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The formation of singlet oxygen due to the energy transfer from excitons confined in silicon nanocrystals to
oxygen molecules is studied using time-resolved photoluminescence spectroscopy. The process of the excita-
tion of oxygen molecules from the ground triplet state to the second excited singlet state is studied at low
temperatures, where oxygen molecules are physisorbed on the surface of silicon nanocrystals and at room
temperature in gaseous oxygen ambient and in oxygen-saturated water. The low temperature measurements
reveal that the energy transfer time is the shortest for the resonant energy transfer. The involvement of one
energy-conserving transversal optical phonon results in about 40% increase of the energy transfer time. The
excitation rate of oxygen dimers is found to be similar to that measured for oxygen molecules. At room
temperature, the time of the energy transfer to oxygen molecules is about 17 us. The photosensitizing effi-
ciency of silicon nanocrystals at room temperature is found to be as high as 80% for gaseous oxygen ambient

and for oxygen-saturated water.

DOI: 10.1103/PhysRevB.72.165321

I. INTRODUCTION

Bulk silicon (Si) is, due to its indirect band-gap electronic
structure, a very inefficient light emitter. In recent years sev-
eral technological approaches have been developed towards
improving the efficiency of light emission from nanosilicon-
based structures. Si nanocrystal assemblies can be prepared
in different ways. The most widely discussed system is
known as porous silicon (PSi).! Structural investigations
have confirmed that it consists of Si nanocrystals of different
sizes (typically a few nm) and shapes. PSi can be fabricated
by electrochemical anodization of Si wafers in hydrofluoric
acid-based solutions.! It has attracted most of interest due to
the simplicity of the preparation procedure and the high
emission efficiency under optical excitation (up to 10%).
Other examples are Si nanocrystal assemblies prepared via
ion implantation into a SiO, matrix,” by reactive Si deposi-
tion onto fused quartz, by plasma enhanced chemical vapor
deposition,* by magnetron sputtering,’ by an aerosol
procedure,® or by laser pyrolisis of Silane.” Detailed spectro-
scopic studies demonstrated that all these systems show
strong near infrared and visible photoluminescence (PL) with
characteristics very similar to those of PSi.

It was soon realized that, despite the high PL quantum
yield achieved, a long lifetime of excitons confined in Si
nanocrystals is an inherent limitation for light emitting appli-
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PACS number(s): 78.30.Ly, 78.35.+c, 78.45.+h, 68.03.Fg

cations of Si nanocrystal assemblies.! However, this is cer-
tainly an advantage for other possible applications since
electronic excitation (exciton) energy is stored over a time
scale of 10™* s and, if required conditions are fulfilled, this
energy can be efficiently transferred to other substances, i.e.,
silicon nanocrystals can be efficient energy donors. As an
example, recently we found a type of singlet molecular oxy-
gen generator based on silicon nanocrystal assemblies.®
Singlet oxygen ('0,) (Ref. 11-13) is an electronically ex-
cited state of oxygen molecules (O,) and is a very important
substance in biology and chemistry because it mediates im-
portant processes in organic molecules.!>!* One of the most
important applications of singlet oxygen is a photodynamic
therapy of cancer.'” Thus the capability of Si nanocrystal
assemblies to generate 1O2 is an interesting prospect for ap-
plications of the most commonly used semiconductor in
chemistry, biology, and medicine.

From detailed spectroscopic studies of porous silicon
whose surface at low temperatures was covered by phys-
isorbed O, it has been concluded that the whole effect is
based on the energy transfer from excitons confined in Si
nanocrystals to O, via the exchange of single electrons hav-
ing opposite spins which results in spin-flip activation of
0,.% During this process electrons are exchanged between
triplet excited states of energy donors, i.e., photoexcited Si
nanocrystals, and triplet ground states of energy-accepting

©2005 The American Physical Society
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FIG. 1. (a) CW PL spectra of a PSi layer in vacuum (dashed
line) and a layer having physisorbed oxygen molecules on the sur-
face (solid line) at 5 K. Electron-spin configurations and spectro-
scopic labeling of molecular oxygen states are shown in the inset.
(b) Time-resolved PL spectra at 5 K (dashed line, in vacuum; solid
line, with physisorbed oxygen molecules). The measurement gate
width is 100 ns. The data for the measurement delay time with
respect to the excitation pulse of 0.08, 0.18, 0.28, 0.48, 0.78, 1.08,
1.48, 2.08, 3.08 us are shown.

0,.° It has been demonstrated that O, are excited to either a
first-excited 'A state (0.98 eV from the ground 3 state) or a
second-excited 'S state (1.63 eV from the ground 3 state)
depending on the band-gap energies of Si nanocrystals par-
ticipating in the energy transfer [see inset of Fig. 1(a)]. Dur-
ing the energy transfer forming the 'S state, orbital angular
momentum conservation is fulfilled, while for the A state, a
change of angular momentum of O,(AL=2) is required. This
restriction results in relatively weak coupling between exci-
tons and O, forming the 'A state, while their interaction
followed by generation of the 'S state is very efficient.

For O,-physisorbed PSi, the strong coupling to the '3
state results in an almost complete suppression of exciton
photoluminescence (PL) band above the energy of the 'S
state. On the other hand, only partial PL quenching occurs
below the energy of the 'S state, since in this energy range
coupling can form only the 'A state.” By analyzing partially
quenched PL spectra, the mechanism of the energy transfer
forming the 'A state has been studied in detail.?

One of the purposes of this work is the investigation of
the energy transfer process forming the 'S state of O, using
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time-dependent analysis of the energy transfer-related PL
features at low temperatures (Sec. IIT A). At liquid He tem-
perature, the lifetime of the ground triplet state of excitons
confined in silicon nanocrystals is in the millisecond
range!!® and the number of O, physisorbed on the surface of
Si nanocrystals is large. As a result, both singlet states of O,
can be excited efficiently. At room temperature, the lifetime
of excitons is controlled by a shorter lifetime of the singlet
excited exciton states and the energy transfer can proceed
only during short collisions of O, with the surface of Si
nanocrystals. In an energy transfer process the time of energy
transfer to an acceptor always competes with the lifetime of
electronic excitations of an energy donor. Since at room tem-
perature the rate of the energy transfer forming the 'A state is
smaller than the exciton radiative recombination rate, only
the excitation of the 'Y state is efficient.’

In Secs. III B and III C, we report on room temperature
time-resolved spectroscopic studies of the energy transfer
from excitons confined in Si nanocrystals to O, in gaseous
oxygen ambient and in oxygen-saturated water, respectively.
We demonstrate that the time of the energy transfer is shorter
than the exciton lifetime. This results in a high efficiency of
the energy transfer, exceeding 85% for oxygen ambient and
75% for oxygen-saturated water.

II. EXPERIMENTAL DETAILS

Porous Si layers were prepared by standard electrochemi-
cal etching!” of (100) oriented, boron-doped bulk Si sub-
strates with a typical resistivity of 5-15 Q cm in a 1:1 by
volume mixture of hydrofluoric acid (50 wt. % in water) and
ethanol. The current density was 50 mA/cm?. For low tem-
perature PL measurements, thin layers of PSi were mounted
on a cold finger of a cryostat. The cryostat was first evacu-
ated to 5 107 torr, then filled by O, gas to 7 torr at 150 K,
and finally cooled down to 5 K to physisorb O, on the sur-
face of Si nanocrystals. For room temperature PL. measure-
ments, free-standing PSi layers were detached from Si sub-
strates via an electropolishing step,' immersed in CCl,, and
transferred to PSi powder in an ultrasonic bath. A quartz
cuvette containing nanostructured powder was mounted in an
optical cryostat and experiments were performed either in
vacuum or with a given pressure of O, ambient in the sample
chamber. PSi powder was also immersed into either de-
gassed or O,-saturated water. During optical measurements
the solution was permanently mixed using a magnetic stirrer.

For continuous wave (CW) PL measurements, an Ar’ ion
laser (excitation energy 2.41 eV) with the excitation power
of less than 10 mW/cm? was used. PL spectra were recorded
using a spectrometer equipped with a Si charge-coupled
device (CCD). For time-resolved PL measurements, the ex-
citation source for low temperature experiments was an op-
tical parametric oscillator pumped by a pulsed Nd:YAG
laser (excitation energy: 2.58 eV, pulse energy density:
2.5 mJ/cm?, repetition frequency: 20 Hz, pulse duration: 5
ns), and for room temperature experiments, a frequency-
doubled Nd:YAG laser (excitation energy: 2.33 eV, pulse
energy: 1 mJ, repetition rate: 10 Hz, pulse duration: 8 ns).
Spectrally and time-resolved intensity of the emitted light
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was measured using a monochromator equipped with a pho-
tomultiplier or a gated CCD (PI-Max, Princeton Instrument,
detection energy: 1.3-2.5 eV, 5 ns response time) triggered
by exciting laser pulse. PL detection delay time with respect
to the excitation pulse and measurement gate time were var-
ied simultaneously. As references, time-resolved PL spectra
of the same samples were always taken in oxygen-free am-
bient. All spectra were corrected on the spectral sensitivity of
the optical systems.

III. RESULTS AND DISCUSSION

A. Energy transfer from excitons to oxygen molecules at low
temperatures

First of all, we demonstrate the difference in the effi-
ciency of energy transfer from excitons to different singlet
excited states (‘A and 'S) of O, in Fig. 1(a). A broad and
featureless PL band of PSi measured in vacuum under CW
optical excitation (dashed line) reflects residual size and
shape distribution of Si nanocrystals assembling PSi layers.
When O, is physisorbed on the surface of Si nanocrystals the
periodic spectral features appear [solid line in Fig. 1(a)].
They arise from the emission of multiple phonons required to
conserve energy during the energy transfer from excitons to
0, followed by the excitation of the 'A state.° Emission of
Si nanocrystals above the 'S state energy is completely
quenched due to extremely efficient energy transfer followed
by the excitation of the 'S, state and spectroscopic investiga-
tion of the energy transfer mechanism is not possible.

Figure 1(b) shows time-resolved PL spectra of a PSi layer
in vacuum and that containing physisorbed O, at the surface
of Si nanocrystals. The gate width is kept constant (100 ns)
while the delay time with respect to the excitation pulse is
varied from 80 ns to 3.08 us. In vacuum, the PL spectral
shape and its intensity do not change significantly within the
time scale investigated. The very long PL lifetime at low
temperatures is caused by the population of excitons in op-
tically inactive triplet states.'®!%1% On the other hand, under
presence of O,, already at 80 ns delay time with respect to
PL excitation pulse, PL features can be distinguished and a
very strong variation of the PL spectral shape appears as the
delay time of the PL measurements is increased (note the
semilogarithmic scale of Fig. 1). The spectra shown in Fig.
1(b), apparently, can be divided into two spectral ranges. In
the low energy range (below ~1.55 eV) the PL lifetime is
relatively long and no distinct PL features are observed. In
the high energy range the PL lifetime is much shorter and a
number of PL signatures related to the energy transfer pro-
cess can be clearly distinguished.

The exact shape of time-resolved PL spectra of a PSi
layer containing physisorbed O, is a product of the size dis-
tribution, the spectral dependence of the recombination rates
of excitons in vacuum [ 7y(w)~'], and that of the energy trans-
fer rate [ 7z{(w)~']. In a simplified model, the time transient
of the PL intensity of PSi containing physisorbed O,
and PSi in vacuum can be expressed as Ipypen(@,1)
=Ip(w)exp{-[ (@) '+ 7r(w) ']} and  Iy,(w,1)=1(w)
Xexp[—7y(w)~'t], respectively. Here Ij(w) accounts for the
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FIG. 2. Time-resolved PL spectra of a PSi layer having oxygen
molecules physisorbed on the surface divided by those of PSi in
vacuum [Loyypen(@,0)/Iy,(w.1)]. The measurement gate width is
100 ns. The data for the measurement delay time with respect to the
excitation pulse of 0.08, 0.18, 0.28, 0.48, 0.78, 1.08, 1.48, 2.08,
3.08 us are shown. The energy positions of the >3 — 'S, transition of
O, and that of the 233 —2'A transition of oxygen dimers are indi-
cated by dashed lines.

PL envelope function caused by the size distribution. By di-
viding Ipyygen(®,1) by Iy, (w,t) measured at the same mea-
surement gate duration and delay time, the spectral depen-
dence of the “energy transfer intensity” is obtained, and from
its temporal behavior, the energy transfer rate can be esti-
mated.

Figure 2 shows the results of this division
U oxygen(@, )/ 1,4.(@,1)]. It should be noted that at 80 ns delay
time, 1oyypen(@,1)/1,,.(@,1) is about 0.1. This implies that a
very fast nonradiative recombination process is additionally
introduced by adsorbed O,. A large fraction of Si nanocrys-
tals do not contribute to the emission. The fact that the
quenching at 80 ns delay time occurs almost uniformly in the
entire spectral range, even at very low energy, where exci-
tons can couple only to the 'A state, indicates that the PL
quenching is not related to the energy transfer. Another pro-
cess which is known to be responsible for PSi PL quenching
in the presence of adsorbed O, is charge transfer. It has been
demonstrated that optically charged Si nanocrystals?® or p-
or n-doped ones do not contribute to the PL due to very
efficient Auger nonradiative process.?! Adsorption of NO,
molecules on the surface of Si nanocrystals results also in a
very efficient structureless PL quenching. NO, molecules are
very efficient electron acceptors and the hole remaining in Si
nanocrystals quenches completely the PL.2> O, molecule is
known to be a very efficient electron acceptor as well and,
therefore, Auger PL quenching can efficiently compete with
the mechanism of the energy transfer. Since we are interested

165321-3



FUIJII et al.

in the energy transfer to O,, we will mainly concentrate on
the spectral dependence measured at longer delay time.

In Fig. 2, already at the delay time of 80 ns two distinct
minima can be seen at around 1.6 eV. The expansion of this
spectral range is shown in the inset (lower left part of Fig. 2).
These minima appear at exactly the energy of the 'S state
(1.63 eV) and about 57 meV below. The low energy mini-
mum corresponds to a partially quenched step observed in
CW PL spectra [Fig. 1(a)]. This step was explained in Ref. 9
as follows. In bulk Si, the bottom of conduction band is
located in the vicinity of the X points of the Brillouin zone
(A minima), and therefore emission or absorption of
momentum-conserving phonons are required for the optical
transition. The transversal optical [TO(A)] phonon-assisted
transition is the dominant for bulk Si and the exciton emis-
sion line appears 57 meV (TO phonon energy at A minima)
below the free exciton transition.?* For Si nanocrystals simi-
larly, the TO(A) phonon-assisted transition is reported to be
the dominant recombination path even for very small
nanocrystals.'®!81924 If Si nanocrystals have the band-gap
energy at 1.63 eV, they can transfer energy resonantly to O,.
Since, without O, physisorption, these nanocrystals lumi-
nesce at 1.57 eV due to emission of one TO(A) phonon, an
additional PL quenching appears at around 1.57 eV.

If Si nanocrystals had a strictly indirect band-gap nature,
only one minimum should appear at around 57 meV below
the 'S energy. However, a minimum exists also exactly at
the energy of the 'S state, implying that the probability of a
quasidirect no-phonon optical transitions is not small and it
can compete with the TO(A) phonon-assisted transition. The
quasidirect transitions become partially allowed in Si nano-
crystals due to the uncertainty in the momentum space for
carriers caused by their spatial confinement in a space
smaller than the exciton Bohr radius of bulk Si.

We would like to note that in Fig. 2 at the delay time of 80
ns, the minimum at 57 meV below the 'S energy is even
deeper than the minimum at the resonant energy. This sug-
gests that the TO(A) phonon-assisted recombination is a
dominant recombination path even for relatively small nano-
crystals having a band-gap energy of 1.63 eV. This conclu-
sion is consistent with that obtained from resonant PL
spectroscopy.?*

In Fig. 2, the minimum at 1.63 eV grows as the delay time
is increased, while that at 1.57 eV saturates. Because of
nearly equal probability of direct and indirect recombination
paths for nanocrystals having the band-gap energy in this
range, two groups of Si nanocrystals always contribute to the
PL at the same energy. For example, the PL at 1.57 eV con-
sists of that due to direct exciton recombination of nanocrys-
tals having the band gap at 1.57 eV and TO(A) phonon-
assisted recombination of those having the band gap at 1.63
eV (1.57 eV+57 meV) (see Fig. 3). The second group can
contribute to the energy transfer followed by the excitation
of the 'S state, while the first one cannot. They couple to O,
very weakly and thus their PL intensity is almost not
changed because the time scale of the energy transfer form-
ing the 'A state is several hundreds of microseconds.® On the
other hand, groups of nanocrystals contributing to the PL at
1.63 eV have band gaps equal to or larger than the 'S, state
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FIG. 3. Sketch of energy-level diagram of molecular oxygen and
Si nanocrystals having the band-gap energies of 1.63 eV and 1.57
eV. Both nanocrystals luminesce at 1.57 eV, while only the first one
can contribute to the energy transfer followed by the IS, state exci-
tation. /o,yeen(@,1)/Iy,(w,1) at 80 ns delay time is shown on the
left side.

energy and thus can transfer energy quickly, resulting in the
absence of saturation of the energy transfer efficiency.

For nanocrystals having a band-gap energy larger than
1.63 eV, an excess of the excitation energy with respect to
the 'S state energy has to be released by the emission of
energy-conserving phonons. This process is most probable
for phonons having the highest density of states which in
bulk Si are transverse optical phonons being almost at the
center of the Brillouin zone [TO(I')] with an energy of 63
meV. If the band-gap energy of Si nanocrystals does not
coincide with the 'S state energy plus an integer number
times the TO(I') phonon energy, the additional emission of
acoustic phonons is required to conserve the energy. This
process has a smaller probability and the rate of energy ex-
change is reduced. Consequently, quenching maxima appear
with the period of 63 meV above the energy of the '3 state.
In Fig. 2, the periodic features are indicated by solid arrows.
We can see that the energy transfer time becomes longer and
the features become less resolved with an increase of the
number of energy-conserving phonons.

In Figs. 1(b) and 2, additionally to features corresponding
to the energy transfer to the 'S state of O,, an quenching
band appears in the range between 1.86 and 1.97 eV. This
band is apparently not related to the energy transfer resulting
in the generation of the 'S state. From the energy position
of the band, it can be attributed to the excitation of O, dimers
[(0,);, pairs of neighboring O, molecules], i.e.,
the electronic transition from 233-2'A  states of
(02)2 ("‘"196 CV).25

Figure 2 clearly demonstrates that the rate of the energy
transfer to (O,), is much higher than that of the *3-'A
transition and is similar to the rate of the *3—'3 transition.
The high efficiency of the 23 —2'A transition of (O,), com-
pared to the 3% —1A transition of an oxygen molecule is
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caused by a spin-conserving electron exchange among the
two 3 states.® In this process, excitons provide only the
energy to activate the process of exchange of electrons hav-
ing opposite spins between a pair of oxygen molecules.
Therefore spin configuration of excitons with respect to spins
of O, is not crucial. From the point of view of practical
applications, direct excitation of oxygen dimers implies the
creation of two 1O2 by one exciton (and by one photon), and
thus is an efficient 'O, generation path.

It is interesting to note that the high-energy band includes
two PL quenching minima (see Fig. 2). The higher-energy
minimum is exactly at the 2¥%—2'A transition energy (1.96
eV),” while the lower-energy one is about 57 meV below.
These two minima can be more clearly distinguished in Fig.
1(b). The origin of the lower-energy minimum can be ex-
plained by the same model described above, i.e., Si nano-
crystals having a band-gap energy of 1.96 eV exhibit PL at
1.90 eV due to the emission of one momentum-conserving
TO(A) phonon and thus PL quenching caused by the energy
transfer to oxygen dimers appears at around 1.90 eV. This
result again implies that the indirect band-gap nature of bulk
Si is still strongly held for very small Si nanocrystals with
the band-gap energy of 1.96 eV. In principle, we can roughly
estimate the ratio of indirect to quasidirect recombination
paths from the depth of the two minima in Fig. 2. Although
quantitative estimation is not possible due to the strong back-
ground signal arising from the energy transfer to the 'S state
of O, monomers, the present result seems to suggest that
indirect recombination of excitons is still dominant in very
small Si nanocrystals having a band-gap energy of 1.96 eV.

The spectral dependence of the energy transfer time can
quantitatively be discussed if we convert Fig. 2 into
time dependence of I,,0n(@,8)/Iy,(®,1). Figure 4 shows
the result. To neglect the very fast component,
Losygen(@, 1)/ Iy, (®,1) is normalized to 1 at 80 ns delay time.
The slope corresponds to energy transfer time. We can see
that energy transfer time is the shortest at 1.63 eV, and is
about 320 ns. The energy transfer time becomes longer with
an increasing number of TO(I") energy-conserving phonons
emitted during the energy exchange. It is about 450 ns when
one TO(I') phonon is involved in the process (1.69 eV).
Lowygen(@.0)/ Iy,(@,1) at 1.57 eV decreases very fast at the
initial stage and then starts to saturate. This behavior can be
clearly seen in Fig. 4 (dashed curve). The slope finally ap-
proaches that measured at 1.44 eV, where excitons can
couple only to the 'A state. We note that the estimated en-
ergy transfer time is not necessarily that of a single O,, but
all O, adsorbed on the surface of a nanocrystal can be treated
as a single quenching system. The energy transfer rate to a
single O, can be obtained by dividing the decay rate by the
number of O, adsorbed on a single nanocrystal. In a previous
work,” we roughly estimated the number of adsorbed O, per
nanocrystal from partially quenched PL spectra of Si nano-
crystals at nearly the same condition as in the present work.
The estimated value was 8. If we take this value, the time of
the resonant energy transfer from exciton confined in a Si
nanocrystal to a single oxygen molecule is about 2.56 us.
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FIG. 4. Ipygen(@,8)/Iy,(w,1) as a function of time at detection
energies of 1.44, 1.57, 1.63, 1.69, and 1.76 eV. The energy transfer
time can be estimated from the slopes.

B. Energy transfer from excitons to oxygen molecules in
gaseous phase

To demonstrate the efficient energy transfer from Si nano-
crystals to O, at room temperature we measured PL spectra
of H-terminated PSi in vacuum (Fig. 5, dotted line) and at 1
bar of O, ambient (Fig. 5, solid line). The presence of oxy-
gen ambient results in a strong reduction of the PL intensity.
The suppression level depends on the detection energy. To
eliminate the influence of the size distribution on the shape
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FIG. 5. PL spectra measured in vacuum (dotted line) and in
oxygen ambient at 1 bar (solid line). Inset: spectral dependence of
the PL suppression level measured at 1 bar of O, ambient. T
=300 K, E,, =2.54 eV. Energy of the *3—'3 transition of O, is
indicated by a dotted line.
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of the quenched PL spectra we again define the PL suppres-
sion level as the ratio of the PL intensity measured in
vacuum to that measured in O, ambient. As mentioned
above, the spectral dependence of the PL suppression level
represents the energy-dependent coupling strength of exci-
tons and O, (inset of Fig. 5). The PL suppression level is
maximal at ~1.63 eV. The spectral feature related to the
energy transfer is significantly broadened since energies of
excitons and oxygen molecules are not well defined at high
temperatures. The absence of spectral features at lower ener-
gies due to possible *S — 'A transitions of O, indicates that,
contrary to low temperatures, only the >3 — '3 transition is
involved in the energy transfer process. The suppression of
the PL intensity at room temperature is almost equal to 6.
From the spectral behavior of the PL quenching level it fol-
lows that if an exciton does not contribute to the light emis-
sion it necessarily activates a singlet O, state. This implies
that more than 80% of the photoexcited excitons transfer
their energies to O, and the efficiency of singlet oxygen gen-
eration exceeds 0.8. This allows us to estimate the generation
rate of singlet O, in the pores of PSi. For ambient O, pres-
sure and a 1 W/cm? illumination intensity this value is
~5X% 10% singlet oxygen molecules/cm? s.

We would like to mention that there is additionally an-
other weaker local maximum in the spectral dependence of
the PL suppression level around 2 eV. One of the possible
reasons for that is the formation of the superoxide (O3) state
mediated by excitons. O, is a very good acceptor and elec-
trons can be donated by photoexcited excitons. In this sce-
nario nanocrystals become positively charged and cannot
contribute to the PL due to highly efficient Auger process.?

The strong PL suppression in oxygen ambient indicates
that the energy transfer process competes efficiently with the
radiative recombination channel even at room temperature.
Since rates of both processes are energy dependent, we again
performed time-resolved PL studies in order to resolve de-
tails of the energy exchange process. Time-resolved PL spec-
tra measured in vacuum demonstrate a continuous spectral
shift towards lower energies with the increase of the delay
time of the PL detection with respect to the excitation pulse
[see Fig. 6(a)]. This is a direct consequence of quantum con-
finement: for larger nanocrystals optical transition oscillator
strength is smaller and exciton lifetime is longer. Therefore,
they persist and contribute to the PL longer. In the presence
of oxygen ambient [Fig. 6(b)] no noticeable difference from
PL measured in vacuum is seen for the delay time up to
10 us and, obviously, the energy transfer process requires
longer time. A clear difference can be detected at the delay
time equal to 20 us. In the presence of oxygen ambient, a
local minimum around 1.6 eV appears in the PL spectrum.
This supports the observation made at low temperatures that
excitons having energies in the vicinity of 1.63 eV (energy of
the °3 - 'S transition) do not contribute to the PL due to
efficient energy transfer to oxygen molecules. With an in-
crease of the delay time, the high energy side of the PL band
is suppressed further while the PL below 1.5 eV is almost not
affected. Excitons having energies above 1.63 eV also trans-
fer their energies to O, but the process is less efficient. For
excitons having energies smaller than the energy of the
33— 13 transition of O, the energy transfer, contrary to cryo-
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FIG. 6. Time-resolved PL spectra of PSi in vacuum (a) and in
oxygen ambient at 1 bar (b). Different delay times of PL measure-
ments with respect to the excitation pulse and measurement gate
times have been used. From the top to the bottom: delay time 0, 10,
50, 100, 250, 500 ws, gate time 1, 10, 20, 50, 100, 1000 us, respec-
tively. E,, =2.33 eV. Energy of the >3 —'3 transition of O, is indi-
cated by a dotted line. All PL spectra are normalized to 1.

genic temperatures,’ is still possible due to thermal broaden-
ing effects. This can be seen as a PL suppression up to 100
meV below 1.63 eV (~4 kT). At lower energies no signifi-
cant PL reduction with respect to the measurements per-
formed in vacuum can be detected. At cryogenic tempera-
tures the energy transfer to the 'A state of O, has been
observed since exciton lifetime exceeds a millisecond! while
the time of the energy transfer was found to be ~300 wus.
Contrary to cryogenic temperatures at room temperature the
energy transfer to the 'A state of O, is very inefficient be-
cause it cannot compete with the exciton decay rate.

In the presence of oxygen ambient an exciton can either
annihilate radiatively or nonradiatively via energy transfer to
oxygen molecules, and the exciton recombination rate mea-
sured in oxygen ambient 7,,,(w)”! is a sum of that in
vacuum 7,(w)”' and the energy transfer rate 7o{(w)"!. To
find the spectral dependence of the energy transfer time
[75(w)] we measured separately the exciton lifetimes in
vacuum and in oxygen ambient (Fig. 7). The exciton life-
times measured in vacuum exhibit strong spectral dispersion
due to quantum confinement effects.-'® The presence of oxy-
gen ambient results in a strong reduction of the exciton life-
time over the complete spectral range investigated. This,
however, does not imply that the energy transfer time is simi-
lar for excitons having different energies. In the inset of Fig.
7 we plot the spectral dependence of the energy transfer time
recalculated on the basis of measured 7,(w) and 7,,,,,(w).
Again, the energy transfer time is the shortest for excitons
whose energies coincide with the energy of the *3—'S tran-
sition of O, and is about 17 us at 1 bar of O, ambient. For
higher energies the exciton lifetimes are slightly longer and
for lower energies they are significantly longer. For higher
energies the energy transfer is accompanied by the emission
and for lower energies by the absorption of phonons whereas
their emission is always more probable than their absorption.
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FIG. 7. Spectral dependencies of the PL lifetime measured in
vacuum (squares) and at 1 bar of oxygen ambient (circles). Inset:
spectral dependence of the energy transfer time in oxygen ambient
at 1 bar. 7=300 K, E,, =2.33 eV. Energy of the 33—, transition
of O, is indicated by a dotted line.

Despite a relatively long energy transfer time it is still sig-
nificantly shorter than the lifetime of indirect excitons con-
fined in Si nanocrystals, which explains the high efficiency
of the energy transfer process (see Fig. 5). Therefore, the
difference in the efficiency of the energy transfer between
cryogenic and room temperatures is mainly governed by the
difference in the number of oxygen molecules at the surface
of Si nanocrystals and not by the difference in the exciton
lifetime.!

C. Energy transfer from excitons to oxygen molecules in water

For biological and medical applications of singlet oxygen,
its generation in oxygen-containing aqueous solutions is cru-
cial. Unfortunately, fast nonradiative vibrational relaxation
processes of 1O2 in water (3.1 us) (Ref. 13) makes the de-
tection of PL from 'O, dissolved in water extremely difficult.
However, even if the emission line due to the radiative
'A—33 transition of 1O2 is not detected, the energy transfer
can be indirectly probed by monitoring the shape of the PL
band and the lifetimes of excitons in the presence of dis-
solved O,. In Fig. 8 we demonstrate PL spectra from PSi
powder immersed in oxygen-saturated water (solid line) and
in water after a degassing procedure (dotted line). O, dis-
solved in water causes a similar PL quenching effect as in
gaseous oxygen ambient. To obtain the spectral dependence
of the energy transfer efficiency for oxygen-saturated water
we use the procedure identical to that employed for gaseous
O, ambient. Although the PL suppression level is weaker, its
spectral shape is almost identical to that measured in gaseous
O,. This evidences the formation of singlet oxygen in water
and indicates that the energy exchange mechanism should be
similar. From the PL suppression level it follows that the
efficiency of the energy transfer in oxygen-saturated water is
equal to 75%.

Finally we determined the energy transfer time for
oxygen-saturated water following the same procedure as for
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FIG. 8. PL spectra of PSi powder immersed in degassed water
(dotted line) and in oxygen-saturated water (solid line). Inset: spec-
tral dependence of the PL suppression level measured for PSi pow-
der immersed in oxygen-saturated water. 7=300 K,E,, =2.54 eV.
Energy of the >3~ '3 transition of O, is indicated by a dotted line.

gaseous oxygen ambient (see Fig. 9). The exciton lifetimes
for silicon nanocrystals immersed in degassed water are
identical to those measured in vacuum. Oxygen dissolved in
water causes its significant shortening over all spectral range
investigated. The spectral dependence of the energy transfer
time is very similar to that observed for gaseous oxygen
ambient (see inset of Fig. 9). A slightly longer energy trans-
fer time of 30 us is still shorter than the exciton lifetime
what is in good agreement with the observed small differ-
ence in the PL suppression levels.

IV. CONCLUSIONS

Time-resolved PL spectroscopy allowed us to analyze the
energy transfer processes in the strongly coupled exciton-O,
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FIG. 9. Spectral dependencies of the PL lifetime measured in
degassed water (squares) and in oxygen-saturated water (circles).
Inset: spectral dependence of the energy transfer time in oxygen-
saturated water. T=300 K, E,, =2.33 eV. Energy of the °3-'3
transition of O, is indicated by a dotted line.
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system. We demonstrated that the energy transfer time is
the shortest for excitons having exactly the energy of the
3% 13 transition. At the lower PL energy side of the
3313 transition energy, a spectral signature corresponding
to momentum-conserving phonons and, at the higher energy
side, those due to the emission of energy-conserving
phonons are observed. The energy transfer time becomes
about 40% longer due to the involvement of one transversal
optical phonon for energy conservation. This suggests that an
accurate tuning of the band-gap energy is required for Si
nanocrystal assemblies to realize the highest energy transfer
efficiency. The energy transfer time to oxygen dimers is
found to be much shorter than that to O, followed by exci-
tation of the 'A state and of the same order for the >3 -'S
transition.

The spectral signatures observed in inhomogeneously
broadened PL bands of PSi are similar to spectral holes in
the hole-burning spectroscopy, and they provide valuable in-
formation about electronic structures of size-selected and,
therefore, energy-selected Si nanocrystals. Presented results
clearly demonstrate that Si nanocrystals with a band-gap en-
ergy of 1.96 eV strongly hold the indirect band-gap nature of
bulk Si crystals and TO(A) phonon-assisted recombination is
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still the dominant recombination path. Furthermore, involve-
ment of characteristic momentum- and energy-conserving
phonons known for bulk Si evidences that excitons are local-
ized in Si nanocrystal cores.

At room temperature, despite shorter exciton lifetime, ex-
citons confined in Si nanocrystals can also efficiently transfer
their energies to oxygen molecules either in gaseous form or
dissolved in water. The high efficiency of the energy transfer
at room temperature, crucial for biological and medical ap-
plications of Si nanocrystals, is governed by the long lifetime
of confined indirect excitons. From the point of view of prac-
tical applications, specifically in medicine, Si nanocrystals in
colloidal form should act in a similar way as conventional
dye molecules.
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