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Abstract

The optical properties of insulators activated with rare earth ions are determined by the energy levels of the impurity; hence, the study
of intra-ion transitions has been the principal focus of numerous investigations in the past. This has occurred to the neglect of other
properties, particularly those involving the most energetic states of the impurity. To understand the optical properties in regions of higher
energy, i.e. UV, the intrinsic bands of the host materials and the charge transfer dynamics between impurity and host must be taken into
account. In such cases, the exact positions of the impurity states relative to the host conduction and valence bands become important and
need to be determined in order to establish the physical behavior of the activated material. A complete treatment of the impurity–host
system leads to a donor–acceptor model, similar to the common approach in semiconductor physics. Here we apply this model to discuss
recent experiments on rare earth doped materials, including the luminescence efficiency of rare earth doped scintillator and phosphor
materials, and laser cooling of solids.  2000 Elsevier Science S.A. All rights reserved.
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1. Introduction tor model for the impurity host system, a model that is
used extensively for doped semiconductors [2,3]. This

The optical properties of rare earth activated insulators newly emerging point of view for describing doped
are determined by the energy levels of the impurity, mainly insulators is partly related to the rising activity in scin-
by intra-ion f–f transitions that are weakly perturbed by tillator and phosphor research where the application of
the host. The wave functions of energetically higher states these materials require excitation energies larger than the
(d-orbitals) interact more strongly with the host system; bandgap of the host, often leading to electron transfer
nevertheless, it has been customary to consider the impuri- processes [4]. Spectral holeburning (chemical holeburning)
ty electrons independently from the surroundings. The host is another field that requires the knowledge of impurity
environment influences the impurity electrons via the energy levels with respect to the host bands. Spectral
crystal field of certain symmetry and strength, leading to holeburning is an important tool to investigate the fun-
the energy splitting and shifting of the free ion orbitals [1]. damental dynamical properties of ordered and disordered
However, it has become evident in recent years that a materials [5]. More recently, holeburning processes are
thorough understanding of the host–impurity system re- extensively studied for high density data storage. Finally,
quires the incorporation of excitation processes that in- at the theoretical front, an increasing number of calcula-
volve both the impurity electronic states and the extended tions on the energy levels of doped systems are published,
electronic states of the host lattice, i.e. the valence and and there is a need for experimental data to test the
conduction bands. This approach leads to a donor–accep- different theoretical techniques. While in a local descrip-

tion of the impurity ion the electron transfer processes can
be taken into account as ionization and charge transfer
processes, we believe that certain phenomena, like photo-*Corresponding author. Tel.: 11-706-542-2859; fax: 11-706-542-
conductivity in doped insulating materials, where charge2492.
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properly treated in the donor /acceptor model for the E 5 E 1 E ,G A D

impurity–host system.
which states that the energies for the donor and acceptor
like electron transfer processes add up to the value of the
band gap of the host material. This relation is valid for2. Electron transfer processes and Born–Haber cycle
zero phonon transitions at T50 K, thus, direct comparison

n1 with experimental data is not always straight forward. TheFor a stable impurity ion (M ) with a ground state
relation between acceptor, donor and band gap energieslocated within the host bandgap, two electron transfer
can be derived using the Born–Haber cycle, which origi-processes are possible:
nally described a method of estimating the cohesive energy(a) Transfer of a valence band electron to an empty
of ionic lattices [6,7]. It is based on thermodynamicimpurity ion level. This process leaves a hole in the host
principles only, with no specific impurity or host featuresvalence band. Since in this process the impurity ion

n1 (n21)1 involved, which makes it very general and applicable toaccepts an electron (M →M ) it is called an accep-
any impurity in any host. The Born–Haber cycle wastor-like charge transfer process.
further developed by McClure and coworkers to find the(b) Transfer of an electron from a filled impurity state to
relationship between photoionization and charge transferthe conduction band. This process ionizes the impurity ion

n1 (n11)1 processes of impurity ions [2]. Adopting the band model(M →M ) and since the electron is donated to the
for impurity ions in insulators, it becomes evident thathost conduction band it is called a donor-like charge
ionic states involving unoccupied levels resonant with thetransfer process or photoionization.
valence band or occupied levels resonant with the conduc-Applying this concept to a trivalent rare earth impurity

31 tion band are unstable.RE , Fig. 1 shows the location of the highest occupied 4f
ground state level within the forbidden gap of the host. The
host valence and conduction band are separated by E . TheG

31 41 2photon energy for a donor process (RE →RE 1e ), 3. Photoconductivity experiments on doped insulators
i.e. promoting the electron from the highest occupied
ground state level to the conduction band is given by Several techniques can be employed to locate the energy
hn . E , where E is the energy difference between the level of impurity ions with respect to the host valence andD D D

bottom of the conduction band and the rare earth electronic conduction bands. X-ray photoelectron spectroscopy
level under consideration. This process leaves the rare (XPS) measures directly the electron density as a function

41earth ion in the tetravalent state. The RE ion can be of binding energy, providing, in principle, the energy
31converted back to a RE ion in an acceptor like process levels of both host and impurity ions [8]. However, in

41 31 1(RE →RE 1 e ) by transferring an electron from the practice the energy levels for impurity ions can often be
41valence band to the 4f shell of the RE ion, thus measured only for relatively high concentrations. Optical

41 31converting RE to RE . As a result, this electron will absorption measurements as a function of frequency will
31occupy the highest filled f-level of the RE ground state also provide the energy level of impurities relative to the

1configuration, leaving a hole (e ) in the valence band. host bands, since both acceptor- and donor-like processes
Thus the photon energy for an acceptor process is given by require the absorption of photons. As will be shown later,
hn . E , where E is the energy difference between the intra-ion transitions, especially broad f–d transitions canA A A

31highest occupied 4f ground-state level of the RE ion and be superimposed on the absorption due to electron transfer
the top of the valence band. It becomes evident from Fig. 1 processes, making the interpretation ambiguous. The ex-
that E , E , and E are related through perimental technique of choice to study delocalized transi-A D G

tions in doped insulators is photoconductivity [9,10], a
method that allows one to determine the position of
impurity energy levels with respect to the host bands even
for low impurity concentrations (less than 0.1 mol%).
Conventionally, this technique is used in semiconductor
physics, but a similar, although refined, approach can be
applied to insulators as well. McClure and coworkers have
used this technique to determined the positions of impurity
energy levels in the host lattice bandgap in a variety of
systems [2, 11, 12]. Photoconductivity is a powerful
method that provides extremely useful information espe-
cially for non-luminescent systems where information
about the system via the study of emission cannot be
obtained. We note that for a proper interpretation ofFig. 1. Acceptor- and donor-like electron transfer processes in doped

insulators. photoconductivity data it is almost always necessary to



200 U. Happek et al. / Journal of Alloys and Compounds 303 –304 (2000) 198 –206

show a very low quantum yield will lead to a better
understanding of luminescent materials in general. As an
example of the importance of the location of the impurity
energy levels with respect to the host bands, we present

31results on Lu O : Ce [13]. This material is characterized2 3
31by a complete quenching of the Ce 5d–4f luminescence.

With the help of extensive absorption, photoexcitation and
photoconductivity studies on single crystals, we could
experimentally verify that the quenching mechanism is

31determined by the location of the Ce 5d levels with
respect to the host conduction band. Fig. 3 shows the

31absorption spectrum of Lu O :Ce (solid line). It is2 3

characterized by a dominant absorption around 400 nm. At
wavelengths shorter than 250 nm we observe the onset of
strong band to band absorption (the band gap of Lu O is2 3

about 6.5 eV). The absorption band cannot be found in
undoped samples (Fig. 3, dashed line), and are also absent
in doped samples annealed in air, which contain mainly

41Ce ions (Fig. 3, dotted line) and exhibit an onset of a
strong absorption band around 375 nm, which is due to anFig. 2. Experimental setup for photoconductive studies on insulators.
acceptor-like electron transfer from the host valence band

41to the Ce ion. According to the Born–Haber cycle [6,7],
complement photoconductivity spectra by standard absorp- the sum of the acceptor-like and donor-like thresholds
tion and photoexcitation techniques. For photoconductivity must equal the energy gap between the host valence and
measurements the samples are mounted onto the cold conduction band (see Fig. 1). Using the values of the

41finger of a temperature variable liquid nitrogen cryostat; acceptor-like threshold of 375 nm (3.3 eV) found for Ce
31pressed between two nickel meshes serving as transparent and the onset of the predominant Ce absorption band

electrodes (Fig. 2). Nickel is used as an electrode material around 450 nm (2.8 eV) from our data, combined with the
because of the high work function of this metal, and host band gap of 6.5 eV, the Born–Haber cycle predicts
spurious currents due to the photoelectric effect do not that the 400 nm band reflects a transition that can promote
occur at wavelengths longer than 250 nm. Other electrode the 4f electron close to the host conduction band. The
materials, such as Au, Cu and stainless steel produce absence of any detectable characteristic cerium emission in

31results similar to those obtained with Ni electrodes. The Lu O :Ce and the Born–Haber cycle analysis of the2 3

electrodes are electrically insulated from the copper mount optical spectra leads to the conclusion that the strong
by sapphire plates. To ensure proper cooling of the sample, absorption around 400 nm, although clearly related to the

31the sample mount is equipped with a cold shield, resulting Ce ion, cannot be a simple 4f– 5d transition. Instead, the
in a base temperature of 79 K. A temperature controller strong absorption band reflects a donor-like electron
allows temperature dependent measurement between 79 K exchange processes. This is confirmed by the photocon-

31and room temperature. Photocurrents are excited by a 300 ductivity spectrum of Lu O :Ce presented in Fig. 4. The2 3

W Xe arc lamp spectrally filtered by an f /2 double grating observed photocurrent is stationary, i.e. a steady current
monochromator (McPherson). A double monochromator is without a build-up of polarization in the sample. There is a
necessary to suppress straylight. The photocurrent is striking similarity between the photo-induced current and
measured with a Keithley 6517 electrometer. To utilize the the absorption: both are characterized by a strong band
high sensitivity of the electrometer, additional features of around 400 nm. The 400 nm photoconductivity band is not
the setup include electric shielding and high mechanical observed for undoped samples, whereas for doped samples
stability, resulting in a detectable photocurrent of less than annealed in air it is nearly 2 orders of magnitude smaller,

21510 A. Typically, a field of up to 10,000 V/cm is applied thus the photoconductivity signal is strongly correlated
31across the sample which results in stationary photocurrents with the Ce absorption. At low temperature, the photo-

215 212on the order of 10 A to 10 A. conductivity rises around 480 nm, thus we conclude that
31the Ce groundstate lies 2.6 eV below the host conduction

band. The Born–Haber cycle, using the band gap and the
4. Luminescence efficiency of cerium doped oxides charge transfer energy E predicts a value of 3.2 eV. TheA

difference of 0.6 eV is within the range of typical
While the study of phosphor and scintillator materials deviations between Born–Haber cycle predictions and

generally focuses on systems with a high quantum ef- experiments. In our case the deviation might be due to
ficiency, a thorough understanding of why certain systems uncertainties in the band-gap value. Thus, the lack of
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Fig. 3. Room temperature absorption spectra undoped and cerium doped Lu O .2 3

luminescence, combined with the observed photoconduc- the geometry shown in Fig. 2 cannot be used, even if the
31tivity spectra and the Born–Haber analysis of both Ce material is pressed into pellets, due to the strong light

41and Ce absorption spectra is consistent with a 5d level scattering of the powder. The scattering would lead to
of the trivalent cerium ion lying within the conduction non-illuminated regions in the back of the sample and, in
band. An excited electron relaxes to the bottom of the turn, to a suppression of the photocurrent. We use a

31conduction band, which is below the lowest Ce -5d level. configuration where nickel electrodes are evaporated on a
Thus, the electron does not return to this level, but relaxes thick sapphire window, leaving a 1 mm wide gap between

31in a non-radiative relaxation process to the Ce ground the electrodes (Fig. 5). The window is placed in a sample
state, causing the quenching of the luminescence. holder which is designed to act as a press. The phosphor

31We note that in other Ce doped materials, like material is loaded on top of the sapphire plate and
Lu (SiO )O and Y (SiO )O similar investigations have subsequently presses directly onto the electrodes using a2 4 2 4

shown that in these very efficient scintillators the lowest 5d second sapphire window. It must be expected that the
level lies below the host conduction band, again demon- conductivity measurements will be influenced by surface
strating the importance of the relative position of impurity effects. To study the surface effect and to test the
energy levels with respect to the host bands [3]. applicability of photoconductivity studies to microcrystal-

line powder, we compared the photoconductivity spectrum
of CaS:Eu powder, a commercial phosphor, to that of a

5. Photoconductivity studies on micro-crystalline CaS:Eu single crystal. This system is known to exhibit
21phosphor materials temperature quenching of the Eu d–f luminescence,

6 21indicating that the 4f 5d emitting level of Eu is located
While the above presented results were obtained on rather close to the conduction band bottom (Fig. 6).

single crystals, a large number of interesting system are Assuming that the quenching results from thermal ioniza-
21 6available readily, and some exclusively, in powder form. tion of the Eu 4f 5d state, the energy difference between

6This is particularly true for phosphor material, where the the 4f 5d excited state and the conduction band bottom has
particle size is one of many parameters used to fine-tune been assigned a value of DE 5 0.13 eV [14]. While this
the phosphor performance. For photoconductivity studies value is certainly important as an effective and practically
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31Fig. 4. Photocondcutivity spectra of Lu O :Ce at different temperatures. Data points marked by squares were obtained by scanning the excitation source2 3

from short to long wavelength, demonstrating the presence of shallow traps which were filled during short wavelength illumination.

important energy threshold, it might not represent the K a spectrum has evolved containing two thresholds. The
6actual difference between the 4f 5d level and the conduc- threshold at 650 nm we attribute to electron tunneling from

6 21 31tion band. Fig. 7 shows the photoconductivity spectrum of the excited 4f 5d Eu level to a neighboring Eu ion,
21 21a CaS:Eu single crystal for different temperatures. At since the current follows the Eu absorption spectrum in

21room temperature, the photocurrent rises at about 790 nm, the region of the main Eu zero phonon line and shorter
31and increases by about 6 orders of magnitude to reach a wavelengths [15]. In addition, the presence of Eu ions

plateau at about 600 nm. At subsequent lower tempera- has been confirmed by the detection of low-lying f–f
tures, this threshold shifts to shorter wavelengths, and at 80 transitions in our sample (this is an example for our

statement that photoconductivity is a powerful spectro-
scopic tool when complemented by other optical tech-

Fig. 5. Sample mount for conductivity measurements on microcrystalline
21powder. Fig. 6. Energy levels of Eu in CaS.
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Fig. 7. Photoconductivity spectra of single crystal CaS:0.1%Eu. a: 300 K; b: 250 K; c: 200 K; d: 150 K; e: 80 K.

niques). We interpret the rise at 540 nm, the most important the impurity levels relative to the host conduction band is
21feature of the spectrum, as a direct excitation of an Eu important. An example is the reduction of the gain of solid

ion to the conduction band. From this we can directly state laser materials by promoting electrons from the
evaluate DE: emitting levels to the conduction band. An application

where excited state absorption can not be tolerated is laserDE 5 hn 2 hn 5 0.3 eVZPL cooling of solids. Laser cooling of a solid may occur when
21where n is the frequency of the Eu zero phonon line. the average energy of the photons emitted by the solid isZPL

This value has been confirmed by measuring the thermally larger than the energy of the absorbed photons. The energy
activated current as a function of temperature under optical difference is provided by phonons, thus leading to a net
excitation. Returning to the problem of conductivity mea- cooling of the solid. The principle of the laser cooling
surements on powders, Fig. 8 shows the corresponding process is shown in Fig. 9. An important additional

21photoconductivity spectra obtained on CaS:Eu powder. requirement is that non-radiative relaxation processes can
We find spectra very similar to those obtained on the be neglected. Mungan and Gosnell have published a
crystalline samples: two thresholds are clearly visible at detailed review about the history and recent results on laser
low temperatures, and again we find the broad plateau at cooling [16]. First successful cooling of a solid by 16 K

31room temperatures, starting around 600 nm. The main was achieved in Yb doped ZBLANP by a Los Alamos
difference is a signal beyond 700 nm at room temperature group [17]. This glassy system was chosen for its virtual
that we attribute to shallow traps, possibly at the surface of lack of non-radiative relaxation processes and its high
the powder. These results demonstrate the feasibility of purity, which suppresses absorption processes due to

31photoconductivity measurements on microcrystalline phos- unwanted impurities. After the first success, Yb doped
phor materials. ZBLANP has been cooled by 21 K [18], but no laser

cooling of other systems have been reported. This might be
partly due to unwanted impurities in the investigated

6. Laser cooling of solids systems, however, we have found that excited state absorp-
tion is a likely process that could prohibit laser cooling. To

There are a variety of phenomena that are due to our knowledge, this process has been overlooked in the
31ionization via excited state absorption, thus the location of context of laser cooling of Yb doped solids. We have
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Fig. 8. Photoconductivity spectra for CaS:0.7%Eu powder.

31 31investigated Yb doped a-Al O (sapphire). It is general- [19]. We also succeeded to grow Yb doped sapphire via2 3

ly difficult to introduce rare earth ions into sapphire using laser heated pedestal growth technique [20]. To confirm
31conventional crystal growth techniques, however, rare that Yb occupies a site of the a-Al O structure, we2 3

earth doped a-Al O can be obtained in a sol–gel process compared the emission and absorption spectra of our2 3
31samples with that of other Yb containing crystal struc-

tures. We have performed photoconductivity measurements
31on this system to locate the Yb groundstate with respect

to the host conduction band. Fig. 10 shows the obtained
photocurrent as a function of excitation wavelength. The
current rises around 640 nm (1.9 eV), which we interpret
as the threshold for a donor-like electron transfer process.
To have an independent confirmation for this assignment,
we performed photoexcitation measurements at a few
argon ion laser and HeNe laser wavelengths, i.e. we

31 2 2monitored the Yb F to F emission under laser5 / 2 7 / 2

excitation. The result is plotted as solid circles in Fig. 10.
31We find a threshold for the excitation of the Yb emission

which coincides with the photoconductivity signal. Excita-
tion at shorter wavelengths leads to a stronger photoexcita-
tion signal, following the shape of the photoconductivity
curve. The photoexcitation signal reflects the promotion of

31an Yb electron to the conduction band. This electron is
41subsequently trapped by the Yb ion, resulting in an

31excited Yb ion which relaxes to the ground state under
31emission of characteristic Yb emission. From our resultsFig. 9. Energy-level diagram for an impurity ion in a solid host. The 31we obtain directly the location of the Yb energy levelsarrows indicate pump and relaxation processes leading to laser cooling of

the system. with respect to the conduction band, the result is shown in
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31Fig. 10. Photoconductivity of Al O :Yb as a function of excitation wavelength (squares). The circles represent the fluorescence intensity of the sample2 3

under optical excitation, normalized to the laser intensity.

Fig. 11. The intra-ion f–f transition occurs around 1.3 eV,
31which is about the same for Yb in glasses and crystals.

For sapphire, the excited state lies only 0.6 eV below the
31conduction band. Thus, the Yb groundstate lies rela-

tively close to the host conduction band (compared to the
host band gap of about 10 eV [21]) and pumping of the

31Yb f–f transition will be accompanied by excited state
absorption, followed by non-radiative relaxation processes,
prohibiting laser cooling of this system. We are in the

31process of studying a number of Yb doped materials in
order to establish a list of promising ytterbium doped
materials for laser cooling.

7. Conclusions

We have presented a small number of examples that
demonstrate that electron processes play an important role
in the luminescence efficiency of doped insulators. Further,

31 we have used a donor /acceptor-like treatment of theFig. 11. Position of the Yb energy levels with respect to the sapphire
conduction band. impurity-host interaction to fully describe the optical
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