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Dy°" Doped ZnO Nanocrystals

ABSTRACT Sm>" and Dy”* ions doped hexagonal wurtzite ZnO nanocrys-
tals were fabricated by a sol-gel method. The obtained ZnO nanocrystals
were characterized using the X-ray diffraction, transmission electron
microscopy, ultraviolet-visible reflectance spectra, and low-temperature
luminescence spectroscopy. Intense and well resolved emission lines for
Sm®" and Dy”" ions can be achieved via an energy transfer process from
ZnO host to the dopants. It was found that the host sensitized emissions
were more efficient than that of direct excitation for Sm>* and Dy”* ions.
Moreover, multiple sites of Sm®" and Dy”" ions in ZnO nanocrystals were
identified based on the low-temperature photoluminescence spectra.

KEYWORDS energy transfer, lanthanide, multiple sites, photoluminescence,
ZnO nanocrystal

INTRODUCTION

Trivalent lanthanide ions (Ln**) doped nanomaterials are technologically
important for the potential applications in optoelectronic devices, flat panel
displays and biological labels, which presently have received considerable
research interest due to their unique luminescent properties." ' However,
because of the parity-forbidden nature of ff transitions of Ln®" ions, the
direct excitation for most Ln®" ions is usually inefficient and somewhat
restrains them from applications in aforementioned practical fields. To over-
come this shortcoming, the host sensitization, namely, the energy transfer
(ET) from the excited host to Ln®" ions is desirable in terms of the strong
absorptions in the ultraviolet (UV) region especially for most semiconduc-
tors. The luminescence of Ln*" ions is thereby expected to be greatly
enhanced via an efficient nonradiative ET from the semiconductor host to
the dopants. Recently, many significant results for Ln** ions doped semicon-
ductor nanomaterials have been reported.”"* Intense host sensitized emis-
sions of Ln®" ions could be achieved in Ln*" ions doped semiconductor

146,200 ynd zno 111724 Among these materials,

nanomaterials such as TiO,
ZnO is a well known wide band-gap semiconductor and a prominent
candidate to be used as the host materials for the embedding of Ln>" ions
due to its outstanding optical and thermal properties. In our recent work,
by using a modified sol-gel method, Eu®" ions were successfully incorpo-

rated in the ZnO lattices. Multiple sites of Eu®" as well as the host-to-Eu®"
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3+ [9,14]

ET were observed in ZnO:Eu
Intense near-infrared emission lines with well
resolved crystal-field (CF) splittings were also
detected for Nd**- and Tm?"-doped ZnO nanocrys-
tals.” Zeng et al. have also observed the host-to-
Eu’" ET in ZnO:Eu®" nano-sheet-based hierarchical
microspheres fabricated via a hydrothermal strat-
egy," while no similar ET was observed for any
other Ln®" ions.""® Additionally, it should be noted
that the majority of attentions in the system of Ln>"
doped ZnO were primarily focused on the Eu’"
doping, and only broad emission lines of Eu®" could
be observed via host sensitization for most
cases.”**?1 To date, no detailed photoluminescence
(PL) properties as well as the host-to-dopants ET
process have been reported for Sm>" and Dy”"
doped ZnO nanocrystals, which may be beneficial
to the understanding of the basic physical
and chemical properties of Ln*" jon-doped ZnO
nanomaterials.

In this work, we have successfully doped Sm*"
and Dy’ into the wurtzite ZnO nanocrystals via a
facile sol-gel process, which thus emitted intense
and typical emission lines originating from the ff
transitions of Sm>" and Dy”* ions. Optical properties
including PL excitation, emission spectra and PL
dynamics for Sm*>*- and Dy’ *-doped ZnO nanocrys-
tals were investigated in detail at low temperature.

nanocrystals.

MATERIALS AND METHODS

The Sm®" and Dy’ ions doped ZnO nanocrystals,
with the nominal doping concentrations of 1at.%,
were prepared by employing a modified sol-gel
method similar to the report elsewhere.” In a typical
procedure to the synthesis of Sm®*" and Dy>"
ion-doped ZnO nanocrystals, 0.01 mol zinc acetate
dihydrate (AR) and the required amount of samarium
or dysprosium acetate hexahydrate (99.99%) were
mixed in a 250 ml round-bottom flask and dried at
120°C for 1h to remove the adsorbed water. After
cooling to room temperature (RT) naturally, 100 mL
absolute ethanol was added to the round-bottom
flask. The mixture was vigorously stirred with a
magnetic stirrer and refluxed at 80°C water bath for
3h to form a clear precursor solution, and then
cooled to 0°C immediately. The addition of
0.025mol lithium hydroxide monohydrate powder
in an ultrasonic bath led to the hydrolysis of the
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precursor solution and aimed at the charge compen-
sation between Zn®" and Sm®" (or Dy*") in ZnO
nanocrystals. After hydrolyzing at 0°C for 30 min,
the ZnO nanocrystals were precipitated by the
addition of 300 mL hexane, collected using centrifu-
gation and washed with ethanol several times, and
then dried at 60°C for 12h to afford the as-grown
samples. To enhance the crystallinity and lumi-
nescence of Sm>* and Dy’" ion-doped ZnO nano-
crystals, the as-grown samples were further
annealed at 400°C in air for 30 min to yield the final
white products.

The precise contents of Sm** and Dy’ ions were
determined to be 1.05 and 1.02at.% by the Ultima2
ICP optical emission spectrometer, respectively.
The morphologies, crystallinity and phase purity of
the samples were characterized by a PANalytical
XPert PRO powder diffractometer and JEOL-2010
transmission electron microscope (TEM). The RT
UV-visible diffuse reflectance spectra for Sm>" and
Dy>" doped ZnO nanocrystals were recorded on a
Perkin-Elmer Lambda 900 UV /vis/NIR spectrometer
using BaSOy as a reference. Emission and excitation
spectra were recorded on an Edinburgh Instruments
FLS920 spectrofluorimeter equipped with both
continuous (450W) and pulsed xenon lamps. For
low temperature measurements, all samples were
mounted on a closed cycle cryostat (10-350K,
DE202, Advanced Research Systems). The line inten-
sities and positions of the measured spectra were
calibrated according to the FLS920 correction curve
and standard mercury lamp.

RESULTS AND DISCUSSION

The crystallinity and phase purity of the samples
were investigated by the X-ray diffraction (XRD)
and TEM analysis. As shown in Fig. 1b and 1c, the
XRD patterns for Sm** and Dy*" doped ZnO nano-
crystals heat-treated at 400°C show peak positions
that match well the standard pattern of hexagonal
wurtzite ZnO (JCPDS No. 36-1451) and the XRD pat-
tern for pure ZnO nanocrystals (Fig. 1a), indicative of
the presence of highly crystalline ZnO nanocrystals
without any other impurity phases such as Sm;O;
and Dy,0s3. By virtue of the Debye-Scherrer’s for-
mula, the mean sizes for Sm®>" and Dy’ "-doped
ZnO nanocrystals calculated from the diffraction
peak (110) are ~14 and 12nm, respectively. The
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FIGURE 1 XRD patterns for (a) pure ZnO, (b) Sm*'- and
(c) Dy**-doped ZnO nanocrystals, and (d) high resolution TEM
image for Sm®-doped ZnO nanocrystals.

corresponding high-resolution TEM image (Fig. 1d)
reveals that the Sm**-doped ZnO nanocrystals are
not ideally spherical with diameters ranging from
10 to 15nm, which is basically in agreement with
the XRD estimates. The crystalline lattice fringes of
ZnO nanocrystals are very clear with an observed
d-spacing of 0.25nm, which corresponds to the
lattice spacing for the (101) planes of hexagonal
wurtzite ZnO, further confirming the higher crystal-
linity of the annealed ZnO nanocrystals. Similar
morphology is also observed for Dy’ *-doped ZnO
nanocrystals.
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FIGURE 2 The RT diffuse reflectance spectra for Sm3*- (a)
and Dy*'- (b) doped ZnO nanocrystals. The inset shows the plot
of [F(R)I? versus photon energy of Sm®*"- and Dy**-doped ZnO
nanocrystals, where F(R) = (1 — R)?/2R, and R is the reflectance.
Band-gap energies of ZnO nanocrystals can be determined by
the extrapolation to [F(R)]?> = 0.
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The UV/vis diffuse reflectance spectra for Sm>"
and Dy’ *-doped ZnO nanocrystals were recorded
by using BaSOy4 plate as a reference. As shown in
Fig. 2a and 2b, both samples exhibit a strong absorp-
tion onset at ~370nm, which corresponds to the
excitonic 1S, — 1S, transition of ZnO. In addition
to the strong absorption of ZnO nanocrystals in the
UV region, some characteristic f-f absorption peaks
of Sm>" and Dy’ can be assigned, which are attrib-
uted to the transitions from the ground state of °H, /2
to 6F9/2, 6F7/2, 6F5/2’3/271/2—|—6H15/2 for Sm®>" ions
(Fig. 2a) and from the ground state of 6H15/2 to
°F,, /2+6H9 /2 for Dy’ ions (Fig. 2b), respectively.
To derive the band-gap energies (E,) for Sm’* and
Dy’" ion-doped ZnO nanocrystals, [F(R))* versus
photon energy bv is plotted in the inset of Fig. 2,
where F(R) is the Kubelka-Munk function with
FR)=_ —R)Z/ ZR,[26] and R is the observed diffuse
reflectance in UV /vis spectra. Adopting the method
proposed by Cao et al.,*”" the band-gap energies
(Ey) for Sm’*- and Dy’>"-doped ZnO nanocrystals
are determined to be 3.21 and 3.27 eV (Fig. 2, inset),
respectively, by the extrapolation to [F(R)]*=0. The
slightly larger E, for Dy’ "-doped ZnO nanocrystals
compared to that of Sm”>"-doped ZnO nanocrystals
might be caused by the quantum confinement effect
of the smaller nanoparticles.

To study the optical properties of Sm>" ions in
ZnO nanocrystals, the PL excitation and emission
spectra for Sm>"-doped ZnO nanocrystals were mea-
sured at 10 K. As shown in Figure 3a, upon excitation
above the ZnO band-gap energy (~370 nm), intense
and typical emission lines of Sm>* ions centered at
572.7, 614.9, 658.6 and 722.2nm are detected at
10K, which can be assigned to the radiative transi-
tions from *Gs /2 to its low-lying multiplets of 6H5 /25
6H7 /25 6H9 /2, and 6H11 /2, respectively. Such sharp
and well resolved emission lines of Sm>* ions under
indirect excitation indicate the existence of ZnO-to-
Sm>" ET that was not reported in Sm®"-doped bulk
or nanocrystalline ZnO previously. Besides the
characteristic emission lines of Sm>" ions, a broad
orange band with a maximum at ~600nm is also
presented in Fig. 3a, which may be associated with
the defects such as oxygen interstitials in ZnO nano-
crystals® and to some extent limits the ET
efficiency between ZnO host and Sm®" ions. The
10K excitation spectrum for Sm*>*-doped ZnO nano-
crystals (Fig. 3b), by monitoring the 4G5/2—>6H9/2

Optical Spectroscopy of Sm** and Dy>*
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FIGURE 3 The 10K PL emission (a) and excitation (b) spectra
for Sm** ions doped ZnO nanocrystals.

emission of Sm®" at 658.6nm, is dominated by an
intense broad band centered at ~370nm, which is
attributed to the near-band-edge excitation peak
and defects of ZnO nanocrystals”*® and close to
the band-gap energy (£,) derived from the RT diffuse
reflectance spectrum for Sm>*-doped ZnO nanocrys-
tals. Similar broad excitation band was also observed
in Eu®™-doped ZnO nanocrystals®'? and ZnO thin
films'®”' fabricated by the electrodeposition method.
This result further confirms that the emissions of
Sm>* can be achieved by virtue of an efficient ET
process from ZnO to Sm®". In this process, the
hexagonal wurtzite ZnO nanocrystals may act as an
effective light-harvesting antenna to absorb UV exci-
tation light and subsequently transfer energy to Sm>"
ions, and thereby result in the typical luminescence
of Sm*>*. Apart from the broad band related to ZnO
near-band-edge excitation peak, very sharp and
resolved excitation lines from f£f transitions of Sm>"
ions are also detected in the 10K excitation spec-
trum, which are identified and labeled in Figure 3b.
These excitation lines with well resolved CF split-
tings indicate the highly ordered crystalline sur-
roundings around Sm®" ions in ZnO nanocrystals.
Moreover, as shown in Figure 3b, the direct exci-
tation lines of Sm>" ions are much weaker than that

Y. Liu et al.

of ZnO band-gap excitation due to the low absorp-
tions of parity-forbidden ff transitions of Ln** ions.
The above finding establishes that the host sensitized
emission is a much more efficient path than the
direct excitation of Sm®" in ZnO nanocrystals at
low temperature.

Because of different chemical properties between
Sm®* and Zn*" ions, multiple sites are expected in
Sm**-doped ZnO nanocrystals similar to the case

[8,14] and

of Eu’" ion-doped ZnO nanomaterials
nanosheet-based ZnO microspheres.™ To verify
the multiple-site structure of Sm®" ions in ZnO nano-
crystals, site-selective emission spectrum of Sm>"
was measured upon excitation from the ground state
6H5/2 to the 4L13/2 state of Sm>" at 413.3nm at 10K
(Fig. 4a). For comparison, the 10K emission spec-
trum (560 to 680 nm) of Sm3+—doped ZnO nanocrys-
tals under indirect excitation is also presented in
Figure 4b. As shown in Figure 4a, under the
site-selective excitation at 413.3 nm, typical emission
lines originating from the transitions of Gs /2 6H_,
(J=2/5, 7/2 and 9/2) can be observed with the
dominant emission line centered at 659.8nm.
Because of Kramers degeneracy for 41> configuration
of Sm”>*, the 10K emission pattern should consist of
3, 4, and 5 emission lines for 4G5/2—>6H] J=2/5,
7/2 and 9/2) transitions when Sm®" ions occupy sin-
gle lattice site with low-symmetry in ZnO nanocrys-
tals. As a matter of fact, 2, 3, and 3 emission lines
for 4G5/2—>6H_, (J=2/5, 7/2 and 9/2) transitions
can be clearly identified when selectively excited at

@»xr=4133nm o T=10K
*
(b) A =370 nm 4 6
] Gy, Hy, i
3
3
2
@
g
£ 200 * )
- *
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e T T
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FIGURE 4 The 10K PL spectra for Sm®*" ions doped ZnO
nanocrystals under (a) direct and (b) indirect excitation.
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FIGURE 5 The 10K luminescence decay of Sm®" by monitoring the *Gs > — ®Hg » transition at 659.8 nm when excited at 413.3 nm.

413.3nm, less than theoretically predicted numbers
of splitting, suggesting that these emission lines
should arise from the single site of Sm*' ions in
ZnO nanocrystals. Different from the emission pat-
tern under direct excitation at 413.3 nm, multiple site
emissions are detected upon excitation above the
ZnO band-gap energy at ~370nm. Several new
emission lines (as marked with star symbols in
Figure 4b), with the most intense emission line at
658.6 nm, are found located very close to those lines
identified under the direct f-f excitation, indicative of
a totally different CF environment around Sm>" ions
in ZnO nanocrystals (i.e., multiple sites of Sm”* ions
in ZnO nanocrystals). The 413.3nm excitation,
which is resonant with the 6H5 /2—>4L13 /2 transition
of Sm>" > jons
in the lattice of ZnO nanocrystals, whereas the
370 nm-excited emission pattern is the superposition
of all emissions from various subsets of Sm>" ions in
ZnO nanocrystals. As a result, multiple-site emissions
of Sm>" ions are detected in Fig. 4b above the
band-gap excitation. To gain more insights into the
optical properties of multiple sites in ZnO:Sm>"
nanocrystals, the luminescence decay of Sm*" was

, can selectively excite specific Sm

measured at 10K. The decay curve of *Gs /2 shows
clearly multi-exponential nature under the 413.3 nm
excitation (Fig. 5), by fitting with a double-
exponential function, the intrinsic PL lifetime of
Sm>" at 659.8nm is determined to be 0.45 (20%)
and 2.28 (80%) ms for the fast and slow components,
respectively. Such multi-exponential decay beha-
viors are understandable due to the overlapping of
different decays from multiple Sm®" sites in ZnO
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nanocrystals, as observed in Nd*" and Tm>"
ion-doped ZnO nanocrystals.” Unfortunately, owing
to the very close CF levels for various subsets of
Sm®* ions in ZnO nanocrystals, currently it is difficult
to obtain pure luminescence decay curve from single
Sm>* site even selectively excited at 413.3 nm.

Like Sm’'-doped ZnO nanocrystals, such
multiple-site structure as well as host sensitized PL
can be also found in Dy’* ions doped ZnO nano-
crystals. As illustrated in Fig. 6a and 6¢, characteristic
and sharp emission lines of Dy’ ions superimposed
on the ZnO defect related emission band are
detected upon excitation above the band-gap at
~365nm at 10K. The emission lines centered at
580nm is ascribed to the de-excitation from 4F9/2
to its lower multiplet of °Hy 5 /2 of Dy>", implying that
the Dy emission is related to the nonradiative ET
process from ZnO to Dy’'. Such emission lines
from the 4F9/2—>6H13 /2 transition of Dy’" can also
be detected upon direct excitation at 451nm
(Figure 6¢). In contrast, the emission pattern upon
band-gap excitation is apparently distinct from that
under direct excitation at 451 nm. Two new emission
lines marked with pound signs appear in addition to
the line observed under the direct excitation, which
may arise from Dy°" ions located at different CF
environments in ZnO nanocrystals. Different lumi-
nescence patterns under indirect or direct excitations
suggest inhomogeneous CF surroundings for the
doped Dy’ ions, thereby confirming the existence
of multiple luminescence centers of Dy*" in ZnO
nanocrystals. The 10K excitation spectrum by
monitoring the 4F9/2—>6H13/2 transition at 580 nm

Optical Spectroscopy of Sm** and Dy>*
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FIGURE 6 The 10K PL (a) and PL excitation (b) spectra for Dy>* ion-doped ZnO nanocrystals. The inset (c) compares the 10K PL
spectra for Dy*"-doped ZnO nanocrystals under different excitation paths.

exhibits a dominant broad band at ~365 nm (Fig. 6b),
which is attributed to the band-gap absorption of
ZnO nanocrystals. Similar to the case of Sm®"-doped
ZnO nanocrystals, much weaker excitation lines
originating from Dy’" ions are observed due to
the parity-forbidden nature of ff transitions
(Figure 6b). The luminescence decay from 41:9/2 of
Dy>" also exhibits multi-exponential characteristics
(not shown) under the 451nm excitation, and
the intrinsic PL lifetime of “Fy /2 can be determined
to be 083 (70%) and 0.21 (30%) ms by a
double-exponential fit.

In summary, Sm>" and Dy’ ions were effectively
incorporated into hexagonal wurtzite ZnO nanocrys-
tals by using a sol-gel method, which thus resulted in
sharp and typical emission lines of f-f transitions.
The optical properties of Sm>* and Dy”" ions in
ZnO nanocrystals were investigated in detail by
means of low temperature steady-state luminescence
spectroscopy. Multiple sites of Sm®" and Dy’ ions
in ZnO nanocrystals were well identified based on
the 10K PL spectra under different excitation paths.

Y. Liu et al.

Intense host-sensitized PL of Sm>* or Dy’ ions were
achieved upon excitation above the ZnO band-gap.
These findings might be of particular interest for
further material applications in optoelectronic
devices, flat-panel displays, and biological labels.
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