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Luminescence properties of solids
Menno F Hazenkamp* and Hans U Giidel®

Recent advances have been made in research on the
luminescence of solids. The areas which have received
particular attention have been transition metal ion systems,
upconversion systems, high-resolution spectroscopy and
single molecule spectroscopy, scanning near-field optical
microscopy, new scintillator materials and luminescence of
silicon. The applied research is focused on opto-electronic
applications of new luminescent materials. In addition,
single molecule spectroscopy gives new insight into many
fundamental aspects of physics and chemistry.
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Abbreviations
SHB spectral hole burning

SMS single molecule spectroscopy
SNOM scanning near-field optical microscopy
Introduction

During the period from January 1994 to October 1995
interesting and sometimes exciting research was reported
in the field of luminescence of solids. A large part of
the research is currently stimulated by opto-electronic
applications of luminescent materials, such as lasers,
displays and optical storage media. As the field is very
broad and active, it would be impossible to review all
facets here. Instead, we have chosen to review some areas
which have been particularly active or innovative over
the past year. These include transition metal ion systems,
upconversion systems, high-resolution spectroscopy and
single molecule spectroscopy, scanning near-field optical
microscopy, new scintillator materials and luminescence
of silicon. A good introduction to the field is provided in
reference [1].

Transition metal ion systems

Luminescent materials doped with transition metal ions
can be used as laser materials. The laser wavelength
can be tuned for the laser material chromium doped
Mg;SiO4 (Cr:forsterite) which shows near infrared (NIR)
luminescence. This luminescence has recently been
unambiguously assigned to a spin-allowed transition of
the Cr#+ (3d2) ion in tetra-oxo coordination [2%,3%). The
understanding of non-radiative processes is very important
for development of laser materials [1]. The phonons

participating in the non-radiative relaxation of Cr:Mg;SiOy
have been directly measured using fast, time-resolved
Raman spectroscopy [4]. The NIR luminescence of other
first-row transition metal ions in tetra-oxo coordination
is currently being studied as well. In addition to the
3d2 jons Mn5+ and Fe6+, which show sharp line lumi-
nescence, the Mn6+ ion (3d!) is very interesting [5°). Its
luminescence band extends from 7000-11 000 cm-1; it has
a rich vibrational structure (Fig. 1); and in some host
lattices the luminescence persists up to room temperature.
Hence, Mn6+ doped systems have potential applications as
tunable NIR laser materials.

The optical spectroscopic properties of transition metal
ions in complexes are being studied with more and
more sophisticated methods. Riesen and Krausz [6°]
investigated the [Ru(bipy)3]2* complex in the solid
state using fluorescence line narrowing and spectral hole
burning techniques under various perturbations. They
proved that for [Ru(bipy)3]2+ doped into solids at 1.8K
the excited electron is localized on one of the three
bipy ligands in the lowest excited metal to ligand charge
transfer state. In contrast, Yersin and co-workers [7] arrived
at the opposite conclusion, namely a delocalized excited
state for the same system at 1.8 K.

Improved models and faster computers allow a theoretical
modelling of excited state properties of solid state
luminescent materials. Several 44 fnitio studies have been
published which give very reasonable descriptions of
relaxed excited states (i.e. electronic excited states which
are vibrationally relaxed). Correspondingly, the agreement
between experimental results on absorption and lumines-
cence bands is good (c.g. the density functional study in
[8] and the embedded cluster calculations in [9]). In a very
interesting study in this area, non-radiative relaxation rates
of Cr3+ doped laser materials were calculated with a totally
ab initio approach [10*]. The results are in reasonable
agreement with those from experiments, and this opens
new perspectives in the design of new luminescent
materials.

Wexler, Zink and Reber [11] have extended the time-
dependent theory of luminescence and absorption spec-
troscopy by introducing coupling between vibrational
coordinates. For example, this model can be applied to un-
derstand the unusual vibrational structure in the lumines-
cence spectrum of solid #rans-[ReOy(1-methylimidazole)4)l
[12], which arises from the coupling between two different
vibrational modes. This study shows the first example
of coupling between two metal-ligand modes involving
different ligands; in this case the Re-O and the Re-N
stretching vibrations.
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Figure 1

Luminescence spectrum at 10K of

MnO42- doped K,SO, upon excitation [
at 17 600 cm-1. The two electronic
transitions | and Il are indicated in the
figure and assigned in the inset. The

vibrational progressions are labelled v,
Vvp, Vy for the bending vibrations and vy

for the stretching vibration. A’ and A” are
the term symbols in the point group Cs.
(Published with permission from (5°].)
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Upconversion systems

During the review period many papers were published on
rare earth doped crystals, glasses and fibres, which show
visible luminescence upon red or infrared excitation (i.e.
upconversion). These materials may be used for diode
pumped solid state visible lasers. A green upconversion
laser at room temperature, based on Er3+ doped LiYFy,
has recently been reported {13°]. This was the first green
emitting room-temperature continuous-wave laser using
an Er3+ doped crystal. The achievement of laser action
in a crystal at room temperature is very important for
future applications. Some papers report new materials; for
example, a new dopant ion which shows upconversion
is the U4 ion [14]. Sulphide glasses might be inter-
esting new host materials because of their low energy
phonons, which prevent efficient non-radiative relaxation
[15]. In other papers the upconversion mechanisms are
analyzed in detail. Frequently encountered mechanisms
for upconversion are excited state absorption and energy
transfer. Hehlen ef 4/. [16] showed that energy migration,
even at low doping levels, is also of importance for
upconversion in Cs3Lu,Brg:Er3+. Several materials show
upconversion luminescence when pumped at an energy
which does not correspond to a purely electronic transition
from the ground state. Rather, it corresponds to a transition
from a metastable excited state to a higher excited
state. This mechanism is known as photon avalanche
[17,18]. Auzel and Chen [17] studied the first step of this
mechanism in Er3+ doped LiYF,, which involves a very
weak multiphonon sideband absorption transition.

Many models exist which describe the dynamics of
energy transfer; an example is the Inokuti-Hirayama

model (discussed in [1]). These models usually assume
a random distribution of donors and acceptors and
a continuous range of distances between donors and
acceptors. Vasquez and Flint [19] found that these models
do not work properly for several real crystalline systems.
Models have now been tailored for specific systems. For
example, very good agreement with experimental data
on Cs;NaY_(Pr,Clg was obtained for a model which was
developed to treat energy transfer in cubic lattices having
the elpasolite crystal structure [19]. Furthermore, Wang
and Simpkin [20] found that the upconversion dynamics
in Er3+ doped YAIO; and YAG (yttrium aluminium garnet,
Y3Al504,) are better described by a model that assumes a
regular distribution of donors and acceptors.

High-resolution spectroscopy and single
molecule spectroscopy

Using high-resolution spectroscopic techniques, such as
fluorescence line narrowing and spectral hole burning
(SHB), the homogeneous line width (i.e. the optical line
width for a single ion or molecule in a solid) of a zero
phonon transition of an impurity in a solid can be studied
[1,21]. At low temperatures (< 4.2 K) the homogeneous line
width is much smaller than the inhomogeneous width.
Recently, the narrowest known homogeneous line width
of an optical transition in a solid has been reported
for an f—f transition of Eu3+ in Y;SiOs. The width is
only 122Hz (~109c¢m-!) measured at 1.2K using the
photon echo technique [22°]. The homogeneous line
width and its temperature dependence are very sensitive
probes for studying the interaction of an impurity with its
surroundings {1,21]. In [23] the interaction of Eu3+ and
Pr3+ impurity ions with the silicate glass host was studied



using spectral hole burning. The results showed that the
optical dynamic behaviour of the two ions in the glass is

not the same. For example, persistent spectal hole burning

was observed for Pr3+ but not for Eu3+.

Persistent SHB is of importance for high density optical
information storage [21]. Sm2+ doped materials have
recently been reported to exhibit persistent SHB at room
temperature [24%,25]. In these materials, holes are burnt by
photoionizing the Sm2+ ions in a two-photon process [24°].
Two-colour, two-photon ionization is also the mechanism
for hole burning (at low temperatures) in SrTiO3:Cr3+
[26]. When the spectral hole is detected, by scanning
the laser over the spectral region containing the hole and
measuring the luminescence intensity, this two-photon
process prevents refilling of the spectral hole.

High-resolution laser spectroscopy has been extended
into the field of single molecule spectroscopy in solids
(SMS) [27°*]. With SMS the local environment of the
molecule can be probed with an unprecedented sensitivity.
In addition, SMS allows a test of theoretical models
in a more convincing way, because of the absence of
ensemble averaging. For example, the quantum jump
between a singlet and a triplet excited state of a single
terrylene molecule has been directly observed [28°¢). SMS
has mainly been performed on the aromatic molecules
pentacene, perylene and terrylene in p-terphenyl crystals
or in a polyethylene polymer. These systems have served
as model systems for which SMS has been optimized.
Recently, several new matrices have also been investigated
[29].

Scanning near-field optical microscopy

A new technique, scanning near-field optical microscopy
(SNOM), which has been developed since the mid-eight-
ies, allows both microscopy and spectroscopy under very
high spatial resolution [30]. The concept is related to
scanning probe microscopic techniques such as scanning
tunneling microscopy (STM) and atomic force microscopy
(AFM).

By scanning a very small light source in very close
proximity to the surface of a sample, the A/2 diffraction
limit can be circumvented and one can use visible light
to resolve details smaller than 50 nm. If the surface under
investigation contains luminescent centres, only those few
centres which are illuminated by the very small light
source are excited. In this way a luminescent image of high
resolution of the surface can be obtained. A typical design
of a SNOM microscope is described in [31].

Using SNOM, single dye molecules which were dispersed
on a thin polymer film could be excited and their
luminescence spectrum recorded at room temperature
(Fig. 2) [32°°]. Excited state dynamics of single dye
molecules could also be probed by time-resolved lumines-
cence measurements using SNOM [33]. The high spatial
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Luminescence spectra at room temperature of a single,

highly photostable dil (i.e. 1,1"-dioctadecyl-3,3,3",3"tetra-
methylindocarbocyanine) dye molecule embedded in a
polymethylmethacrylate (PMMA) polymer film. The spectra were
measured using a scanning near-field optical microscope. Excitation
was at 520 nm. The upper trace is the average of 17 spectra
acquired over 17 min, during which no distinguishable spectral
change occurred. During the eighteenth one-minute integration, the
emission shifted about 5 nm towards the red. During the nineteenth
minute the molecule was photobleached. The lowest trace (labelled
twentieth minute) is the background. (Published with permission from
[32*°])

resolution of the SNOM technique has been combined
with a high spectral resolution in several studies [34,35°¢).
In [35°°), a two-dimensional luminescent GaAs/AlGaAs
quantum well (i.e. a thin, =40A, sheet of GaAs with a
low energy band gap, sandwiched between much thicker
sheets of AlGaAs with a higher energy band gap) has
been investigated. The authors were able to obtain a
luminescence image of the quantum well at liquid helium
temperature; the luminescent centres correspond in this
case to excitons localized at interface fluctuations.

The latest development in this area is the scanning
interferometric near-field optical microscope, achieving a
resolution of 1nm [36°]). This is almost two orders of
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magnitude better than that achieved using SNOM. The
concept is related to SNOM, but the contrast mechanism is
fundamentally different. In this method the dipole~dipole
coupling between an electric dipole in the sample and a
tip of a vibrating needle is measured.

New scintillator materials

Scintillators are inorganic materials which convert the
energy of ionizing radiation into visible light. They are
applied in detectors used in high energy physics exper-
iments and in new medical imaging techniques [37,38].
The area of scintillator research is very active, because
the above-mentioned applications require materials with
superior properties to those of the traditional scintillators
[37,38]. In particular, the new generation of scintillator
materials should combine a high stopping power for
ionizing radiation with high efficiency and high speed. In
the traditional materials these demands were only partially
met.

Crystals containing Ce3+ are especially interesting for
application in high energy physics, because of their fast
and efficient luminescence in the UV and blue spectral
regions. Upon excitation with y rays or UV light, CeF3
crystals show luminescence from regular Ce3+ ions and
from Ce3+ ions which are perturbed by nearby lattice
defects such as oxygen ions. Energy transfer occurs from
the former ions to the latter. Although CeF3 is a very fast
scintillator (decay time = 20 ns), it has a relatively low light
yield because of the low efficiency of the lattice—Ce3+
energy transfer upon excitation with ionizing radiation
[39°]. Ce3+ doped oxidic materials such as LuAlO3:Ce [40]
and Gd;,SiOs:Ce [41] are also promising scintillators. In
[42] it is shown that Ce3+ ions are excited via a self-trapped
exciton state of the pure oxide crystal. This means that
the electrons and holes which are formed upon absorption
of high energy radiation first recombine, after which the
recombination energy is transferred to Ce3+ ions.

Luminescence of silicon

At the present time there is great interest in the
possibility of using silicon in optoelectronic devices
because this would allow an integration of these devices
in the highly developed silicon-based microelectronics
technology. However, silicon is an indirect band gap
semiconductor (i.e. transitions between conduction band
and valence band are forbidden) which prevents efficient
luminescence. Several tricks may be applied to use silicon
as a luminescent material. For example, it can be doped
with rare earth ions such as Er3+, or porous silicon can
be used instead of bulk silicon. As this field is extremely
active, it is impossible to review all the work and all the
ideas which have been published recently. We will briefly
discuss some selected papers.

Er3+ doped silicon shows photoluminescence as well
as electroluminescence at about 1.55pum due to an f—f

transition of Er3+ [43—45]. Er3+ ions can be excited via
recombination of electrons and holes which are trapped at
an Er-related recombination site [46]. The exact chemical
environment of the optically active Er3+ ions is not yet
firmly established. Several kinds of optically active Er3+
ions exist, some of which have oxygen atoms or other
impurities or defects in their surroundings [47].

Although there is still no general agreement concerning
the nature of the visible luminescence of porous silicon,
many researchers think that it is due to quantum
confinement of excitons in nanosized silicon dots and wires
[48,49,50°,51°]. Very recently, the importance of Auger and
Coulomb charging effects were emphasized in the expla-
nation of the voltage tuning of the photoluminescence and
the electroluminescence of porous silicon [50%,51°¢].

Conclusions

We have reviewed some recent papers in the field of
luminescence of solids. The potential of opto-electronic
applications is a major drive behind a lot of this research.
New materials doped with transition metal ions or rare
earth ions are or may be used as laser materials, optical
amplifiers, displays or materials for optical recording. It
is believed that a better understanding of the nature of
the luminescent centres and the mechanisms of excitation
and relaxation of these cenures will eventually lead to
the design of new materials. On the other hand, recent
technological developments, especially in the laser area,
have vastly increased the experimental possibilities of
solid state optical spectroscopy, enabling for example
single molecule and femtosecond spectroscopy.

Note added in proof

Recently we became aware of the publication of a book
which gives an excellent introduction to the field of
luminescence of solids [52].
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