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Silica films with Ln**-doped Lak nanoparticles were prepared by sol gel method and their luminescent
properties were studied as a function of the temperature. Significant improvements in the luminescent
properties, in terms of the lifetime for tHe 3, level of ERT (~10.9 ms),*Fsp; level of NF™ (~171us),
and 5F; level of HO*" (~6 us), were obtained when corresponding nanoparticles are incorporated in
silica films rather than the bare ions. In addition to the { asthe low phonon energy matrix, the absence
of lanthanide ion clustering, and the increased distance between the OH groups of the silica matrix and
the lanthanide ions, are responsible for the observed improvements in the luminescent properties for
nanoparticle incorporated silica films. Lifetime values could be further improved by incorporating core
shell nanoparticles (the doped Lagore surrounded by an undoped shell of tah the silica matrix,
as a result of further reduction of the nonradiative pathways.

Introduction the 1550 nm communication window, throughtg,z—*l15,»
_ . transition. It is desirable to have a high quantum yield and
The s_ol—gel process IS a promising meth_od_ for the an increased line width for this transition, to enable those
preparation of bulk materials and thin films used in integrated -+~ riais to be used for broad-band near-infrared amplifica-
optics (IO) circuitsi™* The major advantages of the process yjo, The three main factors which decide the performance

are its simplicity and its ability to control the purity and  -\aracteristics of such lanthanide ion containing materials
homogeneity of the final 'm_a}tenal on a_mplecular level. The are the phonon energy of the host in which the lanthanide
method offers the possibility of modifying the refractive iqng are incorporated, the proximity of the OH groups present
index, phonon energy, and transparency of a material by i, the matrix to the lanthanide ions, and clustering of
choosing fﬁg‘a‘?'e matrixes such as §iUO,, ZrO;, Al20;, lanthanide ions. For example in¥rincorporated materials,
GeQ, etc.;”® either individually or in combination. Such  pigh phonon energy of the host matrix favors the nonradiative
matrixes are potential candidates for making planar wave- g|ayation of the’l,s, excited state, thereby reducing its
guides, fiber amplifiers, and up-conversion devices, when |itatime and quantum yield of théliz,—4 15, transition.
doped with trivalent lanthanide (also known as rare earth) gacause the OH groups, an inherent result ofgel

Y ) . o
ions” However, improvements are still needed to optimize 140055 quench the excited state of the lanthanide ions by
their performance. The most commonly used lanthanide ion dipole—dipole interaction, the proximity of the OH groups

for these applications is Er, as it provides amplification in {4 the |anthanide ions results in a much higher extent of

guenching. Finally, clustering of the lanthanide ions reduces

*To whom correspondence should be addressed. E-mail: fvv@uvic.ca. H _ At H ;
Phone 11 220 T o B e 475 £103. the excited-state Ilfetl_me by concentration qugncHFn@.
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luminescence characteristics of such materials. These mainlyfunction of the annealing temperature from 400 to 8Q0
include the works of Biswas et &1°and Tanabe et &f.on The results were compared with that of silica films doped
the sot-gel glasses and glass ceramics containirfg Bins. directly with ER" ions having the same Er/Si ratio as that
These materials have only limited applications as they needof nanoparticle incorporated films. The procedure has been
to be melted at higher temperature to draw them into fibers. extended to other lanthanide ions such as$‘Nahd HG™"
Fiber amplifiers are less convenient for integrated optics and also to another sefjel matrix (AkOs), showing the
because of their increased length, and extensive research igenerality of the method.

going on to replace them with planar waveguide ampliftérs.

A lifetime of 17 ms for thetl 3, level of ER' was reported Experimental Section

by Slooff et al'® for Er*" ion implanted silica colloidal

particles having sizes in the range of 24860 nm and e e T [anthanide salts, La(§@6H0, E(NG)s5H,O,

annealeq over the temperature range of-7800 C ThIS NA(NOs)s6H,0, Ho(NOy)-5H;0 and Eu(NG)s-5H,0, all having
was attributed to the decreased OH concentration in thesea purity of 99.99%, tetraethyl orthosilicate, TEOS (99.99%), and

materials. The disadvantage of this method is that the ion godjum fiuoride (99%) were purchased from Aldrich. Citric acid
implantation is a small-area, low-throughput procedure.  (99%) was purchased from Caledon Laboratories Ltd.

A general method, from readily available starting materials,  Preparation of Core Nanoparticles. LaFsEr, LaFs:Nd,
that combines the advantage of the improved luminescentLaF:;:Ho, and Lak:Eu nanoparticles (all doped at 5 atom % with
properties of LA"™-doped Lak nanoparticles and the simplic-  respect to the total amount of lanthanide ions), stabilized with citrate
ity of making thin films using setgel method, is thus highly ~ ligand, were prepared by the coprecipitation technique in aqueous
desirable. In this work a novel method to improve the Solution in the presence of citrate ions. ArauB g of citric acid
luminescent properties of lanthanide ions in-sgél films and 0.126 g of NaF was dissolved in 40 mL of water. The pH of
is reported by isolating the luminescent lanthanide ions from the solution was adjustgd 06 bY adding J0#, and the solution
the vibrations of the residual OH groups, reducing the phonon was heated to 78C. Stoichiometric amounts of the nitrate salts of

L . . lanthanide ions were dissolved in 2 mL of water (fof'Eand E&*
energy of the host, and avoiding clustering of the lanthanide ions) or 2 mL of methanol (for Nt and HG@* ions) and added

ions. The presented approach is very simple, takes advantaggopwise. A clear solution was obtained, and aftér of reaction,

Materials. All chemicals were used as received without further

of our work on monolayer-coated Efrdoped Lak nano- the resulting solution was mixed with 75 mL of ethanol to

particles, and allows for straightforward optimizati§nz? precipitate the nanoparticles. These particles were collected by
A convenient and a straightforward method to incorporate centrifugation, washed with ethanol, and dried under vacuum.

nanoparticles in setgel matrix like SiQ, ZrO; etc., requires Preparation of Core—Shell Nanoparticles.Around 3 g ofcitric

that the nanoparticles be dispersed in a colloidal state inacid was dissolved in 35 mL of water and neutralized with,;NH
water. This is achieved by a judicious choice of the OH till the pH reached around 6, and this solution was then heated
stabilizing ligand. Citrate turned out to be a suitable ligand, t© 75°C. La(NOy)s6H,0 and Nd(NQ)s*6H,0 or Ho(NQy)s5H,0
which on coordination on the surface of the particle makes (1-33 mmol total) were dissolved in 3 mL of methanol and added
it soluble in water. The main advantage of the citrate ligand to this followed by the dropwise addition of 3 mL of water

is that it get letel df h tri containing 0.266 g of NaF. After 10 min, 3 mL of a methanolic
IS that 1t gets completely removed from the matrix as gaseous, o containing 0.6 g of La(N£k-6H,0 was added dropwise

products without leaving any carbon residues, on heating iny, the reaction mixture while stirring, for the formation of shell
air at a relatively low temperature of around 4%00. The around the core particles. The reaction was allowed to continue
higher-temperature heat treatment is an essential step in théor 2 h and finally the nanoparticles were precipitated by the
fabrication of sot-gel films as it reduces significantly the addition of excess of ethanol to the reaction mixture. They were
OH concentration in the film, thereby reducing the quenching collected by centrifuge and dried for 24 h.

brought about by them. In the present study, 4:BF (5%) NMR Measurements.The room-temperaturtH NMR pattern
nanoparticles stabilized with citrate ligands were prepared was recorded using a Bruker AC 300 instrument. The basic
and incorporated in silica films made by the-sgel method. ~ frequency for théH nucleus is 300.13 MHZH NMR of LaFs:Eu

The luminescent aspects of these films were studied as gpharticles stabilized with citrate ligan¥(D-O): 2.45-2.60 (broad,
CH,COOH — COH(COOH)— CH,COOQH).

AFM Measurements.AFM images were recorded in the contact

(14) Biswas, A.; Maciel, G. S.; Kapoor, R.; Friend, C. S.; Prasad, P. N.

Appl. Phys. Lett2003 15, 2389. mode using a Thermo microscope AFM scanner having a silicon
(15) ,\Bliosxvg?, Q';s“f,ﬁﬁigé 553 gi;aKgggor, R.; Friend, C. S.; Prasad, B.N.  nitride tip. (model MLC.T-EXMT-.A) supplied by Veeco Instrumentsj.
(16) TanabeV’ S Hayashi. H. Hanada, T OnoderzOpt. Mater. 2002 The particles were dissolved in water and a drop of the solution

19, 343. was put on a mica sheet (6 5 mn?) and allowed to dry before
(17) Yeatman, E. M.; Ahmad, M. M.; Mccarthy, O.; Martucci A.; the sheet was mounted on the sample holder. The measurements

Guglielmi, M. J. Sol-Gel. Sci. Techno200Q 19, 231. were done with a resolution of 500 500 pixels per image and an
(18) FS,L?/C;f'f‘Ll‘e'tt'f'z'bgg I?gogég/lz..;l. A.; van Blaaderen, A.; Polman/fpl. image dimension of 5« 5 um?. The average particle height was
(19) Stouwdam, J. W.; van Veggel, F. C. J. Nlano Lett.2002 2, 733. determined by measuring the individual particle heights for over

(20) Hebbink, G. A.; Stouwdam, J. W.; Reinhoudt, D. N.; van Veggel, F. 100 particles.

1) gtc‘)JlivD/(li';\rgU'JM\f\llt?rl'-li%(k))izn&‘lbn:?.Huskens J.; van Veggel, F. C. J Incorporation of Nanoparticles in Silica Films. Around 50~

M. Chem. Mater2003 15, 4604. 60 mg of these nanoparticles was dissolved in 1.5 mL of water,
(22) Sudarsan, V.; van Veggel, F. C. J. M.; Herring, R. A.; Raudsepp, M. which was then mixed with 3 mL of tetraethyl orthosilicate (TEOS)
23) Js;tg"ﬁﬁgrﬁhf_mwz_geinl\?’eégﬁf'F_ C. 3. Mingmuir2004 20, 11763, and 7.8 mL of ethanol. The pH of the solution was adjusted to 2
(24) Weber M. jphys'_ Re. 1967, 1'5& 231. ' by adding few drops of 0.1 N HCI and the solution was stirred for

(25) Weber M. JPhys. Re. 1967, 157, 262. 24 h to get a clear sol. The sol was then spin coated on a quartz



4738 Chem. Mater., Vol. 17, No. 18, 2005 Sudarsan et al.

-

o

-
)

substrate at 2500 rpm and heated at different temperatures under @) ®)
ambient environment. 2 )
Incorporation of Nanoparticles in Al,O3 Films. Al,O5; sols 508 5
were prepared based on the procedure similar to that of Ishizaka et €06 5 O
al?6 Hydrous aluminum hydroxide was precipitated by adding > 2>
aqueos 6 M NH; solution to a 0.2 M AI(NQ);-9H,O solution g 0.4 g
dropwise under stirring. The precipitated hydroxide was aged for £ £0.014
12 h without stirring, then centrifuged and washed with water. This 0.2
was then mixed with glacial acetic acid and heated at®®or 8
h to get a viscous sol. Around 2 mL of the viscous sol was mixed 0'10200 1400 1600 0 2 46 8 10
with around 3.5 mg of Er(N€)s-5H,0 or around 30 mg of Laf Wavelength (nm) Time (ms)

Er nanoparticles stabilized with citrate ligand and stirred for 24 h. Figure 1. Emission spectrum (a) and decay curve (b) for $EFcitrate
The sol was then spin coated on a quartz substrate at 2500 rpmparticles dissolved in BD. The sample was excited at 488 nm and the
and heated at 80%C in air for 8 h. emission was monitored at 1530 nm.

Luminescence StudiesPhotoluminescence measurements in the L . .
near-infrared region (NIR) were recorded with an Edinburgh AN emission spectrum of a O solution of citrate-
Instruments’ FLS 920 instrument attached with a Vibrant tunable Stabilized Lak:Er nanoparticles is ghown n Flgure la. The
laser system (model 355 Il) having a Quantel Nd:YAG nanosecond broad peak around 1530 nm with a full width at half-
pump laser as the excitation source and a nitrogen-gas-cooledmaximum (fwhm)= 69 nm corresponds to tHe s, —15:
Hamamatsu R5509 NIR PMT as the detector. The emission spectratransition characteristic of Er. The decay curve correspond-
were corrected for the detector response. For recording the spectrdng to thel 13, level of ER* in the sample is shown in Figure
in the visible region, a 450-W Xe arc lamp and a red-sensitive 1h and this could be fitted biexponentially with decay times
Pelt_ler_element cools%Hamamatsu R928|-P Pr:\/l'l;jwere used as they()g us (82%) and 58us (18%), respectively. In some
excitation source and detector, respectively. The decay curves werg, oo s papers we have discussed the origin of the multi-
recorded with 5-ns laser pulses with a repetition frequency of 10 . 23 .

Hy exponential decay curvé$:2 The decay times are charac-

. e " . . .

Powder X-ray Diffraction Studies. Approximately 26-25 mg tehrl)sr'][g: oentZIB vm)erg Inc((:)r:paoratée:‘d rl]r; ngn;)p:rg?leis r$1f L?]W
of the sample was powdered in an alumina mortar to break up p n _rgy sts su S yar C rtainty u_

lower than in single crystals of Lalloped with Ef*, albeit

lumps. The powder was smeared onto a zero-diffraction quartz plate : o g
using ethanol. Step-scan X-ray powder-diffraction data were at lower concentration®.?> The reason for our relatively

collected over the 2 range 3-100° with Cu Ko (40 kV, 40 mA) short lifetimes is QUe to significant quenChif‘g by m0|ef;U|eS
radiation on a Siemens D5000 BragBrentano—20 diffracto- on the surface, citrate, and,D. Concentration quenching
meter equipped with a diffracted-beam graphite monochromator is probably not a major contribution as our results in the
crystal, 2-mm (1) divergence and anti-scatter slits, 0.6-mm sol—gel thin films show (see below).
receiving slit, and incident beam Soller slit. The scanning step size  The citrate stabilized LafEr nanoparticles were then
was 0.04 26 with a counting time of 2 s/step. X-ray powder- incorporated in setgel films and subjected to annealing at
diffraction data for different phases were refined with the Rietveld different temperatures. The films were transparent to visible
program Topas 2.1 from Bruker using the fundamental parametersIight and no cracks Wére observed. The thickness evolution
approach’ ) . i ) e
PP of the films with annealing temperatures and variation of
_ _ refractive index of the films with particle concentrations have
Results and Discussion been discussed in a recent communicatfon.
) ) . ) Figure 2 shows the emission spectra and decay curves for
Formation of citrate-stabilized Laftn nanoparticles has  he | ak:Er and E#* incorporated silica films with Er/Si ratio
been confirmed fromH NMR and AFM images of the 1 o » 103 and heated in air at 400 600. and 860
nanoparticles after they were dispersed in vyater. The broadrespectively, for 12 h. There is a significantly improved
NMR peak observed around 2.6 ppm (Figure 1 of the gigna|-to-noise ratio in the emission spectrum for the particle-
Supporting Information) is characteristic of the protons of jncorporated films heated at all the temperatures. Further-
the citrate ligand coordinated on the surface of the nano- ,ore the full width at half-maximum (fwhm) values for
particle. The broadening is ascribed to the inhomogeneousyaticle-incorporated films are almost comparable for all the
distribution of the magnetic environment around nanopar- peat treatment temperatures. However, for silica films directly
ticles gr;g a reduction in the rotational freedom of the jncorporated with B ions the signal-to-noise ratio was poor,
ligand=*="The majority of the particles have heights in the 4 rticylarly for low-temperature heat-treated films, and the
range of 3-7 nm as can be seen from the AFM image of a |ine width drastically reduces with increase in heat treatment
representative Lafer sample (Figure 2 of the Supporting  (emperatures. The lifetime values corresponding tdithe

Information). level of ER* from the 800°C heated samples are shown in
Table 1. Corresponding values for the low-temperature
(26) Ishizaka, T.; Kurokawa, YJ. Lumin.2001, 92, 57. i i ili i i _
(27) Bruker AXS.Topas V2.1: General Profile and Structure Analysis heated fllms are. shown in T.able 2 F.or silica films incor
Software for Powder Diffraction Data: User's Manuaj Bruker AXS,: pprated with LaE:Er nanoparticles, lifetime values are much
Karlsruhe, Germany, 2003. higher at all the heat treatment temperatures compared to

(28) Kuno, M.; Lee, J. K.; Dabbousi, B. O.; Mikulec, F. V.; Bawendi, M.
G. J. Chem. Phys1997 106, 9869.

(29) Sachleben, J. R.; Wooten, E. W.; Emsley, L.; Pines, A.; Colvin, V. (30) Dekker, R.; Sudarsan, V.; van Veggel, F. C. J. M.; Worhoff, K.;
L.; Alivisatos, A. P.Chem. Phys. Lettl992 198 431. Driessen, APProc. Symp. IEEE/LEOS Benelux Chap2804 295.
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Figure 2. Emission spectra and decay curves for silica films containingsEafhanoparticles (left) and bare¥rion (right) with Er/Si= 1 x 1073 and
heated in air for 12 h at (a and d) 400, (b and e) 600, and (c and ff@80The samples were excited at 488 nm and emission was monitored at 1532 nm.

Peak marked “*" is an artifact.

Table 1. Lifetimes in ms for Er3* (*l132), Nd®" (*F312) and Ho*"™ (°F3) lons in Silica Films When Incorporated as Nanoparticles and Bare lons
(All the Samples Were Heated at 800C and the Numbers in Brackets Indicate the Relative Percentages of the Different Lifetime Components)

LaFs:Ln—SiO; Films?

Core Core-Shell Ln—SiO; Films?
Ln3*+ 21 T 71 T2 T1 72
Ert 10.9 (95) 3.9(5) b b 6.0 (70) 1.2 (30)
Nd3*+ 0.171 (72) 0.056 (28) 0.325 (76) 0.087 (24) 0.130 (52) 0.002 (48)
Ho3* 0.006 (75) 0.012 (25) 0.007 (65) 0.015 (35) c c

aEr/Si= 1.0 x 1073, Nd/Si= 0.9 x 1073, and Ho/Si= 1.5 x 1073, P Measurements could not be done as the films were of poor quality.emission
observed.

Table 2. Lifetime Values of ER* (4131 lons in Silica Films When of an oxide such as ADs reduces the clustering effeét.33
Incarporated as Nanoparticles and Bare lons and Heated at Clustered rare earth ions have a shorter lifetime compared
Different Temperatures (Numbers in Brackets Give the Relative
Percentages of the Two Lifetime Components) to the nonclustered oné&sThus the observed fast decay
LaFsEr—SiO, films Er*—SiO, films component for_the 800(? hegted fllm has bgen attributed
Er/Si=1x 1072 Er/Si=1x 1073 to the aggregation of Ef ions in the silica matrix. However,
temperature°C) 7 ms (%) 7wms (%) 7ims (%) z2ms (%) for silica films incorporated with LafEr nanoparticles, no
200 2.6 (70%) 0.6 (30%) a a fast decay component was observed partilculallrly for the ones
600 7.4(69%) 0.9(31%) 0.98(35%) 0.27(65%) heated at 600 and 80T. Thus, the particle-incorporated

silica films offer a clear advantage in terms of the improved
lifetime and absence of clustering of lanthanide ions when
the directly EF* incorporated silica films, as can be seen compared with silica films directly incorporated with the bare
from Figure 2 and Tables 1 and 2. For nanoparticle- Er* ion.

incorporated films heated at 80C, the®l3; lifetime was Similar experiments were carried out for Ndand HG*-
found to be 10.9 ms, which to our knowledge is the highest incorporated samples. The citrate-stabilized nanoparticles of
value reported for silica films containing €rions, heated
in air. In the case of silica film incorporated with bare*Er
ions and heated at 80C, there is a fast decay component (32) Laegsgaard, Phys. Re. B 2002 65, 174114.

followed by a slow decay component. Lanthanide ions such (33) Legendziewicz, J.; Streak, W.; Sokolnicki, J.; Hreniak, D.; Zolin, V.
as EF", Nd*', etc., have been demonstrated to undergo (34) ?gragll\g?tﬂ Zgglzjtlle? 1C75Meffre, W.; Audier, M.; Fick, J.; Rimet, R.;
clustering when incorporated in the silica matrix, and addition Jacquier, BJ. Lumin.2002 96, 295.

aNo emission observed.

(31) Costa, V. C.; Lochhead, M. J.; Bray, K. Chem. Mater.1996 8,
783
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Figure 3. Emission spectra and decay curves for 8@0heated (12 h) silica films containing LaRd nanoparticles (a and c) and bare3Nibns (b and
d), with Nd/Si ratio= 0.9 x 1073, The samples were excited at 514 nm and emission was monitored at 1064 nm. The inset of the decay curve in (d) shows
an expansion of the fast decay component.

LaF::Nd and Lak:Ho were incorporated in a silica matrix SE S
by the same procedure employed for the LEF nano- 1 ) % °
particles. Figure 3 shows the emission spectra and corre- 7 0.8 A
sponding decay curves for silica films incorporated with 5 I
LaFz:Nd nanoparticles and Nd ions, respectively, with a £ 061 \
Nd/Si ratio 0.9x 1073, and heated at 80T in air for 12 h. 20a] s ||
For silica films doped with LagNd nanoparticles, decay ;C:, 2 l

corresponding téF; level is multiexponential with a major
component of~171us (72%). For N&" ions directly doped . . .
in silica films with the same Nd/Si ratio, the corresponding 1000 1200 1400
decay curve is characterized by a fast decay comporénf( ®) Wavelength (nm)

o
N
12
-
©
o
=

o
o
-

-
L

us, 48%) as can be seen from the inset of Figure 3d, and a ig‘

slow decay component (138, 52%). The fast component 2

is attributed to the clusters of Ridions formed in the silica & 0.1
=

matrix3* A comparison of the lifetime values shown in Table

1 and the decay curves shown in Figure 3 clearly reveals
that there is an improvement of the luminescent properties,
in terms of improved lifetime and absence of lanthanide ion
clustering, when the nanoparticles are incorporated in the

silica films rather than the bare ions. . - I
- . . . . Figure 4. Emission spectrum (a) and decay curve (b) for silica films
For silica films incorporated with LafHo nanoparticles  ¢ontaining Lag:Ho nanoparticles with Ho/Si ratie 1.5 x 102 and heated

with a Ho/Si ratio around 1.% 1073 and heated at 80TC, in air at 800°C for 12 h. The samples were excited at 448 nm with emission
luminescence was observed both in the visible and near-monitored at 1180 nnEs to *Is transition).
infrared regions. The emission spectrum in the near-infrared

region along with the decay curve corresponding tofe | 5 -Ey nanoparticle stabilized with citrate ligands have been
level of Ho*" from this sample is shown in Figure 4. The anared, incorporated in silica matrix, and subjected to heat
lifetime value of°F; level was found to be fis (75%) and  eamments at different temperatures. Figure 5a shows the
12 pus (25%), with no faster decay component, indicating gmjssion spectra of the LgEu nanoparticle incorporated
the absence of Ho clustering in the sample. In contrast to  gjjica film heated at 800C in air. The intensity of the
this, when Hé" ions were directly doped in silica films with 5Do—7F, emission peak+¢615 nm) for this sample was found
the same Ho/Si ratio, no emission was observed in the visible;, pa significantly larger than that of tiBy—7F; emission

and near-infrared regions. (The emission in the visible region peak (591 nm), which is characteristic of Ewsurrounded
and the corresponding decay curve for the nanopatrticle- by oxygen iong5 As both®D, andF, levels are nondegen-

incorporated silica films heated at 800 are shownin Figure ¢ rate “the transition between the levels can be used as a probe
3 of the Supporting Information.)

With E_lVIeW to under:_;tan_dlng the chemical char_wges taklr_wg (35) Cannas, C.; Casu, M.; Mainas, M.; Musinu, A.; Piccaluga, G.; Polizzi,
place with the lanthanide ions and the nanoparticle matrix, S.; Speghini A.; Bettinelli, M.J. Mater. Chem2003 13, 3079.
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R 1.0 @ two Gaussians centered around 576.9 and 578.2 nm, respec-
,g 081 tively, indicating that more than one type of Els present
5 in the films. For Lak:Eu nanopatrticles a relatively sharper
< 061 and more symmetric peak around 578 nm was observed
204 57 56 558 580 corresponding to theDy—'F, transition (inset of Figure 5b).
g 02] Wavelength (nm) Comparing the spectra in Figure 5a and b, it is clear that
= EWt exists in more than one crystallographic phase in
0050 50 600 es0 700 70 LaRs:Eu incorporated silica films. X-ray diffraction studies
Wavelength (nm) carried out on a sample of silica film incorporated with 25
wt % of Laks:Eu nanoparticles and heated at 8@in air
for 12 h revealed the presence of a nonstoichiometric
_ 1‘0'(b) lanthanum silicate phase ($.aSis24026)%° along with the
-‘"E" 0.8 expected Lafphase as can be seen from Figure 6, roughly
& 06] 74 576 578 580 in a 1:1 ratio. The E¥ thus occurs in two different phases,
s Wavelength (nm) which confirms the luminescence data. It is likely that the
z 041 surface of the LafEu nanoparticles has reacted with the
& 02 silanol groups of the matrix to form the Eudoped
= 0.0l lanthanum silicate surrounding a core of unreacted
500 550 600 650 700 750 LaR:Eu. We assume that the same occurs for all stlaf
Wavelength (nm) (Ln: Er, Nd, and Ho) doped SiCfilms in this study.
fﬁl'r?]“{,‘;:t'ec'f r;t'zs(;gr]csiﬁe;trr?offl%'ﬁfdu(E")"T;?érﬂ_Céﬁr'gt(;orr,’;%?éifﬂgsa The lifetime values of the lanthanide ion containing silica
dissolved in water. (The insets show the emission spectrum collected with films can be further improved by incorporating the cere
a resolution of 0.2 nm in the region corresponding@e—'F transition). shell nanoparticles that have a doped core covered by an

The samples were excited at 464 nm. . . .
P undoped shell. Formation of nanoparticles having a-€ore

to understand the environment around thé'Bons in the shell geometry by the procedure mentioned in the Experi-
lattice. The high-resolution emission spectrum corresponding mental Section has been confirmed from the luminescent
to the SDg—'Fy transition for Lak:Eu nanoparticles incor-  studies of citrate-stabilized LgiEu—LaF; core—shell nano-
porated silica films (shown as inset of Figure 5a) clearly particles, prepared by the same procedure. Unlike the core
shows an asymmetric peak which could be deconvoluted into LaF:Eu nanoparticles, for the core shell laFu—Lak;
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Figure 6. XRD pattern (Rietveld refinement plot) of a 25 wt % of LalEu (5%) nanoparticles incorporated silica film heated at 80Gor 12 h in air.
Diamonds: observed pattern; solid line: calculated pattern; solid lines below: calculated patterns of individual phases (selected peakSrsiostolfiaite,
LaFs;, LaF; phase, LaSil, LasiSis24 Oz phase); and solid line bottom: difference pattern. The broad peak around 22 degrees is attributed to amorphous
silica.
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Figure 7. Emission spectra and decay curves for 8G0heated (12 h) alumina films containing LaEr nanoparticles (a and c) and baréEions (b and
d), with the ratio Er/Al= 1.5 x 103, The samples were excited at 488 nm and emission was monitored at 1532 nm.

nanoparticles, as the surface®Eions are well covered by  particles were incorporated in the films compared to the bare
the undoped Laf shell, Ed" ions will have a more Erf* incorporated films as can be seen from Figure 7.
symmetric crystal field around them and hence the decay

curve corresponding to theDy level of EG#' is single Conclusions

exponentiaf>23Further due to the same reason, the relative
intensity ratio of the 612590 nm peak (also known as the
asymmetric ratio) in the emission spectrum of cesaell
nanoparticles is lower compared to the core nanoparticles.
This can be indeed seen from the emission spectra and th
decay curves for both the LgEu core and LafFEu—Lak;
core shell nanoparticles stabilized with citrate ligands, shown
in Figure 4 of the Supporting Information. Cershell
nanoparticles doped with Erions in the core were found

to be less soluble in water and hence good quality-gel
films could not be obtained. This aspect is currently under
investigation. The lifetime values observed %, level

3 5 i . —
of Nd®" and °F; level of Ho™" in LaF;Nd—LaF; and Acknowledgment. We are grateful for the financial support

LaFs:Ho—LaF; core-shell nanoparticle incorporated films  yeceived from NSERC to conduct this work and to CFI/BCKDF
are shown in Table 1. There is an improvement in the lifetime for the financial support of the infrastructure.

for the core-shell nanoparticle incorporated films compared

In conclusion, a general method, from readily available
and cheap starting materials, that combines the advantages
of both nanoparticles and the sajel method, has been
demonstrated for making silica and alumina films containing
e"nighly luminescent lanthanide ions. The improved lumines-
cent properties of nanoparticle incorporated films have been
attributed to the effective isolation of lanthanide ions from
the high phonon energy matrix, residual OH groups, and
absence of lanthanide ion clustering. We are currently
extending this easy method to other luminescerit lians,
other nanoparticles, and other matrixes (e.g. . B ZrQ).

to the core nanopatrticle incorporated films. Supporting Information Available: H NMR spectrum and
To further substantiate the generality of the method, the AFM image of the citrate stabilized LafEr nanoparticles, visible
above experiments were repeated by takingdAbs the sot emission spectrum and decay curve of L& in SiO; thin films,

gel matrix. Similar to Si@matrix, significant improvements and emission spectrum and decay curves of core and core shell
in the lifetime values were observed when L& nano- LaFs:Eu nanoparticles dispersed in water. This material is available
free of charge via the Internet at http://pubs.acs.org.

(36) Kalsbeek, N.; Larsen, Z. Kristallogr. 199Q 191, 249. CM051065+



