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Si nanocrystals with dimensions of about several nanometers in
layers and powders of porous silicon (por-Si) act as photosensitiz-
ers of the generation of singlet oxygen which is a highly chemical
reactive form of molecular oxygen. The photosensitized mecha-
nism and the efficiency are investigated by means of the photolu-
minescence spectroscopy. The experimental data are discussed in
view of possible biomedical applications of por-Si.

1. Introduction

It is known that singlet oxygen (1O5), which is an excited
form of molecular oxygen (Oz), mediates important bio-
chemical processes in living organisms [1]. Some exam-
ples of the biochemical reactivity of 'Oy are lipid per-
oxidation, photohemolysis, and photodynamic therapy
(PDT) combining drug and light treatment of tumors [2].
According to the quantum mechanics, the relaxation of
singlet states back to the ground (triplet) state is “spin-
forbidden,” and, thus, 'O, is characterized by a rather
long lifetime [3], which is favorable for transferring the
excess energy to another molecule. The transferred ex-
cess energy results in a sequence of oxidation reactions,
which can be used for applications [4]. The procedure
of 'Oy generation, which is useful in biomedical appli-
cations and widely used, is a photosensitization includ-
ing a certain substance called “photosensitizer”, e.g., dye
molecules [2]. Recently, it was found that Sinanocrystals
(nc-Si) in porous silicon (por-Si) formed by the electro-
chemical method could be used to photosensitize the 1Oy
generation [5]. The observed efficient photosensitization
was explained by the energy transfer from excitons in
nc-Si to Og molecules adsorbed on the nc-Si surface [6].
This process is favorable because of the highly developed
surface (102103 m2/g) of por-Si [7] and the long radia-
tive lifetimes (107°+1073 s) of excitons confined in ne-Si
8]

The quenching of the exciton photoluminescence (PL)
of por-Si with adsorbed O5 molecules was measured to
clarify the energy transfer mechanism [6]. While the PL
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quenching is only an indirect evidence of the 'O5 forma-
tion, the direct and quantitative data can be obtained by
analyzing the radiative decay of 'Oy molecules at 0.98 eV
(1270 nm) [4, 9-12]. In fact, the 1O photosensitization
by por-Si was quantified by means of the luminescence
spectroscopy at 0.98 eV [13]. On the one hand, a lot of
the experiments on the 'Oy luminescence demonstrates
the efficient generation of 'Oy by the energy transfer
from nc-Si [14]. On the other hand, the comparison of
the 'Oy luminescence intensity for por-Si and for the
standard photosensitizers such as porphyrins indicated
the strong deactivation (quenching) of 1O molecules in
por-Si structures [15], which limits significantly the net
concentration of !0y photosensitized by por-Si [16]. The
electron paramagnetic resonance (EPR) technique can
also provide information about the 'Osconcentration in
different reactions [4]. The X-band EPR spectroscopy
of photoexcited por-Si in O2 atmosphere gave estimates
of the concentration of photosensitized 'Oy molecules
to be about 10'8+10' ecm™3 under excitation with a
photon flux of about 10'9+10%° ¢cm~2 [17, 18]. Simi-
lar results were obtained by means of the Q-band EPR
spectroscopy, which demonstrated a conversion of about
30% of Oy molecules in the singlet state upon the exci-
tation of por-Si powder in oxygen atmosphere [19]. The
10, photosensitization was observed for por-Si dispersed
in various oxygen-saturated organic and inorganic lig-
uids [13, 20, 21], as well in water [22]. Furthermore,
the biomedical experiments in wvitro demonstrated the
suppression of the cancer cell proliferation by introduc-
ing photoexcited nc-Si, which was obtained from por-Si
powder [23].

In the present paper, the basic properties of 'Oy and
the fundamental aspects of photosensitizing properties
of nc-Si are analyzed by means of the PL spectroscopy.
The experimental results are presented and discussed to
make the quantitative information about the 'O photo-
sensitization and quenching. Besides the data on physi-
cal properties of por-Si, the results of biomedical exper-
iments with por-Si are also discussed.
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2. Basic Properties of Singlet Oxygen

Molecular oxygen is among the most important sub-
stances, because it is involved in a plenty of chemical
and biochemical reactions in nature. It is known that
the ground state of Os is paramagnetic and character-
ized by the total spin equal to 1. Molecular oxygen in
the ground state is sometimes denoted as “triplet oxy-
gen,” and it is labeled as 3Oy [4]. The singlet oxygen,
which is labeled as 'O, has the total spin equal to 0.
The singlet oxygen was first observed in 1924 and then
defined as the most reactive form of molecular oxygen
(see, e.g., [24]). Several years later, the photosensitized
generation of 10y was discovered by H. Kautsky [25].
According to quantum theory, the spin configuration
of the ground energy state of O is characterized by un-
paired electrons in two different molecular orbitals lo-
cated at two different oxygen atoms, as it is schemati-
cally shown in Fig. 1. This spin configuration accounts
for the paramagnetism of Os in the ground triplet state,
which is labeled as 3%. The electronically excited states
of O4 are singlet ones, and they are characterized by the
energy excess of about 0.98 eV (1A state) and 1.63 eV
(13 state) in respect to the ground state (see Fig. 1). The
transition from 305 to 1O, requires the spin-flip process,
and the direct conversion of states via the absorption
of photons is spin-forbidden in the first approximation.
Since the photon absorption and emission are mirror-like
processes, the radiative decay lifetimes of the 'A and '%
states are extremely long: about 45 min and 7 s, respec-
tively [3]. Note that the observed lifetimes of the sin-
glet states are considerably shorter in condensed phases
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Fig. 2. A schematic presentation of the energy transfer process.
The absorbed photon energy, hv, is marked by the solid vertical
arrow. Block letters S and T denote singlet and triplet states, re-
spectively. Rpa indicates the space separation between the donor
and the acceptor

(~107% s and ~1073 s for the '3 and A states, respec-
tively) because of collisions of 1Oy with other molecules
[1]. In addition, it was found that the radiative lifetime
of the A state decreases also down to 1-8 s in solvents
such as benzene, chloroform, acetone, water, etc. [10].

The efficient method of the 'O, generation is based on
the photosensitization process [2]. This process requires
the presence of a light-absorbing substance, the photo-
sensitizer (energy donor), which initiates the processes
of energy transfer to a non-absorbing light substrate (en-
ergy acceptor), as shown schematically in Fig. 2. The ef-
ficient energy transfer from a donor to an acceptor must
be downhill. Several types of excitation energy transfer
mechanisms have been identified. The long-range pro-
cess, which involves a “dipole-dipole” interaction between
the excited singlet states of the donor and the acceptor,
is called the Forster energy transfer [26]. The transfer
efficiency depends on the spectral overlap of the donor
emission band and the acceptor absorption band, the
inverse-sixth power of the intermolecular separation, and
the relative donor-acceptor orientation. A short-range
mechanism, which is termed commonly as the Dexter
mechanism [27], is based on the direct electron exchange
between the donor and the acceptor.

The direct optical excitation is the evident but rather
inefficient method of 'Oy formation, because the opti-
cally excited electronic transitions between the ground
3] state and the singlet ones (¥ and 'A) are not al-
lowed in the first approximation [2]. Nevertheless, it
was demonstrated by Krasnovsky et al. that the direct
excitation of 'Oy in pure carbon tetrachloride via the
transition 3% — 'A could be realized under intense laser
irradiation at a wavelength of about 1270 nm. However,
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the corresponding absorption coefficient was 8 orders of
magnitude less than that for the typical photosensitizer
such as porphyrin [11].

The luminescence is the gold standard of the O, iden-
tification. As it was already mentioned, the direct opti-
cal excitation of Oy from the triplet state to the singlet
one is not allowed in the first approximation. However,
even for a free Oy molecule, the absorption lines of the
electronic transitions from the Y state to the 'A and
1Y states are observed at 1269 and 762 nm, respectively,
because of the wave function mixture and high-order pro-
cesses [3]. At high oxygen pressures when oxygen-oxygen
collisions are more probable or in liquid oxygen, the addi-
tional absorption bands are observed at 634 and 476 nm.
Energetically, these bands correspond to various combi-
nations of Oy pairs of single molecule transitions, and,
therefore, they can be assigned as simultaneous tran-
sitions in which a single photon is responsible for the
excitation of two molecules [4].

The decay time of the 'Oy luminescence in liquids,
which is actually the lifetime, 7o, of the 'A state, is
highly dependent on the medium, ranging from about
3 us in water to about 1 ms in CF3Cl 28] and up to 87
ms in CCly [10]. High values of 7o about 25-100 ms were
also observed in other solvents whose molecules did not
have hydrogen atoms such as CgFg [29]. An essentially
unambiguous test for 1Oy in aqueous systems is based on
increasing the lifetime 7ao of the phosphorescence from
3 ps in HoO to 30 us in D20 [9, 10]. According to the
recent results of Snydler et al., 7a in DoO approaches 68
ps [30]. Despite a significant increase of the lifetime in
perdeuterated solvents, the rates of reactions mediated
by 'O, are accelerated usually less than 10-fold owing to
competing quenching reactions for 'O, [11, 12]. There is
an approximate correlation between the solvent-induced
decay lifetime of 'O and the infrared absorption of the
medium near 1270 nm, suggesting that 'O, decays, by
transferring its electronic excitation energy to the vibra-
tional energy of the solvent.

3. Photosensitized Generation of Singlet
Oxygen by Si Nanocrystals

3.1. Basic properties of the electronic
excitation in por-Si

In order to clarify the mechanisms of photosensitized
generation of 'Oy by por-Si, let us firstly analyze the
basic properties of the electronic excitation in this ma-
terial. Many years ago, por-Si was invented and investi-
gated as a new morphological form of silicon formed by
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the electrochemical etching of bulk crystalline silicon (c-
Si) wafers in hydrofluoric acid solutions [31]. Now it is
known that, for substrates of lightly doped p-type c-Si
wafers, the formed por-Si is microporous, i.e. the mean
pore size is smaller than 2 nm [32]. For high pore densi-
ties, which can be achieved at a certain etching regime,
microporous por-Si consists of interconnected nc-Si with
average sizes varying from 1 to 5 nm, which depends
on the preparation conditions [7]. The quantum con-
finement for charge carriers in such small nc-Si results
in an increase of the energy gap [33]. The confinement
effect is found to be strongest for spherical clusters of
Si atoms, i.e. for smallest nc-Si with size restrictions in
three dimensions [34].

Due to the quantum confinement and the size distri-
bution of nc-Si, the effective band-gap energy of micro-
porous Si ranges typically from 1.2 eV up to 2.5 €V, as
it was theoretically shown in [35]. Experimental data of
the absorption coefficient of mesoporous por-Si demon-
strate that, for the photon energy above 3 €V, the main
contribution to the absorption is due to the transitions
above the direct gap of c¢-Si, and then the spectrum is
similar to that of ¢-Si [8]. In this spectral range, the ab-
sorption coefficient can be well described in the effective
medium approximation [36]. The shift of the absorption
curve to higher energies is due to the reduced density and
the quantum confinement in nc-Si. Only at high energies
when all crystallites are absorbing in the range of a high
density of states, this discrepancy becomes smaller and,
finally, vanishes at the energy of the direct transitions
[8]. Note that the absorption coefficient of por-Si shows
the continuous spectral dependence, which is different
from that for dyes [2]. This fact is important for the
photosensitizing properties of por-Si, which can be real-
ized under excitation in the broad spectral range above
1.4 eV [14].

While the photoluminescence (PL) of por-Si is sensi-
tive to details of the electrochemical formation and the
storage, there are unambiguous evidences of the quan-
tum confinement effect on the PL band position [32]. For
example, it is possible to tune the PL band position of
por-Si in the spectral range from 1.1 to 2.5 eV by using
different c-Si substrates and etching conditions [8]. The
PL properties of por-Si are also dependent on defects
and contaminations, which can take place on the highly
developed surface of nc-Si [32]. The influence of defect
states on the optical and electronic properties of por-Si
was confirmed by many experimental methods such as
the optical absorption spectroscopy [32, 38|, photoacous-
tics [39, 40|, and EPR [32, 42].
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Fig. 3. PL spectra of por-Si in vacuum (dashed line) and in the
presence of adsorbed oxygen molecules (solid line). Transition en-
ergies from the excited states (1A, 13) of 103 to the ground state
are indicated by dashed vertical lines. Spin configurations and
spectroscopic labeling of molecular oxygen states are shown. In-
set depicts the PL line related to the 1A — 13 transition in Os.
Temperature T" = 5 K, excitation photon energy Feoxc = 2.41 eV

[6]

The Coulomb interaction between photoexcited elec-
trons and holes in nc-Si influences strongly their ener-
gies and then the PL photon energy [35]. The attractive
Coloumb interaction for charge carriers in nc-Si results
in the formation of excitons with relatively large bind-
ing energies of about hundreds of meV, which determines
possibilities for the excitons to be stable at room temper-
ature [33, 35]. Furthermore, the exchange interaction in
an exciton can remove the spin degeneracy for the exci-
ton states. It results in two possible spin configurations
for the exciton in nc-Si, which consist of optically ac-
tive spin-singlet states and optically inactive spin-triplet
ones. The triplet exciton state is lowered in energy in
respect to the singlet state because of the electron-hole
exchange interaction [37]. Despite a small singlet-triplet
splitting being in the range from 1 to 30 meV, the main
part of excitons (75%) reside in the threefold degener-
ated triplet state even at elevated temperatures [8].

The long lifetime of the excitons in nc-Si is governed
by the indirect nature of the optical transition and the
corresponding spin selection rules. At cryogenic temper-
atures, only the triplet exciton state is occupied, and
the radiative decay proceeds on a millisecond time scale.
At room temperature, the excitons persist in the triplet
state on a time scale comparable to the radiative life-
time of singlet excitons, being 10-100 us [8]. Thus, the
electronic structure of excitons in nc-Si is very similar to
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that of dye molecules. The morphology of por-Si results
in a huge accessible internal surface area up to ~1000
m?/cm? [8], which permits a direct contact between the
whole nc-Si assembly and molecules present in the in-
terconnected pores. Therefore, por-Si meets the main
requests on a photosensitizer of the !0, generation.

3.2. Photosensitizing properties of por-Si at
cryogenic temperatures

A strong interaction of oxygen molecules with photoex-
cited nc-Si in por-Si was clearly observed at cryogenic
temperatures [5,6]. The investigated samples of por-Si
were prepared by the standard electrochemical etching
of (100)-oriented boron-doped c-Si wafers with a resistiv-
ity of 10-20 -cm in a solution of hydrofluoric acid. The
current density and the etching time were 50 mA /cm?
and 1 h, respectively. The prepared free standing por-Si
layers were dried in air for several hours. Then the pre-
pared layers were milled to get a powder assembled from
nc-Si and their agglomerates. The powder was kept in a
vacuum chamber in oil-free vacuum with a residual pres-
sure of about 107° Torr. The exciton PL spectrum of
por-Si measured in vacuum at low temperatures is char-
acterized by a broad featureless emission band located in
the visible region (dashed line in Fig. 3). The spectral
position and the bandwidth reflect the wide band-gap
distribution of the nc-Si assembly. Intrinsic defects com-
monly attributed to Si dangling bonds are responsible for
the infrared PL band below 1 eV [7]. The adsorption of
O5 on the nc-Si surface resulted in a strong suppression
of both the exciton PL and the defect PL band (solid
line in Fig. 3). The PL quenching by Oy adsorption is
maximal for the PL photon energies above 1.63 eV. The
latter value corresponds to the 3¥ — ¥ transition en-
ergy in an Os molecule. At the same time, the PL line
at 0.98 eV, which is related to the radiative transition
IA — 1%, appeared after the oxygen adsorption in por-
Si (see inset in Fig. 3). These spectroscopic data give
direct evidences of the 'O, photosensitization by por-Si.

A detailed description of the energy-transfer mecha-
nism responsible for the photosensitized generation of
1O, can be obtained from the spectral dependence of
the PL quenching strength, which can be defined as fol-
lows [6]:

Q = Ipt/IpL. (1)
Here, Ip3¢ and Ip}, are the PL intensities of por-Si in

vacuum and in oxygen ambient, respectively. The effi-
ciency of the energy transfer from excitons in nc-Si to
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O molecules can be obviously calculated by using the
following expression:

n=1-Q" (2)

The spectra of Q(hvpr,) and n(hvpr,) demonstrate
both the main maximum at 1.63 eV (Q > 1, n ~ 1)
and an additional maximum at hvpy, of about 57 meV
below the 'Y state energy, as well as numerous maxima
separated by energy of about 63 meV [6]. These max-
ima correspond to the energy transfer from nc-Si with
band gaps, which do not match resonantly the excitation
energies of the singlet states of O3. A local maximum
separated by 57 meV from the main maximum at 1.63 eV
is an evidence of the indirect radiative transition in nc-
Si, where the participation of the momentum-conserving
TO phonon with an energy of 57 €V is required [8]. The
excess of the exciton energy with respect to the energies
of the 'A and 'Y states is released by the emission of
TO phonons with an energy of 63 eV [6].

The dynamics of energy transfer can be deduced from
the PL transients of por-Si in the presence of adsorbed
Oz molecules. The energy transfer time from one Si
nanocrystal to a single Oy molecule is not accessible ex-
perimentally, since a large number of nc-Si contributes to
the PL at a certain emission energy. At low temperatures
in vacuum, the PL decay time, 7py, is approximately
equal to the radiative lifetime of excitons in nc-Si, Ty,
and it is about ~10~2 s independently on the PL photon
energy [8]. The PL quenching by the Os adsorption is
accompanied by a significant decrease of the PL decay
time, because the adsorbed Os molecules on the nc-Si
surface represent a channel for the nonradiative recom-
bination of excitons. The spectral dependence of 7pr,
follows the quenching strength spectrum. The shortest
Tp1, is observed for the nanocrystals, which transfer their
excitation most efficiently [5, 6]. Increasing the concen-
tration of adsorbed Oy molecules results in a stronger PL
quenching and the further decrease of 7pr, [7]. The time-
resolved PL studies performed with nanosecond time res-
olution confirmed this spectral behavior of the exciton
lifetimes of por-Si in oxygen ambient [22].

The average time of the energy transfer from excitons
in the nc-Si assembly to O molecules can be calculated
from the expression
T = ThL ~ Tex - (3)

In the regime of the strongest quenching, the values of
mer for the A and 'Y states are 50-100 ps and < 3 us,
respectively [6].
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Basically, the dipole-dipole interaction [26] or direct
electron exchange [27] coupling can account for the en-
ergy transfer from excitons to Os. The long-range
Coulomb interaction is efficient, when it is based on op-
tically allowed transitions of the donor and the acceptor.
Therefore, it cannot be probably applied to the triplet-
triplet annihilation of excitons and Oy followed by the
10, creation. However, for the electron exchange mech-
anism, these spin restrictions are lifted, and the triplet
exciton annihilation accompanied by the spin-flip exci-
tation of an Os molecule is the allowed process. In this
case, the energy transfer rate is defined by the spatial
overlap of the electronic wave functions of the interacting
species and depends exponentially on the donor-acceptor
distance [27]. The latter can be varied by a modifica-
tion of the nc-Si surface. Indeed, as-prepared por-Si ex-
hibits a hydrogen-terminated surface with characteristic
absorption lines of the vibrational modes of Si—H bonds
[31]. The annealing of the porous layers at 200 °C in
oxygen ambient introduces a monolayer of back-bonded
oxygen on the nc-Si surface, while the hydrogen passi-
vation of the surface is preserved. For oxidized nc-Si,
the increased spacing between confined excitons and ad-
sorbed O molecules is on the order of double the length
of the Si-O bond (~3 A). This critically affects the ef-
ficiency of the electron exchange interaction. Contrary
to a strong coupling for hydrogen-terminated nanocrys-
tals, the PL quenching efficiency is reduced by orders of
magnitude, if a thin oxide barrier is present [5].

Besides the quenched exciton PL in por-Si with ad-
sorbed O5 molecules, there are infrared PL bands related
to defects in nc-Si and radiative transitions in the pho-
tosensitized 1Oy (see Fig. 3). The relevant time scale
of the infrared PL was determined from time-resolved
measurements. Inset in Fig. 4 shows the transients of
the defect-related emission for por-Si in vacuum detected
at photon energies of 0.953 and 0.973 eV. The rise time
coincides within the response time of the used experi-
mental setup (~ 100 ns) and yields the upper limit for
the capture time of carriers to defect states [6]. The non-
exponential decay proceeds on a microsecond time scale
and does not vary with the PL photon energy. In the
presence of adsorbed Os molecules, the radiative decay
of the 'A state of 'O, is observed at a detection en-
ergy of 0.953 eV. The initial fast decay is attributed to
the defect-related PL background. The slow component
with the lifetime 74 ~ 0.5 ms accounts for the 1A — 3%
transition in Og. This lifetime is significantly shorter
that the radiative lifetime of a free O molecule (see Sec-
tion 2). The shortening of 7o can be explained by the
interaction of the 'A state of 1Oy with nc-Si. The same
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Fig. 4. Transients of the infrared PL of 1Oz (detection energy
Eget = 0.973 €V) and the defect-related PL at hvpr, = 0.953 eV
of por-Si with adsorbed Oz molecules at T" = 5 K. Inset: PL
transients of the defect-related PL of por-Si in vacuum [6]

interaction should also influence the radiative lifetime
7, of adsorbed 'Oy molecules. First, the quantum yield
N, =~ 7 x 107° of the radiative decay of the 'A state is
estimated from the integral intensity of the exciton PL
band. Then 7, =~ 7 s is obtained by using the simple
relation 7. = 7an,-. On the one hand, the obtained 7, is
much shorter than the undisturbed radiative lifetime of
about 50 min [3]. On the other hand, 7, & 7 s is close
to the radiative lifetimes of 'Oy in different solvents [12].
Therefore, por-Si acts as both the photosensitizer and a
quencher of 105.

3.3. Photosensitizing properties of por-Si at
room temperature

While the above-discussed PL experiments at cryogenic
temperatures are important to clarify details of the pho-
tosensitization of 'Oy by por-Si, the 'Oy generation at
room temperature is of most practical interest. Contrary
to cryogenic temperatures, the optimal interaction con-
ditions for nc-Si/Oq system are not fulfilled at elevated
temperatures. Because of the thermally activated des-
orption, a small spatial separation is realized only during
a short time of collisions between Osmolecules and the
nc-Si surface. Additionally, the exciton lifetime and the
occupation number of the spin-triplet state of the exci-
ton decrease with rising temperature [36]. This results in
a weaker PL quenching, which scales with the collision
rate, i.e., the gas pressure [6], and in a broad spectral
resonance of the energy transfer to the !> state as it
is shown in Fig. 5. The corresponding spectrum of 7
is presented in the inset in Fig. 5. On the one hand,
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Fig. 5. Spectra of the room-temperature PL of por-Si in vacuum
(1), in oxygen ambient at p = 760 Torr (2), and just after evacu-
ation (38). Inset shows the spectral dependence of the efficiency of
energy transfer

the maximal value of n = 0.7, which occurs at 1.63 eV,
indicates the rather efficient energy transfer from exci-
tons in nc-Si with resonant energies to Osmolecules. On
the other hand, the spectrally averaged efficiency of the
energy transfer for por-Si, which can be obtained by the
simple integration of n(hvpr,), does not exceed 0.5. Tak-
ing into account that the quantum efficiency of the ex-
citon PL is typically smaller 10%, one can estimate the
quantum efficiency of the 'O, generation at room tem-
perature to be lower 5%.

The dependence of the 'O, generation efficiency on
the O ambient pressure at room temperature is well de-
scribed within the Langmuir approach for the molecule
adsorption [43]. Figure 6 shows the value of  measured
at 1.63 eV for a por-Si powder in the molecular oxygen
atmosphere as a function of the Os pressure. The exper-
imental data are fitted by the expression

Mo
=, 4
K 1+po/p )

where 79 is the energy transfer efficiency, which corre-
sponds to one monolayer of adsorbed oxygen molecules,
p is the oxygen pressure, pg is the pressure, which corre-
sponds to a half monolayer coverage of the nc-Si surface.
The best fit of the experimental data in Fig. 6 gives the
parameter pg = 200 Torr. In the entire pressure range,
a decrease of the temperature increases the mean num-
ber of adsorbed molecules and enhances the efficiency
of energy transfer [6, 41]. The steady state concentra-
tion of 'Oy is a product of its generation rate and the
collision-related deactivation rate. Because both quan-
tities are rising with the oxygen ambient pressure [4],
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Fig. 6. Dependence of the energy transfer efficiency on the oxygen
pressure for por-Si at room temperature. The experimental data
(squares) are calculated by using Egs. (1) and (2) from the PL
intensities at 1.63 eV [42]. The fit (solid line) is obtained by using
Eq. (4)

there is the optimal p, to achieve the maximal steady
state concentration of 1Oy [6]. The good agreement be-
tween the experimental data and the Langmuir model
indicates that the amount of photosensitized singlet oxy-
gen is almost proportional of the number of adsorbed
oxygen molecules. This fact has to be taken into ac-
count for different applications of the photosensitizing
properties of por-Si.

Besides the characteristic energy of about 1.63 eV (the
13 — 3% transition energy in O2 molecules), the spec-
trally selective quenching of the PL intensity of por-Si
can demonstrate an additional maximum at a photon
energy of about 2-2.2 €V (see the inset in Fig. 5). The
high-energy quenching maximum is usually observed for
por-Si samples with a broad distribution of nc-Si sizes
and surface conditions, e.g. for por-Si powders obtained
by the mechanical grinding of por-Si films or by the stain
etching of a polycrystalline Si powder [14]. The origin
of the high energy quenching can be related to the for-
mation of superoxide radicals, i.e. O3 [6]. There are no
unambiguous evidences of this characteristic energy of
the O, formation. But the latter process is known to
be more energy consumed than the 'O, generation (see
Refs. [3, 4]). The PL quenching at 2-2.2 €V can be also
explained by the charging of nc-Si due to the O; forma-
tion on the nc-Si surface. The positively charged volume
of nec-Si results in an increase of the nonradiative Auger
recombination [6].

Additional information about the 'O, photosensitiza-
tion at room temperature is obtained from the PL tran-
sient measurements. Figure 7 presents several PL tran-
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Fig. 7. Transients of the room-temperature PL at 1.63 eV of por-Si
in vacuum (1), in oxygen ambient at p = 760 Torr (2) and just
after evacuation (38)

sients of por-Si in gaseous oxygen ambient [40]|. The PL
transients are not actually monoexponential. However,
for longer times (typically, > 50 us after the excitation
laser pulse), they can be well fitted by the monoexpo-
nential function as follows:

Ipy(t) = Ipr(0) exp(—t/7pL), (5)

where 7py, is the PL lifetime, and Ipy,(0) is the PL inten-
sity just after the excitation. The values of 7py, for the
samples in vacuum are found to be within a microsec-
ond time interval, which is in good agreement with the
singlet lifetimes of excitons in nc-Si [8, 34].

The admission of Oy causes a decrease of 7py, (see
Fig. 7), and this effect is stronger at higher oxygen pres-
sures (see Fig. 8). The strongest lifetime shortening oc-
curs at a PL energy of 1.6 eV, which correlates with the
spectral maximum of the PL intensity quenching. The
PL lifetime shortening after the oxygen adsorption was
nearly reversible at low oxygen pressures [41]. The en-
ergy transfer time can be obtained from the PL decay
times by applying Eq. (3), where 7ox has to be substi-
tuted by 7py, in vacuum. Figure 8 shows that 7py, de-
creases strongly with increasing the pressure of oxygen,
while 7p1, in vacuum does not sensitive to previous ad-
missions of oxygen. These data indicate that the sin-
glet oxygen-induced defect formation results mainly in
a decrease of the number of luminescent nc-Si. This
can be understood taking into account the short lifetime
(< 1 ps) of the nonradiative recombination of photoex-
cited charge carriers in nc-Si with dangling bonds [32].

At room temperature, the infrared PL of por-Si in oxy-
gen ambient can also give important information about
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Fig. 8. Dependences of the PL lifetime, which is estimated from
the PL transients by fitting with Eq. (5), of por-Si in oxygen
atmosphere (1) and in vacuum just after the evacuation (2) vs the
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Fig. 9. PL spectra of por-Si measured in vacuum (lowest curve)
and in oxygen atmosphere at p = 760 Torr for different times
after the illumination (indicated near the corresponding curves).
Accumulation time of the PL signal was 30 s. Fexc = 2.33 €V,
Ioxe = 0.1 W/cm?, T = 300 K [16]

the photosensitized generation of 'Oy, as it was demon-
strated above at low temperatures (see Section 3.2).
Since the radiative transitions in 'Oy molecules are char-
acterized by an extremely low probability, the experi-
mental observation of the ' Oyphosphorescence at 0.98 eV
requires a very sensitive detection system and is possible
only for por-Si with rather efficient both the exciton PL
and the generation of 1Oy. It can be realized for highly
porous samples of por-Si with well-passivated surfaces
of nc-Si [16]. Figure 9 shows the infrared PL spectra
of such por-Si in oxygen atmosphere. The PL spectrum
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Fig. 10. Time-dependent intensities of the defect-related PL at
0.94-0.95 eV (I4, black triangles) and the 'Oy luminescence at
0.98 €V (Ioxy, open triangles) under excitation at a photon energy
of 2.33 eV and an intensity of 0.1 W/cm? at T = 300 K

for por-Si in vacuum shows a featureless emission band
related to defect states such as Si dangling bonds (DBs)
in the band gap of nc-Si (see, e.g., [7, 32]). The PL line
of the 'O5 phosphorescence at 0.98 eV appears just after
the admission of Oy to por-Si. For several minutes af-
ter the Oy admission, the 'O, phosphorescence intensity
decreases, while the intensity of the defect-related band
increases, as it is shown in Fig. 9. The relative intensity
of the 'O, phosphorescence intensity was found to de-
crease in the por-Si samples subjected to the mechanical
grinding, which resulted in increasing the PL intensity
of the defect-related band [16].

Figure 10 shows the temporal dependences of the in-
tensities of 'Oy phosphorescence, oy, at 0.98 eV and
defect-related PL, Iy, at 0.94-0.95 eV for por-Si pho-
toexcitated at room temperature. The obtained results
indicate the formation of new defect states on nc-Si sur-
faces due to the photosensitized generation of 'Oy [16].
The most probable reason for the defect formation is
the photo-induced oxidation of nc-Si, which is stimulated
by 'O, and accompanied by the irreversible quenching
of the exciton PL [43]. The latter process induces de-
creasing the 'O, photosensitization efficiency. Then the
10, phosphorescence intensity drops down (see Fig. 10).
Therefore, por-Si acts as both the photosensitizer and
the quencher of 'Oy. From the comparison of yields
of the 10, phosphorescence and the exciton emission of
por-Si, the 'Oy lifetime 74 ~ 15 ms was estimated in
por-Si at room temperature at p = 760 Torr [16]. On the
one hand, the estimated lifetime of 1Oy is significantly
shorter than the radiative lifetime of 1O5 in at p = 760
Torr. On the other hand, 7o &~ 15 ms is larger than the
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Fig. 11. Spectra of the room-temperature PL of por-Si in water
without (1) and with dissolved oxygen at p = 760 Torr (2) and just
after the O2 degassing (3). Inset shows the spectral dependence
of the efficiency of energy transfer

lifetime of 1Oy in water (3 us) or in biological systems
(< 1 ps) [9-12]. This fact implies that por-Si can be
considered as the 'Oy photosensitizer in biosystems.

3.4. Photosensitization in liquids

The standard method to detect 'Oy in solutions is to
use biochemical traps (scavengers) and to analyze the
specific reactions induced by 'Os,. Typical biochem-
ical traps are cholesterol, 1,3-diphenylisobenzofuran
(DPBF), sodium azide, ete. [1, 4]. DPBF was em-
ployed as a scavenger of 'O, photosensitized by por-Si
[13]. The obtained results demonstrated the Oy forma-
tion via the photosensitization by por-Si. The photolu-
minescence (phosphorescence) at 0.98 eV from 'O, gen-
erated by the energy transfer from por-Si was observed
at room temperature in CgFg solution (7o = 25 ms)
[20]. Besides the broad PL band of excitons at 1.6 eV,
the PL spectrum of a por-Si powder in a CgFg solution
after the saturation with oxygen consisted of the 'O,
(*A) emission line. The latter was not detected when
the benzene (CgHg) instead of CgFg was used as a solu-
tion, also the intensity of the exciton PL was nearly the
same. The very efficient nonradiative relaxation of the
LA state via the energy transfer to the C-H vibration of
benzene is responsible for the disappearance of the 10,
emission line. The photosensitized generation of '3 in
Cg¢Fg was observable under the excitation by light with a
broad range of photon energies [20]. This spectral range,
which is obviously determined by the absorption coeffi-
cient of por-Si, evidences the indirect excitation of 'Oy
by the energy transfer from nc-Si. The broad excitation
spectrum of the 'Oy luminescence is apparently differ-
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ent from that obtained for CgFg not containing por-Si.
In this case, 'Oy is generated under the excitation at
the photon energy, which is resonant to the 3% — 1%
transition energy in Os.

For biomedical applications of singlet oxygen, its gen-
eration in oxygen-containing aqueous solutions is re-
quired. Unfortunately, the fast nonradiative relaxation
of 1O, in water (see Section 2) makes practically impossi-
ble to detect the 'O, luminescence in aqueous solutions.
In this case, the 'O, photosensitization can be indirectly
probed by monitoring the intensity and the lifetime of
the exciton PL of por-Si. Figure 11 shows the typical PL
spectra of a por-Si powder dispersed in oxygen-saturated
water and in water after the Oy degassing. Similarly to
the gaseous ambient (see Fig. 5), Oq dissolved in water
causes the spectrally selective PL quenching (inset in
Fig. 11). Although the PL quenching strength in water
is weaker, its spectral shape is similar to that measured
in gaseous Oy ambient. Note that the relative contribu-
tion of the high-energy quenching at 2-2.2 €V is stronger
for por-Si in water than in the case of gaseous ambient
(compare insets in Figs. 5 and 11). This implies that
the nc-Si charging or/and O formation is more efficient
in the presence of polar molecules of water, which can
decrease barriers for the charge trapping on the nc-Si
surface.

The lifetime of the exciton PL of por-Si dispersed in
water was found to decrease after the saturation of the
solution by Oy (see Fig. 12). The energy transfer times
can be determined from transients of the exciton PL fol-
lowing the procedure described by Eq. (3). The spec-
tral dependence of the energy transfer time is similar to
that observed for por-Si in gaseous oxygen ambient. A
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slightly longer energy transfer time correlates with the
weaker quenching of the PL intensity of por-Si in water
than that in gaseous Os. This fact indicates an influ-
ence of water molecules on the exciton recombination
and/or energy transfer from excitons to Oz molecules.
Indeed, the energy transfer is mostly efficient for nc-Si
with hydrogenated (H-terminated) surfaces, which are
hydrophobic [32]. Therefore, por-Si dispersed in water
should be partially oxidized, which results in decreasing
the 1O, photosensitization efficiency [6].

The oxidation of nc-Si in por-Si dispersed in water or
aqueous solutions seems to be the main limiting factor
to achieve the stable and efficient photosensitization of
the Oy generation. The oxidation process can be also
enhanced by 'O, photosensitized by por-Si [16, 43]. In
order to overcome this serious limitation for the appli-
cation of por-Si as an efficient photosensitizer of 105,
special procedures of controllable oxidation and/or sur-
face modification of nc-Si are probably required. This
can be done, for example, by using the rapid thermal
annealing or laser irradiation. In fact, nearly spherical
colloidal nc-Si with a mean size of 2.4 nm obtained by
the femtosecond laser ablation in heavy water was found
to be an efficient photosensitizer of the 1Oy generation
in water. The 'Oy light emission at 1270 nm was ob-
served in a colloidal solution of ablated nc-Si [45]. The
measured lifetime of about 28 us is only twice shorter
than 7o in pure D5O. This means that the quenching
of 10y was not very efficient in the prepared solution.
Moreover, nc-Si subjected to a 532-nm pulsed laser ir-
radiation for 1 h at 200 mW /cm? did not show signs of
the photobleaching of the 'Oy generation, providing a
decisive advantage over conventional organic photosen-
sitizers [45].

4. Biomedical Applications of the Singlet
Oxygen Formation by Por-Si

The above-discussed efficient photosensitization of 1O,
by nc-Si in various media stimulates experiments on the
biomedical verification of the expected photodynamic
action. It was found that a photoexcited por-Si powder
could suppress the proliferation (permanent division) of
cancer cells [23, 46]. For these biomedical experiments,
nc-Si was prepared by using the conventional method
of electrochemical etching of c¢-Si wafers in hydrofluoric
acid solutions [7, 8]. The obtained free-standing por-Si
films were dried in air and then milled to get a powder
with the maximal grain size of the order of 10 microns.
According to the Raman scattering data, the mean sizes
of nc-Si in the initial por-Si layers and in the powder
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formed from them were about 3—-4 nm. Then the por-Si
powder was dispersed in pure water bubbled with oxygen
to get a homogeneous aqueous suspension. The dry pow-
der was investigated in vacuum and in gaseous oxygen
ambient under the excitation by a nitrogen-laser radia-
tion at a wavelength of 337 nm. It was found that the
exciton PL intensity of nc-Si in oxygen-saturated water
decreases by a factor of 1.5-2 in comparison with that
in oxygen-free water (or in vacuum).

Additional information on the 'O, photosensitization
efficiency was obtained by analyzing the PL transients
at 1.63 eV of nc-Si excited by laser pulses. The relax-
ation time of the exponential part of the PL transients
in a solution without Oy was Tex & 85 us, which is close
to the natural radiative lifetime of excitons confined in
nc-Si (see Section 2). The saturation of the solution
with gaseous Oy at a pressure of 760 Torr leads to a
decrease in the PL dacay time to 7o ~ 50 us. The ra-
tio Tex/™> =~ 1.6 is close to the measured PL quench-
ing. These observations indicate that the decrease of
the PL lifetime of nc-Si in oxygen-saturated suspensions
was caused by the photosensitized generation of 1Os.

The biomedical experiments in vitro were carried out
by using cancer cells of 3T3 NIH (mouse fibroblast)
grown by the standard procedure of their sub cultivation
in the Dulbecco-modified Eagle’s medium using 96-well
plates or dishes. The cells were cultivated during 1.5
days, and then the medium was replaced by a fresh nu-
trient solution with various concentrations of nc-Si. One
part of the wells was illuminated by a mercury lamp, an-
other part was kept in darkness, and some cells were used
for control (without nec-Si and illumination). The in-
hibitory or lethal effect of the illumination was obtained
by measuring the cell quantity in the non-illuminated
and illuminated wells per cells quantity in the control
wells in which the nc-Si suspension was not added. For
this purpose, the method of cells staining by crystal vi-
olet was used. Additionally, the cell cycle analysis was
performed by using a flow cytofluorimeter [46].

Dependence of the cancer cell number (relative to the
control) as a function of the concentration of a por-Si
powder in the solution is given in Fig. 13. The num-
ber of survived cells after the irradiation in the growth
medium with a por-Si concentration of about 0.5 g/1 de-
creases strongly as compared to that in the reference
group. The death of 80% of cells was detected for the
concentration higher 2 g/l. At the same time, the effect
of por-Si was almost absent over the entire concentration
range in darkness. This fact is concerned with the 1Oy
generation under the illumination in the active solution
with dispersed nc-Si, because 'O being a strong oxidiz-
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Fig. 13. Number of cancer cells in darkness (1) and after illumi-
nation (2) vs the nc-Si concentration in nutrient solution [23]

ing substance results in both the killing of cells and the
inhibition of cell proliferation.

Figure 14 shows typical histograms of the DNA con-
tent for mouse fibroblasts kept in a nutrient solution with
dispersed nc-Si (1.5 g/1). It should be noted that cells
with the smallest DNA content (typically less than 100)
can be considered as apoptotic cells (dead due to the
apoptosis mechanism, i.e. programmed cell death [47].
One can see from Fig. 14 that the illumination of the
suspension of cells with added nc-Si leads to an increase
of the distribution peak at low DNA contents, which
demonstrates an enhancement of the apoptosis rate be-
cause of the 'O, generation.

The detected death of cancer cells occurred due likely
to the action of photosensitized active oxygen, in par-
ticular, to the oxidation of the cell substance by 'O,.
In addition, the effect of other active forms of oxygen
is also possible, e.g., superoxide (O5 ions) whose for-
mation is also possible. To reveal the particular mecha-
nisms of the interaction between photoexcited nc-Si and
biological objects, additional investigations are still re-
quired.

5. Conclusions

The experimental studies of microporous Si composed
from Si nanocrystals with sizes of several nanometers
revealed their remarkable properties to photosensitize
active molecular oxygen species such as singlet oxygen.
The photosensitization of the singlet oxygen generation
by por-Si was found to occur because of the energy
transfer from photoexcited Si nanocrystals to oxygen
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Fig. 14. Typical histograms of DNA for the cancer cells kept in
the nutrient solution with dispersed nc-Si (1.5 g/1) in darkness (1)
and after illumination (2) [46]

molecules adsorbed on the nanocrystal surfaces. The sin-
glet oxygen generation was observed for por-Si in various
gaseous and liquid ambiences. The effect of photoexcited
Si nanocrystals on the cancer cell proliferation was ob-
served in vitro. While these observations open a way for
in vivo experiments and then to possible applications of
por-Si in PDT of malignant tumors, the real progress in
this direction is still insignificant.

Main problems for the extended biomedical applica-
tion of por-Si as a singlet oxygen photosensitizer con-
cern the preparation of stable water-soluble por-Si-based
materials with a high efficiency of the singlet oxygen
generation. The recently observed biocompatibility and
biodegradability of por-Si [48, 49| have to be com-
bined with the photosensitization efficiency and modern
biomedical requirements for PDT [50]. A good indica-
tion for the ability of nc-Si prepared by the laser abla-
tion to photosensitize the efficient singlet oxygen gen-
eration was recently revealed [45]. It seems that the
recent progress in formation methods of nc-Si will result
in new interesting results of their biomedical applica-
tions.
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