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We report on a spectroscopic study of electronic energy transfer from excitons confined in silicon nanoc-
rystals to triplet ground-state oxygen molecules, being either physisorbed on the nanocrystal surface or present
in the gas phase. The broad photoluminescence spectrum of the nanocrystal assembly probes the transfer of
excitation and verifies that nonresonant energy transfer proceeds via multiphonon emission. At low tempera-
tures a small spatial separation of the interacting species and a long lifetime of triplet-state excitons provide the
strongest coupling. The energy-transfer time to the first and second excited states of molecular oxygen is in the
range of 100us and shorter than &s, respectively. Nanocrystals with a chemically modified surface are
employed to demonstrate that energy transfer is governed by direct electron exchange. Magneto-optical ex-
periments reveal the importance of the spin orientation of the exchanged electrons for the transfer rate. In the
regime of intermediate temperatures (110-250 K) the transfer of excitation to,tHém@r is resolved.
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[. INTRODUCTION conventionally used as donors. Spin-triplet states of the ex-
cited donor assure a slow decay rate. A maximum spectral
One of the most fundamental consequences of electronpverlap results from homogeneously broadened energy levels
cally coupled systems is the possibility to exchange energgoverned by the large vibrational and rotational degree of
of excitation. Although the intrinsic properties of the isolatedfreedom and collisions with solvent molecules. However,
species are well understood, an insight into the energythese broadening effects prevent clarification of the detailed
transfer mechanism due to different types of interactions igrocess of excitation transfer by means of spectroscopy.
difficult to access experimentally. Different frameworks are  The interest molecular oxyg&MO) has attracted in vari-
used to describe the energy transfer being a key process @us scientific fields, e.g., molecular physics and photochem-
various scientific fields. It is well known that deep centers inistry, stems from its particular electronic configuration
semiconductors give rise to energy levels in the forbidder{scheme, Fig. I Oxygen molecules in théS ground state
band gap and act as efficient traps for free carriers and excfsuperscript denotes the spin multipligitpossess two un-
tons. During the capturing process the energy of electronipaired electrons that are assigned to different atoms and have
excitations in the crystal is transferred to these localizedparallel spin alignment. The resulting spin-triplet state ac-
states by multiphonon emission to account for the energgounts for the paramagnetic properties and the poor chemical
difference' > Midgap states reduce the quantum yield of lu- reactivity of MO, because the formation of singlet molecules
minescence, but the phonon-assisted transfer cannot be riom triplet and singlet reactants is forbidden by the spin
solved spectroscopically due to two reasons: the initial stateselection rule. The lowest excited statéd ( '>) have sin-
are well defined by the band edges of the semiconductoglet nature and arise from an electron redistribution among
while the individual local environment of a deep center re-the orbitals and antiparallel spins. Spin and angular momen-
sults in a broad energy band of the final states. tum selection rules inhibit an efficient direct optical excita-
On the contrary, in the field of photophysics and photo-tion of the 1A and the'3 state, lying 0.98 eV and 1.63 eV
chemistry the transfer of electronic excitation is treatedabove the ground state, respectivelyhis results in long
within the concept of photosensitizatidnlf quantum- radiative lifetimes of the electric quadrupol&A(—33) and
mechanical selection rulés.g., spin, parity, and angular mo- magnetic dipole {—33) transitions in isolated oxygen
mentun) inhibit the efficient direct excitation of a substance molecules, being 50 min and 7 s, respectively.
by light, an intermediary substanddonop with optically Microporous silicon(PSj is a structural modification of
allowed transitions is employed and subsequent energy tranbulk silicon (Si), realized by electrochemical etching of Si
fer to the acceptor molecules occurs. For an efficient transfewafers. It consists of a Si nanocrystal skeleton and an inter-
of excitation a long lifetime of the donor excited state, theconnected pore network with an average structure size of
overlap of the donor and acceptor energy levels, and a small-5 nm® Due to quantum confinement effects and a distri-
spatial separation of the interacting species are essential. Tation of sizes and shapes of the Si particles, the effective
fulfill these demands organic dye molecules in solution arédband-gap energies of the nanocrystal assembly range from
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MO are experimentally accessible. The infrared emission of
the 'A—33 transition verifies the presence of oxygen mol-
ecules in the excited state, having a decay time of b60
Upon oxygen adsorption, the initially broad photolumines-
cence(PL) spectrum of PSi reveals a fine structure that evi-
dences the multiphonon emission during the transfer of ex-
citation. The strong spectral dispersion of the energy-transfer
time is in accordance with the phonon-selective transfer pro-
cess. The difference in the energy-transfer time, being in the
range of 100us and faster than &s for the*A and thelS
state, respectively, is governed by quantum-mechanical se-
lection rules. The dependence of the PL intensity of PSi on
the optical excitation power allows us to estimate the average
number of adsorbed oxygen molecules per nanocrystal. Con-

trolled modification of the surface termination shows that the
energy-transfer mechanism is governed by direct electron ex-
change. Magnetic-field experiments reveal the importance of

in the presence of adsorbed oxygen moleculsid ling). The  the spin orientation of the exchanged electrons for the trans-
spectral positions of excited statés\( !3) of MO are indicated. fer rate. At elevated temperatures the energy transfer to
Electronic-spin configurations and spectroscopic labeling of modimer states of MO and the production of singlet oxygen in
lecular oxygen states are shown. Inset: High-resolution spectrum ahe gas phase are demonstrated. The observed dependence of
the 'A state emission lineT=5 K, E.=2.41 eV. PL quenching on the oxygen gas pressure is discussed in the
framework of Langmuir-isotherm molecule adsorption.

1.12 eV up to 2.5 eV. The optical absorption-emission cycle
of Si nanocrystals is characterized by two possible spin con-
figurations of the confined exciton: an optically active spin-
singlet state and an optically inactive spin-triplet state, which PSi layers have been prepared by electrochemical etching
is lowered in energy due to the electron-hole exchange inteof (100 oriented, Boron-doped bulk Si wafers with a resis-
action. Despite a small singlet-triplet splitting being in the tivity of 50 mQ cm and 100 cm in a 1:1 by volume mixture
meV range® 75% of the excitons reside in the threefold de- of hydrofluoric acid(50 wt% in watey and ethanof. The
generated triplet state even at elevated temperatures. Tharrent density and etching time ranges from 25 mA/¢m
long lifetime of the excitons is governed by the indirect na-100 mA/cnf and from 1 to 10 min, respectively. The thick-
ture of the optical transition and the corresponding spin seness of the porous layer varies fromugn to 30 um with a
lection rules. At cryogenic temperatures only the triplet ex-mean nanocrystal size of 2—10 nm, depending on the sub-
citon state is occupied and radiative decay proceeds on strate used.A modification of the chemical composition of
millisecond time scale. At room temperature excitons persisthe surface layer of the as-prepared nanocrystals is realized
in the triplet state on a time scale comparable to the radiativby tempering the porous layers at 200 °C in oxygen ambient.
lifetime of singlet excitons, being 10-1Q0s.® Thus, the The porous layer is mounted on an optical cryostat and ex-
electronic structure of excitons in Si nanocrystals is veryperiments are performed either in vacuum or with a given
similar to that of dye molecules. The morphology of PSioxygen ambient pressure in the sample chamber. The inves-
results in a huge accessible internal surface drgato tigated temperature range is 5-300 K. In the cw PL experi-
1000 nf/cm®) that permits a direct contact between the ments the sample is excited under normal incidence using an
whole Si nanocrystal assembly and molecules present in th@r*-laser (excitation energies 2.41 eV and 2.54)edhd a
interconnected pores. Therefore, PSi meets the main requedtsmable Ti-saphire lasefexcitation energy range 1.5-1.7
on a photosensitizer concerning an efficient transfer ofV). To avoid PL saturation in ordinary PL measurements an
energy. excitation intensity less than 10 mW/éris used. Magneto-
Here we report on a spectroscopic study of the energyeptical experiments have been performed in a cryostat
transfer mechanism in a coupled binary system containing S}quipped with a superconducting solenoid that provides
nanocrystals and oxygen molecules. Its specific characterignagnetic fields up to 11 T. For excitation of the sample and
tics allow us to combine the above-mentioned concepts, ancollection of the emitted light fiber optics has been em-
a detailed, self-consistent description of the transfer procegdoyed. The dependence of the PL emission on the excitation
is obtained. Recently, we have shown that due to the overlaiptensity has been measured using optically thin samples to
of the energy levels of Si nanocrystal assemblies and MOassure homogeneous excitation of the layer in d&fime-
PSi can be successfully employed in the photosensitized simesolved measurements are carried out with a pulsed,
glet oxygen generatiohBy adsorption of oxygen molecules frequency-doubled Nd-YAGttrium aluminum garnétlaser
on the surface of Si nanoparticles electronic coupling is re{excitation energy 2.33 eV, pulse energy 1 mJ, repetition rate
alized. In this paper we want to demonstate that in this con10 Hz, pulse duration 8 ns, and spot size 5 mihe spec-
figuration all important physical quantities that determine thetrally resolved intensity of the emitted light is measured with
energy transfer from excitons confined in Si nanocrystals t@ monochromator equipped with a charge-coupled device

Energy (eV)

FIG. 1. Emission spectrum of PSi in vacuudashed lingand

Il. EXPERIMENTAL DETAILS
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(detection energy 1.3—-2.5 ¢\0r a nitrogen-cooled Ge de- ,
tector(detection energy 0.8—1.5 @VThe spectral resolution 1.0 1 z 1 .,.-'; °e
is 2 meV and all spectra are corrected on the spectral sensi— g - . o
tivity of the optical systems. Transients of the infrared and = 0.8 - £ ‘g ”~ Oo°
visible emission have been recorded by an InGaAs photo-3 E_L'é 10 ] &
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IIl. RESULTS AND DISCUSSION g 0 50 100
. c Temperature (K)
A. Energy transfer at cryogenic temperatures = 0.2
-
Figure 1 demonstrates the strong interaction of photoex-- 1
cited Si nanocrystals with oxygen molecules. The low- 0.0+ : . .

temperature PL spectrum of PSi measured in vacuum 1.2 1.4 1.6 1.8 2.0
(dashed lingis characterized by a broad, featureless emis-
sion band located in the visible region that reflects the wide
band-gap distribution of the Si nanocrystal assembly. Intrin-  FIG. 2. Temperature dependence of the PL spectrum of PSi in
sic defects, commonly attributed to unoccupied Si orbitals abxygen ambientpressure of oxygen a&=300 K is 10 2 mbar).
the surface of the nanocryst@angling bondg strongly in-  For better comparison spectra at 55 K and 5 K have been scaled by
fluence the light emission properties. They give rise to broadhe indicated multiplication factor. Inset: Integral PL intensity of the
energy levels within the band gap, and trapping of free carPSi emission abovéopen circlesand below(closed circlesthe D)
ries occurs on a submicrosecond time scale. Thus, nanocrystate as a function of temperature. Arrows indicate the temperatures
tals having dangling bonds do not contribute to the visiblewhere efficient energy transfer is activated.
PL but cause a weak infrared emission band due to a small
probability of radiative recombination at the defect sfte. Fig. D and of the PL onsel.619 eV are lower than those
These emission spectra are drastically modified by thé&nown for gaseous oxygen, being 0.98 eV and 1.63 eV, re-
physisorption of oxygen moleculéBig. 1, solid ling. Both  spectively. The weak van der Waals interaction of adsorbed
emission bands of PSi are quenched and the spectrum exhibxygen molecules with Si surface atoms lowers the energy of
its a fine structure. The spectral position of the PL quenchinghe excited states of MO and slightly broadens the transi-
onset and of the narrow infrared emission line coincide withtions.
the energies of thé>-33 and *A-33 transitions of MO(in The efficiency of the energy transfer is governed by the
the following, the terms'> state andA state refer to the number of oxygen molecules physisorbed on the surface of
energy of these transitionsThis indicates that these two Sinanocrystals as well as by the exciton lifetime. To separate
characteristic energies are entirely relevant to both systemghese two contributions to the strength of PL quenching we
the Si nanocrystal assembly and MO. Desorption of oxygemeasured its temperature dependeffeg). 2, pressure of
molecules leads to a complete recovery of the initial emisoxygen afT=300 K is 102 mbar). For temperatures above
sion properties of PSi which evidences the reversibility 0f120 K a large spatial separation between oxygen molecules
the quenching mechanism. in the gaseous state and Si nanocrystals inhibits a mutual
In the coupled system the triplet-singlet transitions of MOinteraction and the shape of the PL spectrum remains un-
play a role of midgap levels that are externally introduced tochanged. Slightly above the bulk condensation temperature
the inhomogeneously broadened band-gap distribution of thef oxygen(90 K), molecule adsorption takes place and effi-
nanocrystal assembly. The transfer of energy from excitonsient PL quenching above th€ state is observed. Signifi-
confined in Si nanocrystals to oxygen molecules is apparergant energy transfer to the weakly coupletl state requires
from the almost complete suppression of the PL emissiomdditionally a long lifetime of the exciton. At temperatures
above 1.63 eV and théA state emission linéquenching of  below 55 K the exciton lifetime increases substantially due
the infrared emission band will be discussed latdthe  to the preferential occupation of the triplet exciton stated
triplet-triplet annihilation during the transfer process con-further quenching of the whole spectrum occurs. The integral
serves the electronic spin. However, angular momentum corPL intensity of the PSi emission aboyepen circles and
servation is only fulfilled for the energy transfer to th& below (closed circlesthe 13 state as a function of tempera-
state, whereas thé> —*A excitation requires a change of ture is shown in the inset of Fig. 2. In this representation the
angular momentumXL =2). The strong coupling of th&> two distinct onsets, relevant to the adsorption of MOO K)
state results in a strong PL suppression, while partial quencland the increase of the exciton lifetime-60 K), are indi-
ing occurs for nanocrystals that interact weakly with file  cated by arrows.
state. The back transfer of energy from the state to Si To investigate the nature of the spectroscopic fine struc-
nanocrystals is inhibited by its fast relaxation either to theture, the tunable emission properties of Si nanocrystal assem-
1A state or to the®S state! whereas energy transfer from blies are employed. Different sample preparation proceflures
the 1A state is impossible since its energy is below the bandire used to vary the size distribution of the Si nanocrystal
gap of bulk Si. We note that for physisorbed oxygen theassembly and shift the luminescence energies from the band
energies of the infraredA emission line(0.973 eV, inset gap of bulk Si up to 2.2 e\(Fig. 3, dotted lines To resolve
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FIG. 3. PL spectra of PSi in vacuuidotted line$ and with Energy (eV)
adsorbed oxygen moleculésolid lineg. Substrate resistivity and
etching current density are 50(rcm, 40 mA/cnt (left emission FIG. 5. Spectral dependence of the PL quenching strength of
band and 1002 cm, 100 mA/eni (right emission band T=5 K pgj (T=5 K). Spectroscopic features, related to multiple TO-
andEgyc=2.54 eV. phonon emission, are representatively labeled at two spectral posi-

h v b He hat i | tions. Vertical dotted lines are guide for the eye. Inset: Second de-
the spectral features above t state that is strongly rivative of the quenching strength curve shown above. For

coupled t_o excitons Confin(_ad in Si nanocrystals, a yveak Pleonvenient presentation, the data has been partially scaled by the
suppression has been realized by a low concentration of aghgicated multiplication factor.

sorbed oxygen moleculdfig. 3, solid lineg. The quenched

emission spectra reveal a fine structure which is present in i

the entire probed spectral range and the features have iden- AS follows from Fig. 3, the exact shape of the “quenched
tical spectral positions for samples having different PLPL spectra is defined by the convolution of the “envelope
bands. function,” i.e., the Si nanocrystal size distribution and the

Signatures in the PL of PSi have been previously obSpectral dependence of the coupling strength between exci-
served under resonant excitatitfi® They have been as- tons and MO. To eliminate the influence of the size distribu-
signed to momentum-conserving phonons of bulk Si in-tion on the shape of the quenched PL spectrum we define the
volved in the optical transitions since their spectral positionstrength of quenching as the ratio of the PL intensity mea-
is fixed with respect to the excitation energy. The resonangured in vacuum to that measured in quenched condition.
excitation of the quenched P(Fig. 4, position of the laser Figure 5 demonstrates the results of this procedure for the
energies is shown by arrojvdemonstrates a different behav- spectra shown in Fig. 3. To resolve the weak spectral modu-
ior. The spectral positions of the features neither depend ol@tion of the curve covering the energy region above the
excitation energy nor are related to the demarcation energstate its second derivative is usgmartial scaling is used for
introduced by the'S, state of MO. They can be readily seen convenient presentation

even at excitation below the energy of thE state. The spectral dependence of the PL suppression strength
allows a detailed description of the energy-transfer mecha-

nism. Quenching is strongest for nanocrystals having band-
gap energies that coincide with tii& -3, transition of MO.
Since Si nanocrystals also luminesce 57 meV below their
bandgap due to the emission of a momentum-conserving TO
phonon® they do not contribute to the PL while transferring
the excitation. Therefore, an additional maximum in the
quenching strength is observed 57 meV below thestate
energy. It is evident from Fig. 5 that nanocrystals whose
band gaps do not match resonantly the excitation energies of
MO singlet states participate in the energy transfer as well.
] The excess of the exciton energy with respect to the energies
10%4 . of the *A and '3 states is released by the emission of
 — Equtat!onl : phonons. In Fig. 6 the mechanism of energy transfer from
1.2 1.3 1.4 1.5 1.6 1.7 1.8 excitons to MO is sketched. Since real electronic states be-
Energy (eV) low the nanocrystal band gap are absent, energy dissipation
should be governed by multiphonon emission rather than a
FIG. 4. Resonantly excited PL spectrum of PSi with oxygenphonon cascade. This process is most probable for phonons
molecules adsorbed on the Si nanocrystal surface. Spectral positicmaving the highest density of states which in bulk Si are
of the excitation is indicated by arrow$=5 K. transversal optical phonons being almost at the center of the

PL Intensity (arb. units)
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FIG. 6. Energy-level diagram of molecular oxygen and the Si

nanocrystal assembly. Principal steps of the energy-transfer process Fer' 7r dsspﬁgtlr.il )desgndg;ce d(()c]; ttr:e dPIrL1 quznd:mg stlrength of
are sketched. Direct electron excharidetted arrowsis accompa- as-prepareesoiid ine) and oxidizeddotted 1 Hat equal oxy-

nied by multiphonon emissiofsolid arrows. Electrons photoex- gen ambient pressureB=5 K. Inset: Infrared absorption spectrum

cited in Si nanocrystals are exchanged with electrons belonging t8f.tt:i)s"k|; boor|1dd|n PSI Iayetr;s:daﬁ-prepal(edlld ling) and oxidized
MO. This process results in the formation of singlet MO states and'th backbonde oxyge(dotted line.

compensation of the holes confined in Si hanocrystals. oxygen molecule is an allowed procéés?l’he energy-
transfer rate is defined by the spatial overlap of the electronic
Brillouin zone with an energy of 63 meY? If the band-gap wave functions of the interacting species and depends expo-
energy of Si nanocrystals does not coincide with the excitanentially on the donor-acceptor distarfC&lhe advantage of
tion energy of a MO singlet state plus an integer number obur system is that a controlled variation of the donor-
the energy of those phonons, the additional emission o&cceptor separation is possible by modification of the nano-
acoustical phonons is required to conserve the energy. Thigystal surfaces. As-prepared PSi exhibits a hydrogen-
process has smaller probability and the efficiency of energyerminated surface with characteristic absorption lines of the
exchange is reduced. Consequently, equidistant maxima anbrational modes of the Si-H bon@nset of Fig. 7, solid
minima in the spectral dependence of the quenching strengiime). Annealing of the porous layers at 200°C in oxygen
appear, which experimentally evidences the phonon-assisteanbient introduces a monolayer of backbonded oxygen on
energy transfet® The energy-transfer resonances can behe nanocrystal surface, while the hydrogen passivation of
spectrally resolved due to a singularity in the phonon densitghe surface is preservéd.The chemically modified sur-
of states. rounding of the Si-H bonds shifts the infrared absorption
We would like to mention that multiphonon emission canlines to larger wave numbefmset Fig. 7, dotted line For
accompany the exciton recombination in  polaroxidized Si nanocrystals the increased spacing between con-
semiconductors’ Despite strong exciton-phonon coupling fined excitons and adsorbed oxygen molecules is on the or-
the luminescence intensity of phonon replicas drops orderder of double the length of the Si-O bof® A).2® This criti-
of magnitude with an increasing number of phonons in-cally affects the efficiency of the electron exchange
volved in the exciton recombinatidfi.In Si the exciton- interaction. Contrary to a strong coupling for hydrogen-
phonon coupling is weak, but surprisingly, the simultaneougerminated nanocrysta(§ig. 7, solid ling, the PL quenching
emission of up to eight phonons during the energy transfer tefficiency is reduced by orders of magnitude if a thin oxide
the 1A and 'S state is detected with comparable probability. barrier is presentFig. 7, dotted ling and spectroscopic sig-
To clarify this observation the mechanism of energy transfenatures are only present for the resonant energy transfer to
has to be considered in detalil. the 13 state. The degree of spatial overlap of the electronic
wave functions of confined excitons and physisorbed MO
depends on the size of the Si nanocrystals. This overlap be-
comes better for smaller nanoparticles and the probability for
Basically, dipole-dipoleForster transfef) or direct elec-  energy transfer is higher. On the other hand, for smaller
tron exchanggDexter transfé®) coupling can account for nanoparticles a larger number of emitted phonons is required
the energy transfer from excitons to MO. Since long-rangeo conserve the energy, which lowers the probability for en-
multipole interaction is based on optically allowed transi-ergy exchange. We believe that the interplay between these
tions of the donor and acceptor, it cannot be applied to théwo tendencies results in an almost spectrally constant effi-
triplet-triplet annihilation of excitons and MO followed by ciency of the energy transfer.
singlet oxygen creation. However, in the electron exchange While the involved transitions are spin forbidden in iso-
mechanism these spin restrictions are lifted, and triplet excilated Si nanocrystals and oxygen molecules they become al-
ton annihilation accompanied by spin-flip excitation of anlowed through exchange interaction. For the energy transfer

B. Mechanism of energy transfer
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tral dispersion of the PL decay time for different strengths of
FIG. 8. Quenched PL spectrum of PSi at various strength ojuenching. Quenching is absent: 1, squares. Intermediate level of
magnetic fieldT=10 K. The magnetic-field increment is equal to 2 quenching: 2, circles. Strong level of quenching: 3, triangles.
T. Inset: Zeeman splitting of triplet-state exciton afll ground T=5 K.
state of molecular oxygen. The spin orientations for electrons in the

lowest-lying levels are indicated by arrows. Energy transfer from . . .
exciton to ground-state MO via electron exchange among thesiime from one Si nanocrystal to a single oxygen molecule is

states is prohibited by the conservation of the total magnetic quarflOt accessible ex'perimentally, since a Iar.ge nl',lmlber of
tum number. nanocrystals contribute to the PL at a certain emission en-

ergy. Though the concentration of physisorbed MO can be

to occur the exchanged electrons must have the proper Spwaried, it is subjected to statistical fluctuations and the abso-
orientation to conserve the total magnetic quantum numbdute number of artificially introduced surface defects cannot
of the coupled systenvl (exciton)+M(MO).?* To demon-  be determined. The emission spectra of PSi at different sup-
strate the influence of spin statistics on the energy-transfegsression levels and the corresponding PL decay tirpesre

rate we measured the magnetic-field dependence of the Fdhown in Fig. 9. In the absence of oxygen adsorp{&pec-
quenching efficiencyFig. 8). If no magnetic field is present trum 1), 7, (squares is equal to the radiative lifetime of
the energy levels belonging to differeMtnumbers of triplet  excitons, and is on a millisecond time scdiéndependent
excitons and the triplet ground state of MO are threefoldon the emission energy. Oxygen molecules attached to the
degenerated and populated with equal probability. Thus, thRanocrystal surface present a nonradiative decay channel for
spin requirements are fulfilled for all excitons an_d_all OXygenexcitons due to energy transfer. Suppression of the emission
mo!ecgles,_and energy transfer occurs most eff|C|e_nt. A Magntensity (spectrum 2 is accompanied by a significant de-
netic field introduces a common quantization axis for therease of the PL decay tinfeircles. The spectral dispersion
spins and the degeneracy is liftedset Fig. 8. In general, of 7 follows the shape of the quenched spectrum and the

the numbgr of possible states participating in the eIectror%hortestr,j is observed for nanocrystals that transfer their
exchange is reducétand the decreased energy-transfer rate

results in a weaker PL quenching. Raising the magnetic ﬁelgxcitati(_)n most efficiently. The determingtipn of the fagt PL
increases the Zeeman splittingE [g(excitony~g(3s) decay time above thé3, state energy is limited by the time

~21%27 and the occupation number of the thermally popu_resolution of the experimental setup, being.3. Increasing_
lated higher-lying states decreases. At low temperatures the concentration of a_dsorbed oxygen molecules results in a
magnetic field results in preferential occupation of “spin- Stronger PL suppressidspectrum 3and a further decrease
down” states for both MO and excitons, while to proceed©f 7o (triangles. , _
with energy exchange “spin-up states” are required. For FOr a particular level of quenching the time of energy-
magnetic fields of 10 T and a temperature of 10 K the reltransfer g1 is calculated according to the relatior},
evant energieksT~0.8 meV, AE~1.1 meV are compa- =7 ~+7et. In the regime of the strongest suppressigh
rable, and a significant reduction of the PL quenching is obfor the *A and 'S states is 50—10@s and<3 us, respec-
served. For the spectral region above e state the high tively. A uniform concentration of oxygen molecules for all
PL quenching level prevents the observation of magnetichanocrystals would result in a quenching strength that scales
field effects within our experimental detection sensitivity. ~as7/7p . Obviously, this simple relation is not valid. A de-
cay time longer than that expected from the suppression level
is observed due to statistical fluctuations of the oxygen con-
centration: while mainly the slowest emission from nanoc-
The dynamics of the energy-transfer is deduced from theystals with a small number of oxygen molecules adsorbed
modified PL decay characteristics of Si nanocrystals in then the surface contributes to the PL decay, the quenched
presence of adsorbed oxygen molecules. The energy-transfgpectrum reflects the response of all nanocrystals.

C. Dynamics of energy transfer
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FIG. 10. Spectral dependence of the quenching strength of P$iond emission decay, detected at 0.973 eV and 0.953 eV, respec-
emission in the weaksolid line) and strongdashed lingsuppres-  tively, for a PSi layer with adsorbed oxygen molecules. Inset: Time-
sion regimes. Spectral positions of the excited states of MQ ( resolved dangling-bond emission of a PSi layer in vacuum.
') and of the bulk Si band gagE() are indicatedT=5 K. T=5K.

The infrared emission from PSi is obviously also affectedincides with the response time of our setup 100 ns) and
by the adsorption of oxyge(see Fig. L To clarify the un-  yields an upper limit for the time of carriers capture to defect
derlying process the spectral dependence of the quenchirgjates. The nonexponential decay proceeds on a microsec-
strength for different suppression levels has been measurephds time scale and does not vary with emission energy. In
(Fig. 10. Because quenching of the dangling-bond emissiorihe presence of adsorbed oxygen molecules the relaxation
band occurs even below the\ state of MO(dashed ling kinetics of the'A state is observe(Fig. 11, detection energy
the transfer of excitation from occupied defect states to oxy9.973 eV. The initial fast decay is attributed to the dangling-
gen molecules can be excluded due to energy conservatiohond PL background, which has been separately measured at
Instead, the competition of the nonradiative decay channelg detection energy of 0.953 eV. This inhibits the observation
for photogenerated excitons, i.e., MO activation and capturef the PL rise time of the'A state. The slow component,
ing of carriers to dangling bonds, has to be taken into achaving a lifetime of 7,(!A)~500us, accounts for the
count. If the capture time and the energy-transfer time are oflipole-forbidden*A — 33, transition and falls in the range of
comparable value, the number of charged midgap states amdeviously reported values (3s—300 ms)?® Previous ex-
consequently the infrared emission intensity of the defecperimental observations confirm that each exciton which is
band should be reduced. This relation is fulfilled for nano-lost for the radiative emission process necessarily generates
crystals with a sufficiently large effective band g@bove an oxygen molecule in its excited state. This allows us to
1.63 eV}, where excitons are strongly coupled to the estimate the radiative quantum yietg*A) of the A state.
state. These nanocrystals mainly contribute to the highThe ratio of the integral intensity of th&A emission line to
energy part of the defect luminescence band due to theihe overall intensity loss of the excitonic emissi@ee Fig.
large confinement enerd{.To confirm the interplay between 1) results in 7(*A)~7x107°. The perturbing interaction
the excitation of MO and the suppression of the danglingwith Si nanocrystals shortens the radiative lifetime of the
bond emission the regime of weak quenching has been reastate r,(*A) with respect to isolated oxygen moleculg
ized (solid line). Coupling to the'A state is negligible, while  min) and 7,(*A)~7 s is obtained using the simple relation
significant energy transfer to the state is still present. The  5(*A)= 7,(*A)/ 7,(*A).
suppression of the infrared emission band is most efficient at In Si nanocrystal assemblies the number of generated ex-
higher energies and can be observed at any level of quencbitons at low temperatures is limited due to their long life-
ing of the visible PL band. Therefore, we conclude that entime and the high efficiency of nonradiative Auger
ergy exchange between excitons and MO competes with therocesse4® The PL intensity of PSi layers in vacuum in-
capture of carriers to defect states. This implies that evegreases linearly with the excitation intensity up to
nonluminescing nanocrystals having surface defects can cor=20 mW/cnt (Fig. 12, squarasAt higher excitation inten-
tribute to singlet oxygen activation. Contrary to quenching ofsities an occupation of Si nanocrystals by two electron-hole
the visible PL band, broadening of the defect levels inhibitspairs can be achieved, and nonradiative Auger recombination
the observation of phonon replicas. results in a saturation behavior of the emission intensity.

The relevant time scales of the infrared emission are debpon oxygen adsorption, the emission intensity of PSi is
termined from time-resolved measurements. Inset of Fig. 1suppressed and shows a quite different dependence on the
shows the transients of the dangling-bond emission for PSi iloptical excitation power. In the steady-state conditions for
vacuum detected at 0.953 eV and 0.973 @wnsients are the coupled systeniSi nanocrystals—oxygen moleculgs
separated vertically for better comparigonhe rise time co-  certain fraction of adsorbed oxygen molecules persists in the
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excited state, respectively, is the total number of oxygen
molecules,r; is the lifetime of the'A state, andrgy is the
time of energy transfer from one exciton to one oxygen mol-
ecule. Neglecting higher exciton occupation numbers of a
single nanocrystal in the present notation implicitly accounts
for the fast nonradiative Auger processes whose typical times
are in the nanosecond rangelhe rate equations describing
the emission properties of Si hanocrystals in vacuum are de-
duced by settingh=ny=n.=0. The PL intensity of the
nanocrystal ensemblig,, is obtained from the steady-state
solution of the equations and the relatibsyy =N, /7, . The
time constants used in the model have been measured
whereaso is known from literature®

The experimentally determined energy-transfer time cor-
responds to a particular quenching level, i.e., a certain
amount of adsorbed oxygen molecules on one nanocrystal.
Therefore, for a correct evaluation of the equations only one
nanocrystal is consideredNE&1) and all adsorbed oxygen
molecules are treated as a single quenching systesil|.
Using the notationrgt in the rate equations is the measured
energy-transfer time. The model takes into account that the
guenching system being in the excited state is lost from the
quenching process unless it relaxes to the ground state. Thus,
10° ———r T ——— T —— ¢ in the equations is not the measured decay time of-the
10~ 10° state, but a longer time that is scaled with the number of
adsorbed oxygen molecules per nanocrystal. The solutions of
the equations according to this procedyfeg. 12, solid
lines) coincide well with the measurement. The best fit to the

FIG. 12. PL intensity of PSi in vacuurfsquaresEpe=1.47,  €Xperimental data can be achieved usig-4 ms. This al-
1.5eV) and with adsorbed oxygen moleculésiangles, Epe, lows us to estimate the mean number of adsorbed oxygen
=1.47 eV; circles,Epe=1.5 €V) vs excitation intensityEp. molecules per nanocrystal to be’'8The deviation from the
=1.47 eV corresponds to weaker afih.,=1.5 eV to stronger linear regime depends on the detection energy and is stronger
coupling between excitons and MO. Solid lines are solutions of ratdor nanocrystals that transfer the excitation faster. Since MO
equations withr,=1.5 ms, =10 ¥ cn?, and 1, 7e1=130pus, introduces an additional decay channel for excitons, the PL
=4 ms; 2,7g7=250 us, 7,=4 ms. The datasets are arbitrarily saturation threshold is increased by one order of magnitude
scaled for clarity. Dashed lines are linear power laWs:5 K, compared to PSi layers in vacuum.
Eexc=2.41 eV. Similar considerations applied to the energy transfer to
L _ o . the 'S state allow us to clarify its relaxation channel. It is

A excited state because of the finite relaxation rate of thgyell established that thé3 state is nonradiatively deacti-

'A—°3 transition. This group of molecules does not con-vated on a subnanoseconds time sthldowever, whether
tribute to PL quenching and acts as a bottleneck for the enhe decay to thé’S, ground state proceeds directly or via the
ergy transfer. Raising the excitation intensity increases thgyng-living 1A state is still under discussidf.If the 1A
occupation number of excited oxygen molecules and Plstate is involved as an intermediate level during relaxation,
quenching becomes less efficient. Therefore, a superlineghe energy transfer to MO should already be saturated at low
growth of the emission intensity is obtained at intermediateexcitation intensities due to its fast occupation. Conse-
pump Intensities. quently, the PL emission intensity above the state demar-

The response of the coupled system on the excitatiogation energy should strongly rise when the excitation power
power can be well described by a simple set of rate equationg increased. On the contrary, according to our observations

N. NN Nome the PL emigsiqn rgmainglcompletely suppressgd up _to the

No:—No<T|exc+—1+ 19 hg:_ 19, e (1)  highest excitation intensities used (2 W/FRm which evi-

T TET TET  Tit dences that thés state mainly relaxes directly to th&
state. Therefore, despite a fast energy transfer tdthetate
(te7<3 ws) the main fraction of oxygen molecules ad-
whereN,, N; are the numbers of nanocrystals containing 0sorbed on small nanocrystals persists in the ground state and
and 1 exciton, respectivel§y is the total number of nanoc- €fficiently contributes to the PL quenching above 1.63 eV.
rystals, 7, is the radiative exciton lifetimeg is the optical
absorption cross section of a nanocrystal, bnidis the areal
flux density of exciting photonsy, andn, denote the num- Spectroscopic experiments at cryogenic temperatures al-
ber of oxygen molecules being in the ground and e  low us to clarify the details of the energy-transfer mecha-

PL Intensity (arb. units)

Excitation Intensity (W/cm?)

N=Ng+Ny, n=ng+ng,

D. Energy transfer at elevated temperatures
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1924 Squares: 120 K; circles: 200 K; and triangles: 300 K. Solid lines
) are calculated pressure dependencies according to Langmuir iso-
therms for molecule adsorption.
1.0 tral dependence of the PL quenching strength has an energy
. ' )

1 i a 49 4o 44 o below 1.95 eV. We believe that the difference in energy is
5 16 1.7 18 1.9 2.0 i .
governed by the physisorption energy of oxygen molecules.
Energy (eV) Excitation of the bound complex involves spin-conserving
) electron exchange among the twid@ states, whereas the
FIG. 13. Spectral dependence of the quenching strength of PSixciton provides the energy to activate the process. Conse-
emission in the ambient of oxygen gds) T=110 K, 100 mbar  quently, the PL of PSi is quenched in the considered spectral
(solid line), 2 mbar(dotted ling. (b) T=295 K, 1 bar(solid lin®),  angeand energy transfer to the dimer state is enhanced at
100 mbar(dottep] ling. The energy positions of the® state and of higher pressures due to an increased probability of){O
the (Q), transition are indicated. formation. Due to thermal dissociation of the comp]elis-

nism. However, of most practical interest is the generation oPOC¢!ation energy of (O,),~10 meV] a continuous decrease

MO in its excited states in the gaseous form at elevated tenf the dimer related quenching band has been observed while
peratures due to the important role of singlet oxygen in phoIhe temperature is increased. For temperatures higher than
tochemical reaction® The suppression of the PL of PSi in 220 K the energy transfer to ¢f) cannot be resolved spec-
the ambient of different gas pressures of oxygen is eviderffoScopically. _

from Fig. 13. Contrary to cryogenic temperatures, the pre- "€ dependence of the quenching strength detected at
suppositions for an optimal interaction are not fulfilled. A 1-63 €V on the oxygen ambient pressure at different tempera-

small spatial separation is realized only during the short timdUres is shown in Fig. 14. Itis well described by the Lang-
of collisions between oxygen molecules and the nanocrystdlUir @pproach for molecule adsorption on a surfécthat
surface. Additionally, the exciton lifetime and the occupationconsiders the dynamic equilibrium between the rate of ad-
number of the spin-triplet state of the exciton decrease witt$OrPtion and desorption:

rising temperaturé Therefore, a weaker PL suppression that

scales with the collision rate, i.e., the gas pressure, occurs, Q‘1=|&=1—A0 9= KP @)

and the energy transfer to tH& state is characterized by a lbac ’ 1+KP’

broad spectral resonance. At intermediate temperatures ( )

=110 K) a second quenching band in the spectral region ofhereQ denotes the strength of quenchitg, andl,, are
~1.75-1.95 eV is observed, which becomes better prothe PL intensities of PSi in the ambient of oxygen and
nounced with increasing oxygen concentratjfig. 13a)].  vacuum, respectively, anflis the fraction of surface covered
We attribute it to the energy transfer from excitons confinedby oxygen moleculesK is the equilibrium constant, and a
in Si nanocrystals to the oxygen dimer4)@. The Q, dimer  measure of the number of adsorbed molecuteis, the oxy-

is known as a complex of ground-state oxygen moleculegien gas pressure, amlis a constant that accounts for the
induced by weak van der Waals interaction. The discretgrobability of energy transfer to the adsorbed molecules. The
electronic transition in (§), corresponding to the %2 best agreement between the experimental data and theoreti-
—2A transformation occurs at 1.95 elihdicated by an cal predictions(Fig. 14, solid liney has been found for the
arrow) and is thermally and collisionally broadened in the following parameters:T=120 K:K=193 bar!, A=0.99;

gas phasé>**The (O,), related quenching band in the spec- T=200 K:K=12 bar!, A=0.85; and T=300 KK
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=1.7 bar !, A=0.48. As expected, in the entire pressuretons and their long lifetime. The mechanism of energy trans-

range a decrease of the temperature increases the mean nugi-is controlled by direct electron exchange, as indicated by
ber of adsorbed molecules and enhances the efficiency diie spectral dependence of the PL quenching and magnetic-
energy transfer. The stationary concentration of singlet oxyfield measurements. Time-resolved experiments allow us to
gen is a product of its generation rate and the collisionafetermine the energy-transfer rate from excitons to MO,
deactivation rate. Because both quantities are rising withvhich is governed by quantum-mechanical selection rules.
oxygen ambient pressure, further investigations are require@ine large internal surface area and the open nanostructure of
to determine the optimal conditions for the highest steadyPSi layers are crucial for the energy transfer, i.e., singlet
state concentration of singlet oxygen. oxygen generation, in the gaseous phase at elevated tempera-

ture. Due to the remarkable photosensitizing properties of Si

nanocrystal assemblies they are promising candidates for

IV. SUMMARY catalysts involved in a variety of photochemical reactions.
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