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Abstract. Silica is a basic material of technological importance for optics, microelectronics, 

photonics and fibre optics and it has been used as a host material for a variety of luminescent 

lanthanide ions due to its chemical stability and non-hygroscopic nature. Although for 

lanthanide ions the 4f electron energy levels are shielded from the host environment by the 

filled outer 5s and 5p orbitals, making the f-f transitions relatively insensitive to the host, f-d 

transitions involving the unshielded 5d state are host dependent. The absolute positions of the 

4f and 5d states relative to the valence and conduction bands of the host also affect quenching 

and charge trapping phenomena and so they are required for proper modelling of phosphor 

performance.  Recently a model has been formulated to determine the energy levels of any of 

the thirteen divalent lanthanides relative to the band edges using only three host dependent 

parameters. Another two host dependent parameters are required to also establish the absolute 

levels of the trivalent ions.  In this paper a scheme for the energy levels of both the divalent 

and trivalent lanthanide ions in silica is proposed making use of experimental data.  It is 

suggested that although the location of the divalent europium ion f-level above the valence 

band can be located by using the charge transfer energy of trivalent europium, this process 

cannot be generalized to find the location of the trivalent cerium ion f-level above the valence 

band using the charge transfer energy of tetravalent cerium as has been suggested. 

1.  Introduction 

Silica is a basic material of technological importance for optics, microelectronics, photonics and fibre 

optics.  Its high absorption edge energy makes it particularly useful for UV applications and it has 

been used as a host material for a variety of luminescent lanthanide ions due to its chemical stability 

and non-hygroscopic nature. Specific applications include optical amplifiers doped with erbium for the 

telecommunications industry [1] and x-ray scintillation material doped with cerium for radiation 

sensing [2]. 

For lanthanide ions the 4f electron energy levels are shielded from the host environment by the 

filled outer 5s and 5p orbitals, so that the transitions between the 4f states and therefore the 

luminescence wavelengths are relatively insensitive to the host.  For this reason little attention has 

been paid until recently to the location of the impurity levels of the lanthanide ions within the energy 

gaps of their hosts. However, luminescence from some lanthanide ions, e.g. cerium, occurs due to f-d 

transitions from the unshielded 5d state of which the energy relative to the f-states is therefore host 

dependent.   The absolute positions of the 4f and 5d states relative to the energy gap of the host also 

affect quenching and charge trapping phenomena and so they are required for proper modelling of 

phosphor performance [3].  In addition, the interaction of lanthanide ions with defect levels of a host 

can only be studied if the energy levels of the lanthanide ions are known. 



 

 

 

 

 

 

Although the use of lanthanides in luminescence phosphors became widespread about half a 

century ago [4], it is only recently that a phenomenological model capable of predicting the lanthanide 

energy levels has become available, primarily due to the work of Dorenbos - this was applied initially 

to CaF2 and YPO4 [5] and more recently to other materials e.g. GaN [6] and AlxGa1-xN [7] where it 

was possible to explain the lack of blue luminescence from terbium ions unless x > 0.38 due to overlap 

of the 4f 
5
D3 level with the conduction band.  Only five host-specific parameters are required: the 

bandgap of the host and four others, two each for divalent and trivalent ions to locate the ground states 

of the f and the d levels respectively. In principle the data can come from any of the lanthanide ions, 

since the data compiled by Dorenbos [8-14] relates the values between the different lanthanide ions, 

but in practice usually Eu
+2

 is used for the divalent ions and Ce
3+

 for the trivalent ones, this data being 

the most readily obtained experimentally.   However, determining the parameters to locate the levels 

for a particular host is not always straightforward, and in this paper a scheme for the energy levels of 

both the divalent and trivalent lanthanide ions in amorphous silica is proposed.  

2.  Model for the lanthanide impurity levels 

As a first step to the model, Dorenbos [8] used experimental data to show that the differences between 

the f-d transition energies of trivalent lanthanide ions were independent of the host.  This allowed new 

estimates of the free ion f-d transition energies and, using at least one experimental f-d transition 

energy for any trivalent lanthanide ion in a host, to give the crystal field depression D(A,3+) for that 

host A [9]. The process was analogous for the divalent ions [10], yielding the crystal field depressions 

D(A,2+) for divalent ions in different hosts [11].   

Given the f-d transition energies Efd, if one can determine either the energy from the valence band 

to the f-level EVf or from the d-level to the conduction band EdC one can place the levels absolutely.  

Note that 

EVf + Efd + EdC = EVC 

 

where EVC is the bandgap.  To first approximation, an electron promoted to the 5d level of any 

lanthanide ion interacts with the crystal in the same manner, since the differences between the 

lanthanides occurs only for the inner shielded 4f electrons. Therefore the 5d energy levels of all the 

lanthanides are approximately equal [5].  In addition it was found that the charge transfer (CT) energy 

(E
CT

) of a trivalent lanthanide ion provides a fair measure of EVf for the corresponding divalent ion 

[12]. By comparing small calculated changes in EdC across the divalent lanthanides [13] with changes 

in EVf based on CT data, and using the known relative f-d transition energies together with 

 

EVf + Efd + EdC = 0, 

 

 Dorenbos [12] was able to find the variation EVf across the divalent lanthanides.  Then if either 

the f- or the d-energy level of any divalent lanthanide ion can be found relative to either the valence or 

the conduction band, all the f- and d-levels for all the divalent ions can be computed.  The value of E
CT

 

for Eu
3+

, giving EVf (Eu
2+

), is often most easily obtained experimentally [14] and so EVf is generally 

expressed relative to this ion.  Dorenbos [12] also predicted the variation EVf across the trivalent 

lanthanides. Although E
CT

 for tetravalent lanthanide ions is expected to be a fair measure of EVf for the 

corresponding trivalent lanthanide ions, this data is not so readily available and so instead EdC (Ce
3+

) is 

usually estimated and for the trivalent ions EVf is generally expressed relative to cerium. 

Therefore in addition to the bandgap of a particular host, one needs the crystal field depression of 

the f-d transitions and any one known absolute energy level to predict all the f- and d-levels of all the 

lanthanide ions.  The last two parameters are needed for both divalent and trivalent ions, giving five 

host specific parameters in total. The free ion f-d transition energies and their relative values, together 

with the values of EVf  and Efd are given in Table 1. Note that recently Dorenbos [15] has published 

new estimates of EVf for the divalent and trivalent ion which are used here. Older values have been 



 

 

 

 

 

 

applied successfully to oxide and fluoride hosts [14], but for a sulphide host it the model did not work 

well and for that work the values were adapted to give a constant value for EdC [16]. 

 

Table 1. Host independent data for energy level diagrams of lanthanide ions.  The columns labelled 

Free give the f-d transition energy of the free ions.  The next columns gives the relative values of the 

f-d energy, the energy from the valence band to the f-level ground state  and the energy from the d-

level ground state to the conduction band [8-15]. All values are in electron-volts. 

Ion 
Divalent ions, Ln

2+
 (changes relative to Eu

2+
)  Trivalent ions, Ln

3+
 (changes relative to Ce

3+
) 

Free Efd EVf EdC Free Efd EVf EdC 

La -0.94 -5.16 5.69 -0.53 - - - - 

Ce 0.35 -3.87 4.07 -0.20 6.12 0.00 0.00 0.00 

Pr 1.56 -2.66 2.83 -0.17 7.64 1.52 -1.94 0.42 

Nd 1.93 -2.29 2.50 -0.21 8.94 2.82 -3.29 0.47 

Pm 1.96 -2.26 2.32 -0.06 9.31 3.19 -3.63 0.44 

Sm 3.00 -1.22 1.24 -0.02 9.40 3.28 -3.74 0.46 

Eu 4.22 0.00 0.00 0.00 10.58 4.46 -4.92 0.46 

Gd -0.10 -4.32 4.67 -0.35 11.81 5.69 -6.17 0.48 

Tb 1.19 -3.03 3.23 -0.20 6.97 0.85 -0.88 0.03 

Dy 2.12 -2.10 2.30 -0.20 8.58 2.46 -2.53 0.07 

Ho 2.25 -1.97 2.44 -0.47 9.72 3.60 -3.55 -0.05 

Er 2.12 -2.10 2.62 -0.52 9.46 3.34 -3.41 0.07 

Tm 2.95 -1.27 1.77 -0.50 9.46 3.34 -3.18 -0.16 

Yb 4.22 0.00 0.49 -0.49 10.83 4.71 -4.15 -0.56 

Lu - - - - 12.22 6.10 -5.64 -0.46 

 

3.  Lanthanide impurity levels in amorphous silica 

Amorphous silica samples doped with lanthanide ions were prepared with the sol-gel process using 

TEOS as a precursor and annealed at 1000°C.  Emission and excitation measurement were performed 

on a Cary Eclipse fluorescence spectrophotometer having a xenon lamp as well as with synchrotron 

radiation using the SUPERLUMI station of HASYLAB at DESY. All measurements were made at 

room temperature, and excitation spectra from SUPERLUMI were corrected for the incident flux by 

comparison to the excitation spectrum of sodium salicylate. 

 

 

100 150 200 250 300
0.0

0.1

0.2

0.3

0.4

0.5

 

 

SiO
2
:Eu (Em. 615 nm)

SiO
2
 (undoped) (Em. 430 nm)

2
8

7

1
6

7

2
3

5

3
0

4

3
1

9

2
9

8

In
te

n
s
it
y
 (

A
rb

. 
u

n
it
s
)

Wavelength (nm)

Excitation spectra

100 150 200 250 300
0.00

0.01

0.02

0.03

0.04

Excitation spectrum

 

 

In
te

n
s
it
y
 (

A
rb

. 
u

n
it
s
)

Wavelength (nm)

SiO
2
:Sm (Em. 648 nm)

 
(a)                                                                         (b) 

Figure 1. Excitation spectra for sol-gel silica measured at SUPERLUMI. (a) undoped and Eu doped 

silica (b) Sm doped silica. 



 

 

 

 

 

 

Fig 1(a) shows the excitation spectrum of a sample doped with 1% Eu while monitoring the 

emission due to Eu
3+

 ions at 618 nm.  The small sharp features around 300 nm are due to f-f transitions 

of Eu
3+

 [17], while the broad band at 235 nm (5.28 eV) is the CT band. A similar excitation spectrum 

was obtained by Yi et al. [18], but they only measured down to 250 nm.  The band near 170 nm was 

also observed in undoped silica as well as when doping with different lanthanides and is attributed to 

defects in the silica [19].  The value of E
CT

 (Eu
3+

) is used for the energy EVf (Eu
2+

) and from the 

differences in Table 1, the absolute f-levels of the divalent lanthanide ions are established as in Fig. 

2(a).  The value found here agrees well with that for silicates listed by Dorenbos [14]. From Fig. 2(a) 

one may predict that E
CT

 (Eu
3+

) will lie 1.24 eV above that of Eu
3+

 at 6.51 eV (190 nm). Recently 

Gutsov et al. [20] attributed a broad absorption peak in Sm doped sol-gel silica at 35714 cm
-1

 (4.42 

eV, 280 nm) to E
CT

 (Sm
3+

). However, this energy lies lower than that for Eu
3+

 and is not consistent 

with our results.  Fig. 1(b) shows the excitation spectrum of SiO2:Sm and the CT band is found at 210 

nm, fairly close to the 190 nm predicted from the model.  An excitation band near 280 nm, similar to 

that found by Gutsov et al. [20], is also found for undoped silica (Fig. 1(a)) and may be associated 

with defects [19].  
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                                   (a)                                                                           (b)     

Figure 2. Location of the energy levels of divalent and trivalent lanthanide ions in silica.  (a) Scheme 

based on associating E
CT

 (Ce
4+

) with the value EVf (Ce
3+

). (b) More realistic scheme obtained by 

reducing EVf (Ce
3+

) in (a) by 1 eV. 

 

To obtain the divalent lanthanide d-levels, the crystal field depression D(A,2+) is required, but this 

value is not given for silica in the extensive tabulations of Dorenbos [11]. Hu et al. [21] give an 

excitation spectrum for Eu
2+

 f-d luminescence near 450 nm from sol-gel silica.  Since the lowest d-

level overlaps with higher levels the excitation peak value should not be used, but rather the 15-20% 

onset value on the long wavelength side [11], which is about 400 nm (3.1 eV).  Comparing this to the 

free ion value of 4.22 eV gives D(A,2+) =  1.12 eV, from which all the f-d transition energies and 

hence the d-levels can be calculated, as shown in Fig. 2(a). 

Although Ce
4+

 is non-luminescent, absorption experiments can be used to determine its CT band, 

and a value of about 260 nm (4.8 eV) has be reported [22-23].  If E
CT

 (Ce
4+

) is interpreted as EVf (Ce
3+

) 

then the absolute f-levels of the trivalent lanthanide ions can be determined. However, there are some 

indications that this is not the case.  Firstly, let us consider the d-levels of the trivalent ions based on 

this value.  To do so we require D(A,3+), which can be obtained by comparing an f-d transition energy 

in silica with that of the free ion listed in Table 1.  Fig 3(a) shows the luminescence spectra of trivalent 



 

 

 

 

 

 

Ce
3+

 in silica.  The excitation maximum occurs near 320 nm (3.88 eV), giving D(A,3+) = 2.24 eV, 

from which the d-levels can be derived as shown in Fig. 2(a).  Here the d-levels of the trivalent ions lie 

about equal in energy to the divalent ones, whereas they should lie slightly lower.  Dorenbos [9] does 

tabulate a value of D(A,3+) for silica, but we believe our value is more accurate since in the reference 

used by him the sample had not been annealed at high temperature to incorporate the cerium in the 

silica. To further check the value, consider the excitation spectrum of a sample doped with Tb while 

monitoring the emission due to Tb
3+

 ions at 545 nm (Fig. 3(b)). The peak at 226 nm (5.49 eV) is the f-

d absorption band, while the peak near 160 nm is due to defects as mentioned before.  This f-d energy 

cannot, however, be compared directly to that of the free ion because the lowest f-d transition for Tb
3+

 

is spin-forbidden.  The experimental value corresponds to the first spin-allowed f-d transition which 

occurs 0.78 eV higher [8,24]; therefore the crystal field depression can be estimated as (6.97 + 0.78) – 

5.49 = 2.26 eV, in excellent agreement with the value from cerium.  Additionally, Dorenbos [25] has 

shown that the crystal field depressions for divalent and trivalent ions are related by D(A,2+) = 

0.64D(A,3+) – 0.233, which holds reasonably well for the values obtained here. It therefore appears 

that the crystal field depression is accurate, so the higher than expected trivalent d-levels seem to be as 

a result of overestimation of EVf (Ce
3+

).  A second factor that seems to indicate this is the difference in 

the f-levels of trivalent and divalent Eu: generally it varies from above 7 eV in poorly polarisable 

compounds like the fluorides to below 6 eV in strongly polarisable compounds like bromides and 

sulphides, and for the metal it is 5.4 eV [15].  In the model of Fig. 2(a) it is only 5.4 eV, and a realistic 

value is at least 1 eV higher.  Decreasing EVf (Ce
3+

) to 3.8 eV achieves this and also brings the 

trivalent 5d levels 1 eV below the divalent ones, creating the more realistic energy structure in Fig. 

2(b).  Since we have no reason to doubt the accuracy of the Ce
4+

 CT absorption energy (or any of the 

other measurements) to the extent of the correction applied, it is concluded that the value of EVf (Ce
3+

) 

cannot be associated with the Ce
4+

 CT absorption energy.  Although using the CT absorption energies 

of tetravalent ions was suggested initially [12], to our knowledge it has not been applied before and 

generally a value of  EdC (Ce
3+

) is estimated instead.  It has been acknowledged that identifying the 

trivalent CT energies with the absolute energies of the divalent ions above the valence band is an 

assumption that can be disputed [15], and although it appears to work well to find values of EVf (Eu
2+

), 

in this work we have shown that a similar method is not as successful for determining EVf (Ce
3+

). 

To complete the energy level diagrams in Fig. 2 only the bandgap of amorphous silica is required.  

This has been determined as 9.0 eV by photoconductivity measurements [26], with the fundamental 

absorption edge at 8.1 eV [27] shown by a dotted line in Fig. 2. 

 

250 300 350 400 450 500 550 600 650
0

100

200

300

400

500

600

SiO
2
:Ce 4%

Reduced in H
2
, 1000

o
CExcitation (Em. 450 nm)

 

 

Emission (Exc. 325 nm)

In
te

n
s
it
y
 (

A
rb

. 
u

n
it
s
)

Wavelength (nm)

100 150 200 250 300
0.0

0.1

0.2

0.3

0.4

0.5

2
2
6

1
6
0

Excitation spectrum

 

 

In
te

n
s
it
y
 (

A
rb

. 
u

n
it
s
)

Wavelength (nm)

SiO
2
:Tb (Em. 545 nm)
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Figure 3. (a) Excitation and emission spectra of 4% Ce doped silica after annealing in reducing 

atmosphere at 1000°C for 2 h, measured with Cary Eclipse. (b) Excitation spectrum of 0.1% Tb doped 

silica measured synchrotron radiation and SUPERLUMI.  
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