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The effect of annealing on the upconversion luminescence of ZROrEMocrystals was investigated in
detail. The green and the red upconverted emissions under infrared 978-nm light excitation were remarkably
enhanced with an increase of annealing temperature. Moreover, for the sample annealetCata®0atio

of the intensity ofHj1/, — %l15/, emission to that ofSz, — %l15,, emission increased from less than to more

than unity with an increase of the excitation density. However, the same case did not occur to the sample
annealed at 700C, where the ratio was independent of excitation density except when the excitation density
was higher than 42 700 W/c&niThis distinction was attributed mainly to the difference in energy gap between
the?Hy1, and“*S;); states in the two samples, originating from the local microstructure variation aroéihd Er
ions. In addition, a high thermal sensitivity of 0.0082Avas obtained in the ZnO:Ernanocrystals based on

the temperature-dependent fluorescence intensity ratio (FIR) of the green upconverted emission, which would
make this material a promising candidate for the nanoscaled thermal sensor of high accuracy and resolution.

Introduction The low phonon-energy and appropriate coordination of oxygen
around Er makes ZnO suitable for the realization of efficient
upconversion luminescence. Furthermore, trivaluable erbium
ions are excellent dopant and have the capability of converting

In recent years, the conversion of infrared (IR) radiation into
visible light in rare-earth (RE) ion implanted solid-state nano-
crystals has been a focus of intensive resertfiheir potential |5 4 giation to visible light efficiently because of favorable

application covers broad areas, including color display;, short- g actronic energy levels (such 4s, and11;) that are easily
wavelength lasers, IR quantum counter detectors, optical data

- . o accessible with near-IR radiation from low-cost commercially
reading/storage, optical communications, two-photon fluores- available diodes
cence imaging, and most recently, biomedical diagno&tins. ) ' . )
particular gthg development of Kovel quorescen? RE-doped Alternatively, fluorescent temperature sensing techniques have
nanocrystals has been promoted strongly because of theirbeen studied widely for their application in electrical power

application in fluorescent labels based on their superior optical station, oil refineries, coal mines, and building fire detectior:

properties, such as sharp emission lines, no photobleaching, Iovx/A fluorescent sensor_that makes use of temperatu_re-dependent
background, and long lifetimes suitable for time-resolved fluorescence properties from luminescence material can over-

techniques, in contrast with conventional organic fluorophbres. come the interferencg of strong electromagnetic qoise, haz_ardous
Relevant research on RE-doped nanocrystals and their upcon_sparks, and corrosive environment that are inaccessible to
version luminescence properties have thus been bodsted traditional temperature-measurement methods such as thermo-
Zinc oxide is not only a wide-direct-gap semiconduc.tor couple detectors. Fluorescent temperature sensing techniques
material but also a promising host candidate for RE ions and include }he.temperatqre-depen.dent fluorgscgnce Iifetime and
transition-metal ions, which has potential application in opto- :;l:z’rswglr;;g?g:\;?;igllta;)r:z ggjgi;? daf)er))rtliilsl }inbceltflggp%hc?gl-ly
er?dc trr(:]r;;ndeeti\gcﬁér::g;’;%gﬁigﬁ“ﬁé@?ﬂfle(rjsésk;i(:;ni[]?rs’ the FIR technique, independent of signal losses and fluctuation
extensive studies on Er-doped ZnO nanostructure materials or'r':]etgsu;Xrﬁgittlogclcnlj?;:'tyénh dasr(atzgluaicgr?ngﬁlntigcg%ﬁ;?r\:ii the
thin films for optical amplifiers at 1.54m in the waveguide hni I'y h g | I.
structure were reported by Spanfiel® and Komurot*15 few tec qulle mlay be_applled t? ﬁ system w lere two closely spe}ced
reports on the downconverted or upconverted visible lumines- energy levels are involved following a Boltzmann-type popula-

. L s R " i
cence from Er-doped ZnO have appeared in the literdf. tion distribution? Bec_ause the emission intensities are propor
tional to the population of two thermally equilibrious levels,

FIR is expressed by¥IR = B exp(~AFE/k:T), whereB is a
constantAE is the energy difference between the two levkls,
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Figure 1. Upconverted luminescence spectra of Zn®'HEranocrystals annealed at (a) 500, (b) 600, and (c)°T0dnset. a simple Er ions
energy-level diagram for upconversion luminescence processes under 978-nm diode laser exciation.
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thermal sensor, as well as semiconductor nanoparticles of CdTeRT in a vacuum oven for 12 h. The dried powder was divided
and doped nanoparticles of ZnS:kmn EWF*.25 In conjunction in several parts. One part was kept at RT, and the other parts
with biomolecules (antibodies, nucleic acid, and proteins), were annealed at 500, 600, and ?@for 30 min, respectively.
nanoscaled ZnO:Ef could be used as temperature-sensing The annealing processes were performed in air using a heating
biosensors, where the upconversion luminescence is particularlyrate of 10 °C/min. Details on the synthesis of ZnO%Er
interesting because of advantages such as the following: thenanocrystals were described elsewltére.
background emission can be avoided from many biological The upconverted luminescence spectra 6 Hons in the
components (cells and tissues) upon excitation with UV light. znO nanocrystals were recorded on a Jobin-Yvon LabRam
In the present work, we have studied the visible upconversion Raman spectrometer system equipped with 600 and 1800
luminescence properties of Er-doped ZnO nanocrystals with grooves/mm holographic grating, and a peltier air-cooled CCD
978-nm light excitation. The green and red upconveted emis- detector. Precise control of sample temperatdr@.{ °C) was
sions are enhanced distinctly with increasing annealing tem- achieved by means of a Linkam THMS600 temperature-
perature, which were discussed in terms of multiphonon programmable heating/cooling microscope stage. The THMS
relaxation assisted by organic group vibrations on the ZnO stage was used in conjunction with a Linkam LNP cooling
surface. Of particular interest to us was to utilize thé"Er  system when cooling. Samples were characterized using con-
spectroscopic probe to investigate how the annealing processesinuous-wave semiconductor laser diodes centered at 978 nm
influence the local structure of dopant ions in the host material as an excitation source, matching thg, — *l11,> transition
and how the interaction between the dopant ions and the hostin the 4f energy levels of Er ions perfectly. The FTIR spectra
material influences the spectroscopic properties. Besides, a highof the samples annealed in different conditions were recorded
thermal sensitivity of 0.0062C was obtained based on the on the Bio-Rad Excalibur Series FTS 3000MX FTIR spectrom-

temperature-dependent FIR in the ZnG:Enanocrystals. eter. The crystalline domain sizes, estimated from the broadening
of the X-ray diffraction peaks according to the Scherrer equation,
Experimental Section were about 48, 65, and 80 nm for ZnC*Ernanocrystals

. annealed at temperatures of 500, 600, and°T)0espectively®
The ZnO:E?" nanocystals were synthesized based on the

published procedures with minor modificatio®¥$’ A mixture

of zinc acetate dihydrate and erbium acetate dihydrate in ethanol
was refluxed while stirring for 23 h at about 80C. After this A. Annealing Processes Enhancing Upconverted Lumi-
procedure, a clear Zn0—Er precursor solution was obtained nescenceThe upconverted luminescence of ZnG:Enano-

and then cooled naturally to room temperature (RT). This crystals under 978-nm IR excitation was so strong that can be
precursor was hydrolyzed by the addition of lithium hydroxide observed easily with the naked eye. Furthermore, the upcon-
monohydrate powder with a support of ultrasonic in an-Hice  verted luminescence was enhanced with increasing annealing
water bath for 20 min. A clear ZnO:Er colloid solution was treatment temperature. The RT upconversion emission spectra
obtained after it was filtered through a Quin glass-fiber filter. of ZnO:ER* nanocrystals, as shown in Figure 1, exhibit three
The colloid solution was precipitated when adding hexane, and distinct bands in the range of 56000 nm. The bright-green
then centrifuged and washed with ethanol. This process wasemissions observed between 500 and 580 nm correspond to the
repeated several times. The obtained precipitates were dried abH1, — 152 and Sz, — 4152 transitions; the bright-red

Results and Discussion
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Figure 2. Excitation density dependence of green upconversion spectra of ZAiGainealed at (A) 500 (samplg) and 700°C (sampleq),
respectively.

emission in the 636690 nm region is assigned to thigy, — where both C and are constants. In addition, the fluorescence
41512 transition (Inset of Figure 1). To better understand the quantum yieldy, is related to the radiative and the nonradiative
excitation mechanisms that populate #hf 1/, 4Ss/e, and*Fo2 recombination rates)V; andW,,, expressed by

levels under near-IR 978-nm light excitation, we studied the

pumping-power dependence of the upconversion emission n=W, /W, +W,) (3)
intensity. A logarithmic plot of the integrated emission intensity
of the upconverted luminescence as a function of the excitation
power, as well as the possible upconversion mechanisms, is

shown in Figure S1. The fitting of the data yields a straight !
line with a slope of approximately 2 for théHu12%Ss) — match the gap of the two energy levels, the nonradiative

415, and *Fg/» — 41152 transitions in all of the samples under relaxation rate \(Vn,) wouI(_:i increase. On the contrary, the
investigation, which proves that a two-photon process in the fluorescence quantum yieldyX would be depressed. For
upconversion mechanism is responsible for the green and reg®*@mple, the energy gap of 3680 chbetween théliy; and
emissions. Moreover, Figure 4a shows that both green and 1322 1evels only requires one or two high-frequency-vibration
red upconverted luminescence is distinctly enhanced when thePhonons to bridge. Consequently, the enhancement of upcon-
annea”ng temperature Changes from 500 to 700 and the version |nte.n5|t|es could be raﬂona”y attributed to the decrease
intensity of the sample annealed at 7aD(defined as sampig) of the multlphonon relaxation rate due to the decrease of the
is 6 times higher than that of the sample annealed at°8b0  amount of high-frequency groups (carbonate and hydroxyl) on
(defined as sampigy). The observed fine-structured emission the ZnO:E#* surface following an increase of the annealing
bands are related to the rich structure o¥‘Emultiplet levels temperature from 500 to 70TC. In our previous work? the
in the crystalline ZnO matrix (Figure 1), different from the lifetimes of both the green and red emissions were found to
results of broad bands from the amorphous systems reportedncrease for these samples when annealed at higher temperatures,
by Spanhel? This indicates that the crystal field effect around Wwhich further indicated the decrease of the nonradiative
the Er ions was enhanced, as well as an increase in crystalliterelaxation. Thus, it could be concluded that the enhancement
size?8 with increasing annealing temperature. of the upconverted luminescence of ZnO:Er nanocrystals with
Note that the observed green and red emissions werehigh-temperature annealing processes was due to the decrease
enhanced dramatically with increasing annealing temperature.of the nonradiative relaxation.
As is well known, an important factor that governs the  B. Annealing Processes Varying Energy Level Configu-
upconversion efficiency is the nonradiative relaxation rate. ration of Er lons. Excitation-Density Dependence of the Green
Clearly, the presence of=€0 and hydroxyl groups with high-  ypconversion SpectraTo study the interaction between the
frequency stretching modes of about 1500 and 3400'¢m  gopant ion and the host, we applied the specific properties of
respectively, makes multiphonon relaxation fairly efficient gy jons, as sensitive probes, to investigate the variation of the
(Figure S2). The rate of multiphonon relaxation is dependent |oca) structure around the Er ions in the ZnO system as well as
upon the energy gap separating the upper and lower states age structural defects (e.g., point defects) and impurities (e.g.,
well as the highest phonon energy in the matéfidihe number oxygen)® The excitation-density dependence of the green
of phonons,P, required to complement the energy gayE] upconverted luminescence spectra in sagpkend samplgo
between the upper and lower energy levels can be calculatedy;s heen measured, as is shown in Figure 2. Here, the area of
according to the illumination spot remains constant on the samples. The
overall green upconversion emission in both samples was
P = AE/hao @) enhanced when the excitation density increased. For sasple
) ) ) the ratio of the intensity ofHj1/> — “l152 emission to that of
Where hw is the energy of the phonons in _th_e surro_undlng 4S5, — 415, emission increased from less than to more than
medlurr_l. The relationship between the nonradiative multiphonon unity. For example, at the excitation density of 27 500 Wicm
relaxation rate\Wn, and the number of phonon®)(can be  he telative intensity ratio was 0.98 (less than unity), whereas
determined through the expression when the excitation density on the sample increases from 35 000
to 51 000 W/cr4, the emission intensity of théH11, — 41552
W, = Cexp(-a-P) (2) transition became more prominent and the ratio went up to 1.08,

Because the presence of the high-frequency vibration modes
of 1500 or 3450 cm! decreases the number of phonoR} to
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TABLE 1: FIR of 2Hjy, — 4152 to 4Ss;p — 4l 152 Transitions in ZnO:Er 3" Nanocrystals Annealed at 500 and 700C,
Respectively, Obtained from Upconverted Spectra of Different Excitation Density (ED, Excitation Density; |, Integrated
Fluorescent Intensity; FIR, Fluorescence Intensity Ratio of Green Upconverted Emissions)

sampleoo samplego
Hirp— “lasre Sz “l1s12 FIR Ha1o— “1sr2 Sz “l1s12 FIR
ED

(W/sz) |3 [Py |3/|2 |3 Py |3/|2
27 500 1664.80 1697.85 0.98 9106.67 13814.23 0.66
35 000 4789.19 4423.26 1.08 16 806.39 25 327.76 0.66
42 700 9854.35 8510.99 1.16 26 577.90 38 100.63 0.69
51 000 26 409.89 19 289.80 1.37 37 153.93 47 127.88 0.78

1.16, and 1.37 (more than unity). For sampiehowever, this an increase of excitation density for sampdeand the inde-
ratio remained nearly constant (0.660.1) until the excitation pendence of the FIR on the excitation density (except when
density went up to 42 700 W/cinfrom which a slight increase  the latter is>42 700 W/cm?) for sampleg, were ascribed

in the ratio was observed (Table 1). An increase of the ratio mainly to the difference in energy gap between 3Hg;,» and
indicates that théH;1, level was populated more efficiently — 4Sgj, states in the two samples.

than the*S); level with an increase of the excitation density. Measurement-Temperature Dependence of the Green Up-
For erbium ions, the energy separation between the two nearestorversion EmissionTo further identify the distinction and the
excited state$Hi1, and Sy is only several hundred wave-  value of the energy gap between 1/, and4Ss, levels in
numbers. Once théS;, level was populated, the upp#ia the above two samples, we have studied the measurement-
level was populated as well by thermalization owing to temperature dependence of the green upconversion emission
Boltzmann distribution. Because of the thermal coupling existing spectra under 978-nm excitation, as is shown in Figure 3. The
between théH11, and*Sg; levels, the energy gap between the  2H,,, — 415, emission in both samples was not observed at
2Hy1/, and “Sgyz levels would contribute significantly to these 77 K. When the measurement temperature increased to 85 K,
variations. On the basis of the fact that the thermal population the emission from théH11»,— 415> transition could be detected

of the2H11/2 level was achieved easily in samgg the energy  for samplegs, Whereas the transition was still not observable
gap between théHi1/» and“Sgz levels could be smaller than  for samplego until the measurement temperature was higher than
that in samplgo The energy level of the Er ions in solid hosts 175 K. When increasing the measurement temperature, an
experience Stark splitting as the degenerate 4f levels split up

in the crystal field caused by the local atomic configuration 2500
around the E¥" ions. The energy gap between two close-by 1A ‘s, =4
levels is determined by the degree of Stark splitting. Accord-
ingly, the crystal field around Et in sampleg was stronger
than that in the sampje because the high-temperature anneal-
ing modified the local atomic configuration around the optically
active EP™ ions. Both the enhancement of upconversion
luminescence and the appearance of a new emission peak
563 nm provided evidence of a stronger crystal field effect
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around the Er ions in samplg Further investigation needs to 1000/T (K)
be performed to obtain a better understanding the modificationy 5007
of the chemical environment (such as bond length and O-aton m
coordination number) around the Er ions by using X-ray 0 353K
absorption fine structure (XRFS) analysis, which has been 500 550 500 650

employed to confirm the symmetry of the local structure of Er
degradated to a pseudo-octahedral structure wiflsgnmetry

in the ZnO:Er film upon annealing at 70@.1% It should be
noted that although the microscopic structure around Er was ]
changed drastically during the annealing process, the macrof 14000 4
scopic structure of ZnO:Er with a hexagonal phase was fairly
stabilel620 Hence, the energy gap between &1/, and the
4331, levels was caused mainly by the variation of the crystal
field around the Er ion resulting from the modification of its
local structure after the annealing at high temperature. Becaus
the thermal effect of near-IR 978-nm light increased the
temperature of the sample at the IR light spot, the thermalization
population of the?Hiy,; level could be further enhanced in
sampley because of the smaller energy gap betweerdthg, U
and the'S); levels with respect to samplg In addition, thermal
conductivity that depends on the size and morphology of thel
ZnO particles might be another factor in the difference of FIR
in th_e tv_vo samples. However, the latter can be_neglected spectra in the ZnO:Er nanocrystals annealed at (A) 500 and (B)
considering that it would cause a temperature variation of only 70qg°c, respectively. Inset: logarithm of the integrated intensity ratio
several degrees at the excited spot of the samples. Thereforegf the2H,,/,— 415 t0 4Sei»— 4152 tansitions as a function of inverse
the growth of the FIR from less than to more than unity with absolute temperature (XT).
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Figure 3. Measurement-temperature dependence of green upconversion


http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/jp0686689&iName=master.img-002.png&w=239&h=328

ZnO:EP*™ Nanocrystals and High Thermal Sensitivity J. Phys. Chem. C, Vol. 111, No. 41, 20015123

TS 6.6
R(1/,)=10.14 exp (- 880.11/(273+T)) 6.4
144 :
62
1.2- £ 6.0
S ]
=10 g 58
> > 56
.0 > 4
['4 @ 5.4
0.6 $ 5.2
5.0
041 4.8

0 20 40 60 80 100 120 140 160 180 20C 46 : : : : :

. 0 50 100 150 200 250 300
T(C) T (°C)

Figure 4. Closely linear relation of green FIR with the temperature

(20 °C) in the sample annealed at 760 Figure 5. Thermal sensitivity (BdT) as a function of temperature

obtained from the fitted curve shown in the inset of Figure 4B.
increase of the fluorescence intensity of the1, — 415
transition and a decrease of 8, — 415, emission intensity
were observed simultaneously. The depopulation of‘the
level, as a feeding level for th#l11/; level, has contribution to
the population of the?Hi1, level because of the thermal

is important to know the rate at which the green FIR varies for
a certain change in temperature. This value, known as the
thermal sensitivity S, is given by

distribution between théH11» and4Sg, levels. The thermal- S= (;jTR = R('A—E) (5)
ization of the2H,1/, level may be expressed by the following ke(T' +273Y
equatiod!

The resulting curve of the sensitivit§g with Celsius degree,

I3 AE;, T'; is obtained using the Matlab 7.0 software, as shown in
LA 1T (4) Figure 5. The sensitivity reaches maximum of 0.0062At

170 °C in the temperature range of our experiment, which is
wherels and|. are the integrated intensities of the transitions highly close to the sensitivity (0.0052) reported in the Er/
from the2H11,, and“Sy, excited states to th#é;s, ground state,  Yb-codoped Gg5z:La;,0; chalcogenide glasg.This implies that
respectivelyA is a constantAEs; is the energy gap separating the high thermal sensitivity of 0.0062 in the ZnO:EF*
the 2H11,, and4Sg; levels, k is the Boltzmann constant, afd nanocrystals could be potentially applied to design the nanoscale
is the absolute temperature. The calculated values &fI)( thermal sensor for temperature sensing.
as a function of I¥ were fitted to two straight lines, and from )
their slopes the energy gaps of 534 and 611 were obtained ~ €onclusions
for samplegoand sampley, respectively, as showninthe inset  The effect of annealing on the upconversion properties of
of Figure 3. Clearly, the obtained values of the energy gap znO:E@#* nanocrystals is significant. The remarkable enhance-

P

between theH11/, and the*Sg; levels is smaller in samplgy ment of the green and the red upconversion emissions and the
than in samplgy, in agreement with the fact that thid11/; level increase of the energy gap betweene » and the*Sy; levels

in sampleoois populated more efficiently by thermalization than  of Er ions were ascribed to the decrease of the nonradiative
in sampleoo The onset temperature at which i, — 15,2 relaxation and the enhancement of the crystal field effect around

transition can just be detected in sampdevas 85 K, whereas  the Er ions, respectively. The excitation-density dependence of
that in sampley was 175 K. This fact further reveals that the the green intensity ratio in samplg implies that the energy
relevant thermalization energy is smaller in sarggl¢han in gap between théH;1, and Sy, levels is smaller in samplgy
sampleoo. Therefore, it can be concluded that the annealing than in samplgy, which is consistent with the obtained energy
temperature affects the energy gap betweerrithe, and the gap between théH;1,, and*Sg); levels in the two samples from
“Syp; levels of EP* in the ZnO system. the fitted value of the green intensity ratio as a function of
C. Thermal Sensing and Sensitivity Based on the Green  temperature. Furthermore, a high thermal sensitivity of
FIR. Temperature-dependent FIR has been employed in thermalp.0062¢C was obtained from the temperature sensing of green
sensing, which provides a measure that is essentially independengipconverted FIR. On the basis of the temperature-dependent

of the fluctuations in the excitation intensiy.?3 The thermal ~ FIR, the ZnO:E¥* nanocrystal is an excellent candidate to be
sensing effect on the green upconversion fluorescence has als nanoscale temperature sensor.

been observed for our samples: i1, — 415, and?Sg, —

*l152 emissions varied with the measurement temperature, and  Acknowledgment. The work is financially supported by the
the ratio of their fluorescence intensity was the measurement-National Natural Science Foundation of China (60601014,
temperature dependence. Because the FIR in sagppke 20603035), “863" (2006AA03Z335), and the Exchange Program
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above 42 700 W/cAy the ratio indeed presents the expected
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(—AE/kgT)). From the best fit curve of the data depicted in the pendence of the green and red upconverted emission intensities,
inset of Figure 3A = 10.14 andAE ~ 611 cn1! are obtained. schematic energy diagram ofEmwith proposed upconversion
Figure 4 shows that the value of the FIRR = 10.14 expt mechanism under the 978-nm light excitation, and FTIR spectra
880.11/(273+ T')) (T’ is in Celsius), is closely linear with  of the ZnO: E#" nanocrystals annealed at 500, 600, and
sample temperature’ (T' = 0 °C). For sensing temperature, it  700°C, respectively, as compared with the as-synthesized ZnO:
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