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Abstract The upconversion (UC) luminescence of Li*/Er*/Yb* co-doped CaWO, phosphors and effects of Yb* concentration
are investigated in detail. Single crystallized CawoO, : Li"/Er¥*/Yb* phosphor can be obtained, co-doped up to 35.0/5.0/30.0
mol% (Li"/Er*7Yb™) by solid-state reaction. Under 980 nm excitation, CawO, : Li*/Er*"/Yb* phosphor exhibited strong green
UC emissions visible to the naked eye at 530 and 550 nm induced by the intra 4f transitions of Er*" (*Hyp Sy — ligo).
The optimum doping concentrations of Yb* that would result in the highest UC luminescence were determined, and a possible
UC mechanism that depends on the pumping power is discussed in detall.
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1. Introduction

Over the past severa decades, upconversion (UC)
luminescence in rare earth (RE) ions doped phosphor
materias has been extensively studied since its discov-
ery in the 1960s [1]. Potential applications include solar
cells, nove display technologies and, more recently, bio-
physics. The UC phosphors could indeed be used as
probes for imaging of individua molecules in biologi-
ca cels [2, 3]. Fluorescence imaging using near infra-
red (NIR) excitation is expected to have a mgor impact
in biomedical imaging [4, 5]. The application of UC
phosphor is aso being considered in the photovoltaic
industry to develop high-efficient solar cells [6].

Both of the above applications require, however, the
development of more efficient and highly stable UC
phosphors with low excitation density thresholds. Up to
now, most of the RE doped UC phosphors have been
halides such as NaYF, [7]. However, they have very
poor physicochemical stabilities, which make their
applications difficult in industrial fields. Therefore, it is
important to search for stable oxide host materias with
high UC efficiency.

Tungstate represents an important family of oxide
materias that can be applied in various fidds, such as
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photoluminescence, microwave, opticd fibers, and scin-
tillating materials [8]. Among them, calcium tungstate
(CawO,) has high density (6.1 g/cm’), high irradiation
damage resistance and relatively low phonon threshold
energy compared to the other oxide materias [9]. The
W® ions in CaWO, matrices have strong polarization
because of their large eectric charge and small radius;
this strong polarization consequently decreases symme-
tries and enhances the Stark energy splitting of the RE
ion in the crystal field [10]. We aready reported effects
of Li* and Er*" concentration in Li*/Er**/Yb*" co-doped
Cawo, [11, 12]. In this work, Li*/Er¥*/Yb* co-doped
CawQO, UC phosphors were synthesized with various
Yb*" concentrations by solid-state reaction. Their struc-
tura and UC luminescent properties were investigated,
and effects of Yb®" concentrations on UC luminescence
were discussed according to the UC mechanism.

2. Experimental

Li*/Er*/Yb* co-doped Cawo, (Cawo, : Li'/Er*/Yb™)
phosphor samples were prepared by the traditiona solid-
state reaction method. The starting materials were CaCO,
(Kojundo Chemical, 99.99 %), WO, (Kojundo Chemi-
cd, 99.99%), Li,CO; (Kojundo Chemical, 99.99 %),
Er,O, (Shinetsu Chemical, 99.99%) and Yb,O, (Shi-
netsu Chemical, 99.99 %). The molar ratios of the cat-
ions were as follows: (1 - 2x — 2y)Ca™ + xYb* + yEr*" +
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(x +y)Li* + W*, x=0.000, 0.025, 0.050, 0.075, 0.100,
0.150, 0.200, 0.300 and y = 0.050. In this work, the Er**
concentration was fixed at 5.0 mol% [12] to investigate
the effects of Yb* concentration ranging from 0 to 30
mol% on UC luminescence. The charge discrepancy of
ca* with Er** and Yb* could be compensated by Li*
co-doping. Based on the above chemical formula, the
starting powders with the designed stoichiometric quan-
tities were ball-milled for 2 hrs, and then were calcined
at 1000°C for 2 hrs in air. The crystalline phases of the
cacined powders samples were identified by X-ray
powder diffraction (XRD), operating at 40 kV using Cu-
Ko, radiation (A =1.5406A). The UC luminescence
spectra were recorded using a spectrophotometer at
room temperature. A 980 nm laser diode with maxi-
mum 100 mW output was used as the excitation source.
The pumping power dependence of UC emission was
caculated using irradiation power from 20 to 110 mW
(SPEX, 1404p, France).

3. Reaults and Discussion

Fig. 1(a@) shows phase identification of the Cawo, :
Li*/Er*/Yb* samples with various Li"/Yb* concentra-
tions calcined at 1000°C for 2 hrs. The prominent pesks
corresponded well to the schedlite-type CawO, phase
(JCPDS # 41-1431) at al Li"/Yb*™ concentrations. No
impurities or secondary phases could be identified from
the XRD patterns in the limit of XRD resolution, thus
suggesting that single crystallized Cawo, : Li*/Er*7Yb**
with various Li*/Yb* concentrations up to 35.0/30.0 mol%
can be obtained by solid-state reaction. Based on the
effective ionic radii of the cations with different coordi-
nation numbers (CN) [13] and large charge difference
between C&™* ion and W® ion, it can be expected that
Li*, Er* and Yb* [r(Li")=0.92A, r(Er*)=1004A,
r(Yb*™) =0.985A, when CN = 8] are preferably substi-
tuted into the C&™* sites [r(C&™) = 1.12 A, when CN = §]
instead of the W®" sites [r(W°®") =0.66 A, when CN = 4].
Note, that when the C&”* ions are substituted by the Li",
Er** or Yb* ions with a smaller ionic radius than that of
Ca*, the corresponding lattice constant becomes smaller.
In Fig. 1(b), the (112) and (103) diffraction peaks shift
to higher 20 angle, indicating the decrease of the lattice
constants when Li*/Yb® ions are substituted into the
Ca™" ion sites.

Fig. 2 shows the UC luminescent spectra of the pre-
pared CaWo, : Li*/Er*"/Yb* phosphors with various Li*/
Yb*" concentrations from 0.050/0.000 to 35.0/30.0 mol%
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Fig. 1. (@ XRD patterns of CawO, : Li"/Er*'/Yb®" samples with
various Li*/Yb*" concentrations calcined a 1000°C for 2 hrs. (b)
The enlarged XRD patterns near 20 = 29° for (112) and (103)

peaks.

under 980 nm laser excitation. The UC luminescent spec-
tra consist of three regions. (1) intense green emission
between 515 to 540 nm assigned to *H,,, — ‘1,5, transi-
tions (G,), (2) green emission between 540 nm and 560
nm assigned to “S,, — *l,5, transitions (G,) and (3) the
relatively weak red emission between 650 and 680 nm
assigned to “Fy, — “l,5, transitions of Er** ions [11, 12].

The intensity of the UC emission was enhanced by
the doping of the sensitizer Yb*. When the Yb*" ions
are doped, green emissions increase because the Yb*
ions absorb light of 980 nm waveength, effectively. The
relative integra intensities of the G, and G, increase
gpproximately 12 and 7 times, respectively, when the Yb*
concentration is 20.0 mol%. These results show that the
Yb* ion plays arole in the energy transfer process. The
intensities of green UC emission (G,) increased with
increasing Li*/Yb®" concentration and maximized in the
25.0/20.0 mol% sample. Thus, we confirmed that opti-
mum Li*/Yb* doping concentration for strongest green
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Fig. 2. UC luminescence spectra of Cawo, : Li*/Er**/Yb* sam-

ples with Li*/Yb* concentrations excited at 980 nm. The inset

photograph shows strong green emission for the sample with

Li*/Yb* concentration of 25.0/20.0mol%, as observed by the
naked eye, excited by a 980 nm laser diode.
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emission was 25.0/20.0 mol% with Er*" doping concen-
tration fixed at 5.0 mol%. The 25.0/5.0/20.0 mol% (Li"/
Er’*/Yb®) co-doped CawO, sample emitted the stron-
gest green light visible by the naked eye when excited
by a 980 nm laser diode of 100 mW, as shown in the
inset of Fig. 2. The green emission ratio (G,/G,) was
amost unchanged, which indicated that the populating
probability of Er* from “F,, to “Hy, or ‘S, levels
remained stable with increase of Yb* concentration.

Fig. 3(a) shows the green and red UC luminescent
intensities of the 25.0/5.0/20.0 mol% (Li"/Er*/Yb™) co-
doped CawWO, sample plotted on a logarithmic scae as
a function of pump power. In UC processes, the UC
emission intensity | is proportiona to the n value of
the irradiation pumping power P, that is |, o< P", where
n is the number of pumping photons required to pro-
duce UC emission, I is the luminescent intensity, and
P is the laser pumping power [12]. The calculated n val-
ues were 1.63, 1.71, 1.61, and 1.72 for green emissions
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Fig. 3. (8 Pumping power dependence of UC emission of

25.0/5.0/20.0mol% (Li*/Er¥/Yb™) co-doped CawO, sample

under working currents from 20 to 110mW a 530, 550, 655

and 670 nm. (b) A simplified energy level diagram of Er** with

Yb* ions and the dominant UC mechanisms in Cawo,: Li*/
Er*"/Yb™ phosphor [14].

at 530 and 550 nm and for red emissions at 656 and
670 nm, respectively. These results indicated that a two-
photon UC process was assigned to the green and red
emissions in the Li*/Er**/Yb* co-doped Cawo,.

The UC emission mechanism and population processes
for the green ("Hyy, *Ssn — i) and red (‘Fop — “11g)
UC luminescence in the Cawo,: Li*/Er*/Yb* phos-
phor system are illustrated in Fig. 3(b) [14]. Under 980
nm excitation, Er** and Yb** ions were initially excited
from the ground date to the excited state through the
ground state absorptions (GSA) process (Er**: “I,g, —
2 YD*: ?F,, — *Fy,) and the sensitized energy trans-
fer upconversion (S-ETU) process of “Fg,(YB™) + 1,1
(Er*") — %F,(YD™) + “F,(Er*), which were responsi-
ble for the population at “H,y, level in Er*, respec-
tively. For the green emissions, the energy transition
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from *l,,, level to “F,, level of Er* involved into three
possible processes as follows [15, 16]:

(1) ESA: *l,,, + a photon (980 nm) — “F,,

(2) Sensitized ETU (SETU): Fyn(YD™) + 1 (EF™)
— “Foa(YD™) + Fop(Er™)

(3) ETU: 11y(Br™) + Ty Er) = Fr Er) + Y 15(Er)

These three possible processes can populate electrons
to the *F,, level from the “I,, level in Er*, and then the
*F., level relaxes rapidly and non-radiatively to the fol-
lowing lower levels a “H,y, and *S,, in Er*". As a
result, the above mentioned processes can produce green
emissions in the spectral lines near 530 and 550 nm.
The UC emission was dominated by strong green emis-
sions a 530 nm (*Hyy, — “l1s,) and 550 nm (*Sy, — lisy).
For the red emission, “Fy, level was generated by non-
rediative relaxation from *S,, to *Fy, level and by the cross
relaxation “F,, + 1y, — “Fyy + Fy,, transition. Finaly, ‘Fy,
level relaxed radiatively to the ground state at ‘I, level
and released red emission at 655 and 670 nm.

4. Conclusion

In summary, single crystalized Cawo, : Li*/Er*1Yb*"
phosphor was synthesized, co-doped up to 35.0/5.0/30.0
mol% (Li*/Er*/Yb*) by solid-state reaction. Under 980
nm excitation, Cawo, : Li*/Er*/Yb* phosphors exhib-
ited bright green UC luminescence visible to naked eyes
at 530 and 550 nm. The optimum doping concentration
of Yb* for highest green UC luminescence was 20.0
mol%. Moreover, a two-photon process was responsible
for both UC luminescence of green and red emission. It
is concluded that Cawo, : Li*/Er*'/Yb* phosphors can
be a promising candidate for meeting the requirements
of biomedical or solar cell applications.

Acknowledgement

This research was supported by a grant from the
School of Convergence Program of Ministry of Educa
tion.

References

[1] N. Bloembergen, “Solid state infrared quantum counters’,
Phys. Rev. Lett. 2 (1959) 84.

[2] F Wang and X. Liu, “Recent advances in the chemistry
of lanthanide-doped upconversion nanocrytals’, Chem.
Soc. Rev. 38 (2009) 976.

[3] JU. Kang, J-H. Han, X. Liu and K. Zhang, “Common-
path optical coherence tomography for biomedical imag-
ing and sensing”, J. Opt. Soc. Korea 14 (2010) 1.

[4] Z. Liu and R. Peng, “Inorganic nanomaterias for tumor
angiogenesis imaging”, Eur. J. Nucl. Med. Mol. Imag-
ing 37 (2010) S147.

[5] MK. Kim, “Applications of digital holography in bio-
medical microscopy”, J. Opt. Soc. Korea 14 (2010) 77.

[6] B.S. Richards and A. Shalav, “Enhancing the near-infra-
red spectral response of silicon optoelectronic devices
via up-conversion”, |EEE Trans. Electron. Devices 54
(2007) 2679.

[7] JC. Boyer, F. Vetrone, L.A. Cuccia and JA. Capobi-
anco, “Synthesis of colloida upconverting NaYF,
nanocrystals doped with Er’*Yb* and Tm*,Yb* via
thermal decomposition of lanthanide trifluoroacetate
precursors’, J. Am. Chem. Soc. 128 (2006) 7444.

[8] JH. Ryu, GS. Park, K.M. Kim, J-W. Yoon and K.B.
Shim, “Synthesis of CaWwO, nanocolloida suspension
via pulsed laser ablation and its optical properties’,
Appl. Phys. A 88 (2007) 731.

[9] M.J. Treadaway and R.C. Powell, “Luminescence of
cacium tungstate crystals’, J. Chem. Phys. 61 (1974)
4003.

[10] L.F. Johnson, GD. Boyd, K. Nassau and R.R. Soden,
“Continuous operation of a solid-state optical maser”,
Phys. Rev. 126 (1963) 1406.

[11] D.-H. Kim, JH. Ryu, JH. Chung, JW. Eun, K.B. Shim
and S.-Y. Cho, “Visible up-conversion luminescence of
CaWo, : Er**,Yb* and emission enhancement by tri-
doping of Li* ions’, Kor. J. Chem. Eng. 29 (2012) 519.

[12] D.-H. Kim, JH. Ryu, JH. Chung, K.B. Shim and S.-Y.
Cho, “Green upconversion luminescence of Li*/Er*/
Yb* tridoped CawO, and effects of Er* concentra-
tion”, J. Electrochem. Soc. 158 (2011) J345.

[13] R.D. Shannon, “Revised effective ionic radii and sys-
tematic studies of interatomic distances in hallides and
chalcogenides’, Acta Cryst. A 32 (1976) 751.

[14] E Auzd, “Upconversion and anti-stokes processes with
f and d ionsin solids’, Chem. Rev. 104 (2004) 139.

[15] C. Ming, F. Song, J. Hou, Y. Yu, G Zhang, H. Yu, T.
Sun and J. Tian, “Single color upconversion emission in
Ho™/Yb* and Tm*/Yb*" doped P,0s-MgO,-Sb,0,-MnO,-
AgO glasses’, Opt. Commun. 284 (2011) 3304.

[16] R.H. Page, K.I. Schaffers, PA. Waide, JB. Tassano,
SA. Payne and W.F. Krupke, “Upconversion-pumped
luminescence efficiency of rare-earth doped hosts sensi-
tized with trivalent ytterbium”, J. Opt. Soc. Am. B 15
(1998) 996.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


