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Generation of singlet oxygen at room temperature mediated by energy transfer
from photoexcited porous Si
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PhotoluminescencéPL) from singlet oxygen generated by energy transfer from porous Si is observed at
room temperature in an organic solvent. The evidence of the indirect excitation by energy transfer is obtained
from PL excitation spectroscopy. The excitation spectrum indicates that by using porous Si as a photosensitizer,
light of the entire visible range can be utilized for singlet oxygen generation at room temperature.
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I. INTRODUCTION The formation of singlet oxygen is evidenced by photolu-
The molecule-like electronic structure of silicofSi) minescenc&PL) measurements in the near-infrared spectral
nanocrystals—* provides them with noble functions which €9'°N where a narrow lin¢-0.98 eV due to radiative re-
have been realized so far by organic molecules. Very reldxation of the lowest excited singlet statd, to the ground
cently, Si nanocrystal assemblies, i.e., porous Si, are found f§iP/et state,”>, of oxygen molecules is detected. However,
be an efficient photosensitizer for the formation of a kind ofP€cause of the restriction of spin and angular momentum
active oxygen species, called singlet oxygé(az).% Singlet conservation rules, the oscillator strength of the transition is

oxygen representing electrically excited states of an oxyge xtrerr21e7ly irggall;fhe inlt_rinsi_c lifetime of thliekpitfite Is Yenl/
molecule is a very important material in biology and chem-10"9 (2.7 10° 5)° resulting in a very wea intensity. In

istry because it mediates important processes in modificatiofu" Previous work,® the emission from singlet oxygen was
of biological structure&8 Formation of singlet oxygen re- detected only at very low temperatures when oxygen mol-

quires the presence of light-absorbing photosensitizer wit§CU€S are condensed on the surface of Si nanocrystals. At
subsequent energy transfer of electronic excitation to motémperatures higher than the condensation temperature, i.e.,

lecular oxygen. For efficient energy transfer photosensitizers' 90 K. the emission was not detected and the formation of

must have spin-triplet excited states to satisfy the spin-s'nglet oxygen was monitored only indirectly by analyzing
conservation rule during the energy transfer proc¢esar- trggtglus enucr:lér;? ?rzethgsZtr:g?oﬁntﬁgte ;%Bé %%rg]rc;]ﬁ] .ési;n(i?g%
thermore, the lifetime of the excited triplet state should be ' :

long to enhance the probability of energy exchange. energy transfer from Si nanocrystals to oxygen molecules.

. : S . . One of the standard methods to detect singlet oxygen at
Si nanocrystals satisfy all these criteria. Excitons confmeqoom temperature is to use a biochemical t(aipglet oxy-
in Si nanocrystals exhibit two electronic states; an opticallygen acceptorand analyze a specific reaction product or

active spin-singlet state and an optically inactive spin-tripletyonitor the decrease in the amount of the acceptor material.
state which is lowered in energy. The singlet-triplet splittingTypical ~ biochemical traps are cholesterol, 1,3
increases with decreasing the nanocrystal size and is in milliiphenylisobenzofuran(DPBF), p-nitrosodimethylalanine,
electron-volt range for nanocrystals several nanometers igodium azide, et® In our previous work? we employed
diameter:™* Because of the small splitting energy, at room DPBF as a singlet oxygen acceptor. DPBF readily undergoes
temperature these states are equally populated, and thus 7%04.,4-cycloaddition reaction with singlet oxygen forming en-
of excitons reside in the threefold degenerated triplet statedoperoxides, which decompose to yield irreversible products
The lifetime of the triplet state is of the order of millisec- (1,2-dibenzoylbenzeneThis process can be monitored by
onds, while that of the singlet state is 10—1081-*Atroom  the decrease in the intensity of the absorption band of DPBF
temperature excitons persist in the triplet state on a timeentered at 416 n#:*> We have studied the absorption
scale comparable to the lifetime of the singlet sfate. spectra of DPBF-dissolved solution containing porous Si
From detailed optical studies of the system consisting opowder under light irradiation and demonstrated that porous
porous Si and oxygen molecules, it has been demonstratesl acts as a photosensitizer for singlet oxygen generation in
that the triplet exciton in Si nanocrystals plays the same rolsolution at room temperatuté,
as a triplet-excited state of dye molecules. Singlet oxygen is However, these are indirect evidences and there still re-
generated by exactly the same mechanism, i.e., energy transains a room to dispute whether singlet oxygen is really
fer is realized by electron exchange between the triplet exgenerated by energy transfer from Si nanocrystals at room
cited state of a sensitizer to the triplet ground state of atemperature or not. Therefore, the formation at room tem-
oxygen molecule, a process known as ftriplet-tripletperature must be proved without doubt by detecting the near-
annihilation®’ infrared emission from singlet oxygen.
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Althqugh the |ntr|nlS|c rgdlatlve lifetime d{Qz in the low- 107 Pareus Bi powdar
est excited staté}0,(*A), is extremely long, intermolecular inCF
interactions lead to an enhancement of the transition'fate. ° e

The radiative transition rate is three to four orders of magni- = 10° Excitation
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a solvent molecule; electronic excitation energy’6¥, is % vr A
converted into vibrational energy of the ground state triplet k=
oxygen302(3§) and a solvent molecule. The most probable = - i_f_s
energy-accepting oscillator of a solvent molecule is its ter- { 0 pY
minal atom pairs with the highest vibrational ener@yg., I
O-H, C-H).**1>Molecules composed of low energy oscilla- 1.0 12 1.4 18 18 20
tors such as C-F and C-ClI act as poor quenchers whereas Energy (eV)
those with high energy oscillators such as O-H and C-H are
strong quenchers. In fact, the lifetime @,(*A), varies over FIG. 1. PL spectrum of porous Si dispersed igFgsolution at

a wide range, from 4s to 100 ms, depending on the kind of room temperature. The peak at around 0.975 eV corresponds to the
solution!415Therefore, to obtain reliable luminescence data,emission from singlet oxygeftA — ). Logarithmic scale is used
solvents consisting of poor quenchers should be chosen. TH@r the vertical axis. The experimental setup and the energy diagram
second important requirement on the solvent is that it shoul@f an 0xygen molecule are shown in the inset.
not quench luminescence of porous Si.

As a solvent which satisfies these requirements, we enpowder during drying. The powder was then crushed in a
ployed hexafluorobenzen&sFg). The singlet oxygen life- mortar and put into a quartz cell X 1x 4 cn?) filled with
time in the solution is about 25 msé&twhich is about three  CgFg. Oxygen was not intentionally dissolved inf. Dur-
orders of magnitude longer than that in benzé@gH;). In ing PL measurements, the solution was continuously stirred
this work, we study PL from porous Si powder dispersed inby a magnetic stirre(5X 2 mm ¢) to avoid aggregation of
CgHg. From the PL studies, we demonstrate that singlet oxythe powder. The cell was irradiated from the front surface
gen can be generated by the energy transfer from porous 8nhd the PL was collected from the same surface. Schematic

at room temperature. illustration of the experimental setup is shown in the inset of
Fig. 1. The excitation source was an Ar ion lagéb7.9,
Il. EXPERIMENTAL PROCEDURE 488.0, and 514.5 njn a continuous-wavécw) solid state

_ _ _ - laser (532 nm, or a cw Ti-sapphire lasef690—850 nm

~ As has been discussed in previous papéithie ability of  The excitation light was not focused by lens, and thus the
singlet oxygen formation depends strongly on the band gagpot size is rather largé8 mm ¢). Since the solution was
energy of Si nanocrystals comprising porous Si. The effiynddy and excitation light was strongly scattered by porous
ciency of singlet oxygen formation is the highest for nanoc-gj nowder grains, the cell was nearly uniformly irradiated.
rystals having a luminescendeand gapenergy of 1.63 €V, p| spectra were recorded by using a single monochromator
which corresponds to the energy separation of the secongyuipped with a liquid B cooled InGaAs near-infrared diode
excited singlet state of oxygen moleculeX) and the triplet array. The spectral response of the detection system was cali-
ground stat¢’); these nanocrystals can transfer resonantlyprated with the aid of a reference spectrum of a standard
their electronic excitation to oxygen molecules staying ontungsten lamp. For the time response measurements, a 480.0
the surface. If the bandgap energy is far from 1.63 eV, emisnm line of an optical parametric oscillator excited by a
sion or absorption of phonons is required during the energfrequency-tripled Nd:Yttritium—aluminum—garnet laser was
transfer process to conserve the energy. The participation @fsed as an excitation source. The pulse width, the power, and
phonons significantly reduces the energy transfer rate. the repetition frequency were 5 ns, 400/cn?, and 20 Hz,

The band gap energy of porous Si can be controlled by thgespectively. A multichannel scaler was used in obtaining
resistivity of Si wafers, the etching current density, the condecay curves. The overall time resolution of the system was
centration of hydrofluoric acid in etching solution, etdn  petter than 100 ns. All the measurements were made at room
this work, porous Si was prepared by electrochemical etchtemperature.
ing of a (100 oriented boron-doped bulk Si wafer with a
resistivity of 11—150 cm in a 55:45 by volume mixture of Ill. RESULTS AND DISCUSSION
hydrofluoric acid(46 wt % in watey and ethanol. The cur-
rent density and the etching time were 54 mAFfcand 3 h, Figure 1 shows the PL spectrum of porous Si powder
respectively. As will be shown later, porous Si prepared with(50 mg dispersed in gF solution(2 cn¥) at room tempera-
this condition exhibits a PL peak at around 1.63 eV. ture. The logarithmic scale is used for the vertical axis. The

After the electrochemical etching process, porous Si laybroad emission band centered at around 1.65 eV arises from
ers were rinsed with ethanol several times to minimize thehe radiative recombination of excitons in Si nanocrystals
amount of residual fluorine. With this preparation condition,assembling porous Si. In addition to the main PL band, a
porous Si layers crack due to capillary forces and becomeeak PL peak can be observed at around 0.975 eV. The peak
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FIG. 2. PL spectra of porous Si dispersed igFg solution at
room temperature obtained just after bubbling with dés, 5 min
after the N gas bubbling, and just after bubbling with, @Qas.

FIG. 3. PL intensity of singlet oxygen as a function of the
amount of porous Si powdéfresh(M) and oxidized(+)] dispersed
in CgFg. The intensities are obtained after subtracting a broad back-

. . . . _ground signal from defects in porous Si. PL spectra are shown in
is very similar to that previously observed for porous Si atihe inset.

cryogenic temperatures when oxygen molecules are
adsorbed:® In Fig. 2, PL spectra obtained after bubbling the much smaller than that containing fresh powder.
solution with N, or O, gas are shown. In the spectrum mea-  Another direct evidence of the photosensitized formation
sured just after Blgas bubbling, the 0.975 eV peak is miss- of singlet oxygen is obtained from PL excitation spectros-
ing, and it starts to appear several minutes after the bubblingopy. In Fig. 4a), PL spectra excited at different photon
The peak becomes much larger when the solution is bubbleghergies are plotted. In Fig(l®), the intensity of the singlet
with O, gas. Thus, the 0.975 eV peak can be assigned to thexygen PL obtained by subtracting the broad background PL
radiative relaxation ofOz(lA) dissolved in GFg. It is worth  is plotted as a function of excitation enery. The excita-
noting that the 0.975 eV PL is not detected when benzengon power is fixed to 200 mW for all energies. A logarithmic
(CeHe) instead of GFg is used as solution, although the PL scale is used for the vertical axis. We can see that singlet
intensity of porous Si powder is nearly the same. Very effi-oxygen is generated by light having a broad range of ener-
cient nonradiative relaxation &Dz(lA) via energy transfer gies. This broad excitation spectrum is apparently different
to the C-H vibration of benzene may be responsible for thérom that obtained for gFg not containing porous Si powder
disappearance of the PL. [ in Fig. 4(b)]. In this case, singlet oxygen is generated by
To confirm the indirect excitation of oxygen molecules by excitation light having an energy exactly resonant to %he
the energy transfer from porous Si, PL spectra for the solu— '3 transition. The broad excitation spectrum evidences the
tion containing different amounts of porous Si powder areindirect excitation of singlet oxygen by energy transfer from
measuredinset in Fig. 3. With increasing the amount of porous Si.
powder, a broad background signal due to defect-related PL In Fig. 4(b), the increase of the intensity at higher excita-
from porous Si grows which is accompanied by the growthtion energy can be explained qualitatively by the larger ab-
of the 0.975 eV peak due &Dz(lA). In Fig. 3, the PL in- sorption coefficient of porous Si at higher energies. Further-
tensity at 0.975 eV is plotted as a function of the weight ofmore, preferential energy transfer to the second excirad
porous Si powder. To extract the intensity of the singlet oxy-state is responsible for the strong excitation energy depen-
gen PL the background PL from porous Si is subtracted. Theence. The energy transfer to the state can be made reso-
squares in Fig. 3 represent the intensity obtained for the sagiantly without the participation of phonons if the band gap
lution containing fresh hydrogen-terminated porous Si pow-energy of Si nanocrystals coincides with the— 'S transi-
der. The strong dependence of the intensity on the amount dfon energy. On the other hand, the energy transfer tdAhe
porous Si is a clear evidence that the PL is excited by energgtate is always accompanied by the emission of multiple
transfer from Si nanocrystals. phonons in Si nanocrystals to satisfy the energy conservation
Since energy transfer is mediated by electron exchangeule. Because of the requirement of phonon emission and the
the efficiency depends strongly on the surface termination ofestriction of the orbital angular momentum conservation
Si nanocrystals. Even a monolayer of oxide on the surfacdL=2 for ®3 —*A) during the energy transfer, the energy
significantly suppresses the singlet oxygen formation effitransfer rate to théA state is much smaller than that to the
ciency because the oxide layer acts as an energy barrier fOE state. The energy transfer time to the and'S states is
electron exchange® The circles in Fig. 3 represent the PL estimated to be of the order of 13 and less than s,
intensity at 0.975 eV obtained for the solution containingrespectively, at cryogenic temperatufest room tempera-
oxidized porous Si powder. The oxidation is made by im-ture, the very long energy transfer time to fhlestate results
mersing powder in distilled water for a few days. The PLin a very small energy transfer efficiency because in most
intensity for the solution containing oxidized powder is cases photoexcited electron-hole pairs recombine before

085311-3



MINORU FUJII et al. PHYSICAL REVIEW B 70, 085311(2004

7 - L 20+
Excitataion = E__ =2.33eV
6 Energy (eV) = 184
with porous 1.722 > 164 with
— . : porous
% 5 Si powder (50mg) 1222 g 141 Si powder
= : > 12 (50mg)
o 4 1.590 > _
o E_=1.62eV
A 1.550 10 10+
i (o)
z 3 1.512 o 8
S T g4
2 2 z,
3 a4 w/o porous Si powder
a1 g 2] E, =162eV
£
0 T T T T T i O T T T
0.94 0.96 0.98 1.00 1.02 0 200 400 600 800
(a) Energy (eV) Excitation Power (mW)
o FIG. 5. Excitation power dependence of singlet oxygen PL in-
- ....'° tensity for GFg containing porous Si powd€ :2.33 eV excita-
’g 109 Excitation b tion and «:1.62 eV excitatiorand not containing porous Si powder
b power .Ath oorous excited by 1.62 eV lightm).
& 200mwW (3m¢)... Si powder (50 mg) o
2 13 o® However, the emission at 1.63 eV cannot be resolved be-
= o® cause of the strong emission from porous Si.
o
» . . . . .
o ¢ In Fig. 5, the intensity of the singlet oxygen PL is plotted
B o1 .0' as a function of excitation power for the;kg solution con-
G hd taining and not containing porous Si powder. With porous Si
c w/o porous . . . .
2 Si powder powder excited by 2.33 and 1.62 eV light, the intensity satu-
c . . . . .
~ 001 rates at very low excitation power, while without porous Si
& "Uy45 150 155 160 165 170 1.75 powder, it increases nearly linearly. The absorption coeffi-
o cient of the3S — 'S transition is extremely small even for

(b) Excitation Energy (eV) resonant excitation. This results in a linear increase of the PL

intensity. On the other hand, the strong saturation of the PL
u%?r the solution containing porous Si powder suggests that
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porous Si powdefC]). Logarithmic scale is used for the vertical ©Xygen molecules are in the excited singlet state.

axis. The intensity is obtained after subtracting a broad background The lifetime of photogenerated singlet oxygen is deduced
signal from defects in porous Si. The excitation power was fixed tdfom the transient of the singlet oxygen emission. Figure 6
200 mW for all excitation energies, because PL intensity does noshows the PL decay curves. Since the singlet oxygen emis-
linearly depend on excitation power.

FIG. 4. (a) PL spectra of singlet oxygen excited at different
energies. The flat background is due to defect-related PL of poro
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transferring the energy to oxygen molecules. Therefore, only
the energy transfer to th& state is practically possible at
room temperature. This results in the rapid decrease of the
singlet oxygen formation efficiency below tHE — '3 tran-
sition energy; Si nanocrystals having the band gap energy
smaller than thé> — '3 transition energy cannot contribute

to singlet oxygen generation at room temperature. However,
we do not see a clear onset exactly at the resonant energy.
This is mainly due to thermal broadening of these states at
room temperature. In fact, quenching of the PL from porous .
Si by transferring energy to oxygen molecules occurs in a ! ik
rather wide spectral range; the full width at half maximum of 0 2 4 6
the quenched region is about 300 meV at room temperAture. Time (msec)
1 AIter bel.ng_ excited to théz. state, 02( 2) re!axes to i FIG. 6. PL decay curves detected at 0.948, 0.975, and 1.000 eV.
O2(_ A) ra(_ilatl\{ely or nonradiatively due to (io"'s'onal elec Inset: Positions of the detection energies are indicated. The curve
tronic to vibrational energy transfer fronD,(*=) to a sol-  gptained at 0.975 eV consists of the fast decay due to the defect-
vent molecule. ThéA excited state persists for a rather long related PL and the slow decay due to the singlet oxygen PL. The
time and finally relaxes to the grourfd state, resulting in  solid line is the result of the fitting of the slow component by a
the emission at 0.975 eV. The direct radiative relaxation okingle exponential function. The decay time of the slow component
the 13 state to the®S ground state may also be possible. is about 3.9 ms.
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sion line is superimposed on a broad defect-related PL bangherature. Because of the very broad absorption band of po-
the decay curves are measured at the peak of the singletus Si covering the entire visible range and a part of the
oxygen PL line(0.975 eV} and at both sides of the peak near infrared range, singlet oxygen can be generated by light
(0.948 eV and 1.000 e\V(see the inset in Fig.)6 At the  having a wide rage of energies starting from 1.5 eV. This is
detection energy of 0.975 eV, a fast and a slow decay comeertainly an advantage compared to organic photosensitizers
ponents are observed. The initial fast decay is attributed texhibiting usually a much narrower absorption band. The
the defect-related background PL, which can also be seen htetime of generated singlet oxygen is shorter than that in
detection energies of 0.948 and 1.000 eV. Thus, the slowure GFg and is probably due to the collision with pore
component corresponds to the singlet oxygen PL. The lifewalls. The collision with pore walls enhances the relaxation
time estimated by fitting the slow component by a singlerate of singlet oxygen making the extraction of generated
exponential function is about 3.9 ms. This time is shortersinglet oxygen outside pores difficult. Therefore, for practi-
than the value reported previoug®5 mg.1* A possible non-  cal application of Si nanocrystals as a singlet oxygen genera-
radiative relaxation channel responsible for the shortening ofor, smaller grain size of porous Si powder or Si colloids are
the lifetime may be the collisions of singlet oxygen with the desirable. This issue requires further study.

walls of porous Si pores where the majority of singlet oxy-

gen is generated.
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