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We present an investigation of dynamical processes of nonradiative energy transfer (ET) between
Ce’* and Pr**, and between Pr’* ions in Y;Als0;,:Ce**, Pr’* phosphor. Photoluminescence
spectroscopy and fluorescence decay patterns are studied as a function of Pr** and Ce**
concentrations. The analysis based on Inokuti—-Hirayama model indicates that the ET from the
lowest 5d state of Ce** to the 'D, state of Pr’*, and the quenching of the 'D, state through a cross
relaxation involving Pr** ions in the ground state are both governed by electric dipole—dipole
interaction. An increase in the Ce**—Pr** ET rate followed by the enhanced red emission line of Pr**
relative to the yellow emission band of Ce** on only increasing Ce>* concentration is observed. This
behavior is attributed to the increase in the spectral overlap integrals between Ce®* emission and
Pr3* excitation due to the fact that the yellow band shifts to the red spectral side with increasing Ce**
concentration while the red line dose not move. For Ce* concentration of 0.01 in YAG:Ce’*, Pr’t,
the rate constant and critical distance are evaluated to be 4.5X1073¢ cm®s~!, 0.81 nm for
Ce**—Pr’* ET and 2.4x107%® cm®s™!, 1.30 nm for Pr’*—Pr** ET. Spectroscopic study also
demonstrates a pronounced ET from the lowest 4f5d of Pr** to the 5d of Ce**. A proportional
dependence of the initial transfer rate on acceptor concentration is observed in each of these ET
pathways. The proportional coefficient as the averaged ET parameters for initial decay are
determined, meaning the ET efficiency for the same concentration of acceptors follows the order of

Pr3t—Pr¥+ >Pri*—Ce** > Ce** —Pr**. © 2010 American Institute of Physics.

[doi:10.1063/1.3500458]

I. INTRODUCTION

Solid-state lighting based on white light-emitting diodes
(LEDs) has attracted much interest in recent years due to its
advantages of low applied voltage, long life, small size, and
absence of mercury. At present, the main strategy for produc-
ing white light is combine blue LED with the yellow emit-
ting Y3Al;0,:Ce** (YAG:Ce®) phosphor, which can
strongly absorb the blue light and subsequently emit yellow
light, originating from the transition from the lowest 5d state
to the °Fs, and “F;, ground states of Ce’*. 2 However,
YAG:Ce** has relatively weak emission in red spectral re-
gion, leading to low color rendering index for current white
LEDs. To enhance the red component, Mueller-Mach et al’®
added Pr’* into YAG:Ce** and consequently obtained addi-
tional sharp red line at about 608 nm, originating from 'D,
— *H, transition of Pr**, as only Ce’* is excited by blue light
at around 470 nm. The appearance of the red emission line of
Pr** implies the performance of energy transfer (ET) from
Ce’* to Pr’* in YAG: Ce’*, Pr’*. Subsequently, many studies
on optical properties of YAG:Ce*, Pr** were made.*”’ Fur-
ther increasing Pr** concentration for obtaining enough red
components to meet the requirement of white LEDs with
high color rendering, however, the red line decreases due to
self concentration quenching.s’6 In the present work, we ob-
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serve that the red line can be continuously enhanced by in-
creasing Ce** concentration as the quenching of the red line
takes place. Besides Ce**—Pr’* ET, there also exists
Pr*—Ce®* ET in YAG:Ce*, Pr**.° reflecting a mutual ET
system. Studies show that various ET processes play an im-
portant role on optical properties of YAG:Ce**, Pr’*. To
optimize the phosphor by controlling the concentrations of
Ce’* and Pr’* in YAG, it is therefore significant to under-
stand the dynamical processes of ET between the dopant
ions, which to our knowledge have not been studied in detail.
For Ce**—Pr** ET, the main pathway is conformably consid-
ered to start from the lowest 5d state of Ce* to the 'D, state
of Pr**. Based on the Ce** and Pr’* energy level diagrams, a
radiative ET seems to be possible. However, we cannot ob-
serve the red line in a blend of YAG:Ce** and YAG:Pr’*
phosphors, indicating that the ET takes place rather by non-
radiative interaction, as suggested by Yang and Kim.’ In this
case, Inokuti-Hirayama model is valid.

In this paper, we demonstrate various transfer pathways
and transfer dynamical processes in Pr** and Ce** codoped
YAG basing on the experimental measurements of photolu-
minescence (PL), photoluminescence excitation (PLE) spec-
tra, and fluorescence decay curves. Moreover, the ET from
Pr’* to Ce* is also studied. The relative PL intensities of
Ce** and Pr’** as a function of Ce** and Pr** concentrations
are analyzed, exhibiting a good agreement with the results
evaluated from fluorescence decay data.

© 2010 American Institute of Physics
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FIG. 1. (Color online) PL and PLE spectra of (Y(99Cegq1)3Al50 5,

(Y.995P10,005)3A15015 and (Y055, Ceg 01Prg 005)3A1501.

Il. EXPERIMENTAL

The powder samples have been prepared by conven-
tional solid-state reaction.Y,0O5, CeO,, Al,03, and PrsOy; are
mixed in a molar of (Y;_,_,Ce,Pry);AlsOy, (x, y represent
the concentration of Ce®* and Pr**, respectively),
3 wt% BaF, has been added to as the flux. After a good
mixing in an agate mortar, the mixture has been sintered at
1500 °C for 3 h under a reducing atmosphere. The structure
of the final products is characterized by power x-ray diffrac-
tion (XRD). The XRD patterns are in good agreement with
Joint Committee for Powder Diffraction Standard file 33-040
for YAG. No additional XRD peaks are found, indicating that
the dopant ions do not change the structure of the YAG host.
PL and PLE spectra are measured at room temperature with
a Hitachi Spextra-fluorometer (F-4500). The decay of the
fluorescence from Ce** is measured by an FL920 fluorimeter
(Edinburgh Instruments, Livingston, U.K.) with a hydrogen
flash lamp (nF900; Edinburgh Instruments). In the measure-
ments of the fluorescent decay of Pr**, an optical parametric
oscillator is used as an excitation source. The signal is de-
tected by a Tektronix digital oscilloscope (TDS 3052).

lll. RESULTS AND DISCUSSION
A. Spectroscopic evidence of ET

Figure 1 shows the PL and PLE spectra of three samples,
namely Ce** singly doped (Y ¢9Cep01)3AlsO0, (a), Pr** sin-
gly doped (Y 95Pr00s5)3Als01, (b), and Ce**, Pr** doubly
doped (Y ,035Ce0.01Pr0.005)3A 15015 (c), respectively. The Ce**
singly doped sample exhibits a well known yellow emitting

J. Appl. Phys. 108, 093515 (2010)

broad band due to the transition from the lowest-lying 5d
state to the 4f ground state, peaking at around 530 nm. The
PLE spectrum of the yellow band consists of a group of PLE
bands, including a blue PLE band at 470 nm corresponding
to the transition from the ground state to the lowest-lying 5d
state, and two ultraviolet (UV) PLE bands corresponding to
the upper 5d states, located at 340 nm and 230 nm,
respectively,]’2 as shown in Fig. 1(a). The Pr’* singly doped
sample exhibits three groups of emission of Pr’* upon 288
nm excitation, as shown in Fig. 1(b). The group in the UV
region consists of two strong bands located at 317 nm and
381 nm, which are originated in the transitions from the
lowest-lying 4f5d state to “H; (J=4,5,6) and °F, (J
=2,3,4) states, respectively.8 The group in the range of 450-
600 nm originates from >P,— 3H4,5 transitions dominated by
a intense blue emission line at 488 nm due to *Py—°H,
transition. Another group in red originates from 'D,— °H,
transitions dominated by a intense red emission line at 608
nm with a weak satellite line at 640 nm.”'° The PLE spectra
of the three groups of emission in Pr** singly doped sample
are identical in the UV spectral range, showing two 4f5d
PLE bands located at 288 nm and 238 nm, respectively. In
Fig. 1(c), the PL spectrum of Ce** and Pr’** doubly doped
sample contains not only the yellow band of Ce** but also
the intense red lines of Pr** when only Ce?* is excited at 340
nm, demonstrating occurrence of ET from Ce?* to Pr*. To
further exam the ET in the doubly doped sample, the PLE
spectrum of the pure 608 nm red line is obtained, as shown
in Fig. 1(f), by subtracting the PLE spectrum monitoring the
feet of the 608 nm lines from that in Fig. 1(c) monitoring the
peak of the 608 nm lines. The PLE spectrum of the feet of
the 608 nm line is obtained by averaging that monitoring 605
nm and 611 nm, as shown in Figs. 1(d) and 1(e), respec-
tively. It is clearly presented that the PLE spectrum of the
pure 608 nm emission line of Pr’*, as shown in Fig. 1(f)
contains the strong blue and the UV PLE bands of Ce’*,
which are absent in Pr** singly doped sample. As a result, ET
from Ce** to Pr** is evident.

Moreover, it is also observed in Figs. 1(d) and 1(e) that
the PLE spectra monitoring at 605 and 611 nm within the
broad emission band of Ce>* appear the strong UV PLE band
of Pr’* at 288 nm. This indicates a pronounced ET from the
lowest-lying 4f5d state of Pr’* to the 5d state of Ce’*.

B. Ce®*—Pr3* ET

Figure 2 shows the PL spectra of sample series A
(Y0.99-xCe.01Pry)3A150,, with a fixed Ce** concentration at
0.01 and various Pr** concentration x in the range of 0-0.02.
In order to avoid direct excitation into the 3PJ (J=0,1,2)
levels of Pr’*, we do not use 470 nm as an excitation to
populate the lowest-lying 5d state of Ce®*, instead we use
340 nm to excite the upper 5d state of Ce>*. Besides a rapid
relaxation down to the lowest 5d state, the excited upper 5d
state of Ce** may have additional two possible pathways for
deexcitation, which are radiative transition to the ground
state and ET to the P} states of Pr’*. In our experiments, a
weak purple emission band from the upper 5d state was in-
deed observed at about 380 nm. However, the 3P0—3H4 blue
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FIG. 2. (Color online) PL spectra of (Y(g9_4CegoiPry)3AlO0,, (x
=0-0.02) under 340 nm excitation. The intensity of the yellow band in each
spectrum is normalized.

emission line of Pr’* was not detected at 488 nm for various
x values. This behavior indicates that the pathway of
Ce’*—Pr** ET hardly starts from both of the upper 5d state
and the lowest 5d state of Ce’* to the P, level of Pr**, as
illustrated in Fig. 3. This conclusion is also supported by the
fact that both the purple and yellow emission bands of Ce**
do not spectrally overlap with the 3H4—3PJ absorption lines
of Pr** in the blue spectral region. The appearance of the red
emission line of Pr3* for x >0 is therefore, the result of ET
from the lowest 5d of Ce’* to the 'D, of Pr** because the
yellow emission band of Ce** has a spectral overlap with the
red line (zero-phonon line) of Pr’*. Basing on this ET path-
way, we focus our study on the PL integrated intensity ratio
of the red line from Pr’* as an acceptor to the yellow band
from Ce™* as a donor because a large red/yellow ratio is
significant for fabricating white LEDs with high color ren-
dering index. In Fig. 2, where the intensity of the yellow
band is normalized in each PL spectrum, it is observed that
the red line grows up with increasing x until it reaches the

40 -
ar'sd
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".'g 25 |
L) JE—;
S 20- Sd 0 =P,
- 1 lD
€ 45 2 !
=
=
10 'G,
’F
5 3H
4 __°F, v CH
0 A, ¥ _°H,
Ce3+ PI'M

FIG. 3. (Color online) Energy level diagrams of Ce** and Pr** with the
indicated pathway of Ce3* — Pr’* ET.

J. Appl. Phys. 108, 093515 (2010)

maximum at x around 0.005. Subsequently, the red line falls
down with further increasing x. The growth of the red line
naturally implies the increase in the efficiency of Ce’*—Pr3*
ET. The decrease for x higher than 0.005 is attributed to
concentration self-quenching by another Pr** in the ground
state through a cross relaxation, as described by ('D,, H,)
—('Gy,’F,)."""2 The quenching has been proved by the ob-
servation of rapid shortening of the 'D, lifetime with in-
creasing X, as described in Sec. III C. If the red/yellow ratio
is governed by Ce**—Pr** ET and self-quenching of Pr’*,
each value of the ratio relates to the corresponding fluores-
cence lifetimes of Ce** and Pr**. In donor-acceptor ET sys-
tem, due to nonexponential decay of donor fluorescence in-
tensity Ip(7) in the presence of acceptors, we define an
average fluorescence lifetime of the donors as

<TD>=J Ip(1)dt, (1)
0

where () is normalized to its initial intensity. The lumines-
cence efficiency of the donors is given by 7p=(mp)/ Tpo With
Tpo being the intrinsic lifetime of the donor fluorescence. In
the absence of acceptors, the (7,) especially labeled by ()
is equal to mpq if the donor concentration is sufficient low,
otherwise {(7p) may be less than 7, due to various nonradi-
ative quenching processes induced by donors. If (75!
— Tt < Tpo, i.€., the donor induced quenching rate much less
than the radiative rate, the fluorescence still keeps an expo-
nential decay in the time scale of 7. In this case, the effi-
ciency of donor-acceptor ET is then written as mpp=1
—(m)/{mp)o- The luminescence efficiency of acceptors is
given by n,=(7)/ Tao With (7,) and 7, being the average
and intrinsic fluorescence lifetimes for the acceptors, respec-
tively. In continuous excitation of donors, the PL intensity
ratio of the acceptors to the donors is then expressed by

I_A=M:<L_ ! ) oo
Ip b () (M) <TA>TA0’ 2

where the term (1/{7)—1/{7p),) is the macroscopic ET rate.
Equation (2) indicates that in ET system the PL intensity
ratio changes synchronously with the value of (1/(mp)
—1/{mp)p){7s), Which can be calculated using the measured
values of the average lifetimes of the donor and the acceptor
fluorescence. To test the validity of Eq. (2) in YAG:Ce?*,
Pr’*, we have measured the decay curves of the yellow fluo-
rescence of Ce** and the red fluorescence of Pr** for differ-
ent x in sample series A, as shown in Figs. 4 and 5, respec-
tively. The decay of the yellow fluorescence is measured by
monitoring at 530 nm upon 340 nm pulsed excitation and
that of the red fluorescence by monitoring 'D,— *Hs emis-
sion of Pr’* at 714 nm upon *H,— 'D, pulsed excitation at
608 nm. The average lifetimes obtained from these decay
patterns are listed in Table I. It is found that the decay of the
red fluorescence speeds up rapidly with increasing x, indicat-
ing a strong self-quenching. Labeling the emitting state of
the donor Ce** by 1 and that of the acceptor Pr’* by 2, the x
dependence of the red/yellow ratio (I,/I;) obtained from PL
spectra and that calculated using (1/{7)—1/{7;)o){7) are
both plotted in Fig. 6, clearly demonstrating their identical x
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FIG. 4. (Color online) Decay curves of the yellow fluorescence in
(Y.99-xCeg 01 Pry)3Als0, for x=0, 0.005, 0.01, and 0.02.

dependence so that proportional relationship as described in
Eq. (2).

The maximum of the ratio appears at around x=0.005,
which relates to concentration quenching of Pr’* in
(Y 0.99-xCeg 01Pry)3Als0, for its red fluorescence. For practi-
cal use of the white LED phosphor, the x dependence of the
absolute PL intensities is an important parameter for optimiz-
ing the phosphors. We have experimentally observed that the
overall PL intensities decrease with increasing x due to con-
tinuous reduction of the emission efficiency of the 'D, level
through the cross relaxation as mentioned above. If the stron-
gest red line is required instead of the red/yellow ratio, we
must analyze the absolute intensity of the red line that is
written as 7ps74. Comparing to the red/yellow ratio ex-
pressed as 7pa 7/ 7p, the maximum of 7p, 74 should occur
at x below 0.005 because the value of 7 reduces with in-
creasing x. For x <0.005, the loss of the overall PL intensity
is estimated to be less than 0.1 using the lifetimes listed in
Table I. The self-quenching strongly limits the maximal
value of the red/yellow ratio and the absolute intensity of the
red line. Fortunately, the enhancement of this ratio has been

(Y0.99.xCeg,01 Pry)3A150,, 5
' X=

0.1

Red Fluorescence Intensity (1, )

0.01
0 200 400
Time (ps)
FIG. 5. (Color online) Decay curves of the red line in

(Y.99-xCeg 1 Pry)3ALs0, for x=0, 0.005, 0.01, and 0.02.
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TABLE 1. Fluorescent lifetimes and transfer efficiencies in
(Y.99-xCe 1 Pro)3AL50 5.
Ce** 5d, Pt 1D,
T1o=061 ns, Tr0=202 pus,
(71) (ns), () (ps),
X Aex=340 nm Aex=608 nm Nia
Aem=530 nm Nem=714 nm
0 57.8 202 0
0.001 534 162 0.08
0.002 51.0 141 0.12
0.005 46.0 90 0.20
0.01 42.1 59 0.27
0.02 30.3 20 0.48

performed by increasing Ce** concentration, which will be
demonstrated in Sec. III D.

The decays in Figs. 4 and 5 change from exponential to
nonexponential patterns with increasing x, reflecting the ef-
fect of ET The normalized intensity of the donor fluores-

cence can be written as

Ip(t) = Ino(1)f(t), (3)

where I (1) is the decay function of donors in the absence of

acceptors, the function f(r) characterizes the loss of excited

donors due to one way ET to the acceptors. If ET rate be-

tween a donor and an acceptor is proportional to an inverse

power of the distance r, writing as «a/r", according to
o 13

Inokuti-Hirayama formula, ~ we have

f(t)zexp{—iﬂ{‘(l —i>nAa3/mt3/’"}, (4)
3 m

where « is a rate constant for ET. m=6,8, 10, the coefficient
for dipole-dipole, dipole-quadrupole, and quadrupole-
quadrupole interaction, respectively. n, is the number of ac-
ceptor ions per unit volume. From Egs. (3) and (4),
log{In[Ipy(2)/Ip(7)]} acts as a linear function of log(z) with a
slope of 3/m, and In[Ip(1)/I((1)] is proportional to ' with

1.2
(Yg.90xCeg 01 Pr,)3AL0,,
1.0
- D O
o8 O
- [ O
:N 0.6 'D O
O
04
o PL
0.2+
o (1I<':1> - 1/<t1>0 )<t2>
0.0-P T T T T T T T T T
0.000 0.005 0.010 0.015 0.020 0.025

X

FIG. 6. (Color online) x dependence of ratio (I,/1;) obtained directly from
PL spectra with that evaluated using (1/{7;)—1/{7)¢){(7) for samples
(Y.99-xCe0.01Pry)3Al505, (x=0-0.02). The maximal value of the ratio is
normalized.
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FIG. 7. (Color online) log-log plot of In[Z,y(z)/I,(1)] vs t for sample
(Y .99-xCe0.01Pry)3Als01, with x=0.02 (a) and plotted In[1,(r)/1o(2)] vs £/
for the samples (Y 99_yCeg i Pry)3Al;0;, with x=0.01 and 0.02 (b). The
solid lines indicate the fitting behaviors.

a slope of —47['(1-3/m)nya®™/3. Figure 7(a) shows the
log-log plot of In[l,y(r)/1,()] versus ¢ for sample
(Y.99-xCeg 01 Pry)3Als0 1, with x=0.02. It is demonstrated
that the slope for #>20 ns is 0.56 more close to 1/2, indi-
cating an electric dipole-dipole interaction for ET. Regarding
m as 6, we have plotted In[7,()/1,o(t)] versus "2 for the
samples (Y g9_xCep .01 Pryx)3Als0;, with x=0.01 and 0.02, as
shown in Fig. 7(b). The best fitting to each of the two curves
yields a transfer constant @=4.5X 1073¢ cm® s7!. In the fit-
ting n,, i.e., the number density of Pr’*, is given by xNy
with Ny=1.38X 10?> cm™ being the number of Y sites per
unit volume in YAG. Using the value of «, the critical ET
distance r,, (the spatial separation between a donor and an
acceptor where the ET rate a/ r(6)=1/ 7)) is calculated to be
about 0.81 nm. In the calculation, the intrinsic lifetime 7y, is
61 ns determined in 0.0005 Ce** lowly doped YAG, which
exhibits a pure exponential decay.

In Fig. 7(a) there is an increase in slope below 20 ns,
forming a crossover.'* As we know, Eq. (4) is obtained by
assuming the nearest distance between a donor and an accep-
tor to be 0, leading to an infinite initial ET rate. Hence, Eq.
(4) is not applicable at short times which is less than 20 ns in
the present sample. In the case of discrete lattices, the initial
ET rate is described by15

J. Appl. Phys. 108, 093515 (2010)

0.05

0.04 4

slope =1.2 ns’!

0.01 -
(Y0.99xC€0.01P1,)3AL0,
0.00 . . ; . . .
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X

FIG. 8. (Color online) Dependence of Wy; on x in (Y g9_,Ce( o Pry)3Als0,5
(x=0-0.02)

Wpai = X2 Wops (5)
/

where wy, is the ET rate from a donor at site 0 to an acceptor
at site / excluding [=0. The function f(z), therefore, exhibits
a linear behavior {f(1) =exp[—Wpu]} at short times'® and a
'™ variation at longer times. In random distribution of ac-
ceptors in host lattices 2w, is the averaged ET parameter,
denoting the total ET rate of a donor ion embedded within a
complete acceptor environment (x=1). In the present work,
the sample for x=0 shows an exponential decay of fluores-
cence. Therefore, 2w, can be experimentally obtained by
using the following linear relationship with the initial decay
rate Wp; of the donor fluorescence'’

Wi =x 2 wor + (Y- (6)
/

Figure 8 shows a linear dependence of Wy; on x in sample
series A (Y 99_4Ceg 01 Pry)3Als0 1, (x=0-0.02). The slope
gives the value of 3wy to be around 1.2 ns~!, yielding
Ti02Wo; to be 73, where 70=61 ns.

C. Pr3*+—Pr3* ET

The decay patterns of Pr** 'D, are analyzed in sample
series A to understand the self-quenching through a cross
relaxation, as described by ('D,,*H,)—('Gy,°F,). The log-
log plot of In[ly(r)/I,(r)] versus ¢ for sample
(Y0.99-xCeg 01Pry)3Als0, with x=0.02 is shown in Fig. 9(a).
The I,,(f) is an pure exponential decay function exp(
—1/Tyy) with 75,=202 us being the intrinsic lifetime of the
D, level of Pr** in YAG obtained from the tail decay of the
fluorescence in 0.001 Pr’* doped YAG. The slope for t
>10 us is more close to 0.5, indicating an electric dipole-
dipole ET between Pr’* ions. The linear dependence of
In[1,()/ I(1)] versus ¢'/* are observed and a good agreement
between the theoretical and experimental results are per-
formed for various x when fixing the rate constant « to be
2.4x1073% cm®s7! for Pr¥*—Pr’* self-quenching, as shown
in Fig. 9(b). The critical quenching distance of 1.3 nm is
evaluated. Meanwhile, the linear dependence of the initial

Downloaded 06 Sep 2012 to 159.226.165.151. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



093515-6 Wang et al.
10+
i@
)
= ]
)
H
: 14
= ]
(Yﬂ.9TC en.m Prll.llz)JA l5o 12
0.1 T —
1 10 100
t(ps)
(b) a=24x102cm%’
14 " x = 0.001
=
VO
—N
= 0.36788
:N
0.13534

t1l2 ( usvz)

FIG. 9. (Color online) log-log plot of In[Zy(#)/I,(1)] vs t for sample
(Y .99-xCe0.01Pry)3Als01, with x=0.02 (a) and plotted In[1,(r)/I,(1)] vs £/
for the samples (Y 99_4Ceg o1 Pry)3Als0,, with various x (x=0-0.02) (b).
The solid lines indicate the fitting behaviors.

decay rate of the red fluorescence W,; on x, as shown in Fig.
10, gives the value of 3w, to be 6.2 us~!, yielding 7,02,w(,
to be 1252, which is a order of magnitude larger than 73 for
Ce**—Pr’* ET. This indicates that the self-quenching of Pr**
'D, by another Pr’* in the ground state is more efficient than
the Ce** 54-Pr** 'D, ET.

0.15
(Yo.99.Ce9.01Pr)3AL0), a
0.10 4
'—A
'm
ES
S
B’&'
0.05 slope = 6.2 ps”
o
0.00 - T T T T T T
0.000 0.005 0.010 0.015 0.020
X
FIG. 10. (Color online) Dependence of W, on x in

(Y0.09-xCeg,01P1)3AL504, (x=0-0.02)
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FIG. 11. (Color online) PL spectra of (Yg05_yCeyPr00s)3A1s012, (y
=0-0.02) upon 340 nm excitation, where the intensity of the yellow band in
each spectrum is normalized.

D. Ce3*—Pr3* ET versus Ce?* concentration

In this section, we demonstrate the study on enhancing
the red/yellow ratio by increasing Ce** concentration instead
of Pr’* to avoid concentration quenching. Figure 11 shows
the PL spectra of sample series B (Y g95_yCeyPr9s)3Al50,
with Pr3* concentration fixing at 0.005 and various Ce** con-
centration y in the range of 0-0.02. When the intensity of the
yellow emission band of Ce* is normalized, it is found that
the red emission line of Pr** monotonously grows up with
increasing y. As y=0.02, the ratio is higher than that for x
=0.01, i.e., higher than the maximal ratio in sample series A
demonstrated in section B. In view of small changes in the
red fluorescence lifetimes with increasing y (see Table II),
the enhanced red line is the indication of increased macro-
scopic Ce**—Pr** ET rate according to Eq. (2). One can find
the existence in connection with the enhancement of the red/
yellow ratio is a redshift in the yellow PL band with increas-
ing Ce** concentration, as has been observed in Ce** singly
doped YAG."® The redshift enhances the spectral distribution
of the yellow band at the position of the red line, which dose
not shift with y. As a result, we consider that the redshift is
favorable for effectively increasing the spectral overlap inte-
grals between the yellow emission band and the red absorp-
tion line, and therefore enhancing the ET rate which is pro-
portional to the spectral overlap integrals between donor
emission and acceptor absorption. Due to weak electron-
phonon coupling in 4f configuration of rare earth ions, the
position of the red emission line can be regarded as that of
the zero-phonon absorption line. In the case of much nar-
rower red line than the yellow band, their spectral overlap
integral is proportional to the spectral intensity of the nor-
malized yellow band at the red line site, /;z. As we plot the
red/yellow ratio I,/I; versus I,z{7,), they approximately sat-
isfy a proportional relationship, as shown in Fig. 12. Due to
low Pr3* concentration in sample series B, the reduction in
the yellow fluorescent lifetimes is less than a half of the
intrinsic lifetime even for the Ce** concentration as high as
0.02. Hence, the fluorescent decays are all approximately
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TABLE II. Fluorescent lifetimes and transfer efficiencies in (Y g95_yCe,Prggos)3AlsO .

Pr* 4f5d, 10=14 ns, Pr’* 3Py, m30=14 us,

Pr?* 1D, 7=202 us,

Ce** 5d, 1y=61 ns, Ce** 5d, YAG:yCe’*,

() (ns) (73) (us) (1) (us) () (ns) (1) (ns)
Aex=288 nm Nex=288 nm Aex=608 nm Aex=340 nm Aex=340 nm

Y Aem=380 nm Aem=488 nm Nem=714 nm Aem=530 nm Aem=530 nm N> Na1 31
0 14 8.8 162 0 0 0
0.001 11.2 7.7 85 53.3 61.0 0.12 020 0.13
0.003 9.9 6.8 72 50.7 60.1 0.16 030 0.23
0.005 7.9 6.5 82 511 59.3 0.14 044 0.26
0.007 6.3 59 85 48.7 58.4 0.17 055 033
0.01 B 5.4 90 46.0 57.2 020 -+ 039
0.02 B 4.1 90 435 535 0.19 0.53

exponential in the time scale of the intrinsic lifetime. It
means the initial ET rate governs the macroscopic ET rate in
sample series B. As we know the initial ET rate is propor-
tional to the spectral overlap integrals between donor and
acceptors, the proportional relationship in Fig. 12 is thus
expected.

Another possibility causing the enhanced macroscopic
ET rate is related to enhanced donor (Ce*)-donor (Ce3*)
energy diffusion as increasing donor concentration. =~ As we
know, the diffusion dose not changes the initial decay rate of
ET.*’ We observe that the initial decay rate of the yellow
fluorescence increases as increasing y with a slope of
0.30 ns~! for y in the present range of 0-0.02, as shown in
Fig. 13. While, the initial decay rate of fluorescence in Ce**
singly doped YAG also increases with increasing y, but with
a smaller slope, 0.17 ns~'. The enhanced decay in Ce** sin-
gly doped YAG can be resulted from some quenching centers
generated by doping Ce** and the one way ET from the high
energy Ce** ions to the low energy Ce** ions within the
inhomogeously broadened PL spectra for high Ce*
concentration.”"* If these ET processes are independent on
Pr3* concentration, the difference (0.13 ns™') between the
two slopes reflects the increment of Ce**—Pr’* ET rate due

2.0 — ——
o PL
.84 & (ll<'r]> - V<t > )<ty> ‘ -
L6 Wit A
- A S
— O
1.4- .
1.2 .
1.0- .
O (Yg.995.yCeyPrg g95)3A150,; |
0.8 _—
0.8 1.0 1.2 1.4 1.6 1.8 2.0
Lig <1>

FIG. 12. (Color online) Dependence of ratio (I,/1;) on I z(,), where the
ratios obtained directly from PL spectra are compared with that evaluated
using (L) =1/{m)){T) and W1{72) for samples
(Yo.995-yCeyPrg 0s)3Als01, (y=0.001-0.02). The values of both I,/1; and
I x(m) for the lowest y of 0.001 are normalized.

to the increase in the spectral overlap resulted from the red-
shift in the yellow band with increasing y. The red/yellow
ratio evaluated for various y by using Eq. (2) in relation to
the macroscopic ET rates is roughly close to that from PL, as
shown in Fig. 12. Using the initial ET rates W,; instead of
the macroscopic ET rates, the evaluated red/yellow ratio by
W ,47) dose not change much due to the dominance of the
initial ET in the whole ET in the Sample series B. Here, the
initial ET rate is calculated using Eq. (6) with the data shown
in Fig. 13. The absolute PL intensity reaches the maximum
when Ce** concentration y is about 0.02. In this case, we
experimentally found that the optimal concentration of Pr3*
occurs at 0.002, which limits the loss of the overall PL in-
tensity less than 0.05 for practical use of the white LED
phosphor.

E. Pr3*+—Ce®* ET

Figure 14 shows the PL spectra of sample series B
(Y0‘995_yCeyPr0.005)3A15012 (y:0—002) as the lowest 4f5d
state of Pr3* is excited at 288 nm, where the UV PL band of
Pr3* is normalized. One can find the yellow PL band of Ce**
increases with increasing y, exhibiting the enhanced effi-
ciency of ET from Pr’* to Ce**. Considering that the lowest
4f5d PL bands of Pr** overlap well with the UV PLE band
of Ce** in the range of 300-400 nm (see Fig. 1), the
Pr3*—Ce** ET may go from the lowest 4/5d state (labeled by

0.028
(Yl_x_yl’r,‘Cey)‘,‘AISO|z
o x=0
® x=0.005
0.024 -
- -1
2 slope = 0.3 ns
2 0.020 -
slope = 0.17 ns -
0.016 T T T
0.000 0.005 0.010 0.015 0.020
y
FIG. 13. (Color online) Dependence of W;,; on y in

(Y0.995-yCeyPr 00s)3A15015 and (Y _yCey)3A150 .
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FIG. 14. (Color online) PL spectra of (Yg05_yCeyPro0s)3AIs0, (y
=0-0.02) upon 288 nm excitation, where the intensity of the yellow band in
each spectrum is normalized. A PL spectrum upon 340 nm excitation for
y=0.02 is also presented for comparison.

4) of Pr3* to the 5d states of Ce*, as illustrated in Fig. 15.
Another possible transfer pathway from Pr>* °P,, (labeled by
3) to the lowest 5d state of Ce3* is also indicated. The 3P0-5d
transfer has lead to intensity reduction of the *P,— >H,
emission line at 488 nm followed by lifetime shortening of
the P, level as y is increased. We observed experimentally
that the decay for y=0 is purely exponential with a lifetime
(73)0 of about 8.8 us. Ozen ef al." has measured the decay
of °Py level in YAG:Pr’* at 20 k and obtained the intrinsic
lifetime to be 14 us is. They proved that the shortening of
the lifetime at room temperature is due to enhanced mul-
tiphonon relaxation to the lower state 'D, and therefore this
process dose not change its exponential decay behavior. It
should be noted that the lifetime of the °P, decreases from
8.8 to 4.1 us, only reducing a half of the (73), with increas-
ing y up to 0.02, as listed in Table II. However, the intensity
of the blue PL line reduces faster than its lifetime and almost

40 -
35 ar'sd
30
".'E 25
)
= 20 °P,
1
Eﬁ 15 - D,
£
=
10 1G4
’F
5
—— miiin Zgﬁ
kL] s
01 __stn _ﬂ__— 3H4

P

FIG. 15. (Color online) Energy level diagrams of Ce** and Pr’* with the
indicated pathway of Pr** — Ce** ET.
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FIG. 16. (Color online) Decay curves of the UV fluorescence of Pr in
(Yo0.995-yCeyPrg 005)3A15015 for y=0, 0.003, and 0.007.

disappears at y=0.02. We have experimentally proved that
this behavior is due to reabsorption of the blue PL by the
lowest 5d state of Ce**. As the 4f5d of Pr’* is excited, be-
sides the ET to the 5d state of Ce3*, part of the excitation
energy may relax directly down to the °P,, which subse-
quently relaxes down to the lower level 'D,. It is found in
Fig. 14 that the totally integrated PL intensities of the whole
emission lines from P, and 'D, are much less than that from
the 4f5d band for y=0. It implies that only a small part of
the 4£5d relaxes down to the lower levels. This conclusion is
also supported by the result obtained by Weber? that the
fluorescent quantum efficiency of the lowest 4f5d state is
near to unity due to a large energy gap ~10 000 cm™' be-
tween the lowest 4f5d and the nearest 3P2 manifold of the 4f
configuration. Moreover, for each y the °P, 5d ET efficiency
731 1s less than the 4f5d-5d ET efficiency 7, as listed in
Table II. Therefore, the ET from the 3P0 of Pr3* to the 5d of
Ce’* can be neglected in comparison with the transfer from
the 4f5d of Pr’* to the 5d of Ce**.

The Pr3*—Ce** ET leads to the reduction of the UV fluo-
rescence intensity and lifetime with the increase in y. Figure
16 shows the decay curves of the UV fluorescence of Pr** for
various y. The decay for y=0 is purely exponential with the
lifetime of 14 ns. In view of near-unity quantum efficiency of
the lowest 4/5d ﬂuorescence,23 we write the intrinsic lifetime
of the lowest 4f5d state 740={74)o=14 ns. The intrinsic life-
time of the lowest 4f5d state of Pr’* is quite shorter than the
intrinsic lifetime (~61 ns) of the lowest 5d state of Ce3*.
The decay continue to become faster with increasing y fol-
lowed by a change from exponential to slightly nonexponen-
tial behavior. As y higher than 0.007, the lifetime is about
several nanoseconds too short to be measured accurately in
the present work. Hence, we present the results of the sample
series B with y=0-0.007. Only considering the ET from the
lowest 4f5d of Pr’* to the 5d of Ce**, we obtain a propor-
tional dependence of the yellow/UV ratio (I,/1,) on y using
Eq. (2) with the measured values of related lifetimes listed in
Table II. The calculated proportional dependence of 1,/1, is
consistent with that obtained directly from the PL spectra
(see Fig. 14), as shown in Fig. 17. We can see in Fig. 16 that
the decay curves do not deviate from an exponential function
very much with increasing y and exhibit approximately ex-
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FIG. 17. (Color online) y dependence of ratio (/,/1,) obtained directly from
PL spectra compared with that evaluated using (1/{7,)—1/{74)9){7,), Where
the value of the ratio at y=0.007 is normalized. The y dependence of W,; is
also shown.

ponential for y in the range of 0-0.007. In this case, the ET
rate keeps at the initial rate during the ET. In general, the
initial ET rate increases proportionally with the acceptor con-
centration as described by Eq. (5), consequently resulting in
a linear growth of the yellow/UV ratio with y in the case of
approximately exponential decays of donor fluorescence for
various y interested in the present work. Looking for the
lifetimes listed in Table II, the value of (7,) reduces to
around half of the 74, as y=0.007, i.e., the macroscopic ET
rate 1/(7;)—1/ 74 less than the intrinsic radiative rate 1/ 7y
for y in the range of this work. This reasonably results in an
approximately exponential decay of the UV fluorescence in
the time scale of 7 (see Fig. 16). The linear dependence of
the initial decay rates of the UV fluorescence on y, as shown
in Fig. 17, gives the value of 2w, to be 16.9 ns~!, yielding
402 Wo; to be 237 for ET from the 4f5d of Pr** to the 5d of
Ce**. This value is larger than 73 for Ce**—Pr’* ET but
smaller than 1252 for Pr**—Pr’* ET.

At last, we discuss the change in the intensity of the
'D,—’H, red emission line with y in Fig. 14. The red line is
stronger for y=0 than that for y=0.001. This is mainly due to
a longer lifetime of the 'D, level for y=0. Subsequently, the
red line grows up with increasing y from 0.001 to 0.02. The
population of 'D, may possibly be provided through the fol-
lowed three ways, the direct feed by the 4f5d the relaxation
from °P, and the ET from Ce**. To exam the former two
processes, the time profiles of the red fluorescence in YAG:
0.005 Pr3* are measured as the 4/5d is excited by a pulsed
laser at 288 nm and/or the P, is excited by a pulsed laser at
488 nm. The two time profiles are almost identical, exhibit-
ing a rise and decay pattern with the rising time consistent
with the lifetime of the *P, level. The initial intensity is zero
for *P,, excitation and nonzero but very weak for 4f5d exci-
tation. From the time profile for 4f5d excitation, we esti-
mated that 92% of the population of the 'D, is fed by °P,
and only 8% is fed directly by 4f5d. With addition of Ce’*,
the 4f5d of Pr’* may transfer its energy to the 5d state of
Ce**, which subsequently transfers to the 'D, of Pr**. As a
result, the red line enhances with increasing y. Due to the
additional feed by 3PO and 4f5d red/yellow intensity ratio
upon 288 nm excitation is always higher than that upon 5d

J. Appl. Phys. 108, 093515 (2010)

excitation of Ce?* at 340 nm. For comparison, The PL spec-
trum of the sample with y=0.02 under 340 nm excitation is
also presented in Fig. 14.

IV. CONCLUSION

Nonradiative mutual ETs occur between Ce** and Pr** in
Y;Al50;, (YAG). The Ce** — Pr** ET starts from the lowest
5d state of Ce** to the 'D, level of Pr** rather than the P,
state of Pr3*. As the lowest 4f5d band of Pr’* is excited at
288 nm, Pr’*— Ce* ET can occur through two pathways.
One performs a direct transfer from the lowest 4/5d state of
Pr3* to the 5d state of Ce**. Another describes that the lowest
4f5d state relaxes down to the 3P0 levels which subsequently
transfers to the lowest 5d state of Ce**. The former pathway
is dominant.

Upon 5d excitation of Ce** in YAG:Ce®*, Pr**, the
Ce**—Pr** ET results in a growth of the intensity ratio of the
'D,— *H, red line of Pr’* to the yellow band of Ce** with
increasing Pr’* concentration up to a critical concentration.
Further increasing Pr** concentration leads to a reduction of
the red/yellow ratio and an rapid shortening of the 'D, life-
times due to concentration quenching by a Pr3* — Pr** cross
relaxation described by ('D,,*H,)—('Gy,°F,).

An increase in the Ce**—Pr** ET rate followed by the
enhanced the red/yellow ratio on only increasing Ce** con-
centration is observed. This behavior is attributed to the in-
crease in the spectral overlap integrals between Ce®* emis-
sion and Pr** excitation due to the fact that the yellow band
shifts to the red side with increasing Ce®* concentration
while the red line dose not move.

Ce**—Pr** and Pr’*—Pr’* ET are both governed by elec-
tric dipole—dipole interaction. For Ce3* concentration of
0.01, the corresponding rate constant and critical distance are
evaluated to be 4.5X 1073 ¢m® s~!, 0.81 nm for Ce3*—Pr3*
ET and 24X 10738 cm®s~!, 1.30 nm for Pr’*—Pr** ET.
Spectroscopic study also demonstrates a pronounced ET
from the lowest 4f5d of Pr** to the 5d of Ce**.

A proportional dependence of the initial transfer rate on
acceptor concentration is observed in each of these ET path-
ways. The proportional coefficient as the averaged ET pa-
rameters for initial decay are determined to be 737, for ET
from Ce** lowest 5d to Pr’t 'Dz, 125275& for ET from Pr**
'D, to another Pr** in the ground state, and 237 TZ(% for ET
from Pr3* lowest 4f5d to Ce?* 5d states, respectively, mean-
ing the ET efficiency for the same concentration of acceptors
follows the order of Pr¥*—Pr’* > Pr3*—Ce** > Ce** - Pr’*.

The relative PL intensities of Ce** and Pr** for various
Ce** and Pr** concentrations are in good agreement with the
results evaluated from fluorescence decay data.
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