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We report the observation of enhanced red emission at 613 nm originating®@em ’F, transition of
Euwt-doped CaMo@with Bi®t as an additive, under excitation either into fhe state with 395 nm or the

5D, state with 465 nm. The luminescence properties as a functiorfoflad E4™ concentrations are studied.
Strongly enhanced red emission offEis obtained by adding Bf instead of increasing the Euconcentration.

For a fixed EG" concentration, there is an optimalBiconcentration, at which the maximum luminescence
intensity is achieved. The red emission of CaM@XD5EE" is enhanced by a factor of 3 as 0.2°Bis
co-doped into the system, stronger than that of commerci@S:Elt and Y,Os:EW*" phosphors. Lifetime

and diffuse reflection spectra measurements indicate that the red emission enhancement is due to the enhanced
transition probabilities from the ground state®tq, and®D, states of E&" in the distorted crystal field in

which it is considered that more odd-rank crystal field components are induced by crystal structural distortion
and symmetry decreasing with the addition of'Bieading to more opposite parity components, for example,
4f55d states, mixed into the @fransitional levels of EXf. The energy transfer from Bi to EL®" also occurs

and is discussed. The present material is a promising red-emitting phosphor for white light diodes with near-
UV/blue GaN-based chips.

1. Introduction sively due to their good optical properti€s2°In the scheelite-
related red phosphors, molybdate (M@Q is a good choice
as a host material. The central Rfometal ion is coordinated
to four oxygen atoms in tetrahedral symmetiiy)( and the

Since the realization of GaN-based light emitting diodes
(LEDs)! more and more interest has been focused on white-

light-emitting LED phosphors for the third generation illumina- cations. to eiaht oxvaen atoms from different tetrahedra
tion based on UV/blue LEDs, for which many advantages over ' 9 Y9 . o ’
Therefore, molybdates are chemically stable, which is better

the present incandescent and fluorescent lamps are expecte ) ! e .

such as a long lifetime, high rendering index, high luminosity q;?zrl S:ggeyagdsq)éygflf'geegi(?{t?;mi?'?]%ghgzggoise’piﬂf: daihca?s-

efficiency, and a concurrent reduction in environment pollu- CaMoQ'ELﬁic;n.be eﬁectively excited by near-UV (about 395

i 2,3 . -

t|02.t present, a white-light LED with a blue InGaN chip (450 nm) and blue (about 465 nm) light, corresponding to the two
S . : opular emissions from near-UV and blue LEDs, respectively,

470 nm) in combination with a yellow phosphor (YAG-T¥ gng then emits stronger red fluorescert®y (— “F») tha?] the Y

is commercially availablé. However, such a combination =2 ) o
exhibits a poor color rendering index80) because of the lack Ca_S.E_@ phosphor used in whlte-llght_LEDQ.'I'_he strong red .
emission, however, results from the high doping concentration

of a red light component (above 600 nf)n addition, the of E* (about 0.24).

combination of a near-UV InGaN chip (38@10 nm) with blue, In this paper, we report the observation of the red emission

green, and red phosphors is another way to generate white light . X e
that will yield a high color rendering index and color reproduc- enhancement of CaMoEW** by adding BF* into the phos-

ibility. ©7 Both applications require red-emitting phosphors, but %Z?éégg?%%rgdsiﬁmEglggngggtg?igntgawrighv}/éti;&rdecg':l\?glue
so far, very limited work involving them has been reported for in improving | m'negscence officienc (’)f the red t?os hor at a
potential white LED applition&: 13 Therefore, it is urgent that "' proving fumi iclency phosp

efficient red-emitting phosphors suitable for near-UV or blue much Ipwer cost. Th(.a3+eﬁec+t.of. Bi on the .Iumlne_scent
excitation be researched. properties of CaMo@Bi®",El3" is investigated in detail.
EW* (f9) is a preferable choice as an activator ion with red
emission viag®Dy — 7F, transition at about 613 nm, which has
been used in most commercial red phosphbhéany scheelite- 2.1. Sample PreparationThe phosphors CaMoBi3",Ewr™
related phosphors doped with Euhave been studied exten- have been synthesized by solid-state reaction in air. Stoichio-
metric mixtures of Mo@ (A.R), CaO (A.R), B}Os (A.R), and
* To whom correspondence should be addressed. Tel: 86-431-86176317.Eu,03 (4N) are ground together for 1 h, transferred to an

2. Experimental

Fax: 86-431-86176317. E-mail: zhangjh@ciomp.ac.cn. . alumina crucible, annealed in a muffle furnace at 70Cfor 8
Key Laboratory of Excited State Physics, Chinese Academy of Sciences. h by slow isina the t ¢ d led slowlv t
* Georgia Southern University. y slowly raising the temperature, and cooled slowly to room
8 Graduate School of Chinese Academy of Sciences. temperature. The samples are then reground and calcined at
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Figure 1. Powder X-ray diffraction patterns of CaMa&Bi®*,0.05E3"
(x=0, 0.2, 0.25, 0.3, and 0.4).

800 °C for 6 h. Finally, the samples are ground into powder
for characterizations.

2.2. Characterizations.Phase purities are characterized on
a Japan Rigaku D/max-rA powder X-ray diffractometer (XRD)
with monochromatized Cu & radiation ¢ = 0.154 06 A).

Photoluminescence (PL) and photoluminescence excitation
(PLE) spectra are measured by a Hitachi-4500 fluorescence

spectrophotometer equipped with a xenon lamp. The diffuse

reflectance measurements are performed using the same spe

trometer with BaS® powder as a reflectance standard. The
lifetimes of the®Dy state of E&" are recorded using the third
(355 nm) harmonic of a YAG:Nd pulse laser (Spectra-physics,

GCR 130) as the excitation source, and the decay signals are

detected with a Tektronix digital oscilloscope mode (TDS 3052).
All the measurements are taken at room temperature unles
otherwise mentioned.

3. Results and Discussion

3.1. X-ray Diffraction Analysis. The powder X-ray diffrac-
tion patterns of CaMo@xBi®*,0.05E¥" with x =0, 0.2, 0.25,
0.3, and 0.4 are shown in Figure 1. It is exhibited that CalyloO
0.05E¢* forms a scheelite phase that has a tetragonal unit cell
with space grougd4i/a, Z = 4 (JCPDS card no. 29-0353).
When BF' is added into CaMo@EW" with the contentx <

0.25, the samples are basically single phase with a tetragnal

crystal structure, indicating that the samples form solid solutions.
It is also found that the XRD peaks of B3 clearly appear
when Bt content is higher than 0.25, implying the occurrence
of solubility saturation.

As we know, both the ionic radii of Bt (r = 1.07 A when
coordination number (CN¥ 8) and B#* (r = 1.17 A when
CN = 8) are close to that of Ga (r = 1.12 A when CN= 8),
and the four coordinated Mo (r = 0.41 A when CN= 4)
sites are too small for Bt or Bi®" to occupy?? We therefore
believe that E&" and BPF" ions prefer to occupy the €a
sites?324 Generally, when a metal ion is substituted for an
element with a different valency in the matrix, charge compen-
sation is needed using ions such as"aLi*.?>In our present

S
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3cat —2E0T + Vg,

and
3cd" —2Bi*" + Vg,

With Bi®* as an additive, the diffraction peaks have a blue shift.
When BFf* content is more than 0.25, the XRD peaks broaden.
It is assumed to be caused by the generation & ®nd the
different ion radii of C&", Bi®*, and Ed*, which may modify
the crystal structure or distort the metal oxide polyhedfns.
3.2. PL and PLE Properties of CaMoQy:xBi3+,0.05E(F"
as a Function of BF* Concentrations. The PL spectra of
CaMoQ;:0.2Bi",0.05Ed" and CaMoQ.0.05E¢™ are presented
in Figure 2. The PL spectra show a strong emission line at 613
nm and a weak emission at 593 nm, which arise from> g
— 7F, and the®Dy — 7F; transitions of E&", respectively?® It
is observed that the addition of 8ihas no effect on the shape
of the PL spectra of CaMofD.05E#", but greatly enhances
the PL intensity.
Curves af presented in Figure 3 are PLE spectra ofEu
in CaMoQ;:xBi3",0.05E4™ monitoring the’Dy — “F, emission
with different BE™ concentrations= 0, 0.05, 0.1, 0.2, 0.25,
and 0.3). The PLE spectra show characteristic intra-4f transition
lines of EG*: "Fo — 5D, (465 nm) and’Fy — 5Lg (395 nm)
along with a broad & —Eu** charge-transfer (CT) band in the
UV region. The PLE spectrum of singly doped CaMad&u+

é_curve a) depicts wealo — 5D, and”" — 5L excitation lines

as well as a strong CT band centerec@80 nm. As is Bt
incorporated, especially for the concentratior 0.2, the’Fy
— 5L¢ and ’Fo — 5D, transitions are greatly enhanced (curve
d). A new PLE band also appears~a830 nm, as represented
in curves b-f. The new PLE band is experimentally evidenced
as the absorption of Bf based on the PLE spectrum of3Bi
singly doped CaMo@(curve g). B#* ion is a mercury-like ion
with a 68 configuration, and its luminescence properties depend
strongly on the composition and crystal structure of the host.
The electronic configuration of Bt is composed of the ground
state 63 and the first excited state 6sépwhich emits blue
fluorescence at 480 nm in CaMagCas shown as an insert of
spectrum g in Figure 3. The excitation spectrum for the 480
nm emission of Bi* exhibits a band centered around 330 nm,
which is consistent with the new PLE band ifBiand Ed*-
co-doped CaMog) suggesting the occurrence of energy transfer
from Bi" to ELPT.28:29

Figure 4 depicts the dependence of the*E@mission
intensities on Bit concentration in CaMogxBi®",0.05E¢"
(x=0,0.01, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, and 0.4) under 395
and 465 nm excitations, respectively. The emission intensities
initially increase with increasing Bf concentration and reach
a maximum arounck = 0.2.

3.3. Mechanism of Luminescence Enhancement of Etx
To understand whether the increase of#ge — ’F, emission
intensity of EG" is due to the increase of the quantum efficiency
of ®Dg — F, emission of E&" or the absorption strength of
Fo — 5Lg and ’Fy — °D, transitions, the lifetimes of theDg
state of E&" and the diffuse reflection spectra of CaMpO
xBi®*,0.05E#" (x = 0—0.4) are measured, as shown in Figure
5and Figure 6, respectively. In Figure 5, the lifetime B

work, the phosphors are synthesized without any charge reduces slightly with increasing Bi concentration, indicating
compensation ions, and structures obtained are still consistenthat the quantum efficiency 0D — “F, emission is hardly
with the scheelite phase with Bicontentx < 0.25. Therefore, affected by Bi" addition. Therefore, it hints that the Bi

we assume that the charge loss is most probably compensateihduced red emission enhancement may result from the increase
by C&* vacancies (¥, described by of the "Fy — 5L and ’Fo — °D, absorption strengths.


http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/jp073991c&iName=master.img-000.png&w=136&h=183

13258 J. Phys. Chem. C, Vol. 111, No. 35, 2007

36
— CaMo0,:0.2Bi™*,0.05Eu’™*

309 _.-..CaM00,:0.05Eu™

24] A,=395nm T

Intensity x 10° (a.u.)

T
600

580
Wavelength (nm)

640

Figure 2. Comparison of PL spectra of CaM@O.05Ed" and
CaMoQy:0.2B#**,0.05EE" under 395 nm excitation.
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Figure 3. PLE spectra of CaMo£xBi3*,0.05Ed" (x = 0, 0.05, 0.1,
0.2, 0.25, and 0.3, for curves-§ respectively), monitoring the 613
nm E#* emission Do — 7F,). (g) PLE spectrum of CaMofX.2BP*
for monitoring the emission of Bf at 480 nm; inset: emission (em)
spectra of Bi* in CaMoQ, under 330 nm excitation.

In Figure 6, the absorption peaks of intra-4f transitions of

Ew' at 395 and 465 nm are presented. The absorbance increases

with increasing Bi" content and reaches the maximum when
the concentration of Bi x = 0.2, which evidences that the
enhancement of theéD, — 7F, emission of E&" is caused
mainly by the increase of absorption strengtifaf— 5Le and

’Fo — 5D, transitions. It is also observed in Figure 6 that, in
addition to the @ —Ew" CT absorption band at 280 nm, the
absorption band at around 330 nm arising frofTBilso appears
as BP' is added. In addition, with increasing concentrations of
Bi3*, the absorption band of Bi shows a red shift that has not
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Figure 4. Bi®" concentrationx) dependence of the PL intensities of
EW* (°Do — 7F,) in CaMoQ::xBi®*,0.05Ed+ under excitation at 395
and 465 nm, respectively.
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Figure 5. Dependence of lifetimes of 8, state of E&" in CaMoQy:
xBi3+,0.05Ed" on Bi*" concentration ).
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Figure 6. Diffuse reflection spectra of CaMo@Bi3",0.05Ed" at
various concentrations of Bi (x).

5004

been observed in the PLE spectra (Figure 3). The shift can beEw". On one hand, the distortion is due to the bigger radius of

attributed to the aggregation of Bicenters at higher concentra-
tions, lowering the absorption energy compared to singté Bi

Bi®* (r = 1.17 A when CN= 8) compared to EX (r = 1.07
A when CN= 8) and C&" (r = 1.12 A when CN= 8). On the

ions3 These B¥" aggregates may quench the absorbed excita- other hand, the charge compensation for Biubstituting for a

tion energy rather than transfer touleading to no red shift
in the PLE spectra.

In view of the change of théFy — 5Lg and 'Fo — 5D
absorption strength of Bt as a function of Bi* concentration
(Figure 6), we believe that in the CaMg@u*™ lattice, the
incorporation of B¥" ions destroys the crystal symmetry of

Ca&" site leads to the generation of €avacancies and other
point defects, which also distorts the crystal field arouné&&u

On the analysis above, it is therefore speculated that more odd-
rank crystal field components are induced by crystal structural
distortion and symmetry decreasing with the addition GfBi
leading to more opposite parity components, namely5di
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Figure 7. Comparison of the PL intensities in Eusingly doped and Wavelength (nm)

EW** and BP" co-doped CaMo@with optimal BP* concentration at  Figure 8. PLE monitoring the red emission of Ein (a) commercial
each fixed E& concentration under (1) 395 nm and (2) 465 nm  Y,O3EW* (lem = 610 nm), (b) CaMoQ0.05E¢ (Aem = 613 nm),
excitation. (c) commercial ¥O,S:EW" (lem = 624 nm), and (d) CaMog

0.2B#*,0.05Ed" (lem = 613 nm), and PL spectra under 395 nm
states, mixed into the &fransitional levels of Etf. This may excitation.

result in the enhancement of the intr& #insition probability
of E* ("Fy — 5Lg and "Fo — 5D). 3.5. Comparison of Luminescence Intensities of CaMo®

For the optimal Bi* content x = 0.2 in CaMoQ: xBi®*t,yEu*" with Commercial Red Phosphors. With the
xBi3+,0.05E¢" material, we know from the XRD patterns in  PUrpose of red phosphor appl_ication for _Wh_ite-light LEDs with
Figure 1 that BiOs can no longer be soluble in CaMgO  near-UV/blue GaN-based chips as excitation sources, the PL
0.05Ed* when the content of Bf is more than 0.25. As the ~ SPectra upon 395 nm excitation into tfle; state and the PLE
result, the BY* content of 0.2 is around the solubility limit, ~ SPectra monitoring the red emission in CaMo®i**,0.05E¢*

beyond which the extra BDs cannot incorporate into the host ~are compared with that of commerciabO5:EL*" (sample a)

lattices, resulting in a decrease in luminescence. and Y,0,S:El* (sample c) red phogghors, as+shown in Figure
3.4. Comparison of Luminescence Intensities of CaMog) 8. Qf.these materials, Can@D.?B@ ,0.05E¢ (sam_ple. d)
XBi3*+ yEud* with CaMoO 4:yEu3* at Various Eud* and Bi®* exhibits the strongest red emission. Under 395 excitation, the

red emission of CaMo£0.2Bi+,0.05E8#" is about 2 and 5
times stronger than that of J0,S:E" and Y,Os:EUT,
respectively. It is also demonstrated in the PLE spectra that the
Fo — 5D, intensity in CaMoQ:0.2Bi#",0.05E4" is about 5

and 4 times stronger than the corresponding peaks,06S:
IEu?Jr and Y,Os:EW®*, respectively, indicating that CaMaO
Bi®™,EW*" is a promising red phosphor for white-light LEDs.

Concentrations. The luminescence intensities of Eusingly
doped CaMoQ@and Ed*, Bi®* co-doped CaMo@as a function

of Eu* and Bt concentrations are studied. It is found in®Eu
and BPF* co-doped CaMo@that for each fixed Et concentra-
tion, there is a corresponding optimal®Biconcentration for
the red emission enhancement. Figure 7 illustrates the optimal
Bi®™ concentrations that maximize the red emission enhance-
ment for different E&" concentrationsy(= 0.01, 0.05, 0.1, 0.15,
and 0.2) under 395 nm excitation (1) and 465 nm excitation
(2). It is clear that adding Bi enhances the red emission In conclusion, addition of Bi" strongly enhances the red
intensities for every Bt concentration investigated, with better emission of E&" (°Dy — 7F,) in CaMoQy:Bi3",El®* under
efficiency at lower E&" concentration. The most efficient excitations of 395 and 465 nm that correspond to the two popular
concentrations occur gt= 0.05 andx = 0.2, which intensifies lines emitted from UV and blue LED, respectively, making the
the PL emission by a factor of 3, close to the intensity &f co-doped CaMo@Bi®",EL*" a very promising phosphor for
0.2 without B#* addition & = 0). The graphs also show that white-light LED applications. For each Euconcentration, an
the optimal B concentration is dependent on the3Eu  optimal BPf" concentration is found to maximize the red
concentration. The lower (higher) the Euconcentration is emission. The most efficient concentrations for the maximum
doped, the higher (lower) the optimal3Biconcentration that  red emission occur at 0.05 and 0.2 for ®Euand B#FT,

is required. It is also observed in Figure 7 that the total combined respectively, with the red emission stronger than commercial
concentration of Bi* and E&d" remains in the range 0f0.25—- Y,0,S:Et and Y,0s:Ewt phosphors. The enhanced red
0.3, which means the maximum soluble content of these trivalent emission is attributed to the enhanced fibsorption of E&".

ions in the CaMo@host. In other words, the optimal concentra- It is speculated that more odd-rank crystal field components
tion is total-solubility-manipulated. It is therefore understandable are induced by crystal structural distortion and symmetry
that strong red emission can be obtained by addifg iRstead decreasing with adding Bi, leading to more opposite parity

of increasing the Bl concentration, which is of great value in  components, forexample, % states, mixed into the %f
improving luminescence efficiency of the red phosphor at a transitional levels of E¥f. The existence of optimal Bf
much lower cost. concentration for a fixed B concentration is due to the

4., Conclusions
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existence of maximum soluble content of these trivalent ions

in the CaMoQ host.
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