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Strong visible emissions of Er resulting from two-photon absorption and energy transfer from the
host YVO, were observed in nanocrystalline®&doped YVQ, which was prepared by a hydrothermal
method using a citrateyttrium—vanadate complex as the precursor. The nanocrystals were characterized
using X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), transmission electron
microscopy (TEM), U\~visible absorption spectra, and photoluminescence (PL) spectra. The highly
crystalline YVQi:Er*™ nanoparticles, with an average diameter of 35 nm, have a tetragonal zircon structure
and can redisperse in water because of the presence of citrate ligands. We discussed in detail the visible
upconversion mechanism and temperature dependence of the upconversion emission foritimes iy

the YVO, nanocrystals.

Introduction

Rare-earth-doped luminescence materials have wide ap
plications, including phosphors, display monitors, X-ray
imaging, scintillators, lasers, and amplifiers for fiber-optic
communications:” The luminescence efficiency of these
materials is often limited by the dynamics of the rare-earth
(RE) ion, which depends on the interaction between RE ions
and the host.Among many RE ions, trivalent erbium ion is
well-known as an active dopant for many different inorganic
lattices, producing white-light emission by adjusting the ratio
of blue, green, and red emissiot.In addition, an Et
ion is particularly suitable for the upconversion of infrared
to visible light because of a favorable electronic level scheme
with equally spaced, long-lived excited states.

Fluorescence labeling on biomolecules is a very important
practice in biological applications such as immunoassaying,
DNA sequencing, and clinical diagnosifig*® The challenge,
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however, is to identify or devise the high sensitivity, stability,
security, and capacity to penetrate into cells. RE-doped

upconverting phosphors have been reported to be used for
the detection of nucleic acid and immunoass&y%¥ As

fluorescence labeling materials compared with conventional
fluorophores (e.g., cy5¥, upconverting phosphors (UCP)
with no photobleaching and a lower background show a

higher detection sensitivity when illuminated with infrared
(IR) light (980 nm). This work is motivated by not only the
application of the Er"-doped nanocrystals as UCP for

fluorescence labeling but also the interest to better understand

the luminescence properties of erbium in different hosts.
Yttrium orthovanadate (YVQ) is well-known as a very
attractive phosphor-producing host lattice for several metal
ions, as the bulk materials exhibit a high luminescence
efficiency?° For example, E¥-ion activated YVQ can be
utilized as a red phosphor in a cathode ray tube (CRT), and
as a scintillator in medical image detectétdoreover, it
performs as a promising polarizer and laser host material in

(11) Hsu, C.; Powell, R. CJ. Lumin 1975 10, 23.

(12) Wu, X.Y.; Liu, H. J.; Liu, J. Q.; Haley, K. N.; Treadway, J. A.; Larson,
J. P.; Ge, N. F.; Peale, F.; Bruchez, M.Nmat. Biotechnal2003 21,
41.

(13) Chan, W. C.; Nie, S. MSciencel998 281, 2016.

(14) Santra, S.; Zhang, P.; Wang, K. M.; Tapec, R.; Tan, WAkl Chem
2000 72, 5748.

(15) Hampl, J.; Hall, M.; Mufti, N. A.; Yao, Y. M.; Macquee, D. B.; Wright,
W. H.; Cooper, D. EAnal. Biochem 2001, 288 176.

(16) Rijke, F. V. D.; Zijlmans, J.; Li, S.; Vail, T.; Raap, A. K.; Niedbala,
R. S.; Tanke, H. JNat Biotechnol 2001, 19, 273.

(17) Beverloo, H. B.; Schadewijk, A.; Van, Zijlmans, H. J. M. A. A.; Tanke,
H. J. Anal Biochem 1992 203 326.

(18) Niedbala, R. S.; Feindt, H.; Kardos, K.; Valil, T.; Burton, J.; Bielska,
B.; Li, S.; Milunic, D.; Bourdelle, P.; Vallejo, RAnal. Biochem 2001,
293 22.

(19) Schuler, B.; Pannell, L. KBioconjugate Chen2002 13, 1039.

(20) Levine, A. K.; Palilla, F. CAppl. Phys. Lett1964 5 (6), 118.

(21) Panayiotakis, G.; Cavouras, D.; Kandarakis, |.; Nomicodppl. Phys
A 1996 62, 483.

© 2006 American Chemical Society

Published on Web 05/02/2006



Spectroscopy and Visible Upcaarsion of YVQEr3* Chem. Mater., Vol. 18, No. 11, 200727

its single-crystal forn#>23YVQ, can also be obtained in its
crystallized form by precipitation reactions at low temper-
ature without calcinations. Recently, various routes of the
wet-chemical synthesis of RE-doped nanocrystals were
reported by Haase et al. and Huignard ef*&b. The
advantage of these methods is that the obtained nanoparticles;
are uniform in size and easily dispersible. '

In this paper, we have successfully synthesized the water-Z
soluble E#*-doped YVQ nanocrystals by a hydrothermal & @
treatment, using citrate as a complexing agent. The nano-=
crystals perform a strong visible emission of Bunder either
infrared excitation via upconversion or the excitation of the ®)
host via an energy-transfer process from the host #.Er
The relevant properties are studied by different techniques, . i . : . : . : .
e.g., X-ray diffraction (XRD), Fourier transform infrared 20 30 40 50 60 70
spectroscopy (FT-IR), transmission electron microscopy 26 (degree)

(TEM), UV —visible absorption spectroscopy, and emission Figure 1. XRD patterns performed on a powder of the Y¥B@3*
spectroscopy. nanocrystals obtained (a) by drying the synthesized precursor and (b) after
hydrothermal treatment.

200

(a
112
312

Experimental Section H-8100 IV microscope operating at 200 KV. High-resolution TEM
(HRTEM) was obtained by using a JEOL 2010 microscope
operating at 200 kV. For TEM observations, the products were

with nitric acid. Water was distilled and deionized using a Millipore  ultrasonically dispersed in ethanol, and a drop of this solution was

Milli-Q Purification System, which has a resistivity of not less than  then placed on a Cu grid coated with a holey carbon film.
18.2 NQ. UV —visible absorption and fluorescence emission spectra of the

Synthesis of YVQ:Er Nanocrystals. The synthesis of yitrium colloidal solutions were measured at room temperature with a UV-
3000 spectrometer and a Hitachi F-4500 spectrofluorometer,

orthovanadate by aqueous precipitation reactions was reported in |
the work of Huignard and Buissefie.In the present work,  '€SPectively.

improvements have been made to enhance the crystallizability of ~The upconversion e_missior) spectra of3'Eirin the YVO,
the particles. The procedure is as follows: nanocrystals were acquired using a Jeb¥fvon LabRam Raman

In a water bath at 6C, an aqueous solution of Y(NR and spectromgter system equippeq Wi.th 1800 and 600 grooves/mm
Er(NOs); (10 mL, 0.1 M) was mixed with an aqueous solution of holographic gratings and a Peltier air-cooled CC[_) detector. Precise
sodium citrate (7.5 mL, 0.1 M) under vigorous stirring, and a white control of the sample temperatueed.1°C) was achieved by means
precipitate of lanthanide citrate was formed. An aqueous solution ©f @ Linkam THMS600 temperature programmable heating/cooling
of NagVO, (10 mL, 0.1 M, pH 13) was then added dropwise to the Microscope stage..The THMS stage was used in conjunction ywth
above mixture until the precipitate was completely dissolved. After @ Linkam LNP cooling system when cooling. Samples were excited
being stirred for 1 h, the resulting clear precursor solution, with a Py & semiconductor diode laser with a 980 nm wavelength.
pH of 8.0, was transferred to a 60 mL autoclave for hydrothermal
treatment at 200C for 24 h. Naturally cooled to room temperature, Results and Discussion
the precipitate of YVQEr nanocrystals in the autoclave could be

separated from the reaction media by centrifugation (7000 rpm, 10 Structural and Morphological Investlgatlon.s. Flg.ure+1
min) and then washed with deionized water several times. After shows the XRD patterns of the nanocrystalline Y0

being dried under vacuum at460°C, phosphor particles of Yvp ~ Pefore and after hydrothermal treatment. All peaks can be
doped with E¥* in nanometer size were obtained. For comparison, indexed to the same tetragonal phase (JCPDS Card, File No.
the prepared precursor solution was cooled and dialyzed againstl7-0341) with a zircon-type structure as bulk Y2’
deionized water for 24 R, it was then dried under vacuum at40  There is only one yttrium site in the unit cell, and the point
50 °C. Colloidal suspensions of YVErR" were obtained by  symmetry of ¥* is Dy, without an inversion centéf.As
ultrasonically redispersing dry nanocrystalline powders in deionized the radius of Et* (88.1 pm) is close to the radius of thé*y
water. The samples that contained 2.0 mol % Er were used in this (88 pm) ion, the erbium ion easily substitutes for yttrium in
study. o the Doq site of the yttrium vanadate lattice. Furthermore, the
Characterization. The structure and morphology of Y\iEr intensities of the main peaks evidently increase in reference
nanocrystals were characterized by XRD, FT-IR spectra, and TEM. ;o 3 o around after hydrothermal treatment, and the full
XRD studies were performed on powders using a Japan ngakuWidth at half-maximum (fwhm) of the peaks of the particles

D/max-rA X-ray diffractometer system with monochromatized Cu .
Ko radiation ¢ = 1.5406 A). FT-IR spectra were recorded on a after hydrothermal treatment is smaller than those of the

Perkin-Elmer 580B infrared spectrophotometer with the KBr pellet Particles before hydrothermal treatment. This means the
technique. TEM observations were completed out on a Hitachi hydrothermal treatment efficiently increased the crystallinity.
The size of the particles was also calculated using the

Material. All reagents were analytical grade. RE()&6H,0
(RE=Y and Er) salt was freshly prepared by the reaction of@E
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Figure 3. FT-IR spectra in KBr of the YVQEr powder (a) before and
(b) after hydrothermal treatment.

particle shows unclear and curving lattice fringes, and the
- hydrothermal sample depicts well-defined lattice fringes
Figure 2. TEM images of (a) synthesized precursor and (b) nanocrystaliine (200) with 0.29 nm interplanar spacing. From the HRTEM
YVO4ErRT after'hydrothe(n_wal treatment (inset displays th_e SAED pattern), image (Figure 2d), we can also see that the formation of the
and (c and d) high magnification of (a) and (b), respectively. : . . .
particles occurs through the aggregation of primary particles
followed by the epitaxial fusing together. Furthermore, the
contrast observed within both samples indicates that the
precursor particles have numerous defects, and nanocrystals
after hydrothermal treatment are structurally comparatively
fperfect. The defects of the precursor particles, we think,
probably tend to migrate to the surface of the nanocrystal
" during the growth stage because of the hydrothermal process.
Figure 3 shows the FT-IR spectra of Y& nano-
particles before and after hydrothermal treatment. From the
FT-IR spectra, it can be observed that the strong peak at
800 cm! and the weak peak at 453 cfare apparently
associated with the characteristic vibrational mode of the
V-0 bond (from VQ?3" groups) and the ¥O bond?®

whereK = 0.89,D represents the crystallite size (4),is

the wavelength of the Cudradiation, is the Bragg angle

of the peak, ang is the measured fwhm of the diffraction
peak. By applying the DebyeScherrer formula to the (200)
diffraction peaks, we determined the mean patrticle sizes o
the precursor and final products to be 9 and 40 nm
respectively.

The morphologies of the particles before and after hydro-
thermal treatment were identified by TEM, as shown in
Figure 2. It can be seen from the TEM images that the
prepared precursor particles with a diameter of 7 nm show
an irregular shape; it is evident that most of the particles

after hydrothermal treatment are a tetragonal-like morphology ) o
with an average diameter of 35 nm in size, and few of them respectively. The presence of the two peaks indicates that

appear to be close in shape to that of a sphere. The TEMyttrium vanadate has formed, in good agreement with the

images show a smaller mean particle size than that estimatec{esult from XRD. Furthgrmore, In comparison to that of the
from the XRD patterns. This deviation comes from the fact 2r((ajcurrs]or, tTe a(tj)sorpnolp r??alt; of tﬂi_ bc;?dh |_ndt_he
that the particle size determined by the Scherrer equation istgatr(::]eerv"laopgznlécg'tsr;'gt; 3{3 :t?osn 'e? thgnl(ihall? QZ?;?Z
a volume-averaged size, whereas analysis of the TEM hvdroth | treat t bg fthg . t of th
pictures typically leads to a number average of the particles. ydrothermal treatment because ot the improvement ot the

Therefore, a small number of large particles have a big crystallinity. The broad absorption band at 3400 "¢m

contribution to the diffraction measurement. The selected areaCorreSpondS to the OH groups of,® absorbing to the

-+ 9
electron diffraction (SAED) pattern recorded for the colloidal Sugicslgf thel Y\:S E: dnatrrl]ocrys;calé. TTe pegl:rs] at 13§7 t
precursor is composed of continuous rings, whereas the oné! cm-in the hydrothérmal Sampie and the peaks a

after hydrothermal treatment shows some discrete spots. Thist139.f) a?d 157fGthcrﬁ mbthelptrecur_sor. s?r:npli 2&?0 aﬁ_&ﬁned
demonstrates that both samples are polycrystalline and 0 vibrations ot tne carboxylate anion in the ciirate; whic

indicates that the average particle size increases because (ﬁ]roves the ptr.elsenc_(l?hof the _(;|trate Iflgtinds ?n ths Slgface of
the hydrothermal treatment, and the particle’s crystallinity € hanoparticies. The positions ot these two bands were
is expected to increase. High-resolution T_EM images of the (28) Hirano, S.: Yogo, T.; Kikuta, K.. Sakamoto, W.: Koganei. HAm
precursor particles and the hydrothermal images are shown™ ™ ceram 'soc 1996 79, 3041.

in panels c and d of Figure 2, respectively, The precursor (29) Lin-Vien, D.; et al.The Handbook of IR and Raman Characteristic
Frequencies of Organic Molecute&cademic Press: New York, 1991,

p 137.
(26) Broch, Z. Z.Phys Chem Abt B 1932 20, 345. (30) Wang, Y.; Teng, X. W.; Wang, J. S.; Yang, Nano Lett 2003 3,
(27) Wyckoff, R. W. G Crystal Structuresinterscience: New York, 1963. 790.
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Figure 4. UV —vis absorption (dashed line), luminescentg{= 280 nm), y . .
and excitation {em = 523 nm) spectra of a dilute (2 104 M) colloidal YVO, host, the ¥-O bond has strong absorption of relatively

solution of nanocrystalline YV@ER", short wavelength UV light and the MO bond absorbs
relatively long-wavelength UV light. Furthermore, we may

sensitive to the chemical compositions of the nanoparticle expect a marked influence of the angle formed by the central

surfaces! In addition, the FT-IR spectrum for the hydro-  apsorption atom, oxygen ion, and RE ion on the efficiency

thermal product (Figure 3b) shows that the two weak bands of the energy transfer. From magnetic studies, superexchange

at 3741 and 1646 cm, which are assigned to OH stretching  petween paramagnetic ions is also dependent on the angle

vibration modes for coordinated waf&rand the two weak of paramagnetic ion, oxygen ion, and paramagnetic ion. This

bands at 2925 and 2851 chrorrespond to the asymmetrical  interaction is strong if the angle is 18Qo-bonding) and

and symmetrical stretching vibration modes, respectively, of becomes considerably weaker for°9@c-bonding)3 The

the CH group3**In the case of the precursor sample, weak v—0-Y angle of 170, which makes the-bonding overlap

bands peaking at 1253 and 1074 ¢nare assigned to the  almost optimal, induces an efficient energy transfer from
C—O stretching bands of the citratéThese FT-IR spectra  vO,3~ to ER* ions3®

results reveal that the hydrothermal treatment decreases the Upconversion Emission SpectroscopyContinuous wave

quantity of the nanocrystal surface ligands. excitation with a 980 nm semiconductor laser at room
Optical Properties of YVO,Er3" Nanocrystals. The temperature leads to the upconversion emission &f-Er
absorption, emission, and excitation spectra of a colloidal doped YVQ nanocrystals in the visible region, as shown in
solution of nanocrystalline YVQER* are shown in Figure  Figure 6 along with the energy level diagram of thé*Er
4. The absorption peak at 275 nm is attributed to chargeions. The nanoparticles showed a more intense visible
transfer from the oxygen ligands to the central vanadium upconversion emission after hydrothermal treatment. The
atom inside the V@~ groups. The high absorption coef- peaks were assigned to the following transitions: the green
ficient (absorption coefficientn= 2 x 1 cm™?) indicates emission in the 526570 nm region is assigned to tHel(,
an optically allowed transition within the vanadate grétip.  4Ss2) — “l152 transition and the red emission in the 650
The excitation spectrum exhibits a peak shape practically 670 nm region is assigned to thig,, — *l15 transition for
identical to that for the absorption spectrum. Upon UV ( the EF" ion in the Dyq site of nanocrystalline YV@
= 280 nm) excitation, Bf-doped YVQ nanocrystals exhibit Upconversion processes of the solid materials containing
strong green luminescence caused by transitions in the RE ions have been widely investigat€d® Usually, it can
erbium ions. The main emission bands at 523 and 557 nmbe treated as an energy-transfer upconversion (ETU) process
are associated with théH;1, — 4152 and %Sz — *l1sp2 and excited-state absorption (ESA). To better understand the
transitions of the Bt ions in theD.yq Site, respectively. The  populating mechanism of th12, Sz, and*Fg, excited
Erf™ ions have no absorption at the excitation wavelength states following NIR irradiation, we measured the upcon-
of ~280 nm. Therefore, it is clear that the erbium emission version luminescence intensities of the green and red
of nanocrystals originates from the energy transfer of the emissions as a function of the excitation power (Figure 7).
vanadate-group excitation. The relevant energy-transferFor an upconversion process, the intensity of the upconver-
process is depicted in Figure 5. The emission intensity of sion luminescencd (c) is proportional to some power of
the EP* depends on the absorption of a host and energy- the incidence pump laser intensity ) as follows

n.oo

(31) Wang, W.; Chen, X.; Efrima, S.. Phys Chem B 1999 103 7238. luc O lpymp Withn=2,3, ... (2)

(32) Hiramatsu, H.; Osterloh, F. Eangmuir2003 19, 7003.

(33) Clothup, N. B.; Daly, L. H.; Wiberley, S. Hntroduction to Infrared i -
and Raman Spectroscao@nd ed.; Academic Press: New York, 1975; wherenis the number of pump phOtonS absorbed per short
Chapters 5, 7, and 9.

(34) Socrates, Gnfrared Characteristic Group Frequencied/iley: New (35) Goodenough, J. BVlagnetism and the Chemical Bgnidterscience
York, 1980. Publishers: New York, 1963.
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2500 5= from the incident laser beam brings the ion to tRg; level,
Fen because this state is unstable; the electron then rapidly decays
*1 Ho nonradiatively to theHy1, and *Sz), levels. Alternatively,
after the initial excitation, the Er ion nonradiatively decays

. , down to thefl1z2 level and then populates thE; level by
N “ the absorption of a second 980 nm wavelength photon. In
4 the ETU mechanism, two closeEiions are simultaneously
excited to the'l 1, level. One E¥" ion transfers its energy
10004 o 4 to the neighboring ion, leaving it in the higher excited state
B B “F7,, and nonradiatively decays back to the ground state.
However, two independent processes, ETU and ESA, can
500 L occur concomitantly. When the dopant concentration is 0.5
M wAen__(D) mol % or less, the energy transfer between dopant ions can

4 X10

(@) be ignored. It is well-known that the energy transfer can play

2000 +
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an important role in the contribution to the upconversion
luminescence when the dopant-ion concentration reaches a
certain level.

r T . - . T T
500 550 600 650 700
Wavelength (nm)

Figure 6. Upconverted fluorescence emission spectra of the 2.0 mol % ] ] . )

Er¥*-doped YVQ nanocrystals Aexc = 980 nm) (a) before and (b) after It is obvious that the upconversion process in the samples
hydrothermal treatment. Inset: Schematic representation of the ground- hafore hydrothermal treatment is far less efficient than that
state absorption (GSA), excited-state absorption (ESA), and energy-transfer . . .
upconversion (ETU) mechanisms. after hydrothermal treatment. This increase in luminescence
for the hydrothermal sample is attributed to the decrease in
the multiphonon relaxation of the excited levels of Er because
of a small number of ligand coordinates. As described above,
the IR spectra show the presence of carboxylate (3530
cm 1) and hydroxyl (3400 cm') groups on the surface of

the nanoparticles, and the amount of carboxylate and

hydroxyl in the hydrothermal product is evidently reduced.
8000 - / The populations of the intermediate levels, from which a
part of the excited ions can be re-excited to the upper emitting

levels by ESA, are substantially impacted by the nonradiative

In (laser power)

50| A Slope: 167 for (H,,.'S, ) — 1.,
® Slope: 1.24 for ‘F—'I,.,

12000

In (emission intensity)

Intensity (a.u.)

decay rate, which increases as the lattice phonon energy

4000+ M::Z:x increases. The highest available phonon energy affects the
450mwW upconversion efficiency, which is primarily determined by
350mW the populations of the intermediate levels. The excitation
— fz:r’:\‘;v" populations of the intermediate levels and the quantum
0] - T - T - 7 - efficiency of the emitting levels of Ef in a host crystal
500 550 600 650 700

with a lower phonon energy are undoubtedly higher than
_ . . those in a crystal with a higher phonon energy. On the other
e e emvnss oxcnshn s st o e S o hand, & hydrothermal treatment could induce an aggregation
log(luc) vs loglpumy for the sample. of the nanoparticles, a process in which they combine to form
larger particles. In this case, as the spectroscopy of the
nanocrystalline material is particle-size dependent, the
smaller particles have a relatively larger surface-to-volume
ratio, resulting in much more light scattering at the surfaces;
thus, the luminescent efficiency is lower. Therefore, the
upconversion intensity of the samples after hydrothermal

4 " . , X
lispo transitions, respectively, in all samples (Figure 7). From oo o i evidently increased because of the decrease in
the fitting, we can confirm that the upconversion mechanism : . .

the number of ligands and the larger particle size.

corresponding to green and red emissions occurs via a two-~ _
photon process. Figure 6 shows the upconversion mecha- Figure 8 displays the measured temperature dependence
nisms proposed for visible emission of thé&in the YVO, of the green and red upconversion emissions for the
nanocrystals. As mentioned above, the dominant mechanismd1ydrothermal sample under 980 nm excitation. At 77 K,
of the green and red emissions are ETU and ESA. The transition to the ground state originating frqm.ﬂhﬁl/zlevel
mechanism for ESA is comparatively simple. The laser light Was not observed, whereas both the emissions ofShe

excites the E¥ ion to the%l1y, level, and a second photon  — “lis2@nd“Fe — 152 transitions were clearly detected.
However, as the temperature increased to 111 K, the hot

(36) Huignard, A.; Buissette, V.; Laurent, G.; Gacoin, T.; Boilot, JJP. band corresponding to tfeli1,— “l152 transition was very

Wavelength (nm)

wavelength photon emitted. According to this relation, a
slopen of the In(yc) vs In(lpumg Curve can be determined.
A straight line created by fitting the data points yielded slopes
of 1.67 and 1.24 for the2I611/2, 433/2) — 4452 and *Fgp —

. Féfllys Cbhem B 2’\?82 10;, 67L54- 1050 2 84 weak. Following an increase in the measured temperature,
88; pliagibl CésZsW?/E.'eéEjer?sg. “prll' Phys Lett 1979 35 we observed an increase in the luminescence intensity of

124, the 2H11» — %1155 transition and a decrease in tfgy, —
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= 20000 | . g tempe_rature. The preexponential factdr,is given by the
2 / . 0 3 following equation
g " 2% a - 400 .g
& 10000 |- " . D 8o b Wng3hV3
e " . a, o =_—_—— 4)
T T T T T T T T T WRzgth2
0 100 200 300 400 500 600
TK) where W3 and Wk, are the radiative probabilities of two

Figure 8. Top: Measured temperature dependence of the upconversion tranSitionS’g3 anqu are the (Z + 1) degeneraCieS of IeV_EIS

emission spectra for the hydrothermal sample at a fixed excitation power 3 and 2, respectively, arftb; andhy, are the photon energies

of 350 mw flnff(r 380 ”m-llnseti_ _Mag?il;ilcation of tFLHn/é — sz of the respective transitions from levels 3 and 2 to level 1.

emission at . Bottom: Intensities of the green and red upconversion .

emissions as a function of temperature for a fixed excitation power of 350 The Cal(_:mated V‘?lues_ of In(l2) as a function of 7 were

mW at 980 nm. fitted using a straight line; from the slope, an energy gap of

738 cnmt was obtained (Figure 9). This value is in good

. ] ) N ) agreement with the difference between the lowest-energy

152 mtensny, and the former transition was QOm|nant 2H,, Stark level and the highest-eneré§s, Stark level

compared with the I_atter one up to 377 K. This occurs getermined from the luminescence spectEf = 733

because théS;, state is the feeding Igvel for tﬁblll,zlevgl, cm™1). The A parameter is 8.6, which would suggest that

and as a result of théHi,, population, the'Sy, level is e ragiative transition probabilitWks is greater thamis.

depopulated. It is noted that the green and red emission

inten;i_ties of the ZQ'-|11/z, 433/2) i 4|15/2. and 4Fg/2 _’ 4|;|_5/2 Conclusion

transitions, respectively, decrease with increasing tempera- _ _

ture, and both decrease nonlinearly. At 77 K, both the green  Powders and colloids of Er-doped YVQ, nanoparticles

and red upconversion emission intensities are about 5 timesvere prepared using the simple method mentioned above.

greater than those at 500 K. The nanoparticles with a diameter of 35 nm after hydro-
Fina”y, itis possib|e to predict the relative popu|ations thermal treatment have a h|gh CryStallinity and can redispel’se

of the %Sy, and 2Hyy, levels using a three-level model in water because of the presence of citrate ligands. Upon

comprising the former (level 2), the latter (level 3), and the UV excitation of the host, the energy transfer to thé"Er

415, ground level (levle 1). The thermalization of tPig 1/ ions occurs and the characteristic luminescence of ttfe f
level may be expressed by the following equatfon transitions is observed. The green and red upconversion
emissions were observed from the powders of tié-Boped
I3 —AE;, particles excited by 980 nm radiation. We have shown that
E =A exp( KT ) 3) the overall upconversion emission intensities depend on the

multiphonon relaxation and particle size. In addition, we
discuss thermal behavior of a hot band from thgy, —
41152 transition for the EY" ions in the YVQ nanocrystals;
green upconversion emission intensity decreases with an
(39) Shinn, M. D.; Sibley, W. A.; Drexhage, M. G.; Brown, R. Rhys increase in temperature. Therefore, the YAED™ nano-

Rev. B 1983 27, 6635. crystals could be useful as biological labels because they

wherelz andl; are the integrated emission intensities of the
2Hi12 — 4152 and*Sz, — 452 transitions of the Er ion,
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are water-soluble and biocompatible. Further studies for Acknowledgment. The authors gratefully acknowledge the
improving the size control and studying the surface modify- financial support of the_ Major Foundation of the Chinese
ing and grafting of particles for biological applications are Academy of Sciences (kjcxwzsw—h12-02).

on the way. CMO051971M



