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Abstract: Bright green and red luminescence has been generated with a 980 nm diode laser from silica
sol—gel thin films made with Lag 45Ybos0Ero.0sF3 nanoparticles through a newly described hetero-looping-
enhanced energy-transfer (hetero-LEET) up-conversion process, which exhibits a power dependence similar
to that of a photon avalanche (PA). The hetero-LEET mechanism is potentially more efficient than PA,
ground-state absorption/excited-state absorption (GSA/ESA), and energy-transfer (ETU) mechanisms
because it combines resonant ground-state absorption with a looping or feedback process.

Introduction can be incorporated into a broad range of materials and devices
and are suitable for sensing at the molecular scale. At present,
low efficiency is the most important limiting factor in the
practical use of up-conversion phosph¥rsUp-conversion

" luminescence occurs via three basic mechanisms (Figure 1): (A)
ground-state absorption followed by excited-state absorption
(GSA/ESA); (B) sequential energy-transfer events from donors
to the up-converting acceptor (ET®)and (C) photon avalanche
(PA).1"~20|n the PA mechanism, the intermediate reservoir level
is initially populated through a very weak ground-state absorp-

t University of Victoria. tion, followed by resonant excited-state absorption (ESA) or
*University of South Dakota. On sabbatical leave at University of €energy transfer from another excited ion, to populate the upper

Lanthanide-based up-conversion phosphors are being inves-
tigated for a wide range of potential applications, such as display
monitors, fluorescence imaging for detection of biomolecules
optical data storage, LCD back lighting, and compact solid-
state laser$ ¢ Research in this area has greatly intensified due
to the recent development of lanthanide-doped ®dde'! and
fluoride nanoparticléd-15 that exhibit NIR-to-visible up-
conversion emission. Nanocrystalline up-conversion phosphors:
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Figure 4. Excitation spectrum of silica thin film prepared at 840 made

Figure 2. Digital photograph of up-conversion emission from silica-sol With Lag.4sYbo scEro.0fFs hanoparticlesAem = 545 nm).

gel thin film prepared at 808C made with La.sYbg 5¢Er0.0d3 Nnanoparticles
under 980 nm 4.5 W/cBhCW laser excitation (insert left is up-converted

. 2
green emission by filtering red emission, and insert right is up-converted Laser density, W/em
red emission by filtering green emission). Digital photographs were taken 5 9 14 18
using an 800 nm low band-pass filter to shield 980 nm laser light from the 1000004 LA A B S A B -.---,--v-----'-
camera. 3 .
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Figure 5. Dependence of the up-conversion emission intensity on 980 nm

Wavelength (nm) CW laser excitation power in silica thin film prepared at 8@made with

Figure 3. Up-conversion emission spectrum of silica thin film prepared at  La0.45Ybo.scEro.0s73 nanoparticles (end of fiber is 8 mm away from the

800 °C made with La4sYbosEroosa hanoparticles under 980 nm 4.5  sample).

Wi/cm? CW laser excitation (inset is weak blue emission from 4@g,

level of the EF* ion). more efficient up-conversion mechanism, termed hetero-looping-

enhanced energy-transfer (hetero-LEET) up-conversion. This

ensues, leading eventually to a substantial population of the mechanism combines the advantages of resonant ground-state
reservoir level and, therefore, to strong up-conversion emission. absorption of the pump beam and an ETU-based up-conversion

Although photon avalanche mechanisms can be relatively with a looping (feedback) mechanism that enhances the popula-
efficient, they suffer from a number of drawbacks. Maximum tion of the reservoir levels. The dependence of up-conversion
output is limited because of the weak ground-state absorftion, emission intensity on pump power is similar to that seen for a
and high pump powers are usually needed to reach the thresholdhoton avalanche process, except that, due to non-negligible
condition. In addition, because many looping cycles are required ground-state absorption, there is no manifestation of a distinct
to achieve avalanche, the rise time in the temporal evolution of threshold condition for hetero-LEET. In addition, the rise time
the up-conversion emission is generally much longer (up to of up-conversion emission is only on the order of the lifetimes
seconds) than the lifetimes of any of the excited states involved, of the participating excited states of the*Eand YB* ions.
which can be a disadvantage in lighting and display applications. Up-conversion emission is easily seen by the naked eye at laser

We report here the efficient generation of bright green and Power densities of 4.5 W/ctror less, even for dilute samples.
red light through up-conversion of 980 nm light from silica-sol Goldner et af! have demonstrated a cross-relaxation-
gel thin films made with LgusYbosEro.ods hanoparticles at enhanced GSA/ESA up-conversion mechanism, which they call

room temperature. This process occurs via a new, potentially CRESA, in a Nd@"-doped LiYF; single crystal. They have
demonstrated that CRESA is more efficient than the photon

(16) Suyver, J. F.; Aebischer, A.; Biner, D.; Gerner, P.; Grimm, J.; Heer, S.; avalanche process because of the resonant GSA. However,
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(18) Wright, J. C.Top. Appl. Phys1976 15, 239. on the intrinsically less efficient GSA/ESA process. To the best
(19) Joubert, M. FOpt. Mater.1999 11, 181. e i 1 H
(20} Auzel, F.Chem. Re. 2004 104 139. of our knowledge,_thl_s is the first report on th_e generatlc_m of
(21) Goldner, P.; Pelle, FOpt. Mater.1996 5, 239. green and red emission from Erdoped nanosized materials
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Figure 6. Temporal evolution of green emission through up-conversion
from silica thin film prepared at 800C made with L@ 4sYbo sdEr0 053
nanoparticles under 980 nm 4.5 W/&GW laser excitation (end of fiber

Experimental Section

All chemicals were used as received without further purification.
The lanthanide salts, La(NJ26H,0, Er(NG;)z6H,0, Lu(NO;)s5H;0,
and Yb(NQ)z5H,0, all having a purity of 99.99%, and tetraethyl-
orthosilicate (TEOS) (99.99%), N)@H (35 wt % aqueous solution),
and sodium fluoride (99%) were purchased from Aldrich. Citric acid
(99%) was purchased from Caledon Laboratories Ltd. Approximately
2 g of citric acid and 0.126 g of NaF were dissolved in 40 mL of
distilled water. The pH of the solution was adjusted to 6 by adding
NH4OHz, and the solution was heated to . Stoichiometric amounts
of the lanthanide nitrate salts were dissolved in 2 mL of methanol and
added dropwise. A clear solution was obtained, and afteofreaction,
the mixture was cooled to room temperature. Subsequently, 70 mL of
ethanol was added to the reaction mixture to precipitate the nanopar-
ticles. The nanoparticles were collected by centrifugation at 3000 rpm,
washed twice with 5 mL of ethanol, and dried at room temperature
under vacuum. After drying, the particles can easily be dispersed in
water. Formation of citrate-stabilized nanoparticles was confirmed from
IH NMR and AFM studies which are consistent with our earlier
reportsé15.22

is 8 mm away from the sample). The shape of graphs between 0 and 5 ms | n3-doped Lak nanoparticles (50 mg) were dispersed in 2 mL of

is a result of the low chopper speed and the finite size of the 980 nm laser

light and has no physical meaning.

water, after which the dispersion was mixed with 3 mL of tetraethyl-
orthosilicate (TEOS) and 7.8 mL of ethanol. The pH of the solution
was adjusted to 2 by adding a few drops of 0.1 N HCI, and the solution

through a feedback process and is the first report of feedbackwas stirred for 24 h to get a clear sol. The sol was then spin coated on

enhancement of an ETU mechanism.

a quartz substrate at 2500 rpm and heated to@®@om 25°C in
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Figure 7. Up-conversion mechanism through the hetero-LEET process. (a) Initial stage involving ETU. (b) Start of feedback lodp-aissiébed Er—
Er* cross-relaxation (some energy levels have been omitted for clarity). (c) Generation of red and green emissioft from Er
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1.40 h, staying at 400C for 30 min and then heated to 80 in 2 h Laser density, W/em’
and staying at 800C for 12 h under ambient environment. The films 39 79 us 157
were transparent to visible light, and no cracks were observed under

an optical microscope. Our previous reppshowed the presence of a o
nonstoichiometric lanthanum silicate phaseg:8is 24026) along with 1 a °
the expected Lafphase from X-ray diffraction (XRD) studies carried 00’ =
out on a silica thin film sample heated at 8%0. Line width analysis 1 ° "
showed that these phases are nanoparticles, embedded in@&ix. . "
Fluorescence analyses were done using an Edinburgh Instruments = "
FLS 920 fluorescence system, which employs a photon-counting < 10000
detection system using a cooled Hamamatsu R955 photomultiplier tube & ]
(PMT). For emission spectra, sample excitation was accomplished using %
a Coherent 2-pin 980 nm CW semiconductor diode laBgg«(= 800 E
mW at 1000 mA) coupled to a 1Qdn (core) multimode optical fiber.
All the emission analyses in the visible region were measured with a
1 nm resolution. Up-conversion excitation spectra were acquired using Green emission (Slope = 2.3)
a Vibrant Il OPO (Opotek) as an excitation source. All spectra were Red emission (Slope = 2.3)
corrected for instrument sensitivity. The rise times of up-conversion
emission were determined by chopping the 980 nm CW laser excitation
with an optical chopper operated at 2.7 Hz and recording the time A
dependence of up-conversion by monitoring the PMT output with a 1000
digital storage oscilloscope. Following the onset of excitation, the time 0.3 0.5 08 1.0
dependence of up-conversion emissit(t), could be well fitted to Laser power, W
I(t)=A1— e"/’) Laser density, W/em’
wherert is the rise time and\ is an empirical scaling parameter. . 4.7 I _9|4. ———— 1?2
Effective lifetimes were calculated using Origin software (version ] °
7.0) based on the equatin ] .'-
00 b 0® * - "
~J, tieat e
—_— n
fm ()t 10000+ .
0 ]
Intensities down to 1% of the initial intensities were included in g
these lifetime analyses. 2
For consistency, all the thin film materials were scratched from the 2
quartz plate, 15 mg of which was mixed with 35 mg of KBr to make ‘2
uniform pellets. The emission intensities over the whole area of the ™ Green emission (Slope = 2.4)
pellet were the same within experimental error. The power density was e Red emission (Slope =2.2)
calculated based on the divergence of laser light)(Hhd distance
between the sample and laser. Intensities in the power dependence
graphs were calculated based on the integrated area under the peaks of 1000 -
emission spectrum under respective power densities. Control samples ]
of citrate-stabilized LgusLUosdEr.of3 and La.goYbo.ofEro.0sF3 nano- T T T T T T T T
particles were heated at 500 to burn off the citrate. The absence of 0.3 0.6 0.9
the C=0 stretch in the IR spectrum of these heated materials confirms Laser power, W
that all the citrate had been burned off. XRD of these materials Figure 8. Dependence of the up-conversion emission intensity on the
confirmed the presence of pure Laphase. excitation power in silica thin films prepared at 880 made with (a) Laus
. . Lug scEro.0d3 nanoparticles or (b) LeavoYbo.osEro.0d3 Nanoparticles under
Results and Discussion 980 nm CW laser excitation (end of fiber is 3 mm away from the sample).

Figure 2 shows a digital image of up-converted light (under 2Hiiz — *l1s2, Sz — “l1572, and *Fgz — 152 transitions of
980 nm CW laser excitation) from the silica thin film made Er* ion, respectively* Additionally, a very weak blue emission
with Lag 4sYbo 50Er0. 05 nanoparticles. Bright light (which is  band at 410 nm was observed and has been assigned'to Er
green in appearance) can be seen very clearly from the thin?Gg — %l152 (inset in Figure 334 The NIR excitation spectrum
film even at a laser power density of 4.5 W/&nfhe insert left (Figure 4) of green up-conversion emission shows the typical
in Figure 2 shows the digital image of bright up-converted green absorption of YB" ion, which clearly demonstrates that the up-
light by filtering the red light, and insert right shows bright up- conversion occurs from the Erion through energy transfer
converted red light by filtering the green light. The correspond- from Yb®t to ER' ions (i.e., an ETU mechanism). The excitation
ing up-conversion emission spectrum is shown in Figure 3. The spectrum of red up-conversion emission (not shown) is es-
emission peaks at 515, 540, and 660 nm are assigned to thesentially identical to that of the green.

. Figure 5 plots the up-conversion emission intensity versus
) S Sl Veagel, F. ... M., RaudseppIAm. Chem. Soc.— the excitation power. At 4.5 Wicfrlaser power density, the

(23) Cannas, C.; Casu, M.; Mainas, M.; Musinu, A.; Piccaluga, G.; Polizzi, S.;
Speghini, A.; Bettinelli, M.J. Mater. Chem2003 13, 3079. (24) Stein, G.; Wwberg, E.J. Chem. Phys1975 62, 208.
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slopes of both the red and green emission increase rapidly with Laser density, W/cm’
increasing excitation power, reaching a maximum slope &f 4 8 1 15
This is strong evidence for a feedback mechanism, as it is hard N e S e e B R AR A
to envision an effective eight-photon process in this system that ] =
does not involve a repetitive feedback loop. Moreover, the nearly ] a "
identical shapes of the red and green emission power dependence 1 Slope=~6
graphs above 4.5 W/chiaser power density demonstrate that 100000 -
the same intermediate state reservoir is involved in both up- ] l " .
conversion processes. In our earlier regéme had assigned ] " a4
the green and red emission to a two-photon process because
we had only measured the emissions at higher laser densities
(>60 Wicn?), at which saturation effects are already apparent.
The temporal evolution (Figure 6) of red and green emission
at the onset of 980 nm excitation exhibits rise times of 5.7 and
3.0 ms, respectively. These rise times are on the order of the
lifetimes of the metastable levets; 1> and?l13, of Er3 ions, 1 N T
respectively, and are considerably shorter than those typically
observed in a PA mechanism. In addition, the rise time of red 1000 4 Slope=~6
emission roughly matches the lifetime of thes ;2 level of ERT i .
323;533;.353 that tH&g, emitting level is populated via the 005 o ppan i
The proposed mechanism of hetero-looping-enhanced energy- Laser power, W
transfer up-conversion (hetero-LEET) responsible for both red
and green emission is illustrated schematically in Figure 7.
Initially, sequential energy transfers from ¥1§2Fs;) ions 47 94 142
(excited by 980 nm light) result in an Erion in the*F,, excited T "
state (Figure 7a). Then, through multiphonon-assisted relaxation, ; o
the 2H;1,> level of ERT is populated. The energy difference of ; o
~1200 cn1l is easily taken up by 34 phonons of the LafF
phase or +2 phonons of the lanthanum silicate phase (see
below). Figure 7b then illustrates the critical step that begins
the feedback loop. Multiphonon-assisted cross-relaxation be-
tween EfT(°Hiy) and YBT(%F7) ions results in excited
Er¥t(*119) and YB'(%Fs) ions. The energy difference of
~1100 cn1? can easily be taken from 3 to 4 phonons of the
LaF; phase or £2 phonons of the lanthanum silicate phase.
The YB**(3Fs),) ion then transfers its energy to a ground-state
Er*t ion to produce another Er(*111/5) ion. The net effect of
the process illustrated in Figure 7b is, thereforé BH 1,5 +
ErT (Y152 — 2ERT(*l112). (Note, then, that the role of ¥
at this stage in the mechanism is to facilitat€"'&rEr** cross-
relaxation.) It is this step that provides the multiplier effect to
produce E¥"(411), which is the reservoir level for up- 1000 -——————————
conversion. Feedback, or looping, occurs because energy transfer 0.3 0.6 0.9
from the Yb@Fs/) to ER* (4110 ion regenerates E¥(2H11.), Laser power, W
which resets the loop. One has to bear in mind that th& Yb  Figure 9. Dependence of the up-conversion emission intensity on the
ion which is involved in the cross-relaxation in Figure 7b is excitation power in heated (&) &2YboscEro.of~s nanoparticles or (b) las
(most likely) different from the YB' ion involved in Figure 7a é“%sféﬁ“;ﬁa;af?gfﬂamgessar“n”pci'g)rl980 nm CW laser excitation (end of fiber
because of the high concentration of 3¥b This high Yi&*

concentration also facilitates energy migration between them. lowing this process, the excited®(4l13) ion is excited further
As a result, the high Y& concentration makes the cross- g the “F,y, level through energy transfer from excited %b
relaxation between two Ef ions I'elatively efficient when ions. In the absence of |Ooping, both red and green up-
compared to that of the other energy-transfer steps in Figure 7aconversion should be two-photon processes. This is supported
and 7c. by the observed power dependence (ste@® of up-conversion
Figure 7c shows the generation of up-conversion emission intensity at low laser power densities 4.5 W/cn?), at which
from within this loop. Green emission is generated by mul- feedback amplification is unimportant.
tiphonon relaxation from Ef (*F75) to ERT(Hyz + Sgp0) level, In order to investigate the importance of 3%tin the hetero-
followed by EB*(*Sz2) — Er¥* (Y152 emission. For red emis-  LEET mechanism, two control samples were prepared. Figure
sion, excited E" ions in the*l 11/, reservoir level relax to the 8 shows the power dependence graphs of control silica thin films
41312 level through multiphonon relaxation. Immediately fol- individually made with Lg.4d-Uo.s¢Er0.0d3 (N0 Yb*' ion, Figure

10000 4
] Green emission

= Red emission

Intensity (au)
| 4

Laser density, W/em®

10000+

Intensity (au)

Green emission (Slope = 2.3)
® Red emission (Slope = 2.3)

624 J. AM. CHEM. SOC. = VOL. 129, NO. 3, 2007



NIR to Red and Green Up-Conversion Emission ARTICLES

8a) and LagoYbo.osEr.0d 3 Nanoparticles (low Y& ion con- maximum slope of-6. This strongly indicates that the hetero-
centration, Figure 8b), giving a slope of 2 over most of the LEET mechanism happens in the lsgbhase and also that the
power range. This clearly demonstrates that these are normalapparent many-photon power dependence is not an artifact due
two-photon processes. Interestingly, however, they show theto the presence of impurities or multiple phases. We note that
appearance of possible feedback contribution at higher laserthe maximum slope in the kasYbosdEr.od3 control sample
densities, which suggests the possibility of a looping mechanismis lower than that in the silica thin film made with ¢.&Ybo s¢-
involving direct EFT—Er* cross-relaxation. Nevertheless, direct Erqod 3 nanoparticles. This may be due to the involvement of
Ert—Er" cross-relaxation is unlikely to dominate in the the silicate phase in the hetero-LEET mechanism, but it could
presence of high Y3 ion concentration. This is supported by also be simply due to the interaction of the3trions near the
the power dependence for the silica thin film made witl dea surface of the nanoparticles with the silica matrix. Because of
Ybo.ofEr.0s3 nanoparticles (Figure 8a), which shows the the high surface-to-volume ratio of these nanoparticles, the
appearance of a feedback point at lower laser densi§4( interaction of the nanoparticles with the host matrix has a
W/cn?) relative to thin films (Figure 8b) made with bay_uose significant effect on their luminescence properfiesience, the
Ero.0~3 nanoparticles{125 W/cn?). We note, however, that,  LaF; phase plays a major role in the hetero-LEET, but
in our proposed mechanism, changing thé*Yboncentration  involvement of the silicate phase cannot be ruled out. Further
simultaneously affects the efficiency of ETU (Figure 7a) and studies to resolve this are in progress.
the feedback loop (Figure 7b), both of which influence the onset
of the feedback point. Conclusion

Our previous repott showed the presence of a nonstoichio- . ) .
metric lanthanum silicate phase @:aSis 202¢) along with the In conclusmn, we report a new, potentially efﬁmentlup-
expected Lak phase from X-ray diffraction (XRD) studies conversion mech§n|§m termeq.heter.o-l_.EET for geqerat|on of
carried out on a silica thin film sample heated at 8@ It is green and red emission from silica thin films made with ks
reasonable to assume that the same phases are present in thePoscEfo.ods nanoparticles. This mechanism combines the
current sample reported in this report because they were prepare@dvantages of resonant ground-state absorption and ETU with
similarly. It is, however, important to know in which phase the & cross-relaxation feedback loop that results ireaalanche-
hetero-LEET mechanism occurs. Two control samples have beerlik€ power dependence.
prepared to investigate this. Citrate-stabilized ds#bo sdEr0.093
and La 4d9-Uo scEr0.09-3 nanoparticles have been heated to burn
off the citrate, and XRD data on these materials confirm the

presence of pure Lafphase. The power dependence graph of Development Fund (BCKDF) of Canada are gratefully acknowl-

the heated Yb I control material (Figure 9a) is ) . :
also S-shapl_eﬁssir?fisli %gf;e power depende(ncge graph) of theedged for financial support. Acknowledgment is made to the

- o . g Donors of the American Chemical Society Petroleum Research
silica thin film made with La.45Ybo 5¢Er0.0d~3 nanoparticles. It Fund for partial support of this research (P.S.M.)
demonstrates that the slopes of both the red and green emission P PP R
increase rapidly with increasing excitation power, giving a JA065378X

Acknowledgment. The Natural Science and Engineering
Research Council (NSERC) of Canada, the Canada Foundation
for Innovation (CFI), and the British Columbia Knowledge

J. AM. CHEM. SOC. = VOL. 129, NO. 3, 2007 625





