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Abstract
Using a scanning tunneling microscope, electron-stimulated photon emission spectra have been measured for individual Ag clusters on dierently pretreated TiO2 (1 1 0) substrates. For clusters on weakly reduced TiO2 , we observe
radiating decays of Mie-plasmons shifting to higher energies as cluster sizes decrease. On strongly reduced TiO2 ,
plasmons are dissipated via energy transfer to electron±hole pair excitations in the oxide and emission spectra reveal
radiating decays of TiO2 excitons. Ó 2001 Elsevier Science B.V. All rights reserved.

Photo-catalytic processes on surfaces have attracted a growing interest in the research ®eld of
heterogeneous catalysis in recent years [1]. In
contrast to thermal catalysis, photo-catalytic reactions can be activated at ambient temperature by
creating electron±hole pairs in the photo-sensitive
material after light irradiation. The hot electrons
are transferred from the conduction band of the
photo-catalyst into adsorbed molecular species,
thus stimulating redox-reactions at the surface.
Because of its band gap of 3 eV, TiO2 turned out
to be an ideal photo-catalytic material, easily to be
activated by absorption of UV-light. Consequently, TiO2 -based photo-catalysts can be found
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in various technological applications, for instance
in puri®cation reactions of water and air [1,2], in
the syntheses of organic molecules [3] and in the
photo-catalytic dissociation of water [4]. After
deposition of metal nanoparticles, for instance of
Pt clusters, an increase of catalytic activity has
been observed on TiO2 surfaces [3,5]. The eect
was attributed to two dierent mechanisms: (i) A
local band-bending, induced by the metal nanoparticle, attracts hot electrons created after light
absorption and increases the lifetime of the excited
state. (ii) The metal cluster enhances the formation
rate of electron±hole pairs in TiO2 due to an additional energy transfer from the excited nanoparticle. Whereas the former process has been
widely investigated for dierent cluster materials
using XPS and UPS [6,7], little is known about the
energy exchange between cluster and oxide. The
problem is additionally complicated by the marked
dependence of the coupling eciency on cluster
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Fig. 1. Photon emission spectra of dierently sized Ag clusters on weakly reduced TiO2 (1 1 0), obtained for )10 V tip bias and 2 nA
tunnel current. The inset shows an STM image of clean TiO2 (1 1 0).

size, which demands for a local experimental
technique to avoid inhomogeneous broadening
eects caused by the cluster size distribution on the
surface.
To address this question, we have excited individual Ag clusters deposited on a TiO2 (1 1 0) surface in a controlled manner, using the electron
current from an STM tip. The subsequent decay of
the cluster excitation via substrate induced channels could directly be followed in the photon
emission, stimulated by radiating recombinations
of electron±hole pairs induced in TiO2 . The cluster±oxide coupling was measured as a function of
cluster size and reduction-state of TiO2 . Ag particles have been chosen because of their well characterized, collective electronic excitation above 3
eV (Mie-plasmon), representing a de®ned starting
point for energy transfer processes into the oxide.
In the experiment, light emission from individual Ag clusters was stimulated by the electron
current from an STM tip. Emitted photons were
collected by a parabolic mirror surrounding the
STM and detected outside the UHV-chamber with
a CCD camera attached to an UV/VIS spectrograph [8]. To minimize the electromagnetic coupling between tip and cluster a relatively large tip
voltage ()10 V) and low electron currents (2 nA)
have been employed to excite the cluster. Under

these conditions, the tip±sample separation ranged
between 1.5 and 2 nm and the electron beam was
exclusively injected into a single cluster. For
spectroscopic measurements, Ag particles were
selected from topographic images. After completing a spectroscopic run, an STM image was taken
for comparison to exclude morphological changes
of the cluster during the experiment. To correct
measured cluster sizes for the in¯uence of tip
convolution, an eective tip radius was derived
from the apparent broadening of substrate step
edges. The (1 1 0)-oriented TiO2 single crystals
have been prepared in two dierent ways. (i) Annealing to 1000 K in UHV for 5 min produces a
weakly reduced crystal, characterized by a light
blue color. (ii) Extension of the annealing time to
30 min, accompanied by a continued oxygen release from the bulk, leads to a strongly reduced,
dark blue crystal [9]. After heat treatments, a clean
TiO2 (1 1 0) surface was prepared by cycles of Arsputtering and annealing to 800 K. For both
preparation procedures, the long range order of
the surface has been proven by a sharp (2  1)LEED pattern and STM images, characterized by
large terraces covered with parallel white lines
(inset Fig. 1). The observed topographic structure
is compatible with an added row model of Ti2 O3 stripes running in [0 0 1]-direction along the sur-
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Fig. 2. Photon emission spectra of dierently sized Ag clusters on strongly reduced TiO2 (1 1 0) (Utip 
TiO2 (Utip  100 V, I  10 nA). The inset shows an STM image of Ag=TiO2 (1 1 0).

face [10]. Ag particles were prepared at room
temperature by atom deposition from the gas
phase. Nucleation to three-dimensional aggregates
occurred preferentially at substrate step edges, resulting in a mean cluster density of 4  10 11 cm 2
(inset Fig. 2) [11,12].
On clean TiO2 no light emission is detected at
moderate tip voltages (Fig. 1, data on bottom),
whereas the injection of 100 eV electrons from the
tip into the oxide leads to a characteristic photon
emission spectrum (Fig. 2, data on top). The
emission behavior is determined by a gradual increase of the light intensity starting at 2 eV and a
sudden drop above 2.9 eV. The intensity loss on
the high-energy side of the spectrum corresponds
to the TiO2 bandgap of 3.03 eV. Based on photoluminescence measurements, this emission was
interpreted as an interplay between radiating
Mott±Wannier excitons at 2.9 eV and light emission from color centers at 2.3 eV localized at the
oxide surface [13,14]. In contrast to the clean oxide, photon emission from silver particles can already be stimulated by electron injection at low tip
bias ()10 V). Fig. 1 shows emission spectra for
dierently sized clusters, deposited on weakly reduced TiO2 . The spectra are dominated by a single, nearly symmetric emission peak around 3.2
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10 V, I  2 nA) and of clean

eV, shifting to higher energies and losing intensity
as cluster sizes decrease. Line widths in Fig. 1 are
additionally broadened due to the ®nite resolution
of the spectrograph. Homogeneous line widths of
approximately 200 meV are obtained with higher
spectral resolution. The emission behavior changes
completely for silver particles deposited on
strongly reduced TiO2 (Fig. 2). In this case, a decreasing cluster size has no eect on the energy
position of the emission line, remaining constant at
2.9 eV. A characteristic intensity increase with
growing cluster diameter is observed for silver on
strongly as well as on weakly reduced TiO2 . The
dierent size dependences of the Ag emission peak
are clearly discernible in Fig. 3.
The observed photon emission from Ag clusters
on weakly reduced TiO2 shows characteristic
properties of radiating decays of Mie-plasmons, to
be viewed as collective oscillations of the electron
gas in small particles [15]. The peak at 3.1±3.5 eV
can only be stimulated by electron injection into
the cluster at negative tip polarity and is detected
even at large tip±sample separations. Both observations are not compatible with an emission process based on the radiating decay of tip induced
plasmons in the tunnel cavity, whereby the emission is determined by electromagnetic interactions
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Fig. 3. Energy positions of photon emission peaks from Ag
clusters on weakly and strongly reduced TiO2 as a function of
cluster diameter.

between tip and sample [16,17]. On the other hand,
similar resonance positions have been identi®ed
for Mie-plasmons of Ag cluster ensembles in different embeddings using optical spectroscopies
[18±20]. At present experimental conditions, only
the plasmon dipole oriented perpendicular to the
substrate (1, 0 mode) can be excited by electrons
injected from the STM tip. The energy 
hx of the
observed emission peak from Ag=TiO2 shows a
blueshift for decreasing cluster diameter d, which
can be ®tted with the functional relation: hx d 
3:1 eV  0:76 eV nm=d nm (Fig. 3). Comparable blueshifts have been found for the 1, 0 mode of
Mie-plasmons in Ag clusters deposited on
Al2 O3 =NiAl 110 [21] or embedded in Ar, Ne and
Kr matrices [22]. The blueshift of the Mie-energy
with decreasing cluster size was interpreted as a
consequence of the reduced screening of the plasmon by silver d-electrons at the cluster surface
[23]. The growing weight of this surface eect with
respect to bulk properties is responsible for the d 1
dependence of the plasmon frequency in small
particles. The additive constant of 3.1 eV in the
size dependence for Ag=TiO2 corresponds to the
energy position of the 1, 0 Mie-mode in larger
particles. The value can be estimated from the
resonance condition for the polarizability of metal
spheroids in dielectric media [24]
eAg x 

em 1

L? =L? :

1

Here, eAg is the dielectric function of silver [25] and
em describes the cluster environment consisting of
30% TiO2 eTiO2  7:5 and 70% vacuum. Using a
depolarization factor L? of 0.4, accounting for the
oblate cluster shape derived from STM images, a
plasmon energy of 3.0 eV is calculated for large
particles in agreement with experiment.
Asymmetric emission lines from Ag particles,
measured on strongly reduced TiO2 , cannot be
explained by the well-known properties of Mieplasmons [15]. From Eq. 1, the smaller resonance
frequency of 2.9 eV is obtained only for a higher
em , equivalent to more than 50% Ag=TiO2 interface. For preparation conditions at room temperature, a penetration of the cluster into the
substrate or very ¯at particle shapes can be excluded. Also, the size dependence of the peak
position, predicted for a radiating decay of Mieplasmons, is not observed for particles on strongly
reduced TiO2 . However, the similar behavior of
the emitted intensity as a function of cluster diameter on both substrates indicates an in¯uence of
collective excitations in Ag clusters on the emission
process for strongly reduced TiO2 as well. On both
substrates, the photon yield increases proportional
to cluster volume (d 3 ), re¯ecting the dependence of
the plasmon oscillator strength on the number of
electrons involved in the collective excitation [15].
Based on these arguments, the following mechanism is proposed for the emission process from
silver on strongly reduced TiO2 . The Mie-plasmon,
excited in a single Ag cluster by electrons from the
tip, is dissipated in the TiO2 crystal on a time scale,
too short to allow for a detectable photon emission
rate. The released plasmon energy of approximately 3.2 eV is transferred to electron±hole pair
excitations in the oxide bandgap. The radiating
recombination of coupled electron±hole pairs in
TiO2 gives rise to the observed emission peak at
®xed photon energy for all cluster sizes. This interpretation is strongly supported by the emission
properties of the clean oxide upon irradiation with
100 eV electrons, which agrees with the emission
from Ag particles on strongly reduced TiO2 stimulated with 10 eV electrons (Fig. 2). For low
electron energies, the photon yield from electron±
hole pair recombinations is considerably higher for
the plasmon mediated channel (Ag/reduced TiO2 )
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Fig. 4. Energy diagram of the Ag=TiO2 interface. To estimate screening lengths, electron densities in the oxide conduction band of
1016 cm 3 for weakly (left) and 1020 cm 3 for strongly (right) reduced TiO2 have been assumed.

than for a direct electronic stimulation of the clean
oxide. In the absence of an Ag particle in the STM
cavity, tunneling events create (i) holes in the valence band of TiO2 at positive tip bias or (ii) hot
electrons in the conduction band at negative polarity. In both cases, the density of either (i) free
electrons in the conduction or (ii) holes in the valence band is too small to produce detectable
cross-sections of radiating recombinations. The
probability for photon emission processes is additionally reduced due to the indirect bandgap of
TiO2 . Only after injection of high-energy electrons
(100 eV), a sucient number of secondary electrons and holes is excited in TiO2 , enabling to
stimulate measurable photon yields from the clean
oxide. In contrast, the decay of Mie-plasmons in
supported Ag particles directly creates coupled
electron±hole pairs in the oxide. These excitons are
con®ned in space by Coulomb attraction and have
an enhanced probability for a radiating recombination. Higher photon yields can therefore be expected for plasmon mediated processes.
Finally, the role of the reduction-state of the
TiO2 substrate has to be discussed. While radiating
decays of Mie-plasmons are observed for Ag
clusters on almost stoichiometric TiO2 , the intrinsic oxide emission dominates the spectra of Ag
particles on strongly reduced crystals. An expla-

nation for this behavior is deduced from the electronic properties of the metal±oxide interface,
characterized by bending of the oxide bands. In
the Schottky limit [26], the eect can be estimated
from the dierent work functions of silver
/  4:7 eV [27] 1 and TiO2 (1 1 0) /  5:3 eV
[28,29]. In the model, the lower metal work function leads to a local downward bending of the
oxide bands of approximately 0.6 eV and to a
quantum well formation at the Ag=TiO2 interface.
A similar behavior has been derived from UPS and
XPS studies after the preparation of larger Au and
Pt particles on TiO2 [6]. As the quantum well is
®lled with electrons up to the Fermi level of the
system, an additional amount of energy is required
to excite an electron from the TiO2 valence band to
unoccupied states in the quantum well (Fig. 4). At
the metal±oxide interface, the formation energy of
electron±hole pairs of approximately 3.6 eV (band
gap plus quantum well depth) is therefore higher
than the maximum Mie-plasmon energy of 3.5 eV.
At a temperature T, the band bending is screened

1

Hereby, we assume the formation of Ag(1 1 1) facets at the
interface, in correspondence to other cluster±TiO2 (1 1 0) systems [34].
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by electrons in the conduction band at a scale of
the Debye length Ld with
L2d  kT e0 eTiO2 = 2e2 n

2

(cf. [30,31]). Hereby, k is the Boltzmann constant
and e0 the permittivity of vacuum. The electron
density n in TiO2 can be estimated from crystal
color and preparation conditions [32,33]. For our
qualitative model, a carrier density in the order of
1016 cm 3 is assumed for the weakly reduced oxide. According to Eq. 2, the quantum well extends
approximately 25 nm into the TiO2 below an Ag
particle and eciently suppresses the coupling
between Mie-plasmons and oxide excitons in this
volume (Fig. 4, left). Consequently, Ag-plasmons
are not dissipated on weakly reduced oxide samples and the characteristic photon emission from
single Ag particles can be observed. We note that
the model remains valid also for a TiO2 electron
density of 1017 cm 3 , when the screening length is
reduced to approximately 8 nm. Strongly reduced,
deep blue crystals are characterized by an approximate carrier density of 1019 ±1020 cm 3 [33],
leading to an ecient screening of the band
bending on a length scale of 0.5 nm. The surface
quantum well almost disappears and the initial
TiO2 bandgap energy of 3.03 eV is sucient to
excite electron±hole pairs at the metal±oxide interface. At these conditions, the formation of excitons in the oxide becomes the dominant decay
channel for Mie-plasmons in Ag clusters of all sizes (Fig. 4, right). Photon emission spectra from
particles on strongly reduced TiO2 are consequently determined by the 2.9 eV emission line
from radiating decays of TiO2 excitons and the
Mie-plasmon peak at 3.1±3.5 eV is no longer observable.
In conclusion, we have examined the electronstimulated photon emission from individual Ag
clusters, supported on dierently prepared
TiO2 (1 1 0) surfaces. Due to the high-lateral resolution of the STM-based method, a dierent
emission behavior of single particles as a function
of size could be established for weakly and
strongly reduced oxide substrates. On weakly reduced TiO2 , the emission from Ag particles shows
characteristics of radiating Mie-plasmons. In the
limit of large clusters, a plasmon energy of 3.1 eV

is determined in agreement with theoretical estimations. The resonance frequency shifts to higher
values for decreasing cluster size. However, emission peaks from Ag clusters appear at constant
photon energy of 2.9 eV for particles on strongly
reduced TiO2 crystals. Shape and position of the
peaks agree with the intrinsic emission behavior of
clean TiO2 , irradiated with 100 eV electrons. Based
on these observations, an emission process is
conceived, consisting of Mie-plasmon excitations
in an Ag particle, energy transfer to electron±hole
pairs in TiO2 and radiating decays of these excitons in the bandgap. Consequently, the eciency
of the cluster±oxide coupling strongly depends on
the band bending in TiO2 after silver deposition,
which in turn varies with the reduction-state of the
oxide.
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