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Erft-doped ZnO nanocrystals with hexagonal wurtzite structure were prepared by addition of LiOH-to Zn
O—Er precursors in ethanol. The well-known green hot band fronfithg, — “l15,2 transition in the 520-

540 nm region and Stokes emissions were investigated. And the blue, green, and red upconversion emissions
were observed from the annealed samples under near-infrared light (808 nm) excitation. The upconversion
emission intensity ratio of the hypersensitRig;1; » — *l1s2 t0 *Szip — 4152 transition (szonnflssonm iN the

sample annealed at 40Q is different from that in the sample annealed at 700which is attributed to the
variation of the local structure around®Erions. The upconversion emission spectra and the pump power
dependence of the luminescence intensities are provided to explain the upconversion mechanisms. These
results confirm that visible upconversion emissions df n the ZnO nanocrystals are mainly produced via
two-photon excited-state absorption (ESA) and energy transfer upconversion (ETU) processes.

Introduction fundamental interest to better understand upconversion lumi-

In recent years, rare-earth (RE) doped nanocrystals havenescence properties of different erbium hosts.
attracted a great deal of attention due to particle-size dependent AS & wide band-gap semiconductor and traditional phosphors
optical propertied; 3 which lead to their potential application ~Material, ZnO has been extensively studied since 1%50s.
in phosphord; display monitors$, optical communicatiofy and Recgntly, elec.trolulmlnescgnce of REionsin polycrystqlllne Zn0O
two-photon fluorescence imagifigFurthermore, RE ions, ~ Obtained by sintering at high temperature of 12Q0in air has
especially trivalence erbium, are much suitable for the conver- P&en reported, whereas no photoluminescence arising from the
sion of infrared to visible light (upconversion) due to a favorable RE*" was observed due to RE ions locating near the grain
electronic energy level structure. The excited stateg@nd ~ boundaries of Zn@® However, since a novel method of
41117 of EF* ion with long lifetimes can easily be populated synthes!zmg ZnO colloids was appliétithe Stokes emissions
with near-infrared (NIR) radiation. The availability of low-cost ©f RE*" in the ZnO nanocrystals have been reported by Spanhel
NIR laser diode brings much convenience for the realization of €t al?®?°and Liu et aP%~3t _ _
upconversion emissions. Moreover, upconversion emissions of The research on Er-doped ZnO nanoparticles has mainly

Er3+-doped nanocrystals have been achieved in different crystalfocused on the Stokes luminescence properties during the past
structure hosts, such as cubic Zr@,0s, Lu,Os, BaTiOs 715 decades; very few works were reported about the upconversion

tetragonal LaMoOy)3;16 and anatase and rutile Ti®7 luminescencé® 3! To the best of our knowledge, the upcon-
Fluorescence labeling is very useful practice in biological Version emissions of Et in ZnO nanocrystals have not been
applications, such as immunoassay, DNA sequencing andreported in the literatures. In this work, the luminescence
clinical diagnosticd®-2* Ultrasensitive detection of nucleic acid ~ SPectroscopy and visible upconversion emissions &f Erthe
marked with upconversion phosphors (UCP) has been reportedZNO nanocrystals have been thoroughly investigated. The ratio
by Rijke et al! As fluorescence labeling material compared ©f the upconversion luminescence intensity of the peak at 530
with conventional fluorophores (e.g., Cy5, TMRR4UCP with nm to that of the peak at 550 nrixdonndlssonn) in the samples
no photobleaching shows higher sensitivity and lower back- @nealed at 400 and 70T, respectively, is different. The
ground, where high-luminescence efficiency and homogeneousdifférence of green upconversion emission spectral shape is due
nanometer size distribution are critically important for detection {0 the variation of the local structure around®Efons site in
of biomolecules (protein, DNA, RNA) and immunoassay. This the ZnO nanocrystals. It is also found that the annealing
work is motivated by not only the purpose of theé*Edoped temperature plays an important role in the luminescence

nanocrystals as UCP for fluorescence label but also the intensities and optical properties of®Erin the ZnO particles.
Furthermore, the upconversion emission mechanism has been

* To whom correspondence should be addressed. ¥86-431-6176313.  discussed in detail at the 4f electronic energy level scheme of
Fax: +86- 431-4627031. E-mail: xgkongl4@ciomp.ac.cn Ert ion.
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Upconversion Emissions of £rin Nanocrystals

Experimental Section

The EF*-doped ZnO colloidal suspension was prepared
according to the method described by Spanhel éta? and
Liu et al*°with a slightly modification: In short, a 50 mL turbid
ethanol suspension containing a mixture of 1.679.001 g
zinc acetate dihydrate (986, Beijing Chemical) and 0.034
0.001 g erbium acetate hydrate (99.9%, Aldrich) with a molar
ratio Zn/Er~ 98:2 was refluxed while stirring for 180 min at
about 80°C. After this procedure, a clear ZO—Er precursor
solution was obtained, and then cooled to room temperature
The precursor was hydrolyzed by addition of 0.29 g lithium
hydroxide monohydrate powder (from Fluka) in an ultrasonic
bath at 0°C for 20 min. The mixture was filtered through a 0.1
um glass fiber filter to remove the dust and insoluble residue.
The colloid solution was precipitated when preferably less toxic
hexane had been add&ZnO nanoparticles were redispersed
in ethanol and then separated from the ethanol by precipitationk
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This procedure had been repeated for several times to remove-igure 1. Powder X-ray diffraction patterns of the Erdoped ZnO

physisorbed ionic compounds on the surface of ZnO particles.
The precipitates were dried at room temperature in a vacuum
oven for 12 h. The dried ZnO particles were annealed in air at
a series of different temperatures from 300 to 9@for 30
min. The final product was white powder.

The crystal phase of annealed samples was identified by
powder X-ray diffraction (XRD). The XRD patterns of the
different samples recorded with different temperatures were}
acquired using a Japan Rigaku D/max-rA X-ray diffractometer
Zystem with a monochromatized Cuktradiation @ = 1.5418

).

Stokes emission spectra offEin the ZnO nanocrystals were
measured using a Jobin-Yvon LabRam Raman spectromete
system equipped with 600 and 1800 grooves/mm holographid
gratings, and a peltier air-cooled CCD detector. Precise contro
of sample temperaturetQ.1 °C) was achieved by means of a
Linkam THMS600 temperature programmable heating/cooling
microscope stage. The THMS stage was used in conjunctior

nanocrystals processed at various conditions: (a) dried at room
temperature, and annealed at (b) 300, (c) 400, (d) 500, (e) 600, (f)
700, and (g) 800C.
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with a Linkam LNP cooling system when cooling. Samples were
excited using a 488 nm line of Spectra-Physics Model 164 argon
ion laser. The time-resolved luminescence investigations were
performed at room temperature following excitation with a tuned

488 nm wavelength light from pulsed Nd:YAG optical para-

metric oscillator (OPO) laser. The signals corresponding to
decay curves of the Stokes emissions from photomultiplier
(Hamamatsu R928) attached in the spectrometer (Jobin-Yvon
TRIAX550) were collected by a Tektronix TDS 3052 500 MHz

digital real-time storage oscilloscope. Upconversion emission
spectra were recorded with a Hitachi F-4500 luminescence

spectrophotometer using an external 808 nm semiconductor solid

laser (1W) as the excitation source.

Results and Discussion

Structural Investigations. Figure 1 illustrates the XRD
patterns of the Bf-doped ZnO nanocrystals at various condi-
tions. The positions and relative intensities of the diffraction
peaks are in good agreement with the Joint Committee of
Powder Diffraction Standards data (JCPDS No. 36-1451),
showing that the main structure of the samples is of hexagonal
wurtzite. The XRD patterns indicate the presence of highly
crystalline ZnO nanocrystals without any amorphous component
and other additional EO3 crystalline phase. In the range of
300-900°C, no peak related to the second phase of ZnO was
observed at the XRD patterns. Meanwhile, the diffraction peaks

become stronger and sharper with the rise in annealing tem-

perature, which implies the growth of nanopatrticles. On the basis

Figure 2. Room-temperature Stokes emissions of*En the ZnO
nanocrystals annealed at (a) 400, (b) 500, (c) 600, and (d)GQ@on
excitation at 488 nm.

of the XRD patterns, the average sizes of the ZnO nanopatrticles
can be estimated by the Deby8cherrer’'s equation

D = KA/ cos® (1)
whereD represents the average diameter of the partiies,
0.89,4 is the wavelength of the Cud<radiation,® is the Bragg
angle, angs is the corrected full width at half-maximum. The
calculated results are about 3.4, 6.8, 48, af@8D nm for the
different samples processed at room temperature (RT), 300, 500,
and 700°C, respectively.

Stokes Emission Spectroscopylhe room-temperature Stokes
emission spectra of Er in the ZnO nanocrystals under 488
nm excitation (excited directly into thfé=, level) are showed
in Figure 2, where three distinct emission bands can be observed
in the green, red, and NIR regions. Green emissions between
510 and 570 nm were assigned to the transitions fromtihg,
and“Sg, excited states to th#i;s, ground state of Br ion.

Red emission was observed between 650 and 690 nm, corre-
sponding to théFy, — 415> transition. Moreover, NIR emission
was observed from th#s;, , — 41352 transition in the range of
850—-880 nm!! Obviously, the Stokes emission intensities were
found to increase with the rise in annealing temperature from
400 to 700°C (Figure 2a-d). Many fine structures observed in
the Stokes emission spectra for the P@annealed sample is
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Figure 4. Upconversion luminescence spectra of'Ein the ZnO
Wavelength(nm) nanocrystals annealed at (a) 400 and (b) ?@Dunder 808 nm

Figure 3. The measured temperature dependence of Stokes emissionexcitation.
spectra for the sample annealed at 7@ Inset: Logarithm of the
integrated intensity ratio of thi#H11,— 411520 Sz, — *l152 transitions
as a function of inverse absolute temperature/{)0

TABLE 1: Room-Temperature Decay Times for the
ZnO:Er 3 Nanocrystals (annealed at 500, 600, and 70C)
Obtained from the Decay Curves Fitted by a

attributed to the crystal field variation due to the modification Monoexponential Model under 488 nm Pulsed Excitation

of the EB* local structure.

decay timess) of ZnO:E#* nanocrystals

It is displayed in Figure 3 that the measured temperature annealing transition
dependence of Stokes emissions for the W@nnealed sample temperature®C)  2Hio— Y5 ASya— %y Fon— Alisn
in the 500-700 nm region under 488 nm excitation. At the
liquid nitrogen temperature of 77 K, the emission fréfh1/ 288 j'gg g'gg i'gg
— 4150 transition was not observed, whereas both the emissions 500 4.02 3.96 4.47

of the 4Sz, — “l15/2 and *Fgi — “l1552 transitions were clearly

observed. As the measured temperature increased up to 180 K, The room-temperature decay curves for the (s, 4Ss) —

the WeII-quwn green hot band correqunding FoitIHel/2—> 4.5, and 4o, » — 415, transitions under 488 nm pulsed
l15/2 transition was just now seen. Following an increase of the eycitation could be fitted well using a monoexponential function
21easured temperature, the luminescence intensity of thefor the samples annealed at all the temperatures mentioned
Hiy/z—l152 transition increased at the expense of g, — above. The phenomenon could be explained on the basis of
Hl1512 transition, and the former transition was dominant com- myjtiphonon relaxation, which is attributed to the presence of
pared with the latter one up to 426 K. As a feeding level of the zcetate and hydroxyl groups on the surface of the ZnO

)

population of the’H1y/; level, the‘Sy level was depopulated nanocrystals. The lifetimes are shown in Table 1, where the
with increasing the measured temperature. The '[hermaliz.ationa\,(_)rage lifetime of the green fluorescence is 444t is worth
of the ?Hyy, level could be expressed by the following mentioning that the decay time of the greé&sf) excited state
equatiod® 3 is shorter than that of the re¢Fg),) excited state for the samples
annealed at the 500 and 60C. However, for the 700C
|_3 _ exp(— AESZ) annealed sample, the decay time oft8g; level is longer than
I, KT that of the*Fg/; level. In addition, the decay time of tH&;,
level increases with raising the annealing temperature, while
wherels andl, are the integrated intensities of the transitions the opposite case occurs to tey, level.
from the?H;1,» and*S;; excited states to thé;s,, ground state,
respectively AEs; is the energy gap between the;;, and*Sg),
level, K is Boltzmann constant is the absolute temperature,
andA is given by the following equation
A = (WisG5hv3) (Wies0h5)

®)

where Wgrs and Wk, are the radiative probabilities of two
transitionsgs andg; are the (2+1) degeneracies 8H11/, and

respective transitions froRH;1, and*S;; levels to*l 15, level.
A straight line fitting the calculated values of Ig/{(,) versus
1/T was obtained, whose slope had a value of 7657%m
corresponding to the energy g#ks, between theH;y,, and
4332 levels (Figure 3, insert). The 765 ciwvalue is consistent

of the thermalization of théH, 1, level, in good agreement with
the experiment data of 180 K.

Upconversion Luminescence PropertiesUpon excitation

with an 808 nm CW semiconductor laser at room temperature,
the blue, green, and red upconversion emissions ¥f Bins

in the ZnO nanocrystals were observed. The upconversion
luminescence spectra for two samples annealed at 400 and 700
°C, respectively, are shown in Figure 4, where four emission
bands at approximately 405 nm, 530, 550, and 660 nm are
assigned t8Hg/2 t0 41572, 2H11/2t0 *l15/2, *Sa/2 10 *l15/2, and*Foyz

to 41155 transitions, respectively. It is obvious that the upcon-
4Ss1, levels, andhuz and hy, are the photon energies of the verted green luminescence intensity increases remarkably with
raising the annealing temperature up to 700, and the
luminescence is very bright to be seen with naked eyes.
However, it should be mentioned here that both blue and red
emission intensities are much weaker than the green one, and
this was also observed in a similar system of th@®¥YEr+

with the thermal vibration energy of the crystal lattice at the nanocrystals at the level of dopanfEconcentration less than
temperature of 175 K, which implies the initial temperature point 2 mol % following excitation with 815 nm, where the red
emission is relatively weak in comparison with green bite.

is noted that there is a great difference between the shapes of
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Figure 6. Pump power dependence of the upconverted green and red

Figure 5. Effect of annealing temperature on the upconverted green ntegrated intensities of ET in the ZnO nanocrystals under 808 nm
luminescence intensities of Erin the ZnO nanocrystals. excitation.

upconversion luminescence spectra for 400 and°@é&nnealed in the range of 4006900 °C. Notably, with the annealing
samples. From Figure 4a, we can see the intensity of thetemperature raising from 700 to 90Q, the green luminescence
emission peak at 530 nm is stronger than that of the emissionintensities are about four times enhanced. As discussed above,
peak at 550 nm in the sample annealed at 4D0while Figure the growth of the ZnO particles occurs at 46800 °C, which

4b shows the opposite case occurring in the sample annealedrings a reduction of its surface defects to reduce the pathways
at 700°C. Similar phenomena have also been observed in the of nonradiative decay. In addition, both Kohls et?&land
Lax(MoOy)3:Yb,Er nanocrysals at different sintering tempera- Sakohara et & have reported the presence 6FO< and OH-
tures!® In fact, since a greater fraction of the erbium ions bands from the Fourier transform infrared (FTIR) spectra for
distributes on the surface than that in the interior of nanometer- the ZnO nanoparticles. The=€C< and OH- bands from
scale particles, the doped erbium ions cause its local lattice acetate and hydroxyl groups on the surface of ZnO particles
distortion of the ZnO nanoparticle surfaces, and this influence have high vibration energy of approximately 1500 and 3350
on the overall distortion increases with decreasing the particle cm™1, respectively. The acetate and hydroxyl groups also have
size. As a whole, the local environments of erbium ions become high multiphonon relaxation rates, which are similar to the
an isotropic coordination with higher symmetry, and therefore, carbonate and hydroxyl groups on the surface of nanocrystalline
the interaction between erbium ion and its surrounding crystal Y,0s:Er¥*.13 Consequently, the active ions in the nanocrystalline
lattice becomes weaker. This could interpret that the emission material relax through the emission of phonons rather than the
from hypersensitivéH11,, — 4152 transition is stronger than  emission of photons, which is the reason the decay time of the
that from the*Sz, — %l15/2 transition in the sample annealed at  “Fg ; level is longer than that of th#S), level in the 500 and
400 °C. On the contrary, after annealing at the temperature 600 °C annealed samples. However, the loss of acetate and
higher than 400C, the changes of atomic coordination number hydroxyl groups reduced the multiphonon relaxation rate after
around E¥" and/or the E+O bond lengths reduce theErocal high-temperature annealing. Therefore, the enhancement of the
structure symmetries, whose degradation enhances the effectgreen upconversion emission intensities related to the annealing
of crystal field in the host matrix. As a result of the reduced temperature is ascribed to two main factors: one is the growth
symmetries, the interaction betweeriEion and its surrounding  of the ZnO particles, which induces a decrease of the number
crystal lattice becomes so intense as to decrease the populationf surface defects in the host; the second is the loss in the
of hypersensitive?Hi1» energy level through nonradiative amount of acetate and hydroxyl groups, which lowers the

relaxation process. Consequently, 81, — “l15/ transition multiphonon relaxation rate.
is weaker than théSz, — 415, one in the sample annealed at Usually, the upconversion emission in the 4f electron level
700°C. can be understood by several well-known mechanié%a)

The upconversion efficiency is mainly determined by the excited-state absorption (ESA); (b) energy transfer (ET); (c)
nonradiative processes of the host latfizedowever, the photon avalanche (PA). To better understand the mechanisms,
multiphonon relaxation is easy to happen due to the presencethe upconversion luminescence intensities of grém,*Ss/
of some organic groups with high energy vibrational quanta on — 415 and red {Fy » — “l157) emission have also been
the nanocrystal surface, and thus shortening the lifetime of measured as a function of the pump pow&he photon
intermediate level in contrast with that in the counterpart bulk. avalanche process can hardly occur in our experiments since
In general, the multiphonon relaxation rate is dependent on theno inflection point has been observed in the power-dependence
energy gap between the emitting level and the next lower level study38 As is well-known, the upconversion emission intensity
as well as the highest phonon energy in the Rdst.an oxide, lup is proportional to thenth power of the excitation intensity
ZnO has low phonon energy, and its Raman spectrum (datalr, i.e.,lup O I|g", wheren is the number of IR photons required
not shown) shows a peak at about 440-¢rassigned to the  to convert a visible photon, and its value is obtained from the
characteristic vibrational mode of Z©O bond. When the slope of the graph of Ii(p) versus Inlr). A straight line fitting
annealing temperature increased from 400 to 9D0the green the data points was yielded a slope of 1.68 and 1.4 for’hg f,
upconversion luminescence offEin the ZnO nanocrystals was  4Sgj0) — #1152 and*Fe;, — 4152 transitions in all samples under
greatly enhanced. Figure 5 shows the green upconversioninvestigation (shown in Figure 6), respectively, and high
emission intensities as a function of the annealing temperaturemultiphonon relaxation rate induced these slopes deviating from
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excited state to thél;s;, ground-state results in the emission
around 530 nm. This emission around 550 nm is assigned to
the radiation transition from th#S;; to 4115, level. The4Fop,

— 4155, transition produces the red emission around 660 nm.

Conclusions

In this paper, the NIR to visible upconversion luminescence
of Er¥* in the ZnO nanocrystals under 808 nm excitation has
been investigated. After directly exciting into tHey; level with
a wavelength of 488 nm, the green hot band from?thg, ,—

411512 transition and the Stokes emissions have been observed
in the EFT-doped ZnO nanocrystals. The lifetime of green
fluorescence is about 4.14s from a monoexponential fit of

the decay curves for théH11/2,%Ss2) — “l152 transition under

488 nm pulsed excitation. The variation of the local structure
around EF¥" ions occurred to the change of upconversion
luminescence spectral shape for the two samples annealed at
00 and 700°C, respectively. The green upconversion lumi-
nescence of Bt in the ZnO nanocrystals was enhanced along
with the annealing temperature increasing from 400 to D0

2. Therefore, we propose that a two-photon process was involvedPower-dependence studies suggest that the gream(*Ss2
in the upconversion mechanism responsible for the blue, green,— 4355 and red {Fo;» — *l15/5) upconversion emissions occurred

and red emission. In other words, two IR excitation photons
are absorbed to produce a visible photon.

The mechanism of upconversion emission of'Hras been
well established in the literatuf@4°Therefore, the upconversion
mechanisms proposed for the visible emission of En the
ZnO nanocrystals are shown in Figure 7. The dominant
mechanisms are excited-state absorption (ESA) and energ
transfer upconversion (ETU). The ESA involves only a single
ion, whereas ETU involves two closely neighboring ions. The
upconverted luminescence intensity in the two processes usuall
varies quadratically with the pump power, while varies linearly
for the ESA and quadratically for the ETU process with the
dopant rare earth ions concentratidnVhen the E¥" ion at
the %lg/» level is excited by the ground-state absorption (GSA)
process from thél s, level under 808 nm excitation, the initial
4l9/2 level population decay by a rapid multiphonon relaxation
down to thel112 and*l 1312 levels, with a portion of population
in the 413, level deriving from the*l 11, level by relaxation.
Under this excitation condition, the excited ions at #ha,,
and“l13, level are excited to théFs, and2Hqq2 level via an

via a two-photon process. Furthermore, the upconversion
mechanisms in the ZnO:Er nanocrystals were also discussed
in detail.
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