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Silicon Nanocrystals: Photosensitizers
for Oxygen Molecules**

By Dmitri Kovalev* and Minoru Fujii

Molecular oxygen plays an important role in many of the chemical
reactions involved in the synthesis of biological life. In this review, we
explore the interaction between O, and silicon nanocrystals, which can
be employed in the photosynthesis of singlet oxygen. We demonstrate
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that nanoscale Si has entirely new properties owing to morphological

and quantum size effects, i.e., large accessible surface areas and excitons of variable energies
and with well-defined spin structures. These features result in new emerging functionality for
nanoscale silicon: it is a very efficient spin-flip activator of O, and therefore, a chemically and
biologically active material. This whole effect is based on energy transfer from long-lived
electronic excitations confined in Si nanocrystals to surrounding O, via the exchange of single
electrons of opposite spin, thus enabling the spin-flip activation of O,. Further, we discuss the
implications of these findings for physics, chemistry, biology, and medicine.

1. Introduction

Molecular oxygen and silicon are the two most common
substances on earth. A variety of chemical reactions involving
O, are crucial for chemical and biological systems, while Si
plays an important role in modern technology. The direct
excitation of the chemically, and therefore biologically, inert
ground triplet state of O, to the highly reactive excited singlet
states by photons is forbidden by the spin selection rule. The
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spin selection rule governs the likelihood that a physical sys-
tem will change from one state to another or determines if it
will be unable to make such a transition. Recently, it has been
realized that the spin states of energetically or chemically in-
teracting substances can substantially control the interaction
process between them. One of the most important examples
is the interaction of organic molecules with O,. The interest
that O, has attracted in various scientific fields, e.g., molecular
physics and photochemistry, stems from its particular elec-
tronic configuration. It is well known that the ground state of
O, is the triplet state (32).[1‘2] Chemical reactions between sin-
glet organic molecules and triplet O, to form new singlet or-
ganic molecules are forbidden by Wigner’s spin selection rule.
Thus, the triplet multiplicity of O, is the reason why most re-
actions between oxygen and organic substances do not occur
at room temperature, i.e., they are kinetically inhibited. In
general, consideration of spin-conservation restrictions an-
swers a fundamental question: why is organic life so stable in
the ubiquitous presence of chemically active oxygen?

The two lowest excited states of O, are singlets, 'A and
'3 1121 The corresponding electron spin configurations of these
states, and gaps between the energy levels, are indicated in
Figure 1a. Kautsky and DeBruijn first experimentally demon-
strated the existence of singlet-oxygen molecules (102).[3] Be-
cause of its singlet multiplicity, no spin restriction exists for
reactions of 'O, with singlet organic molecules. This, com-
bined with their excitation energies of 0.98 and 1.63 eV,
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Figure 1. a) Electronic spin configurations and spectroscopic labeling of
molecular oxygen states. The excitation energies and intrinsic lifetimes of
the 'Z and 'A states of O, are also shown. b) Schematic illustration
of the energy-transfer process between the light-absorbing donor and the
acceptor. S denotes a singlet state and T denotes a triplet state.
h: Planck’s constant; v: frequency of photons; Rpa: space separation be-
tween the donor and O,.

makes 'O, extremely chemically reactive. The singlet states
mediate fundamental processes in chemistry and biology.**!
They react with many organic compounds including aro-
matics, steroids, vitamins, amino acids, proteins, etc. They are
applied in bleaching and disinfection reactions, and are also
involved in the modification of biological structures.* Some
examples of the latter include lipid peroxidation and photohe-
molysis. An important example of the medical applications of
'0, is the photodynamic therapy of cancer.!

10, can be produced via gaseous discharge or chemical re-
actions.>”! However, large varieties of practical applications,
especially in medicine, require its generation in organic sol-
vents or human tissue in a controlled manner. Therefore, the
most common 'O,-generation procedure involves photosensi-
tizers.'”! Photosensitization is an important process employed
for the excitation of molecules exhibiting optically forbidden
electronic transitions. The transition from the *% ground state
to one of the excited 'O, states, and vice versa, requires a
change of the electron spin state (spin-flip process). However,
direct conversion of spin states via the absorption/emission of
photons is spin-forbidden in the first approximation.'?! This
causes extremely long radiative lifetimes for the 'A and 'S
states, being 2.7 x 10* and 7.1 s, respectively.[l’z]

To overcome this problem with direct photoexcitation, sev-
eral auxiliary agents, called “photosensitizers”, e.g., strongly
absorbing organic dye molecules, are commonly used."? As a
result of light absorption, the dye molecules are excited into
an optically active singlet state, and after relaxation they are
accumulated in the long-lived triplet state (Fig. 1b). Further
energy transfer from the excited dye molecules (donor) to O,
(acceptor) proceeds via dipole-dipole (Forster) processes'”! or
direct electron-exchange interactions (Dexter processes).[w]
Interaction of the excited triplet state of the dye molecule
with the triplet ground state of O, results in relaxation of the
dye molecule to the ground state, while O, is activated via a
spin flip. In both scenarios, a few key requirements have to be
fulfilled to ensure high efficiency of energy transfer."?! First,
the excited triplet state of the photoexcited donor must have

1
1
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a longer lifetime compared with the energy-transfer time. Sec-
ond, the allowed energies of the donor should match those of
the singlet states of O,. Finally, space separation between the
donor and O, (Rpa) should be small. Other desirable features
include readily available light sources for the selective excita-
tion of the sensitizer.'?!

Over the last few decades, a large number of different sub-
stances that are able to generate singlet-oxygen molecules
and hundreds of photochemical reactions involving oxygen
molecules have been studied. Efficiencies for the sensitized
generation of 'O, have been determined for hundreds of
photosensitizers,'! because of the importance of 'O, as a
chemical reagent. Specifically, for the photodynamic therapy
of cancer, typical photosensitizers used are members of a fam-
ily of dye molecules known as porphyrins.m These compounds
have properties that are crucial for photodynamic therapy;
they are soluble in water, stable under illumination, non-toxic,
and able to efficiently absorb visible light. Because of the
small diffusion length of singlet oxygen in water, their action
is localized to the area where the photosensitizer is located
and where it is excited by light. A strong limitation of photo-
dynamic therapy is the poor penetration of light into tissue.
Owing to strong light absorption and scattering in human tis-
sue, only light with a wavelength longer than 650 nm has the
ability to penetrate relatively deeply into the human body.
The current generation of photosensitizers efficiently absorb
light between 630 and 700 nm, which penetrates only a few
millimeters into tissue. To overcome this limitation, research-
ers are synthesizing new compounds, which will be able to ab-
sorb light in the 700-800 nm wavelength range, and penetrate
to depths of a few centimeters.

One of the strategic objectives of nanotechnology is the de-
velopment of new materials of nanometer size that have
entirely new physical properties, and, therefore, new function-
ality. Only recently has the generation of singlet oxygen
by semiconductor nanocrystals (quantum dots) and nano-
particles, including fullerenes and their derivatives, received
significant attention.'"14 Unfortunately, since Cgg and Cyg
fullerenes do not absorb photons effectively in the visible and
near-infrared region of the electromagnetic spectrum, their
potential use as in-vivo sensitizers can be considered only if
an addend acting as a light-harvesting antenna is appended to
their skeleton.['”]

The optical and electronic properties of traditional semi-
conductors are difficult to adjust, because their bandgap and
emission energies are not easily changeable. Over the last de-
cade, tailoring of material characteristics by size control has
been demonstrated for many types of semiconductors. Semi-
conductor nanocrystals contain from a few hundreds to a few
tens of thousands of atoms that are arranged in an orderly
way, following the crystalline structure of the bulk material.
Their optical and electronic properties can be engineered sim-
ply by changing their size and composition.[16'18] When elec-
trons and holes are squeezed into a dimension that approach-
es a critical size, called the exciton Bohr radius in the bulk
material, quantum-confinement effects become apparant. In
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this regime, electron and hole energy levels have to be treated
as discrete, and reduction of nanocrystal size leads to a larger
energy separation between the lowest electron and hole
states.'®! This effect can be seen experimentally as a widening
of the nanocrystal bandgap. For instance, size reduction of
CdSe nanocrystals from 4 to 2.1 nm is accompanied by a
0.5 eV blue-shift in their bandgaps and emission energies.[w]
Thus, by using different semiconductor nanocrystals, the en-
tire visible and near-infrared spectral range of the electromag-
netic spectrum, as opposed to the visible range of conven-
tional 'O, photosensitizers, can be covered.

Under normal conditions, most semiconductor nanocrystals
have direct bandgaps, and therefore the rate of radiative re-
combination of excitons is extremely large if the optical tran-
sition is dipole-allowed. However, theory predicts that the
lowest exciton state of direct-bandgap CdSe nanocrystals is a
triplet state,*"! frequently referred to as a “dark state”. This
result is potentially important because the triplet structure of
excitons is necessary for energy transfer from excitons to O,
to occur, in a manner similar to that of dye molecules. Unfor-
tunately, in direct-bandgap semiconductors, owing to a small
singlet-triplet splitting energy, the exciton lifetime at room
temperature is controlled by thermally excited, optically al-
lowed singlet “bright” states and is in the submicrosecond
time domain.”!! It is necessary to note that in photosynthesis
the time for energy transfer to the acceptor always competes
with the lifetime of the electronic excitations of the donor.
Therefore, the fast relaxation of excitons would drastically
reduce the photosensitizing ability of direct-bandgap nano-
crystal assemblies,” and their application potential in the
generation of 10, is questionable.

Since 1990, several approaches have been developed to-
wards improving the efficiency of light emission from nano-
silicon-based structures. Recently, it has been recognized that
despite tunable photoluminescence (PL) and a high quantum
yield, a long exciton lifetime is the inherent limitation for
light-emitting applications of Si nanocrystal assemblies. 324!
However, only recently has it been understood that this is cer-
tainly a great advantage for photosensitizing applications.
Above, we have formulated the key requirements for photo-
sensitizing substances. According to these criteria, Si nano-
crystals seem to be almost ideal candidates for use as donors
for efficient energy transfer to O,. Indeed, by adjusting the
size of Si nanocrystals, the energies of the confined excitons
can be tuned over a wide range. The ground state of the exci-
tons is a triplet state and the lifetime of indirect-bandgap ex-
cited singlet exciton states, contrary to those of direct-band-
gap nanocrystals, is extremely long. Finally, Si nanocrystal
assemblies have a huge internal area (as much as 500 m”>cm™)
accessible to O,. We have found recently that this combina-
tion of new physical properties of Si at the nanoscale is excep-
tionally favorable for the transfer of energy from photoex-
cited Si nanocrystals to O,, and the efficiency of this process
is approximately 100 % at low temperatures.*”!

The overall goal of this review is to survey experimental
work that has been performed towards developing a detailed
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understanding of energy transfer from photoexcited Si nano-
crystals to O,. The first part of this paper will cover issues re-
lated to the well-studied morphological and optical properties
of Si nanocrystal assemblies, which, owing to quantum-con-
finement effects, are completely different from those of bulk
Si. In the second part, we will describe the interactions be-
tween excitons confined in Si nanocrystals and O, in the gas
phase or dissolved in liquids. We demonstrate that the unique
optical properties of Si nanocrystals allow investigation of the
mechanism of energy transfer in much more detail than for
ordinary photosensitizers. Finally, possible implications of the
observed phenomena for physics, chemistry, and biology and
the arising problems will be discussed.

2. Morphology of Si Nanocrystal Assemblies

As a result of its indirect-bandgap electronic structure, bulk
Si is a spectacularly inefficient light emitter. In recent years,
several technological approaches have been developed to-
wards improving the efficiency of light emission from differ-
ent systems containing Si nanocrystals. All of them rely on the
lifting of bulk Si lattice periodicity inducing an uncertainty in
the crystal momentum space, thereby altering the indirect
nature of this material. Si nanocrystal assemblies can be
prepared in different ways. Some examples include aerosol
procedures®! and the thermal precipitation of Si atoms im-
planted in Si0,# ! or Si-Si0, superlattices.m] Recently, la-
ser-pyrolysis techniques have been introduced to achieve a
relatively narrow size distribution of Si nanocrystals.®!! The
most widely discussed system in the literature is porous silicon
(PSi).*#74 The anodization of bulk Si wafers is performed
in HF-based solutions. Depending on the type of wafer doping
(p- or n-type) and the doping level, the sizes of the pores and
remaining Si fragments can be varied from micro- to nanome-
ters.>3 This has attracted much interest owing to the sim-
plicity of the preparation procedure that requires neither
lithographic nor epitaxial techniques, which used to be the
conventional approaches for obtaining nanometer-sized semi-
conductor structures. Here, we will concentrate only on the
properties of nanoporous Si layers that exhibit a high emission
efficiency (up to 10 %) under optical excitation, due to quan-
tum confinement effects.

Figure 2 shows typical transmission electron microscopy
(TEM) images of nanoporous Si. Electrochemical or stain
etching of p-doped bulk Si wafers®*37! results in a sponge-like
structure that consists of Si nanocrystals of different sizes."**!
They are typically a few nanometers wide, as can be seen in
Figure 2a, and retain the diamond lattice structure of bulk
Si (Fig. 2b, the lattice fringes correspond to (111) planes of
Si nanocrystals).[37] As a result, PSi is characterized by a very
large internal surface area.”’) Hydrogen atoms passivate the
internal surface of as-prepared materials, which reduces the
number of non-radiative surface defects such as dangling Si
bonds.”! Native oxidation on a time scale of months, or in-
tentional oxidation in the temperature range 200-300°C,
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Figure 2. TEM images of PSi at different magnifications. The lattice
fringes in Fig. 2b correspond to (111) planes in the Si nanocrystals.

builds up one monolayer of oxygen atoms back-bonded to the
surface layer, which prevents further surface oxidation. At
temperatures above 300 °C, hydrogen effuses from the surface
of the nanocrystals, and they become oxygen-terminated.*’!
Another essential morphological property of PSi layers is that
all the pores are interconnected, which enables foreign sub-
stances to be incorporated in the pores.

3. Emission Properties of Si Nanocrystals

Historically, worldwide interest in PSi appeared primarily
after the discovery by Canham that highly porous Si structures
emit light very efficiently in the visible and near-infrared
range of the electromagnetic spectrum at room tempera-
ture.*? Independently, Lehmann and Gosele reported that
the absorption properties of PSi in the visible spectral range
are strongly modified.®® The authors of these studies pro-
posed that the observed behavior arises from quantum-con-
finement effects. This discovery was followed by hundreds,
probably even thousands, of experimental and theoretical
publications (see previous reviews and references there-
in)[23’24’34] devoted to this issue. According to the inventors,
this enormous interest appeared “because Si is the most tech-
nologically important material known to mankind, dominat-
ing the microelectronics revolution that influences our every-
day lives. Light-emitting Si devices could eventually result in
a new generation of Si chips and extend the functionality of Si
technology from microelectronics into optoelectronics”.[23] It
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has since been demonstrated that all systems containing Si
nanocrystals exhibit strong near-infrared and visible PL with
characteristics very similar to those of PSi. Recently, however,
an inherent complication arising from the very specific nature
of the optical transitions and morphology of the material has
been recognized.

Clear evidence that the emitting states of Si nanocrystals
are driven to higher energies by quantum-confinement effects
can be derived from measurements of PL resulting from exci-
tation by high-energy photons, when all crystallites in the dis-
tribution are excited. Figure 3 demonstrates PL spectra from
different types of Si nanocrystal assemblies. The PL, depend-
ing on the mean size of the Si nanocrystals, can be continu-
ously tuned with small increments over a very wide spectral

PL Intensity [arb. units]

10 12 14 16 18 20 22 24
Energy [eV]

Figure 3. Tunability of the PSi PL band. To achieve size variation of Si
nanocrystals, different levels of bulk Si substrate doping and various
etching parameters (current density and etching solution concentration)
have been used. Excitation energy, E.,=2.54 eV.

range, from the bulk-Si bandgap to the green region of the
electromagnetic spectrum for the smallest nanocrystals. Thus,
the confinement energy can be more than 1 €V, i.e., as large
as the fundamental silicon bandgap itself. This observation is
crucial since it implies that the energy of the excitons can be
adjusted to any desirable value from 1 to 2.5 eV, simply by se-
lecting the appropriate size of Si nanocrystal. These spectra
(with full widths at half maximum of up to 500 meV) differ
greatly from those known for other quantum-dot systems. No
distinct emission features that could allow the determination
of the nature of the luminescent centers are observed. This
discrepancy has stimulated a wide variety of models to explain
the physical mechanism of emission from Si nanocrystals. Cul-
lis et al. have published a detailed discussion of the various
proposed models.*! Calcott et al. found the key spectroscopic
argument supporting the original quantum confinement mod-
el in 1993.11 1t was natural to assume that the large line width
of the PL band is a direct consequence of the residual nano-
crystal size and shape distributions. Calcott et al. employed a
standard PL line-narrowing technique widely used in optical
spectroscopy to lift the inhomogeneous PL line broadening.[‘“’]
The essence of this approach is the selectivity of the optical
excitation. The low-energy part of the ordinary PL band is
governed by emission coming from larger nanocrystals. When
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the energy of the exciting laser light is chosen to fall inside the
low-energy part of the PL band, only a very small subset of
nanocrystals, those with bandgaps below the laser energy, is
probed. Under these conditions, distinct PL onsets or PL
peaks can be observed.*** It has been proposed that these
PL signatures provide evidence that the luminescing material
has the electronic and vibrational band structure of crystalline
$i.1 Figure 4a demonstrates the result of this type of experi-
ment performed with PSi. For comparison, a PL spectrum of
bulk crystalline Si is shown in Figure 4b. In bulk Si, owing to
its indirect-bandgap nature, optical transitions are possible
only if momentum-conserving phonons are emitted or ab-

TO+TA TO

2T0l 14 (b)
!
_ TO _
2 2
= } =
5 =)
g g
kS 3
= TA =
2 . =
< ‘ o 5
S j IS

—  |TO+O(T)

E‘. T L Q x5
0+ 0+

13 14 1512 13 14 105 110 115

Energy [eV] Energy [eV]

Figure 4. a) Resonant PL spectra of as-prepared (left) and heavily oxi-
dized (right) PSi. The arrows show the energy position of silicon trans-
verse acoustic (TA) and transverse optical (TO) momentum-conserving
phonons with respect to the exciton ground state. T=1.3 K. The laser
line position is indicated by E.,. (Reprinted with permission from [44].
Copyright 1998 The American Physical Society). b) PL spectrum of un-
doped bulk silicon at T=20 K, E.,=2.54 eV. Momentum-conserving PL
replicas of the free-exciton transition are indicated.

sorbed in the recombination process. This process has an ex-
tremely low probability, and therefore bulk Si is a very poor
light emitter. At low temperatures, phonons can only be
emitted and the two PL lines seen in Figure 4b are momen-
tum-conserving replicas of the momentum-forbidden free-ex-
citon transitions in bulk Si. Their energies with respect to the
free-exciton emission energy position correspond to the ener-
gies of the momentum-conserving transverse optical (TO)
phonon (56 meV) and the transverse acoustic (TA) phonon
(18 meV) of bulk Si. Emission spectra from resonantly ex-
cited Si nanocrystals are very similar but the PL peaks are
duplicated (see Fig. 4a). The observation of a peak structure
in the resonant spectrum of an inhomogeneously broadened
system of nanocrystals deserves further explanation. As men-
tioned before, spatial confinement partially breaks down the
momentum-conservation rule and allows electronic transi-
tions that involve no phonons. Therefore, in both absorption
and emission, no-phonon and phonon-assisted transitions are
possible. In Figure 5 we sketch for clarity three different
groups of Si nanocrystals, which contribute to certain PL
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Figure 5. Sketch representing three groups of Si nanocrystals that have
different bandgaps involved in absorption-emission cycles under reso-
nant optical excitation. Arrows indicate momentum-conserving phonons
participating in this cycle. Green arrows: emission of TO momentum-
conserving phonons. Blue arrows: emission of TA momentum-conserv-
ing phonons. The energy of the laser is indicated by a horizontal green
dashed line. Red arrows demonstrate different recombination channels
in Si nanocrystals. Left: each peak in the PL spectrum corresponds to ad-
ditional no-phonon and phonon-assisted processes in the absorption—
emission cycle, which are allowed at this particular energy.

peaks under a certain excitation energy. At each specific ener-
gy, two groups of crystallites contribute to the emission, one
of which has exactly this energy (recombination via no-pho-
non process) and the other which has larger bandgaps (TO-
and TA-phonon-assisted processes). The same is true for the
absorption process. Thus, owing to the emission of phonons,
the spectral features are replicated in energy. Each peak in
the PL spectrum corresponds to additional no-phonon and
phonon-assisted processes which are allowed at this particular
energy in the absorption-emission cycle. Since only two
strong PL peaks are observed (for each phonon), the possible
transitions in the absorption—-emission cycle involve zero, one,
or two momentum-conserving phonons.

This finding was certainly the breakthrough in the contro-
versial field of light emission from Si nanocrystals but the
conclusions that can be drawn are extremely pessimistic. The
overall concept of efficient light emission from nanosilicon
relies entirely on the possibility of lifting crystalline momen-
tum-conservation restrictions inherent in bulk Si.**l When the
size of the crystallite is so small that it contains only a few unit
cells, any selection rule that derives from the translational
symmetry of the bulk material crystalline lattice should be
strongly broken. However, even nanometer-sized silicon crys-
tallites do not become direct-bandgap semiconductors. De-
spite high PL yield, they still behave as indirect-bandgap semi-
conductors.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

In bulk Si, the radiative lifetime of electron-hole excita-
tions is extremely long and has never been measured experi-
mentally. Their decay is almost completely controlled by a
variety of fast non-radiative processes, which results in an ex-
tremely low optical-emission quantum yield. In contrast, the
first measurements of the temporal evolution of the PL
emitted by PSi have already revealed its extremely long decay
time. The decay time of the PL was found to be in the micro-
second range, compared to the nanosecond radiative lifetimes
observed in low-dimensional direct-bandgap semiconduc-
tors.***"] In bulk semiconductors, each exciton can recombine
non-radiatively owing to the presence of non-radiative defects
and efficient exciton transport. The hydrogen or oxygen passi-
vation of Si-nanocrystal surfaces reduces the number of sur-
face recombination centers per unit area. Additionally, the
transport of excitons in a nanocrystal network is strongly sup-
pressed as a result of the presence of potential barriers. Thus,
excitons mainly recombine within the nanocrystals in which
they are created, i.e., recombination has a geminate charac-
ter.[*8% Therefore, the main reason for the high external
quantum efficiency of the emission from PSi compared to that
from bulk Si is not a reduction of the radiative lifetime of the
excitons, but results specifically from the non-radiative recom-
bination channels being “disabled”.[**¥

Figure 6 demonstrates the spectral dependence of the PL
decay time measured for PSi at 200 K, where the PL. quantum
yield has its maximum value. Therefore, the measured decay
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Figure 6. Spectral dispersion of the singlet-exciton lifetime. Inset: sketch
of the splitting of exciton states due to electron—hole exchange interac-
tions.

time, to a large extent, can be considered as a radiative one.
The PL decay time varies from almost a millisecond near the
bulk-Si bandgap to a microsecond for the green spectral
range. The PL decay times measured for other systems con-
taining Si nanocrystals have very similar values. A very strong
spectral dispersion of the exciton recombination time is a di-
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rect consequence of quantum-confinement effects. In smaller
nanocrystals, quantum confinement increases the emission en-
ergy and also increases the oscillator strength of radiative
transitions owing to a better overlap of electron and hole
wavefunctions and breakdown of the translational symmetry,
thus decreasing the radiative lifetime.

Study of the temporal PL behavior is important for deter-
mining the type of possible applications for which a particular
luminescent material may be appropriate. A very long exciton
lifetime is certainly a large disadvantage for light-emitting ap-
plications since the response of any device based on Si nano-
crystals would be extremely long. On the other hand, long ex-
citon lifetimes in the range 10~ to 10 s implies very efficient
storage of the energy of the electronic excitations, and there-
fore a possibility for efficient energy or charge transfer to
other substances.

4. Spin Structure of Excitons Confined in Si
Nanocrystals

The exchange interaction between electrons and holes that
have a certain mutual spin orientation can be considered to be
a very weak perturbation, and in bulk semiconductors only
weakly modifies the electronic structure of the exciton. For in-
stance, for the exciton in bulk Si, the exchange splitting energy
is about 150 peV and does not play a role in the optical transi-
tions."" Its value is strongly dependent on the spatial overlap
of the electron and hole wavefunctions. When the size of the
crystallite approaches the bulk exciton Bohr radius, a drastic
enhancement of the effect is expected. Recently, it has been
demonstrated that the electron-hole exchange interaction
plays a crucial role in the description of the basic optical prop-
erties of nanocrystal assemblies and quantum dots.”™7 In most
of these systems, the ground state of the exciton is “dark” as a
result of exchange splitting. Lifetimes of the “dark” excitons
are very long since the spin momentum of the exciton is equal
to one, or in other words, it has a triplet nature. The first experi-
mental evidence for the importance of this type of interaction
in Si nanocrystals was provided by Calcott et al.l*l and was later
confirmed by a number of different groups.®**"! The upper and
lower exciton states are assumed to be an optically active spin
singlet (§=0) and an optically passive spin triplet (S=1), re-
spectively. Although spin—orbit interaction in Si is weak, it has
been shown to play an important role in Si nanocrystals.*”) Ow-
ing to this type of interaction, there is an admixture of singlet
character in the triplet transitions and they become weakly al-
lowed.[ ] Despite the fact that this treatment of the structure
of the exciton ground level in Si nanocrystals is simplified, it ex-
plains all the experimental observations very well.*)

In Figure 7, the resonant PL spectrum measured very near
the excitation energy is shown. The spectral gap Aexcn, of the or-
der of a few millielectronvolts, between the excitation line and
the onset of emission is clearly seen. This gap can be detected in
all resonant PL spectra and its nature has been explained by
Calcott et al.[*"] Absorption takes place via the allowed singlet
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Figure 7. Resonant PL spectrum measured very near the excitation ener-
gy. The value of the spectral gap (dexcn) is indicated by a horizontal ar-
row. Left inset: sketch of exciton splitting owing to electron—hole ex-
change interactions. The spectral gap is indicated as Ae,ch. Right inset:
resonant PL spectrum; the square is the area that has been magnified.

exciton state so long as the oscillator strength of this transition
is high. At low temperatures, after a fast spin-flip process, the
exciton relaxes to the forbidden triplet state with subsequent
electron-hole annihilation (Fig. 7). This very small energy
splitting results in a strong temperature dependence of the exci-
ton lifetimes. At low temperatures (7), when kg T << Acxen, Only
the lowest triplet state is occupied and the decay time is very
long, of the order of milliseconds, due to the optically forbidden
character of this transition (kg: the Boltzmann constant). In the
other limit, when kg 7 >> Acxch, both states are equally occupied
and the transition takes place mainly from the faster singlet
state. Specifically, at room temperature, 75 % of the excitons
are permanently in the triplet state (owing to triplet multiplicity
of this state), while the exciton decay time is controlled by the
indirect singlet exciton lifetime, which is several microseconds
to several hundreds of microseconds long, depending on the
size of the Sinanocrystals. Thus, unlike all other semiconductor
nanocrystals, for Si nanocrystals, the exciton lifetime is ex-
tremely long over the entire temperature range. Since the exci-
ton lifetime is four to five orders of magnitude longer than in
other systems containing direct-bandgap semiconductor nano-
crystals or quantum dots, and since the excitons persist mainly
in the triplet state, Si nanocrystal assemblies seem to be favor-
able candidates for energy- or charge-transfer interactions.

5. Energy Transfer from Photoexcited Si
Nanocrystals to Oxygen Molecules

5.1. Main Observations
Tischler et al. have found that the photodegradation of PSi

occurs in ambient oxygen and is a result of the photo-oxida-
tion of the PSi surface, which introduces an additional non-ra-

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

\dde a3 Aq peusenob are sajo e YO ‘85N JO S9N 10} ARIq1T BUIUO 48] 1M UO (SUORIPUOD-PUR-SLLIBYWOD A8 | 1M ATe1q 1 [pUlUO//SANY) SUORIPUOD PUe SWB | 8U188S *[£202/€0/2T] Uo Ariqiauliuo A8|iM ‘(IBuUnsuz) SHomiN “iS feuolieN uendAB3 Aq 826005002 BWIPe/Z00T OT/I0p/W0d A8 1M Akeiq 1 Bul [UO//Sdny Wol) pspeojumod ‘TZ ‘S00Z ‘S60FTEST

2537

85U0|7 SUOLLILLIOD SISO 3G |



2538

_ ADVANCED

D. Kovalev and M. Fujii/Silicon Nanocrystals: Photosensitizers for Oxygen Molecules

MATERIALS

diative recombination channel, Si dangling bonds.®! This was
the first indication of the possible interaction between photo-
excited Si nanocrystals and O,. However, no distinct micro-
scopic mechanism for PSi photodegradation and photooxida-
tion was proposed. Later, Harper and Sailor reported the
quenching of PSi emission in ambient O, at room tempera-
ture, and ascribed this effect to “a mechanism involving tran-
sient non-radiative electron transfer from the luminescent
chromophore in porous Si to a weakly chemisorbed O, mole-
cule”.!®l However, they were unable to observe the character-
istic 'O, emission line and attempts to chemically trap 'O,
also gave negative results.

Recently, we have shown that, owing to the overlap of the en-
ergy levels of Si nanocrystal assemblies and O,, PSi can be suc-
cessfully employed for photosensitized singlet-oxygen genera-
tion.>>63-%1 We will start with a description of the interaction of
excitons confined in Si nanocrystals with oxygen molecules at
cryogenic temperatures. These studies allow us to monitor de-
tails of the energy-transfer process that are obscured at ele-
vated temperatures as a result of thermal broadening effects.

Figure 8 demonstrates the strong interaction of photoex-
cited Si nanocrystals with oxygen molecules. To prove the uni-
versal character of this interaction we performed experiments
with two ensembles of Si nanocrystals with different size dis-
tributions, and therefore different spectral positions for their
PL bands. The low-temperature PL spectra of PSi measured
in vacuum (Fig. 8a, dashed lines) is characterized by broad,
featureless emission bands located in the visible and near-in-
frared spectral range of the electromagnetic spectrum. This
reflects the wide bandgap distribution in the Si nanocrystal as-
semblies. These emission spectra are drastically modified by
the physisorption of oxygen molecules (Fig. 8a, solid lines).
Both emission bands are quenched and the spectra exhibit
fine structure. Complete PL suppression is observed at ener-
gies above 1.63 eV (indicated by a vertical dotted line), which
coincides with the 'Y state excitation energy. Desorption of
oxygen molecules leads to a complete recovery of the initial
emission properties of PSi, which indicates the reversibility of
the quenching mechanism. Direct proof for the generation of
10, is the detection of light emission during its relaxation to
the *Z ground state of O,. Fast relaxation of the 'Y state pre-
vents the experimental observation of the 'S->% transition.!!
We found that quenching of the PL is always accompanied by
the appearance of a narrow PL line at 0.98 eV (Fig. 8a, red
PL peak) resulting from the 'A-*% transition of O,, i.e., ob-
viously there is energy transfer from the annihilated excitons
to O,. This indicates that these two characteristic energies are
entirely relevant to the interacting systems, the Si nanocrystal
assembly and O,. We would like to mention here that the
'A% transition is the molecular electronic transition that is
quite possibly the most improbable in nature because it is si-
multaneously spin-, orbital angular momentum, and parity-
forbidden.”) The simple fact that this transition is clearly seen
spectroscopically in photoexcited micrometer-thick PSi layers
is evidence for the extremely high efficiency of 'O, genera-
tion.
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Figure 8. a) PL spectra of PSi in vacuum (dashed curves) and with oxy-
gen molecules adsorbed at the surface (solid curves) for two samples
that have different Si nanocrystal size distributions. Dashed lines indi-
cate energies of triplet—singlet transitions of O, T=5 K, E.,=2.54 eV.
b) Spectral dependence of the PL-quenching strength of PSi (T=5 K,
Eex=2.54 eV). Spectroscopic features, related to multiple TO-phonon
emission, are representatively labeled at two spectral positions. Energies
of the free-exciton (FE) transitions of bulk Si and the *X—'A transition of
0, ('A) are also shown by vertical dashed lines. Other vertical dashed
lines are for guidance to the eye. Inset: the second derivative of the
quenching strength curve above the *£-'% transition of O,. (Reprinted
with permission from [64]. Copyright 2004 The American Physical So-
ciety).

In the coupled systems, the triplet—singlet transitions of O,
act as mid-bandgap levels that are externally introduced to
the inhomogeneously broadened bandgap distribution of the
nanocrystal assembly. The transfer of energy from excitons
confined in Si nanocrystals to oxygen molecules is apparent
from the almost complete suppression of the PL emission
above 1.63 eV and the 'A-state emission line. Triplet-triplet
annihilation during the transfer process conserves the elec-
tronic spin. However, angular momentum conservation is only
fulfilled for energy transfer to the 'S state, whereas the *X-'A
excitation requires a change of angular momentum (AL=2),
which is forbidden in the dipole approximation. Strong cou-
pling of excitons with the ' state leads to strong PL suppres-
sion, while only partial quenching occurs for nanocrystals that
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interact weakly with the A state. Back transfer of energy from
the 'Y state to Si nanocrystals is inhibited by its fast relaxation
either to the 'A state or to the % state,['7%] whereas back en-
ergy transfer from the 'A state is impossible since its energy is
below the bandgap of bulk Si. We note that for physisorbed
oxygen molecules, the energies of the infrared 'A emission
line (0.973 eV, Fig. 8a) and of the PL onset (1.619 eV, Fig. 8a)
are lower than those known for gaseous oxygen, being 0.98
and 1.63 eV, respectively. The weak van der Waals’ interac-
tion of adsorbed oxygen molecules with Si surface atoms low-
ers the energy of the excited states of O, and slightly broadens
the transitions. Thus, optical spectroscopy allows for an accu-
rate measurement of the O, physisorption energy.

As follows from Figure 8a, the exact shape of the quenched
PL spectra is defined by a convolution of the “envelope func-
tion”, i.e., the Si nanocrystal size distribution, and the spectral
dependence of the coupling efficiency between excitons and
O,. To eliminate the influence of the size distribution on the
shape of the quenched PL spectrum, we define the strength of
quenching as the ratio of the PL intensity measured in vacu-
um to that measured under quenched conditions. To monitor
exciton coupling to the 'S state of O, a relatively weak PL
quenching level was achieved. Figure 8b demonstrates the re-
sults of this procedure. To resolve the weak spectral modula-
tion of the curve covering the energy region above the 'T
state, its second derivative was used.

The spectral dependence of the PL suppression strength al-
lows for a detailed description of the energy-transfer mecha-
nism. The strongest PL. quenching level and the most efficient
energy transfer is found for nanocrystals that have bandgap
energies that coincide with the 313 transition of O,. Since Si
nanocrystals have an indirect band structure, under ordinary
conditions they luminesce 56 meV below their bandgap
owing to the emission of momentum-conserving TO phonons
(Fig. 5). Therefore, when energy is efficiently transferred
from the exciton, an additional maximum in the quenching
strength is observed 56 meV below the energy of the *2-'T
transition. It is evident from Figure 8b that nanocrystals
whose bandgaps do not resonantly match the excitation ener-
gies of the O, singlet states participate in the energy transfer
as well. The excess exciton energy with respect to the energies
of the 'A and X states is released by the emission of phonons.
In Figure 9 the mechanism of energy transfer from excitons to
O, is sketched. Since real electronic states below the nano-
crystal bandgap are absent, energy dissipation should be gov-
erned by multiphonon emission. This process is most probable
for phonons that have the highest density of states, which in
bulk Si are TO phonons, which are almost at the centrum of
the Brillouin zone with an energy of 63 meV.[®! If the band-
gap energy of Si nanocrystals does not coincide with the exci-
tation energy of an O, singlet state plus an integer multiple of
the energy of those phonons, an additional emission of acous-
tic phonons is required for the conservation of energy. This
process has a smaller probability and the efficiency of energy
exchange is reduced. Consequently, equidistant maxima and
minima appear in the spectral dependence of the quenching
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strength, which provide experimental evidence for phonon-as-
sisted energy transfer (for clarity see Fig. 9, where the details
of the energy-transfer process are summarized). These ener-
gy-transfer resonances can be spectrally resolved due to a sin-
gularity in the phonon density of states.
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Figure 9. Sketch of the energy-level diagram of O,, and different groups
of Si nanocrystals participating in the electron-exchange process most ef-
ficiently. The principal steps occurring in the energy-transfer process are
shown. Energy exchange occurs when a photoexcited electron (indicated
by the red sphere), initially belonging to a nanocrystal, is exchanged with
a non-excited electron initially belonging to O, (indicated by the gray ar-
row). This process results in the formation of singlet O, states and com-
pensation of the holes confined in Si nanocrystals. Participation of a
number of energy-conserving TO phonons is indicated by blue vertical ar-
rows. The momentum-conserving TO phonon is marked by a light-blue
arrow.

5.2. Mechanism of Energy Transfer

Basically, dipole-dipole (Forster transfer)[gl or direct-elec-
tron-exchange (Dexter transfer)[w] coupling can account for
energy transfer from excitons confined in Si nanocrystals to
O,. Since long-range multipole interaction is based on opti-
cally allowed transitions of the donor and acceptor, it is un-
likely to be applied to the triplet—triplet annihilation of exci-
tons and O, followed by singlet-oxygen creation. However, in
the electron-exchange mechanism these spin restrictions are
lifted, and triplet-exciton annihilation accompanied by the
spin-flip excitation of an oxygen molecule is an allowed pro-
cess.® The energy-transfer rate is defined by the spatial over-
lap of the electronic wavefunctions of the interacting species
and depends exponentially on the donor—acceptor distance.!'”
The advantage of our system is that a controlled variation of
the donor-acceptor separation is possible by modification
of the nanocrystal surfaces.

The surfaces of nanocrystals play a key role in virtually all of
their properties, from light emission to solubility of nanocrys-
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tals in water. Specifically for Si nanocrystals, three completely
different types of surfaces can be realized. As-prepared PSi
has a H-terminated surface (see vibrational modes of the
Si—H bond, inset to Fig. 10a, solid line). Thermal annealing of
PSi in air at temperatures below 300 °C results in the incor-
poration of a monolayer of oxygen atoms back-bonded to the
surface of the nanocrystals while hydrogen atoms still remain
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Figure 10. Spectral dependence of the PL-quenching strength for
a) as-prepared and b) oxidized PSi at equal oxygen ambient pressures
(1072 mbar; 1.0 Pa). T=5 K, Ecx=2.54 eV. Inset: infrared absorption spec-
tra showing the Si—H bond in PSi. Solid line: as-prepared, H-terminated
PSi. Dotted line: thermally oxidized PSi containing back-bonded oxygen
at the surface of Si nanocrystals. (Reprinted with permission from [63]
and [64]. Copyright 2003 and 2004 The American Physical Society).

at the surface (hydrogen passivation of the surface is still pre-
served;"" inset to Fig. 10a, dotted line). At annealing temper-
atures above 700 °C, the surface of the nanocrystal can be com-
pletely oxidized. For Si nanocrystals that have a monolayer of
back-bonded oxygen, the increased spacing between confined
excitons and adsorbed oxygen molecules is on the order of 3 A
(double the length of the Si— O bond).”Y! A monolayer of in-
corporated oxygen also implies an additional potential barrier
for the mutual tunnelling of electrons. This critically affects
the efficiency of the electron-exchange interaction. Contrary
to strong coupling for H-terminated nanocrystals (Fig. 10a),
the PL-quenching efficiency (and electron-exchange rate) is
reduced by orders of magnitude if a thin oxide barrier is pres-
ent (Fig. 10b). We would like to note that because the transi-
tion from H-terminated to O-terminated surfaces can be
achieved smoothly via successive nanocrystal surface oxida-
tion, the photosensitizing efficiency of Si nanocrystal assem-
blies, unlike other systems, can be accurately controlled.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

5.3. Control of the Energy-Exchange Efficiency
via Electron-Spin Manipulation

For the direct electron-exchange process, mutual alignment
of the electron spins is crucial. Therefore, we have performed
additional experiments allowing for the manipulation of the
electron spins of excitons and O,. While the involved transi-
tions are spin-forbidden in isolated Si nanocrystals and oxy-
gen molecules, they become allowed through the exchange in-
teraction. For the energy transfer to occur, the exchanged
electrons must have opposite mutual spin orientation. To
demonstrate the influence of spin statistics on the energy-
transfer rate, we measured the magnetic-field dependence of
the PL-quenching efficiency (Fig. 11). If no magnetic field is
present, the energy levels of the triplet excitons and the triplet
ground state of O, are threefold degenerate and populated
with equal probability. Thus, the spin requirements are ful-
filled for all the excitons and all the oxygen molecules, and
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Figure 11. Quenched PL spectrum of PSi at various magnetic fields.
T=4.2 K, E,,=2.54 eV. Inset: Zeeman splitting of the triplet exciton state
and the *X triplet ground state of molecular oxygen. The spin orienta-
tions for electrons in the lowest lying levels are indicated by arrows. Ener-
gy transfer from exciton to the ground state of O, via electron exchange
between these states is prohibited due to their parallel spin alignment.
(Reprinted with permission from [64]. Copyright 2003 The American
Physical Society).

energy transfer occurs most efficiently. A magnetic field intro-
duces a common quantization axis for the spins and the de-
generacy is lifted (inset to Fig. 11). Raising the magnetic field
increases the Zeeman splitting (4E)!**"

AEZ = g,uBH (gexciton -~ goxygen -~ 2) (1)

and the occupation number of the thermally populated higher
lying states decreases. Here, g is the g-factor, up is the Bohr
magneton, and H is the magnetic field. At low temperatures,
a magnetic field results in the preferential occupation of
“spin-down” states for both O, and excitons, while, to realize
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energy exchange, “spin-up states” are required (see sketch in
Fig. 11). For magnetic fields of 10 T and temperatures below
10 K, the relevant energies

kBT”‘AEz"‘l meV (2)

are comparable and a significant reduction of the PL quench-
ing, i.e., energy-exchange efficiency, is observed. In the limit
of T=0 K, energy exchange between excitons and O, would
be completely prohibited in the presence of an external mag-
netic field. Thus, remarkably, a very small magnetic energy
(~1 meV) can efficiently control energy-exchange processes
on a scale of electronvolts by aligning the spins of the interact-
ing species.

5.4. Energy Transfer at Elevated Temperatures

Spectroscopic experiments at cryogenic temperatures allow
clarification of the details of the energy-transfer mechanism.
However, this is mostly of academic interest. Of more practi-
cal interest is the generation of singlet O, at elevated tem-
peratures, owing to the role played by singlet O, in photo-
chemical reactions and biology/medicine.'***"! Figure 12
shows the strength of PL quenching obtained by dividing the
intensities of PL spectra taken in vacuum by those in ambi-
ent oxygen gas at 150 and 295 K. Unlike at cryogenic tem-
peratures, conditions for optimal exciton—-O, interaction are
not fulfilled. A small spatial separation is realized only dur-

Strength of PL Quenching

13 14 15 16 17 1.8 1.9 20 21 2.2
Energy [eV]

Figure 12. Spectral dependence of the quenching strength of PSi emis-
sion in ambient oxygen gas. a) T=150 K, b) T=295 K, O, pressure is
1 bar, E,=2.54 eV. The energy positions of the O, dimer transitions
(2°2-2'A) and the *X-'% transition are indicated. Inset: schematic illus-
tration of spin-conserving electron exchange between two X states.
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ing the short time of collisions between oxygen molecules
and the nanocrystal surface. Additionally, the exciton life-
time and the occupation number of the spin-triplet state of
the exciton decreases with increasing temperature.”>! There-
fore, a weaker PL suppression that scales with the collision
rate, i.e., the gas pressure, is obtained, and energy transfer to
the ' state is seen as a relatively broad spectral resonance.
At an intermediate temperature, 7=150 K, a second spectral
feature in the spectral region of ~1.75-1.95 eV is observed,
which becomes more pronounced with increasing oxygen
concentration (Fig. 12a). We attribute this to energy transfer
from excitons confined in Si nanocrystals to O, dimers (si-
multaneous excitation of two neighboring oxygen mole-
cules). The O, dimer is known to be a complex of ground-
state oxygen molecules induced by weak van der Waals’
interaction.””! The discrete electronic transition for O,
dimers, corresponding to 2 x ('-'A) energy, should occur at
~1.95 eV (indicated by arrow), and is thermally and colli-
sionally broadened in the gas phase."!! Excitation of the O,
dimer involves spin-conserving electron exchange among the
two T states, whereas the exciton provides the energy to ac-
tivate the process. Consequently, the PL of PSi is quenched
in the considered spectral range, and according to our obser-
vations, energy transfer to the dimer state is enhanced at
higher pressures due to an increased probability for O,
dimer formation. As a result of thermal dissociation of
the complex (dissociation energy of the O, dimer is
~10 meV),mJ a continuous decrease of the dimer-related
quenching band is observed when the temperature is in-
creased. For temperatures higher than 250 K, energy transfer
to the O, dimer cannot be resolved spectroscopically. We
would like to note that the efficiency of singlet-O, genera-
tion is usually defined as the ratio of the number of incident
photons to the number of generated singlet-oxygen mole-
cules. Direct excitation of O, dimers implies that one
photon, in general, can create two singlet-oxygen molecules.
Therefore, theoretically, 'O, generation efficiency in our sys-
tem can exceed 100 %.

The most important parameter for any system capable of
producing singlet oxygen is its efficiency at room temperature.
As we have already mentioned, each exciton that is lost from
the light emission process necessarily produces a singlet-oxy-
gen molecule. The PL suppression level measured in the pres-
ence of ambient O, at 1 bar is shown in Figure 12b. Thermal-
broadening effects do not allow for clear observation of the
fine details of the energy-transfer process, but again, excitons
that have energies in the vicinity of the *£-'Y transition most
efficiently excite O,. The suppression of the PL intensity at
room temperature is equal to 9, which implies that nearly
90 % of the photoexcited excitons transfer their energy to
oxygen molecules. This allows us to estimate the generation
rate of singlet O, at room temperature in the pores of PSi. At
ambient O, pressure and 1 Wem™ excitation intensity, the
generation rate is calculated to be ~5x 10* (singlet-oxygen
molecules) cm™s ™.
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5.5. Singlet-Oxygen Generation in Liquids

For many practical applications of singlet oxygen, its gen-
eration in liquids at room temperature is required. One of the
standard methods to detect singlet oxygen in liquid is to use
a biochemical trap (singlet-oxygen acceptor) and to analyze a
specific reaction product or monitor the decrease in the ac-
ceptor material. Typical biochemical traps are cholesterol,
1,3-diphenylisobenzofuran, p-nitrosodimethylalanine, sodium
azide, etc.[78.66.7576] However, these provide only indirect evi-
dence. Direct evidence of singlet-oxygen generation in solu-
tions can only be obtained via detection of the PL line that re-
sults from the 'A to 3% transition. Fortunately, in solution,
intermolecular interactions lead to strong enhancement of the
transition probability. The radiative transition rate is three to
four orders of magnitude larger in solution than in a dilute gas
phase.m] However, in most solvents, deactivation of 'O, is ra-
diationless due to collisional electronic-vibrational energy
transfer from 'O, to an oscillator of a solvent molecule; i.e.,
the electronic excitation energy of 'O, is converted into vibra-
tional energy of the ground state of O, and a solvent mole-
cule. The most probable energy-accepting oscillators in sol-
vent molecules are their terminal atom pairs with the highest
vibrational energy (for instance O-H, C—H).[78'79] Molecules
composed of low-energy oscillators such as C-F and C-Cl act
as poor quenchers whereas those with high-energy oscillators
such as O-H and C-H are strong quenchers. In fact, the life-
time of singlet oxygen in the lowest excited state, 'O, (‘A),
varies over a wide range, from 4 ps to 100 ms, depending on
the type of solution.®”) Therefore, to obtain reliable PL
data, solvents consisting of poor quenchers must be chosen.
The other important selection criterion for the solvent is that
it should not quench the luminescence of Si nanocrystals.
Hexafluorobenzene (C¢Fg) is a molecule that fulfils all these
conditions. The singlet-oxygen lifetime in CgFg is about
21 ms,””! which is about three orders of magnitude longer than
that in benzene and four orders of magnitude longer than that
in water.”l A schematic illustration of the experimental setup
employed to detect singlet-oxygen generation in solution is
sketched in the inset to Figure 13. Powdered PSi that was pre-
pared via the mechanical decomposition of PSi layers in an ul-
trasound bath was placed into a quartz cell filled with CgFg.
The cell was irradiated from the front surface and the PL was
collected from the same surface.

Figure 13 shows the PL spectrum of PSi powder dispersed
in CgF¢ solution at room temperature. The broad emission
band centered at around 1.65 eV arises from the recombina-
tion of excitons in Si nanocrystals. In addition to the band, a
weak peak can be observed at around 0.975 eV. This peak dis-
appears when the solution is bubbled with N, gas, and be-
comes larger on bubbling with O, gas. This emission line can
thus be assigned to the radiative relaxation of 'O, (‘A) dis-
solved in CgFg. It is worth noting that the 0.975 eV PL is much
weaker when benzene is used as the solvent instead of CgFg.
Strong emission from 'O, ('A) is observed only when the
H-terminated PSi powder is dispersed. The 'A PL intensity for

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 13. PL spectra of PSi powder dispersed in Op-saturated (bubbling
at 1 bar of O, ambient, solid line) and O,-free (dashed line) C4Fs solu-
tion at room temperature. E.,=2.54 eV. The peak at around 0.975 eV cor-
responds to emission from singlet oxygen. The experimental setup is
shown in the inset. (Reprinted with permission from [66]. Copyright 2004
The American Physical Society).

a solution containing oxidized powder is much smaller than
for a solution containing fresh powder.[(’sl

Direct evidence for the photosensitized formation of singlet
oxygen is obtained from PL excitation spectra. In Figure 14,
the intensity of the singlet-oxygen PL is plotted as a function
of the excitation energy. We can see that singlet oxygen can
be generated by light over a broad range of wavelengths

2
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Figure 14. PL intensity of the singlet oxygen 'A—"% line as a function of
excitation energy for O,-saturated C¢Fg containing PSi powder (filled cir-
cles) and for O,-saturated Cg¢Fs without powder (open circles). T=295 K.
(Reprinted with permission from [66]. Copyright 2004 The American
Physical Society).

(700-850 nm, in this spectral range photons can penetrate rel-
atively deep into human tissue). This broad excitation spec-
trum is apparently different from that obtained for pure CgF¢
in which singlet oxygen can be generated by excitation light,
which is exactly energetically resonant with the % to 'S transi-
tion. The broad excitation spectrum thus provides direct evi-
dence for the indirect excitation of singlet oxygen by energy
transfer from Si nanocrystals.

The very broad excitation spectrum covering a part of the
near-infrared and the entire visible range of the electromag-
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netic spectrum provides a significant advantage for systems
containing Si nanocrystals in some applications. For example,
as mentioned in Section 1, the absorption maxima of dye
photosensitizers used for the photodynamic therapy of cancer
are between 630 and 700 nm. Photons in this spectral range
penetrate only a few millimeters into tissue. On the other
hand, Si nanocrystals can mediate generation of 'O, under il-
lumination by light having a longer wavelength. It may signifi-
cantly extend the applicability of photodynamic therapy if Si
nanocrystals could be used as photosensitizers of Os.

In Figure 14, in the PL excitation spectrum of a solution
containing PSi powder, a small bump can be seen at around
1.63 eV. This bump corresponds to the direct excitation of
oxygen molecules. The bump becomes more pronounced at
higher excitation power, suggesting that the excitation power
dependence is completely different for direct and indirect 'O,
excitation processes. In fact, with PSi powder, the 0, PL in-
tensity is saturated at very low excitation power. The absorp-
tion cross-section of O, is extremely small even for light of
the exact resonant energy. On the other hand, the strong satu-
ration of 'O, PL intensity for the solution containing PSi pow-
der suggests that the energy-transfer rate is so large that al-
most all the O, available in solution is converted to 'O,. The
lifetime of generated singlet oxygen can be estimated from a
decay curve of the singlet-oxygen PL. The lifetime is found to
be about 3.9 ms,® which is shorter than the literature value
(21 ms).”!! The shortening of the lifetime may result from the
collisions of singlet oxygen with the walls of porous Si pores
and the resultant non-radiative relaxation, because a majority
of the singlet oxygen is generated in the pores. Therefore, for
the practical application of Si nanocrystals as singlet-oxygen
generators, smaller grain sizes of PSi powder or Si nanocrystal
colloids are desirable.

For the application of singlet oxygen in the photodynamic
therapy of cancer, disinfection of bacteria, etc., its generation
in aqueous solution is crucial. Unfortunately, the very short
lifetime of 'O, in water (3.1 ps), due to fast non-radiative re-
laxation processes, makes the detection of PL from 102 dis-
solved in water very difficult. However, even if the PL is not de-
tected, energy transfer can be indirectly probed by monitoring
the lifetime of the exciton PL. In Figure 15, PL decay curves
detected at 1.63 eV for porous Si powder immersed in water
are shown. In O,-free solutions, the lifetime is 90 us, while in
O,-saturated solutions, it is significantly shorter (40 us). This
shortening of the lifetime is a result of energy transfer to oxy-
gen molecules dissolved in water, which is evidence for the for-
mation of singlet oxygen. Spectral dependence of the PL sup-
pression level demonstrates a broad band centered at 1.63 eV,
similar to that measured in ambient gaseous O, (Fig. 12b).

6. Conclusions

The enormous range of entirely new physical properties
afforded by size tuning of semiconductor nanocrystals has
drawn the attention of scientists from different disciplines,
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Figure 15. PL decay curves of porous Si immersed in O,-saturated (bub-
bling at 1 bar of O, ambient) and O,-free water detected at 1.63 eV
(Eget). T=295 K, Eex=3.67 €V.

from physical chemists to materials scientists and from con-
densed-matter physicists to electrical engineers. The potential
applications of these materials are now well established in the
above-mentioned disciplines. Additional emerging fields for
the application of semiconductor nanocrystals include biology
and medicine. In particular, a large amount of effort has been
directed toward making nanosilicon a biologically relevant
material.®! Si nanocrystals can be considered as chemical re-
agents, which may be dissolved in a fluid containing organic
molecules or biological objects. The generation rate of singlet
oxygen scales with the quantum yield of the photosensitizer
PL. Nanocrystal assemblies are believed to have the potential
to be ideal chromophores. Specifically for Si nanocrystals, the
luminescence quantum yield can be high if the surface chemis-
try is controlled. Controllable chemical functionalization of
Si-nanocrystal surfaces suggests that the unique electronic
properties of Si nanocrystals can be tailored in a determinable
manner.’"! However, despite surface-termination effects that
are well understood, Si nanocrystals are still not ideal chromo-
phores. On the other hand, Si-nanocrystal sensitizers can be
produced in large amounts chemically in a completely con-
trollable manner from fine Si powder. This can be achieved
without lithographic or epitaxial techniques, which are the
conventional methods for realizing semiconductor nanostruc-
tures. From the point of view of practical applications, espe-
cially in medicine, Si nanocrystals in colloidal form should act
in a similar way to conventional dye molecules. Finally, we be-
lieve that this research represents a step towards functional-
ization of the most commercially used semiconductor for
chemical, biological, and medical applications.
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