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A facile method to describe the electron transfer and energy transfer processes among lanthanide

ions is presented based on the temperature dependent donor luminescence decay kinetics. The

electron transfer process in Ce3þ-Yb3þ exhibits a steady rise with temperature, whereas the Ce3þ-

Tb3þ energy transfer remains nearly unaffected. This feature has been investigated using the rate

equation modeling and a methodology for the quantitative estimation of interaction parameters is

presented. Moreover, the overall consequences of electron transfer and energy transfer process on

donor-acceptor luminescence behavior, quantum efficiency, and donor luminescence decay kinetics

are discussed in borate glass host. The results in this study propose a straight forward approach to

distinguish the electron transfer and energy transfer processes between lanthanide ions in dielectric

hosts, which is highly advantageous in view of the recent developments on lanthanide doped mate-

rials for spectral conversion, persistent luminescence, and related applications. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4916946]

In the past some years, several reports have been pub-

lished on ultra-violet to visible and visible to near infrared

spectral down-conversion in rare earth lanthanides doped

glasses and crystals.1–5 The spectral down conversion or quan-

tum cutting is a cooperative energy transfer process, where

one high energy photon splits into two or more low energy

photons. Such processes can significantly increase the photon

density at required spectral region and therefore are advanta-

geous for improved lightings and in the solar energy concen-

tration.4,5 However, given the cooperative nature of the

process and small oscillator strengths of f-f electronic transi-

tions, the external quantum efficiency remains very low.5–7 In

this regard, the ongoing claims of observing an efficient quan-

tum cutting especially in the case of Ce3þ/Eu2þ-Yb3þ

codoped materials raises serious concerns and confusion.8–11

Recent studies on Ce3þ (donor)-Yb3þ (acceptor) and other

similar redox ions codoped materials have demonstrated that

the donor de-excitation and donor to acceptor energy sensiti-

zation involves an electron transfer process and not the coop-

erative energy transfer process as was considered earlier.12–15

Electron transfer and energy transfer interactions are

well established processes responsible for several physical

phenomena such as the energy storage, scintillation, after-

glow, quenching, and sensitization.16,17 In case of electron

transfer, an electron undergoes a physical displacement from

one ion or molecule to the other. On the contrary, energy

transfer usually takes place through the non-radiative multi-

pole interactions between electronic states involving the

exchange of so called virtual photons. Both interactions are

completely distinct from each other but sometimes occur

simultaneously, thereby leading to the misinterpretation of

physical processes. The basic difference between the two

mechanisms is that the former depends on the absolute

energy of the electron in donor and acceptor states,15,18

whereas the later mechanism needs resonant condition of

donor-acceptor electronic transitions.17 Dorenbos explained

the feasibility of electron transfer processes among lantha-

nide ions using the vacuum referred electron binding energy

(VRBE) of dopant ions.19 Accordingly, if the electron in do-

nor state (excited state of donor ion) possesses higher energy

than the acceptor state (charge transfer state of acceptor ion),

the electron transfer can take place, i.e., the transfer is ener-

getically favorable (change in free energy, DG0 is negative).

Figure 1 presents the VRBE diagram of lanthanide ions in

borate glass.13 In case of Ce3þ, the excited 5d1 state is at

higher energy than the Yb2þ ground state (Yb3þþ e� charge

transfer), indicating that the electron transfer process is ener-

getically favorable. Similar treatment is applicable to other

dopant pairs such as Ce3þ-Eu3þ and Eu2þ-Yb3þ, where the

FIG. 1. VRBE scheme of di-valent and tri-valent lanthanide ions in borate

glass.a)E-mail: sontakke.atul.55a@st.kyoto-u.ac.jp
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donor’s excited state is at higher energy than the acceptor’s

charge transfer state.

Several efforts have been made recently to experimen-

tally demonstrate the electron transfer process. Setlur and

Shiang adopted a semi-classical thermodynamic approach

based on the Marcus theory of electron transfer.20

Accordingly, the Ce3þ-Yb3þ/Eu3þ interactions in Y3Al5O12

and Lu2Si2O7 exhibit an exponential distance dependence

and a change in free energy, characteristic to the electron

transfer process. In an another report, Yu et al. analyzed the

time evolution of Ce3þ (donor) luminescence decay in

Ce3þ-Yb3þ codoped Y3Al5O12 ceramic using theoretical

models for electron transfer, single-photon energy transfer,

and cooperative energy transfer processes.12 They observed

that the simulations show better correlation for electron

transfer process over the energy transfer processes. In addi-

tion, a temperature dependence on both Ce3þ and Yb3þ lu-

minescence behavior was observed and attributed to the

thermally stimulated sensitization and quenching process.

From all these studies, it is clear that the electron trans-

fer process exhibits temperature sensitivity. This feature can

be further exploited to understand and distinguish the elec-

tron transfer process from the energy transfer processes in a

more simplistic way. This has been considered in present

study along with the study of luminescence behavior of

donor-acceptor ions in the electron transfer and energy trans-

fer processes. From Fig. 1, it is clear that the Ce3þ ! Yb3þ

interaction is governed by electron transfer process. In Ce3þ

! Tb3þ, the electron transfer is energetically forbidden.

However, the energy level structure of Ce3þ-Tb3þ is favor-

able for spectral resonance suggesting that the sensitization

occurs due to energy transfer process. Keeping this in view,

Ce3þ-Yb3þ and Ce3þ-Tb3þ systems have been selected as

representatives for the electron transfer and energy transfer

processes, and studied for their luminescence behavior,

quantum yield, and temperature dependent interaction

kinetics in borate glass host.

Borate glasses with base composition of 55 B2O3–20

CaO–10 Al2O3–15 La2O3 (in mol. %) were used as host for

dopant ions. Ce3þ singly doped and Ce3þ-Yb3þ, Ce3þ-Tb3þ

codoped glasses were obtained by partially substituting the

La3þ contents with the respective dopants. The Ce3þ con-

tents were 0.5 mol. % equivalent of La2O3, whereas the

Yb3þ and Tb3þ contents were 1 to 3 mol. % equivalent of

La2O3, respectively. CeF3, Yb2O3, and Tb4O7 were used as

the precursor chemicals for the dopant ions, and the glasses

were prepared using high temperature melt quenching

method in strong reducing conditions to prevent the forma-

tion of Ce4þ and Tb4þ. The detailed synthesis procedure is

available in our earlier report.13 The glasses are labelled

according to their dopant contents.

Photoluminescence (PL) spectra of the singly and

codoped glasses were recorded in the range of 380–1200 nm

by pumping with a 372 nm laser diode (LD) (Nichia Co. Ltd.,

NDHU110APAE3) excitation. The PL signals were collected

using a 90 mm focal length quartz lens, which were then dis-

persed using a monochromator (Nikon, G250) and recorded

using a Si photodiode detector (Electro-Optical System Inc.,

S-025-H). All the PL spectra were calibrated using a standard

halogen lamp (Labsphere, SCL-600). The PL quantum yield

was measured using a 10 in. integrating sphere (Labsphere

Inc., LMS-100) attached with multi-channel CCD detectors

(Ocean Optics Inc., USB2000 and USB2000þ) and 372 nm

LD. Signals were calibrated using a standard halogen lamp

(Labsphere, SCL-600) and an auxiliary halogen lamp for

absolute spectral distribution and absorption losses, respec-

tively. Both the PL and PL quantum yield measurements

were performed at room temperature. The donor (Ce3þ) lumi-

nescence decay measurements were carried out at varied tem-

peratures from 15 K to 500 K using a closed-cycle He

cryostat (CRT-006-2600, Iwatani), a precise temperature con-

trolled heater and a PL lifetime measurement setup

(Hamamatsu-Photonics, Quantarus Tau) equipped with pico-

second LED (temporal resolution �0.5 ns).

Figures 2(a) and 2(b) present the PL spectra of the studied

glasses doped with Ce3þ-Yb3þ and Ce3þ-Tb3þ ions, respec-

tively. In both the cases, the Ce3þ (donor) emission peaking at

about 450 nm decreases on acceptor codoping accompanied

by the appearance of acceptor’s emission. In case of Ce3þ-

Yb3þ, a weak Yb3þ emission is observed at about 1 lm,

whereas Ce3þ-Tb3þ codoped glass showed intense Tb3þ emis-

sions in the visible region. A prominent difference in the stud-

ied cases is the trend in donor luminescence quenching and

sensitized acceptor emission intensity. The donor (Ce3þ)

emission undergoes more quenching in Ce3þ-Yb3þ codoped

glass over the Ce3þ-Tb3þ codoped glass, however the sensi-

tized luminescence is significantly weak in former case com-

pared to the later one.

This difference is due to the different nature of donor-

acceptor interactions, i.e., electron transfer and energy trans-

fer processes. The electron transfer process in Ce3þ-Yb3þ

pair is relatively more stronger compared to the energy trans-

fer process in Ce3þ-Tb3þ, thereby giving rise to larger

quenching of donor excitation.20 On the contrary, the donor’s

energy is directly utilized in the excitation of acceptor ion in

energy transfer process; but in case of electron transfer pro-

cess, it may or may not excite the acceptor ion.13–15 This

incorporates an additional parameter defining the probability

of acceptor excitation per electron transfer interaction (P�A).

As in energy transfer process, the sensitized luminescence

FIG. 2. PL spectra of donor singly doped (dotted line) and donor-acceptor

codoped (solid line) samples exhibiting (a) Ce3þ-Yb3þ and (b) Ce3þ-Tb3þ

ions.
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mainly depends on the donor-acceptor interaction efficiency

and the acceptor’s quantum efficiency; it is also accompa-

nied by P�A parameter in the electron transfer process, which

plays a vital role in determining the sensitized luminescence

intensity. The literature reports reveal that the sensitized lu-

minescence intensity is usually poor in electron transfer pro-

cess.12–15 Also, it exhibits a temperature dependence as has

been observed by Yu et al. in Ce3þ-Yb3þ: Y3Al5O12 giving

rise to a decrease in Yb3þ luminescence at room tempera-

ture.12 This was attributed to be due to the thermally acti-

vated intersystem crossing of Ce4þ-Yb2þ charge transfer

state to the Yb3þ ground state at elevated temperature

(T> 120 K). Interestingly, a similar experiment on present

Ce3þ-Yb3þ codoped glasses suggested a small increase in

the sensitized Yb3þ luminescence with increase in tempera-

ture above 100 K. The exact nature of sensitization mecha-

nism in electron transfer process is still not clear and

requires an independent detailed study. However, the experi-

mental evidence clearly suggests that the probability of

acceptor excitation (P�A) is very low and is responsible for

the poor sensitized luminescence intensity even if the donor-

acceptor interactions are superior in electron transfer

process.

This has also been reflected in the luminescence quan-

tum yield of studied glasses obtained from integrating sphere

experiment.21 For Ce3þ singly doped glass, the experimental

quantum yield is 41.6%. It exhibits a sharp decline to 16.1%

in Ce0.5-Yb1 glass, whereas in Ce0.5-Tb1 glass, it increases

slightly to 42.5%. This is consistent with the PL characteris-

tics. The electron transfer process in Ce3þ-Yb3þ strongly

quenches the Ce3þ luminescence, but it does not lead to an

efficient acceptor sensitization. However, in case of Ce3þ-

Tb3þ, each de-excited Ce3þ ion populates one Tb3þ ion.

Interestingly, the quantum yield shows a slight increase in

Ce3þ-Tb3þ codoped glass over the Ce3þ singly doped glass.

Although the increase is within the experimental uncertainty,

there may also be some genuine reasons including the

reduced contribution of Ce3þ thermal ionization due to the

energy transfer to Tb3þ in codoped glass as well as the

occurrence of Tb3þ self-excited luminescence under 372 nm

excitation.

To get more insight of the electron transfer and energy

transfer processes, the donor luminescence decay kinetics

have been studied as a function of temperature. Figure 3(a)

shows the Ce3þ decay lifetime in singly and codoped glasses

in the temperature range of 15 K to 500 K. The decay life-

time has been obtained by fitting the decay profiles with ex-

ponential decay functions.14,22 In case of Ce3þ singly doped

glass, the decay profiles were nearly single exponential at

low temperature range. However, it became non-exponential

at higher temperature and in the codoped glasses. The second

order exponential decay function was used to obtain the av-

erage decay lifetime for non-exponential decay profiles.22

The decay lifetime is about 51 ns in Ce3þ singly doped glass

at low temperature and exhibits a decrease above about

100 K. This decrease in decay lifetime with temperature is

due to the thermal activation of Ce3þ 5d1 excited state elec-

trons to the conduction band as represented in Fig. 4(a).13

The proximity of 5d1 excited state of Ce3þ to the bottom of

the conduction band (Fig. 1) results in the ionization of

excitation population at elevated temperatures. The activa-

tion energy for thermal ionization has been obtained from

the theoretical fit to the experimental data simulated using

Arrhenius relation as given below23,24

s�1
Ce ¼ A0 þ A1 exp

�Ea

kBT

� �
; (1)

where sCe is the Ce3þ 5d1 ! 4f decay lifetime, A0 and A1

are constants representing intrinsic radiative decay rate and

the attempt rate for thermal ionization process, respectively,

kB is Boltzmann constant, T is absolute temperature, and Ea

is the activation energy for thermal ionization. From the

fit, Ea is obtained to be 135 6 10 meV and A1 is about

3.90 6 0.01� 108 s�1.

In Ce05-Tb1 glass, the decay lifetime exhibits an overall

decrease due to the Ce3þ ! Tb3þ energy transfer. However,

the trend of decay lifetime with temperature is similar to that

of Ce3þ singly doped glass. A further decrease in decay life-

time is observed in case of Ce05-Yb1 glass, which is consist-

ent with the PL studies revealing relatively more quenching

of donor excitation. Moreover, the trend of decay lifetime

with temperature does not coincide with the former cases.

The decay lifetime exhibits faster decrease with temperature

in Ce3þ-Yb3þ codoped glass compared to the Ce3þ singly

doped and Ce3þ-Tb3þ codoped glasses. This directly sub-

stantiates the presence of an additional temperature

FIG. 3. Temperature dependence on donor luminescence decay lifetimes

(a), and transfer efficiency (b). The fits to the experimental data represents

theoretical simulations.

FIG. 4. Schematic illustration of (a) thermal ionization, (b) energy transfer,

and (c) electron transfer process (figure not in scale).
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dependent process. By considering the interaction mecha-

nisms involved, the data have been fitted with theoretical

simulations based on the following relations:

s�1
Ce�Tb ¼ A0 þ A1 exp

�Ea

kBT

� �
þ KEnT ; (2)

s�1
Ce�Yb ¼ A0 þ A�1 exp

�Ea

kBT

� �
þ B0 þ B1 exp

�DG�

kBT

� �
; (3)

where KEnT is the energy transfer rate, B0 and B1 are the tem-

perature independent reaction rate and frequency factor for

thermally stimulated electron transfer respectively, and DG�

is the Gibbs free energy for the formation of transition state

for electron transfer interactions (Marcus theory).23,25 The

additional terms on the right hand side of Eqs. (2) and (3) rep-

resent the contribution of energy transfer and electron transfer

processes as can be understood from the Figs. 4(b) and 4(c),

respectively. The Ce3þ ! Tb3þ energy transfer rate, KEnT , is

obtained to be 2.68 6 0.01� 106 s�1 for Ce05-Tb1 glass and

is almost constant in the studied temperature range. Basically,

the energy transfer rate (resonant case) is a function of donor-

acceptor distance and the oscillator strengths of the interacting

transitions.17,26 It does not specifically need thermal activation

and therefore is temperature independent, provided the oscil-

lator strengths remain unperturbed and phonon contribution

(non-resonant case) is minimum. However, the electron trans-

fer process involves the physical displacement of electron

through an intermediate transition state with an activation

energy DG�. From the fit, DG� is obtained to be 11 6 2 meV.

This indicates that an electron needs to overcome about

11 meV potential barrier in Ce3þ-Yb3þ electron transfer pro-

cess and therefore, the interaction becomes more efficient

with the increase in temperature. Note that DG� is very small

compared to Ea. The competing reaction rate of electron

transfer process can possibly affect the ionization probability

of Ce3þ ions to the conduction band in Ce3þ-Yb3þ codoped

glass (A�1¼ 4.50 6 0.01� 108 s�1). Moreover, the electron

transfer process accompanies a temperature independent pa-

rameter B0, which is also believed to be present in other such

cases, like Ce3þ-Yb3þ: Y3Al5O12 ceramics.12,15 The origin of

this parameter may be due to the Ce3þ-Yb3þ pairs, where the

interactions deviate from the classical Marcus approach and

exhibits more quantum like behavior, i.e., quantum tunnel-

ing.27 However, more detail study is required to substantiate

it. From the fit, the B0 and B1 are obtained to be

4.95 6 0.01� 106 s�1 and 4.20 6 0.01� 106 s�1, respectively,

for Ce05-Yb1 glass.

Figure 3 also presents the temperature dependence of

Ce3þ decay lifetime for glasses exhibiting higher acceptor

concentrations (3 mol%). Note that the trend in decay lifetime

with temperature is similar in both acceptor concentrations.

The theoretical fits revealed an increased KEnT (7.55 6 0.01

� 106 s�1) in Ce05-Tb3 glass and B0 (1.32 6 0.01� 107 s�1)

in Ce05-Yb3 glass, which is expected due to the shortening of

donor-acceptor separation. The A�1 and B1 is 6.63 6 0.01

� 108 s�1 and 6.50 6 0.01� 106 s�1 in Ce05-Yb3 glass. The

intrinsic decay rate (A0), attempt rate (A1), activation energy

for thermal ionization (Ea), and electron transfer (DG�) are

constant throughout the fittings.

Figure 3(b) shows the temperature dependence of the

donor to acceptor electron/energy transfer efficiency. The

transfer efficiency (g) has been calculated from the donor

decay lifetime for singly (sCe) and codoped (sCe�Tb=Yb)

glasses using the following relation:14

g ¼ 1�
sCe�Tb=Yb

sCe
: (4)

The results reveal a steady increase in transfer efficiency for

Ce3þ-Yb3þ electron transfer process with the increase in

temperature. In Ce3þ-Tb3þ energy transfer, the transfer effi-

ciency is nearly constant in the studied temperature range.

This substantiates that the temperature dependent transfer ef-

ficiency could be an effective feature to identify and differ-

entiate the electron transfer process from the energy transfer

processes.

Similar to decay lifetime, the temperature dependent

steady state luminescence also provides compatible informa-

tion and can be used as an alternative method to discriminate

the donor-acceptor interactions. However, the decay lifetime

is more absolute and reliable over steady state luminescence

for quantitative analysis.28 The steady state luminescence is

highly sensitive to temperature induced changes in the

absorption strengths as well as other physical parameters.28

On the contrary, the intrinsic decay lifetime (A�1
0 ) for

allowed transitions does not exhibit significant variation with

the temperature.29

In conclusion, temperature dependent donor decay

kinetics is shown to be an effective tool to describe the

donor-acceptor interaction mechanism between rare earth

lanthanide ions. The interaction efficiency showed a steady

rise with temperature for Ce3þ ! Yb3þ electron transfer pro-

cess; however, it remained nearly constant for the Ce3þ !
Tb3þ energy transfer process. This behavior has been

explained due to the presence of electron transfer transition

state requiring thermal activation. A quantitative analysis of

reaction parameters has been proposed using the rate equa-

tion modeling. In addition, the consequences of electron

transfer and energy transfer processes on luminescence prop-

erties, quantum yield, and decay lifetime have been pre-

sented and discussed. The results in this study will help to

further extend the present understanding of donor-acceptor

interaction dynamics among lanthanide ions in dielectric

hosts.
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