nanocrystals the increased spacing between
fined excitons and adsorbed oxygen molecules is on the
der of double the length of the Si-O bond~3 Å!.23 This criti-
cally affects the efficiency of the electron exchan
interaction. Contrary to a strong coupling for hydroge
terminated nanocrystals~Fig. 7, solid line!, the PL quenching
efficiency is reduced by orders of magnitude if a thin oxi
barrier is present~Fig. 7, dotted line! and spectroscopic sig
natures are only present for the resonant energy transfe
the 1S state. The degree of spatial overlap of the electro
wave functions of confined excitons and physisorbed M
depends on the size of the Si nanocrystals. This overlap
comes better for smaller nanoparticles and the probability
energy transfer is higher. On the other hand, for sma
nanoparticles a larger number of emitted phonons is requ
to conserve the energy, which lowers the probability for e
ergy exchange. We believe that the interplay between th
two tendencies results in an almost spectrally constant
ciency of the energy transfer.

While the involved transitions are spin forbidden in is
lated Si nanocrystals and oxygen molecules they become
lowed through exchange interaction. For the energy tran

i
ss

to
d

FIG. 7. Spectral dependence of the PL quenching strength
as-prepared~solid line! and oxidized~dotted line! PSi at equal oxy-
gen ambient pressures.T55 K. Inset: Infrared absorption spectrum
of the Si-H bond in PSi layers: as-prepared~solid line! and oxidized
with backbonded oxygen~dotted line!.
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to occur the exchanged electrons must have the proper
orientation to conserve the total magnetic quantum num
of the coupled systemM (exciton)1M (MO).24 To demon-
strate the influence of spin statistics on the energy-tran
rate we measured the magnetic-field dependence of the
quenching efficiency~Fig. 8!. If no magnetic field is presen
the energy levels belonging to differentM numbers of triplet
excitons and the triplet ground state of MO are threef
degenerated and populated with equal probability. Thus,
spin requirements are fulfilled for all excitons and all oxyg
molecules, and energy transfer occurs most efficient. A m
netic field introduces a common quantization axis for
spins and the degeneracy is lifted~inset Fig. 8!. In general,
the number of possible states participating in the elect
exchange is reduced25 and the decreased energy-transfer r
results in a weaker PL quenching. Raising the magnetic fi
increases the Zeeman splittingDE @g(exciton)'g(3S)
'2#26,27 and the occupation number of the thermally pop
lated higher-lying states decreases. At low temperature
magnetic field results in preferential occupation of ‘‘spi
down’’ states for both MO and excitons, while to proce
with energy exchange ‘‘spin-up states’’ are required. F
magnetic fields of 10 T and a temperature of 10 K the r
evant energieskBT'0.8 meV, DE'1.1 meV are compa-
rable, and a significant reduction of the PL quenching is
served. For the spectral region above the1S state the high
PL quenching level prevents the observation of magne
field effects within our experimental detection sensitivity.

C. Dynamics of energy transfer

The dynamics of the energy-transfer is deduced from
modified PL decay characteristics of Si nanocrystals in
presence of adsorbed oxygen molecules. The energy-tra

FIG. 8. Quenched PL spectrum of PSi at various strength
magnetic field.T510 K. The magnetic-field increment is equal to
T. Inset: Zeeman splitting of triplet-state exciton and3S ground
state of molecular oxygen. The spin orientations for electrons in
lowest-lying levels are indicated by arrows. Energy transfer fr
exciton to ground-state MO via electron exchange among th
states is prohibited by the conservation of the total magnetic qu
tum number.
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time from one Si nanocrystal to a single oxygen molecule
not accessible experimentally, since a large number
nanocrystals contribute to the PL at a certain emission
ergy. Though the concentration of physisorbed MO can
varied, it is subjected to statistical fluctuations and the ab
lute number of artificially introduced surface defects can
be determined. The emission spectra of PSi at different s
pression levels and the corresponding PL decay timestD are
shown in Fig. 9. In the absence of oxygen adsorption~spec-
trum 1!, tD ~squares! is equal to the radiative lifetime o
excitonst r and is on a millisecond time scale,6 independent
on the emission energy. Oxygen molecules attached to
nanocrystal surface present a nonradiative decay channe
excitons due to energy transfer. Suppression of the emis
intensity ~spectrum 2! is accompanied by a significant de
crease of the PL decay time~circles!. The spectral dispersion
of tD follows the shape of the quenched spectrum and
shortesttD is observed for nanocrystals that transfer th
excitation most efficiently. The determination of the fast P
decay time above the1S state energy is limited by the tim
resolution of the experimental setup, being 3ms. Increasing
the concentration of adsorbed oxygen molecules results
stronger PL suppression~spectrum 3! and a further decreas
of tD ~triangles!.

For a particular level of quenching the time of energ
transfer tET is calculated according to the relationtD

21

5t r
211tET

21 . In the regime of the strongest suppressiontET

for the 1D and 1S states is 50–100ms and,3 ms, respec-
tively. A uniform concentration of oxygen molecules for a
nanocrystals would result in a quenching strength that sc
ast r /tD . Obviously, this simple relation is not valid. A de
cay time longer than that expected from the suppression l
is observed due to statistical fluctuations of the oxygen c
centration: while mainly the slowest emission from nano
rystals with a small number of oxygen molecules adsorb
on the surface contributes to the PL decay, the quenc
spectrum reflects the response of all nanocrystals.

f

e

se
n-

FIG. 9. Emission spectrum of PSi and the corresponding sp
tral dispersion of the PL decay time for different strengths
quenching. Quenching is absent: 1, squares. Intermediate lev
quenching: 2, circles. Strong level of quenching: 3, triangl
T55 K.
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SPECTRALLY RESOLVED ELECTRONIC ENERGY . . . PHYSICAL REVIEW B68, 115405 ~2003!
The infrared emission from PSi is obviously also affect
by the adsorption of oxygen~see Fig. 1!. To clarify the un-
derlying process the spectral dependence of the quenc
strength for different suppression levels has been meas
~Fig. 10!. Because quenching of the dangling-bond emiss
band occurs even below the1D state of MO~dashed line!,
the transfer of excitation from occupied defect states to o
gen molecules can be excluded due to energy conserva
Instead, the competition of the nonradiative decay chan
for photogenerated excitons, i.e., MO activation and cap
ing of carriers to dangling bonds, has to be taken into
count. If the capture time and the energy-transfer time ar
comparable value, the number of charged midgap states
consequently the infrared emission intensity of the def
band should be reduced. This relation is fulfilled for nan
crystals with a sufficiently large effective band gap~above
1.63 eV!, where excitons are strongly coupled to the1S
state. These nanocrystals mainly contribute to the hi
energy part of the defect luminescence band due to t
large confinement energy.10 To confirm the interplay betwee
the excitation of MO and the suppression of the dangli
bond emission the regime of weak quenching has been
ized~solid line!. Coupling to the1D state is negligible, while
significant energy transfer to the1S state is still present. The
suppression of the infrared emission band is most efficien
higher energies and can be observed at any level of que
ing of the visible PL band. Therefore, we conclude that
ergy exchange between excitons and MO competes with
capture of carriers to defect states. This implies that e
nonluminescing nanocrystals having surface defects can
tribute to singlet oxygen activation. Contrary to quenching
the visible PL band, broadening of the defect levels inhib
the observation of phonon replicas.

The relevant time scales of the infrared emission are
termined from time-resolved measurements. Inset of Fig
shows the transients of the dangling-bond emission for PS
vacuum detected at 0.953 eV and 0.973 eV~transients are
separated vertically for better comparison!. The rise time co-

FIG. 10. Spectral dependence of the quenching strength of
emission in the weak~solid line! and strong~dashed line! suppres-
sion regimes. Spectral positions of the excited states of MO (1D,
1S) and of the bulk Si band gap (Eg) are indicated.T55 K.
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incides with the response time of our setup ('100 ns) and
yields an upper limit for the time of carriers capture to defe
states. The nonexponential decay proceeds on a micro
onds time scale and does not vary with emission energy
the presence of adsorbed oxygen molecules the relaxa
kinetics of the1D state is observed~Fig. 11, detection energy
0.973 eV!. The initial fast decay is attributed to the danglin
bond PL background, which has been separately measur
a detection energy of 0.953 eV. This inhibits the observat
of the PL rise time of the1D state. The slow componen
having a lifetime of t l t(

1D)'500 ms, accounts for the
dipole-forbidden1D→3S transition and falls in the range o
previously reported values (3ms–300 ms).28 Previous ex-
perimental observations confirm that each exciton which
lost for the radiative emission process necessarily gener
an oxygen molecule in its excited state. This allows us
estimate the radiative quantum yieldh(1D) of the 1D state.
The ratio of the integral intensity of the1D emission line to
the overall intensity loss of the excitonic emission~see Fig.
1! results in h(1D)'731025. The perturbing interaction
with Si nanocrystals shortens the radiative lifetime of the1D
statet r(

1D) with respect to isolated oxygen molecules~50
min! and t r(

1D)'7 s is obtained using the simple relatio
h(1D)5t l t(

1D)/t r(
1D).

In Si nanocrystal assemblies the number of generated
citons at low temperatures is limited due to their long lif
time and the high efficiency of nonradiative Aug
processes.29 The PL intensity of PSi layers in vacuum in
creases linearly with the excitation intensity up
'20 mW/cm2 ~Fig. 12, squares!. At higher excitation inten-
sities an occupation of Si nanocrystals by two electron-h
pairs can be achieved, and nonradiative Auger recombina
results in a saturation behavior of the emission intens
Upon oxygen adsorption, the emission intensity of PSi
suppressed and shows a quite different dependence on
optical excitation power. In the steady-state conditions
the coupled system~Si nanocrystals–oxygen molecules!, a
certain fraction of adsorbed oxygen molecules persists in

Si
FIG. 11. Transients of the1D state relaxation and the dangling

bond emission decay, detected at 0.973 eV and 0.953 eV, res
tively, for a PSi layer with adsorbed oxygen molecules. Inset: Tim
resolved dangling-bond emission of a PSi layer in vacuu
T55 K.
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1D excited state because of the finite relaxation rate of
1D→3S transition. This group of molecules does not co
tribute to PL quenching and acts as a bottleneck for the
ergy transfer. Raising the excitation intensity increases
occupation number of excited oxygen molecules and
quenching becomes less efficient. Therefore, a superli
growth of the emission intensity is obtained at intermedi
pump intensities.

The response of the coupled system on the excita
power can be well described by a simple set of rate equat

Ṅ052N0sI exc1
N1

t r
1

N1ng

tET
, ṅg52

N1ng

tET
1

ne

t l t
~1!

N5N01N1 , n5ng1ne,

whereN0 , N1 are the numbers of nanocrystals containing
and 1 exciton, respectively,N is the total number of nanoc
rystals,t r is the radiative exciton lifetime,s is the optical
absorption cross section of a nanocrystal, andI exc is the areal
flux density of exciting photons.ng andne denote the num-
ber of oxygen molecules being in the ground and the1D

FIG. 12. PL intensity of PSi in vacuum~squares,EDet51.47,
1.5 eV) and with adsorbed oxygen molecules~triangles, EDet

51.47 eV; circles,EDet51.5 eV) vs excitation intensity.EDet

51.47 eV corresponds to weaker andEDet51.5 eV to stronger
coupling between excitons and MO. Solid lines are solutions of
equations witht r51.5 ms, s510215 cm2, and 1, tET5130 ms,
t l t54 ms; 2,tET5250 ms, t l t54 ms. The datasets are arbitrari
scaled for clarity. Dashed lines are linear power laws.T55 K,
Eexc52.41 eV.
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excited state, respectively,n is the total number of oxygen
molecules,t l t is the lifetime of the1D state, andtET is the
time of energy transfer from one exciton to one oxygen m
ecule. Neglecting higher exciton occupation numbers o
single nanocrystal in the present notation implicitly accou
for the fast nonradiative Auger processes whose typical tim
are in the nanosecond range.29 The rate equations describin
the emission properties of Si nanocrystals in vacuum are
duced by settingn5ng5ne50. The PL intensity of the
nanocrystal ensembleI PL is obtained from the steady-sta
solution of the equations and the relationI PL5N1 /t r . The
time constants used in the model have been meas
whereass is known from literature.30

The experimentally determined energy-transfer time c
responds to a particular quenching level, i.e., a cert
amount of adsorbed oxygen molecules on one nanocry
Therefore, for a correct evaluation of the equations only o
nanocrystal is considered (N51) and all adsorbed oxyge
molecules are treated as a single quenching system (n51).
Using the notationtET in the rate equations is the measur
energy-transfer time. The model takes into account that
quenching system being in the excited state is lost from
quenching process unless it relaxes to the ground state. T
t l t in the equations is not the measured decay time of the1D
state, but a longer time that is scaled with the number
adsorbed oxygen molecules per nanocrystal. The solution
the equations according to this procedure~Fig. 12, solid
lines! coincide well with the measurement. The best fit to t
experimental data can be achieved usingt l t54 ms. This al-
lows us to estimate the mean number of adsorbed oxy
molecules per nanocrystal to be 8.31 The deviation from the
linear regime depends on the detection energy and is stro
for nanocrystals that transfer the excitation faster. Since M
introduces an additional decay channel for excitons, the
saturation threshold is increased by one order of magnit
compared to PSi layers in vacuum.

Similar considerations applied to the energy transfer
the 1S state allow us to clarify its relaxation channel. It
well established that the1S state is nonradiatively deacti
vated on a subnanoseconds time scale.11 However, whether
the decay to the3S ground state proceeds directly or via th
long-living 1D state is still under discussion.28 If the 1D
state is involved as an intermediate level during relaxati
the energy transfer to MO should already be saturated at
excitation intensities due to its fast occupation. Con
quently, the PL emission intensity above the1S state demar-
cation energy should strongly rise when the excitation pow
is increased. On the contrary, according to our observat
the PL emission remains completely suppressed up to
highest excitation intensities used (2 W/cm2), which evi-
dences that the1S state mainly relaxes directly to the3S
state. Therefore, despite a fast energy transfer to the1S state
(tET,3 ms) the main fraction of oxygen molecules a
sorbed on small nanocrystals persists in the ground state
efficiently contributes to the PL quenching above 1.63 eV

D. Energy transfer at elevated temperatures

Spectroscopic experiments at cryogenic temperatures
low us to clarify the details of the energy-transfer mech

te
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SPECTRALLY RESOLVED ELECTRONIC ENERGY . . . PHYSICAL REVIEW B68, 115405 ~2003!
nism. However, of most practical interest is the generation
MO in its excited states in the gaseous form at elevated t
peratures due to the important role of singlet oxygen in p
tochemical reactions.32 The suppression of the PL of PSi i
the ambient of different gas pressures of oxygen is evid
from Fig. 13. Contrary to cryogenic temperatures, the p
suppositions for an optimal interaction are not fulfilled.
small spatial separation is realized only during the short t
of collisions between oxygen molecules and the nanocry
surface. Additionally, the exciton lifetime and the occupati
number of the spin-triplet state of the exciton decrease w
rising temperature.6 Therefore, a weaker PL suppression th
scales with the collision rate, i.e., the gas pressure, occ
and the energy transfer to the1S state is characterized by
broad spectral resonance. At intermediate temperatureT
5110 K) a second quenching band in the spectral region
'1.75–1.95 eV is observed, which becomes better p
nounced with increasing oxygen concentration@Fig. 13~a!#.
We attribute it to the energy transfer from excitons confin
in Si nanocrystals to the oxygen dimer (O2)2. The O2 dimer
is known as a complex of ground-state oxygen molecu
induced by weak van der Waals interaction. The discr
electronic transition in (O2)2 corresponding to the 23S
→21D transformation occurs at 1.95 eV~indicated by an
arrow! and is thermally and collisionally broadened in t
gas phase.33,34The (O2)2 related quenching band in the spe

FIG. 13. Spectral dependence of the quenching strength of
emission in the ambient of oxygen gas.~a! T5110 K, 100 mbar
~solid line!, 2 mbar~dotted line!. ~b! T5295 K, 1 bar~solid line!,
100 mbar~dotted line!. The energy positions of the1S state and of
the (O2)2 transition are indicated.
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tral dependence of the PL quenching strength has an en
below 1.95 eV. We believe that the difference in energy
governed by the physisorption energy of oxygen molecu
Excitation of the bound complex involves spin-conservi
electron exchange among the two3S states, whereas th
exciton provides the energy to activate the process. Co
quently, the PL of PSi is quenched in the considered spec
range and energy transfer to the dimer state is enhance
higher pressures due to an increased probability of (O2)2
formation. Due to thermal dissociation of the complex@dis-
sociation energy35 of (O2)2'10 meV] a continuous decreas
of the dimer related quenching band has been observed w
the temperature is increased. For temperatures higher
250 K the energy transfer to (O2)2 cannot be resolved spec
troscopically.

The dependence of the quenching strength detecte
1.63 eV on the oxygen ambient pressure at different temp
tures is shown in Fig. 14. It is well described by the Lan
muir approach for molecule adsorption on a surface,36 that
considers the dynamic equilibrium between the rate of
sorption and desorption:

Q215
I O2

I vac
512Au, u5

KP

11KP
, ~2!

whereQ denotes the strength of quenching,I O2
and I vac are

the PL intensities of PSi in the ambient of oxygen a
vacuum, respectively, andu is the fraction of surface covere
by oxygen molecules.K is the equilibrium constant, and
measure of the number of adsorbed molecules,P is the oxy-
gen gas pressure, andA is a constant that accounts for th
probability of energy transfer to the adsorbed molecules. T
best agreement between the experimental data and theo
cal predictions~Fig. 14, solid lines! has been found for the
following parameters:T5120 K:K5193 bar21, A50.99;
T5200 K:K512 bar21, A50.85; and T5300 K:K

Si

FIG. 14. Dependence of the PL quenching strength, detecte
1.63 eV, on the oxygen gas pressure at different temperatu
Squares: 120 K; circles: 200 K; and triangles: 300 K. Solid lin
are calculated pressure dependencies according to Langmuir
therms for molecule adsorption.
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51.7 bar21, A50.48. As expected, in the entire pressu
range a decrease of the temperature increases the mean
ber of adsorbed molecules and enhances the efficienc
energy transfer. The stationary concentration of singlet o
gen is a product of its generation rate and the collisio
deactivation rate. Because both quantities are rising w
oxygen ambient pressure, further investigations are requ
to determine the optimal conditions for the highest stea
state concentration of singlet oxygen.

IV. SUMMARY

We presented a spectroscopic study of the energy tran
from excitons confined in Si nanocrystals to oxygen m
ecules. The strongest coupling among the interacting spe
is present at cryogenic temperatures, where oxygen m
ecules are physisorbed on the nanocrystal surface.
quenching of the nanocrystal assembly and the simultane
occurrence of the infrared emission line due to relaxation
the 1D state of MO evidences the energy transfer. Its h
efficiency is favored by the broad energy spectrum of ex
r
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tons and their long lifetime. The mechanism of energy tra
fer is controlled by direct electron exchange, as indicated
the spectral dependence of the PL quenching and magn
field measurements. Time-resolved experiments allow u
determine the energy-transfer rate from excitons to M
which is governed by quantum-mechanical selection ru
The large internal surface area and the open nanostructu
PSi layers are crucial for the energy transfer, i.e., sing
oxygen generation, in the gaseous phase at elevated tem
ture. Due to the remarkable photosensitizing properties o
nanocrystal assemblies they are promising candidates
catalysts involved in a variety of photochemical reactions
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