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Abstract Strong blue cooperative up-conversion emis-
sion around 475 nm has been observed in Yb>*-doped
hexagonal NaYF,. The influence of concentration of the
Yb** ion on the luminescence intensity is investigated. It is
found that the sample shows the strongest cooperative
luminescence when the Yb>* ion concentration is 75%. The
investigation shows that hexagonal NaYbF, is an efficient
blue up-converted phosphor, which might be potentially
applicable in three-dimensional solid-state fluorescence
display.

Introduction

Rare-earth (RE) activated materials are widely applied to
phosphor, fiber amplifiers, solid-state laser, etc. [1, 2].
Among the RE ions used as luminescence centers, Yb>* ion
is especially attractive because high-power InGaAs diode
lasers are available to directly pump the Yb** absorption
band around 980 nm. Yb>* ion consists of only two levels,
and has only one electronic excited state that is located in
the near infrared region [3-5]. The strong electron—phonon
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coupling of Yb>* ion in glasses or crystals results in the
broadband character of the optical transition [6, 7]. Due to
these unique features, high-efficiency, high-power, tun-
ability and mode locking have been reported for InGaAs
diode laser pumped Yb>* lasers [4, 5]. On the other hand,
the Yb**—Yb>" cooperative up-conversion in crystals as
well as in glasses has also attracted much attention since it
was first observed by Nakazawa and Shionoya in YbPO,
[8-11]. This special up-conversion is interesting, for it
locate at the blue region, which has potential application in
three-dimensional solid-state fluorescence display [12, 13].

Hexagonal NaYF, is one of the most suitable hosts for
rare earth to realize green, blue and red up-conversion
[14-16]. Up-converted emissions of Er*and Tm®* ions
sensitized by Yb>* ions in NaYF, are widely reported
[17-20]. However, the Yb>" cooperative up-conversion
process in the hexagonal NaYF, has not been reported as
yet. In this work, we investigate the blue Yb>*-Yb**
cooperative up-conversion in the Yb>*-doped hexagonal
NaYF, under excitation of 980 nm diode laser.

Experimental

The samples used in this work were prepared by using
high-temperature solid reaction process. The high-purity
starting materials were NaF, YF; and YbF;. The sam-
ples were synthesized in molar composition of NaY;_,
Yb,F,, where x was varied from 0.05 to 1. Accurately
weighed 5-g batches of raw materials were thoroughly
mixed and moved into corundum crucible. The batches
were heated at 700 °C for 6 h in an electric furnace
under a hydrogen fluoride gas atmosphere. After the
heating treatment the samples were naturally cooled to
the room temperature.
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Up-conversion emission spectra were measured from
450 to 500 nm by exciting the samples with a 980 nm
diode laser at room temperature. The dependence of the
up-converted emission intensity on pumping powers for
different samples was obtained by changing the excitation
powers. All the measurements were performed at the same
condition, so as to ensure the relative luminescence
intensity comparable.

Results and discussion

Structures of the samples were investigated by X-ray dif-
fraction, indicating that all the samples have crystallized
into hexagonal NaYF, [21]. The cell parameters a and ¢ of
some samples have been calculated in terms of the X-ray
diffraction data. As is shown in Fig. 1, the unit cell
parameters a (10%) and ¢ (/&) decrease linearly with the
increasing of Yb®* concentration, obeying the Vegard’s
rule [22]. The result reveals that that the Yb** ions can be
easily doped into NaYF, lattice through the high-temper-
ature solid reaction route.

Figure 2 shows the up-conversion emission spectra of
the NaY;_,Yb,F4 (x = 5%) under 980 nm excitation. The
sensitized up-conversion emission bands centered on
475 nm was observed under 980 nm excitation. The blue
emission band is strong enough so that it can be clearly
seen by the naked eye as the excitation power is low as
50 mw/mm?.

Figure 3 shows the dependence of emission intensity
upon the YbF; concentration under 980 nm excitation. One
may find that the intensity of the 475 nm emission band
increase with the increase of Yb>* concentration, exhibits
a maximum value when the Yb>* concentration is

5.98
5.96

5.94

3.525

3.500
(3]

3.475 +

T T T T T T T T T T T
0 20 40 60 80 100

Yb* concentration (mol%)

Fig. 1 Unit cell parameters a (A) and ¢ (A) vs. Yb>* concentration in
hexagonal NaY;_,Yb.F; (x = 0.05, 0.4, 0.75, 1.00)
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Fig. 2 Up-conversion luminescence spectrum in the NaY;_,Yb,Fy
(x = 5%) under 980 nm excitation

approximately 75 mol%, and then decrease quickly with
the further enhancement of the Yb>* concentration.

It is well known, the visible up-conversion emission
intensity Iyc is proportional to the Nth power of the IR
excitation intensity (pumping power) I,

IUC X IL[)V

where N = 1, 2, 3..., representing the order of multiphoton
transitions being a number of IR quanta absorbed per one
visible photon emission [23-26]. The excitation power
dependence of the blue (475 nm) cooperative up-conver-
sion luminescence in the NaY;_,YbF; (x = 5%) was
shown in Fig. 4. The output slope for 475 nm emission
band is 1.81. The emission band exhibits approximately
quadratic power law behaviors against excitation power,
indicating that the emission is a two-photon process.

The blue emission luminescence is ascribed to the
simultaneous de-excitation of pairs of Yb>* ions [27]. After
the Yb>" ions are excited from the *F,), level to the *Fs,
level under 980 nm pumping. The excited Yb>*—Yb>* ion
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Fig. 3 Dependence of emission intensity upon the YbF; concentra-
tion in the NaY;_,Yb,F; (x = 5%) under 980 nm excitation
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Fig. 4 Double-logarithmic plot of excitation power dependence of
up-conversion luminescence intensity in the NaY,_,Yb,F, (x = 5%)

pairs can radiate visible a 475 nm blue luminescence by
following process:

*Fs (YD) +2 Fs 5 (YD) =2 F; » (YD)
+2 Fy (YD) + hy

This phenomenon is called cooperative up-conversion
[28, 29]. The cooperative phenomenon occurs when the
distance between two excited Yb** ions is short enough.

As can be seen from Fig. 3, the intensity of the 475 nm
blue cooperative up-conversion luminescence decreases
when the concentration of Yb** ion is more than 75%.
When the doping concentration is enough high, the fol-
lowing energy transfer between the Yb’* ions may
efficiently occur:

*Fs/2(YD™) +2 F70(YD'T) =2 F, p (YD)
+7 Fs2(Yb*)

Obviously, this energy transfer might reduce the excited
Yb*-Yb** ion pairs, decreasing the probability of
cooperative up-conversion. As a result, the cooperative
up-conversion luminescence decreases when the
concentration of Yb** ion is too high.

Conclusion

Blue cooperative up-conversion emission centered at
475 nm was observed in the Yb**-doped hexagonal
NaYF,. The power and concentration dependent on
up-conversion behaviors have been investigated. The blue
emission exhibits approximately quadratic power law
behaviors against excitation power, showing that a two-
photon process is responsible for the emission. The sample
shows the strongest emission when the concentration of
Yb** jons is 75%. A luminescence quenching takes place
when the concentration of Yb>* ions is above 75%. It is

@ Springer

believed that the energy transfer of 2F5/2(Yb3+) + 2Fm
(YD) > 2Fy0(YD®) + 2Fs;(Yb>™) can reduce the exci-
ted Yb’*—Yb>* ion pairs, resulting in the decrease the
probability of cooperative up-conversion at higher doping
concentration.

Acknowledgements This work was supported by National Natural
Science Foundation of China (No.: 10674113), Program for New
Century Excellent Talents in University (NCET-06-0707), Hunan
Provincial Natural Science Foundation of China (No.: 06JJ50006),
and partially by Scientific Research Fund of Hunan Provincial
Education Department (Nos.: 06A071 and 07B073) and the Open
Project Program of Low Dimensional Materials &Application Tech-
nology (Xiangtan University) of Ministry of Education of China
(No. KF0713).

References

1. Blasse G, Grabmaier BC (1994) Luminescent materials.
Springer—Verlag
2. Kenyon AJ (2002) Prog Quantum Electron 26:225
3. Dieke GC, Cross White HM (1963) Appl Opt 2:675
4. Lupei A, Enaki V, Lupei V, Presura C, Petraru A (1998) J Alloys
Compd 196:275
5. Honea EC, Beach RJ, Mitchell SC, Skidmore JA, Emanuel MA,
Sutton SB, Payne SA, Avizonis PV, Monroe RS, Harris DG
(2000) Opt Lett 25:805
6. Krupke WF (1999) Curr Opin Solid State Mater Sci 4:197
7. Malinowski M, Kaczkan M, Piramidowicz R, Frukacz Z,
Sarnecki J (2001) J Lumin 94-95:29
8. Nakazawa E, Shionoya S (1970) Phys Rev Lett 25:1710
9. Schaudel B, Goldner P, Prassas M, Auzel F (2000) J Alloys
Compd 300-301:443
10. Goldner P, Schaudel B, Prassas M, Auzel F (2000) J Lumin
87-89:688
11. Auzel F, Goldner P (2001) Opt Mater 16:93
12. Maciel GS, Biswas A, Kapoor R, Prasad PN (2000) Appl Phys
Lett 76:1978
13. Maciel GC, Biswas A, Prasad PN (2000) Opt Commun 178:65
14. Kriamer KW, Biner D, Frei G, Giidel HU, Hehlen MP, Liithi SR
(2004) Chem Mater 16:1244
15. Wang L, Li Y (2007) Chem Mater 19:727
16. Kano T, Suzuki T, Suzuki A, Minagawa S (1973) J Electrochem
Soc 120:C87
17. Menyuk N, Dwight K, Pierce JW (1972) Appl Phys Lett 21:159
18. Suyver JF, Grimm J, van Veen MK, Biner D, Kramer KW, Gudel
HU (2006) J Lumin 117:1
19. Liang L, Wu H, Hu H, Wu M, Su Q (2004) J Alloys Compd
368:94
20. Auzel F (2004) Chem Rev 104:139
21. Thoma RE, Hebert GM, Insley H, Weaver CF (1963) Inorg Chem
2(25)
22. Vegard L (1921) Z Phys 5:17
23. Zhang XX, Hong P, Bass M, Chai BHT (1993) Appl Phys Lett
63(19)
24. Bednarkiewicz A, Strek W (2002) J Phys D: Appl Phys 35:2503
25. Pollnau M, Gamelin DR, Luthi SR, Gudel HU (2000) Phys Rev B
61:3337
26. Lozano WB, de Araujo CB, Messaddeq Y (2002) J Non-Cryst
Solids 311:318
27. Hehlen MP, Gudel HU (1993) J Chem Phys 98:1768
28. Qiu J, Shojiya M, Kawamoto Y (1999) J Appl Phys 86(2)
29. Nakazawa E, Shionoya S (1970) Phys Rev Lett 25:1710



	Highly efficient cooperative up-conversion of Yb3+ in NaYF4
	Abstract
	Introduction
	Experimental
	Results and discussion
	Conclusion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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 600
  /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 (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


