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Intense  near-infrared  emission  at 1 �m  has  been  obtained  in  ZnO–SiO2:Yb3+ composites  via  a facile
sol–gel  method  upon  broadband  ultraviolet  light  excitation.  Systematic  optical  measurements  including
static  and  time-resolved  photoluminescence  have  been  performed  to  elucidate  the  energy  transfer  from
ZnO quantum  dots  to Yb3+ ions.  The  dependence  of  energy  transfer  efficiency  on Yb3+ concentration  has
vailable online 10 May 2011
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been  investigated  in  detail.  Codoping  with  Li+ ions  leads  to  about  twice  enhancement  of  the  near-infrared
luminescence  intensity  around  1 �m  at  room  temperature.  The  enhancement  in  the  luminescence  inten-
sity  could  be  mostly  attributed  to  the  modification  of  the  local  symmetry  around  Yb3+ ions by  codoping
with  Li+ ions.

© 2011 Elsevier B.V. All rights reserved.

olar cell

. Introduction

The ever-increasing demand for energy as well as the dwin-
ling fossil fuels resources has been calling for the establishment
f a clean and sustainable energy system [1].  Photovoltaic cells
lay the bridge role which directly converts the green solar energy

nto clean electrical energy via photovoltaic effect [2].  The state-of-
he-art commercial c-Si solar cells operate with energy conversion
fficiencies of around 15%, which is still much lower than the
hockley–Queisser efficiency limit of 30% [3].  One of the major
nergy loss mechanisms leading to the low energy conversion
fficiency of solar cells is the carrier thermalization generated
y the absorption of high-energy photons. To reduce this part of
nergy loss, one of the most effective methods is to modify the
olar spectrum through down-converting the high-energy photons
4,5]. The down-conversion (DC) luminescent materials based on
are-earth ions have been widely investigated as a potential DC
uminescent converter in front of c-Si solar cell panels to reduce
hermalization losses [5–9]. However, the forbidden f–f transition
f rare-earth ions lead to narrow absorption in the UV-blue region,
hich restricts their practical applications [10].

ZnO, a direct band gap semiconductor, is considered as an

ttractive donor in the process of efficiently transferring energy
nto the rare-earth ions (e.g. Eu3+, Dy3+, Ce3+), which has been

idely applied in display and optoelectronic devices [11–16].  To
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make full use of the UV-blue region of solar spectrum, we propose
ZnO–SiO2:Yb3+ hybrid materials as potential luminescent candi-
dates to enhance the photo response of the silicon-based solar cells.
Herein, we demonstrate energy transfer (ET) process from ZnO
quantum dots (QDs) to Yb3+ embedded in SiO2 matrix. Based on
static and dynamic spectroscopic data, the energy transfer mech-
anism leading to the conversion of broad UV-blue emission to
NIR photons will be discussed in detail. Highly enhanced emission
around 1 �m due to codoping with Li+ ions has also been investi-
gated.

2. Experimental details

A series of ZnO–SiO2:x%Yb3+ composites doped with and without Li+ ions
were prepared by a facile sol–gel method. In brief, 1 mmol zinc acetate-2-hydrate
[Zn(CH3COOH)2·2H2O; Sigma–Aldrich, 99.999%] and LiOH (for the sample doped
with Li+) was  dissolved in the mixture of moderate ethanolamine (NH2CH2CH2OH)
and absolute ethanol (analytical reagent) with constantly stirring at 65 ◦C. Mean-
while, 9 mmol  ethylorthosilicate (TEOS), ethanol, distilled water and different
amount of ytterbium nitric acid (x = 0, 1, 3, 5, 7, 10 mol.%) were mixed followed
by stirring for several hours at room temperature. Then the above two  solutions
were mixed together and stirred for 4 h. The transparent gels were obtained after
aged at room temperature for one week and subsequently dried at 60 ◦C for several
days. Finally, the as-prepared bulk samples were calcinated at 550 ◦C for 2 h. This
heat treatment process stimulates the nucleation and growth of ZnO QDs.

The high resolution transmission electron microscopy (HRTEM) images were
taken by using a JEOL JEM-2100F microscope (Cs = 0.5 mm,  accelerating volt-
age = 200 kV). The photoluminescence (PL) and photoluminescence excitation (PLE)
of the undoped sample were characterized on a Shimadzu RF-5301PC spectropho-

tometer equipped with a 150 W Xenon lamp as the excitation source at room
temperature. The PL spectra were also detected using the 325 nm line from a
continuous-wave He–Cd laser as excitation source, the UV emission was recorded
by  a photomultiplier and the NIR emission from Yb3+ ions was  detected by
a  Peltier cooled InGaAs photodiode using standard lock-in amplifier technique.

dx.doi.org/10.1016/j.jallcom.2011.05.011
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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F. Xiao et al. / Journal of Alloys and Compounds 509 (2011) 7794– 7797 7795

F tribut

T
h
b
1
l
(

3

i
a
t
h
4
Z
p
b
(
t
i
o
t

ig. 1. (a) HRTEM image of the ZnO QDs precipitated in SiO2 matrix, (b) the size dis

he  low temperature PL measurements were performed by using a closed cycle
elium cryostat. Time-resolved PL (TRPL) was carried out at room temperature
y time-correlated single photon counting (TCSPC) technique, with a resolution of
0  ps (PicoQuant PicoHarp 300), while a pulse laser (100 fs, 80 MHz) with wave-

ength of 280 nm from the third harmonic generation of a Titanium sapphire laser
Chameleon, Coherent Inc.) was used as an excitation source.

. Results and discussions

The HRTEM image of ZnO–SiO2 composites and the correspond-
ng size distribution histogram of ZnO QDs are shown in Fig. 1(a)
nd (b), respectively. It is clearly demonstrated that highly crys-
alline ZnO QDs with size ranging from 2 to 6 nm were dispersed
omogeneously in the host matrix. The mean diameter is about

 nm.  Lattice fringes were also clearly shown from different single
nO QDs, which indicates that the selected thermal treatment tem-
erature is appropriate for the crystallization of ZnO. The distances
etween lattice fringes are about 2.8 and 1.9 Å, corresponding to
1 0 0) and (1 0 2) lattice planes of wurtzite ZnO structure, respec-

ively [17]. The electron diffraction pattern was taken from the area
n Fig. 1(a) and presented in Fig. 1(c), showing the diffraction rings
f (1 0 0), (0 0 2), (1 0 1), (1 0 2) and (1 1 0) in good agreement with
hose of wurtzite ZnO.
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Fig. 2. PL and PLE spectra of (a) ZnO–SiO2 based composite, (b) Zn
ion histogram of ZnO QDs, (c) the electron diffraction pattern of the present region.

Fig. 2(a) presents the PL and PLE spectra of ZnO QDs  dispersed
in SiO2 matrix without Yb3+ doping. The PLE spectrum shows a
broadband absorption extending from 250 to 380 nm with peak
wavelength at 340 nm (3.65 eV) [18,19]. Upon 340 nm excitation,
the PL spectrum displays a near UV emission band centered at
397 nm which should originate from some defects states related
to oxygen vacancies near the band edge of ZnO [20,21].  It should be
mentioned that the ZnO–SiO2 interface plays an important role in
the UV emission of ZnO QDs. Due to the surface nature of the ZnO
QDs, the photon-generated carriers can be trapped by these inter-
face states, and then recombine and contribute to the UV emission
[19]. However, the absence of the notable deep level green emission
can be explained by the surface passivation of ZnO [22].

Fig. 2(b) shows the PL spectra of 10 ZnO–90 SiO2 (in mol.%) com-
posites with a varied content Yb3+ (0, 1%, 3%, 5%, 7%, and 10%)
(in mol.%) under the 325 nm laser excitation. In addition to the
UV emission at 397 nm originated from ZnO QDs, the NIR emis-
sion at around 1 �m originated from the 2F5/2 → 2F7/2 transition
of Yb3+ ions can be clearly observed, and it is interesting to note
that the emission intensity at 397 nm decreases monotonically with

increasing Yb3+ content due to the enhanced ET from ZnO QDs to
Yb3+ in SiO2 matrix. Meanwhile, the intensity of NIR emission at
around 1 �m increasing with the increase of Yb3+ concentrations

600550500450400350
Wavelength (nm)

 ZnO-SiO
2

 ZnO-SiO
2

-1% Yb
 ZnO-SiO

2
-3% Yb

 ZnO-SiO
2

-5% Yb
 ZnO-SiO

2
-7% Yb

 ZnO-SiO
2

-10% Yb

120011001000900

O–SiO2:Yb3+ composites with different Yb3+ concentration.



7796 F. Xiao et al. / Journal of Alloys and Compounds 509 (2011) 7794– 7797

110010501000950

2.0x104

4.0x104

6.0x104

8.0x104

1.0x105

1.2x105

1.4x105

1.6x105  ZnO-SiO2 -3% Yb
 ZnO-SiO2 -3% Yb-3% Li 

In
te

ns
ity

 (a
.u

.)

Wavelength (nm)

11001000
0.0

0.4

0.8
 10K
 300K

 

N
or

m
al

iz
ed

 In
te

ns
ity

 (a
.u

.)

Wavelength (nm)

a

b

Fig. 3. (a) PL spectra of 3% Yb doped ZnO–SiO2 composites without and with 3% Li
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Table 1
Decay lifetime for exponential components of x% Yb doped ZnO–SiO2 composites
excited at 280 nm with the emission monitored at 397 nm.

x (Yb mol.%) �1 (ns) A1 �2 (ns) A2 �∗
eff

(ns)

x = 0 0.53647 5.49328 3.4039 0.75875 1.88
x  = 1 0.48783 6.02938 3.3462 0.80126 1.85
x  = 3 0.43296 8.87372 3.1681 0.80644 1.53
x  = 5 0.35943 14.6516 3.0075 0.96314 1.26

in Table 1. For the sample without Yb3+ ions, the lifetime value

F
r
Y

ontents (at room temperature), (b) PL spectra of ZnO–SiO2-3% Yb, 3% Li (at 10 K and
00 K).

anging from 1 mol.% to 5 mol.%, and then decreasing at the higher
oncentrations beyond 5 mol.%. This saturation phenomenon of the
mission intensity of Yb3+ could be ascribed to the concentration
uenching effect [23].

Fig. 3(a) shows the fluorescence spectra of Yb3+ ions doped ZnO
Ds with and without the addition of 3 mol.% Li+ ions measured

t room temperature. With the Li+ addition, it is clear that the PL
ntensity increased apparently and is about twice enhancement at

 �m.  It was suggested that the addition of charge compensators
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ig. 4. (a) Luminescence decay curves recorded at 397 nm with the excitation of 280 nm la
esiduals during the reconvolution of 0 and 10 mol.% Yb3+, respectively, (d) dependence 

b3+.
x  = 7 0.38665 13.0108 2.7715 0.85755 1.15
x  = 10 0.33742 24.7709 2.7493 0.79278 0.84

of Li+ ions will change the local structure of ZnO, which will lower
the symmetry of the crystal field of Yb3+ ions and then result in
the enhancement of PL intensity [24]. The comparison of PL spectra
of Li+ and Yb3+ doped ZnO–SiO2 composites measured at 10 K and
300 K were shown in Fig. 3(b). Upon the excitation of 325 nm,  the
spectra are similar except the emission band at 10 K is sharper than
at room temperature, which is attributed to the decrease of thermal
line-broadening at low temperature.

In order to further confirm the ET from ZnO QDs to Yb3+ ions,
TRPL measurements of the UV emission related to ZnO QDs were
performed and the result is presented in Fig. 4(a). The TRPL data
were obtained under 280 nm laser excitation and monitored at
397 nm.  All of the decay curves exhibit multi-exponential feature
and the corresponding luminescent decay times can be well fitted
by a bi-exponential reconvolution as the form below,

I (t) =
∫ t

−∞
IRF (t′)

2∑
i=1

Aie
− t−t′

�i dt′ (1)

where Ai is the amplitude of the ith component at time zero, �i
is the corresponding decay time (luminescent lifetime), and IRF is
the instrument response function. The curves plotted in (b) and (c)
show the weighted residuals for the fitting of ZnO QDs with differ-
ent contents. The straight lines indicate that the fitting is reliable.

The effective average lifetime of UV emission for ZnO QDs can
be estimated by the following equation [25,26],

�∗
eff = A1�1

2 + A2�2
2

A1�1 + A2�2
(2)

The obtained values of A1, A2, �1, �2, and �∗
eff are summarized
was  determined to be 1.88 ns. With increasing of the Yb3+ content,
the lifetime of UV emission decreases from 1.85 to 0.84 ns, which
provides a direct evidence for the ET from ZnO QDs  to Yb3+ ions.
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ser for samples with different concentration of Yb3+, (b) and (c) shows the weighted
of the Yb3+ content on the lifetime of ZnO QDs and ET efficiency from ZnO QDs  to
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ig. 5. Schematic energy level diagram of the ZnO–SiO2 composites and Yb3+, illus-
rating the mechanism of the ET for the UV and NIR emission.

he dependence of lifetime on the Yb3+ concentration was plot-
ed in Fig. 4(d). From the decay curves, the ET efficiency (�ET) of
nO → Yb3+ can be determined by [7],

ET = 1 − �

�0
(3)

here � and �0 are the lifetimes of ZnO QDs with and without Yb3+

oping, respectively. From Fig. 4(d), it can be clearly observed that
he ET efficiency (�ET) increases gradually with increasing the Yb3+

opant content and up to 55.42% when the Yb3+ concentration is
qual to 10 mol.%. It was observed that there are some attached
b2O3 nanoparticles around ZnO, and a little bit of Yb3+ ions can
iffuse several tens of nanometer into ZnO lattice after the heat
reatment process [27]. Furthermore, the formation of abundant
ilicon-oxytetrahedron may  separates Yb3+ ions from the ZnO lat-
ice which result in the relative low energy transfer efficiency from
nO to Yb3+ ions.

The possible schematic energy transfer route was depicted by
n energy-level diagram as shown in Fig. 5. Upon pumping from the
alence band to the conduction band under optical excitation, most
f the excited electrons in ZnO were trapped by the defect states
hrough a nonradiative decay process. The UV emission at 397 nm
s attributed to part of the electrons in defect states recombined

ith the holes in ground states, while the energy of the rest carriers
as transferred to Yb3+ ions through the nonradiative ET process
hich results in the NIR emission corresponding to the 2F5/2 → 2F7/2

ransition of Yb3+. As for the presently studied materials, the com-
ined factors of the ZnO QDs density, defect states trapping rate
nd ET efficiency from ZnO QDs to Yb3+ determine the intensity

f NIR emission. It is expected that the increase in the density of
rap centers and energy transfer rate will enhance the intensity
f NIR emission of Yb3+ ions, which makes ZnO–SiO2:Yb3+ hybrid
aterials more suitable for spectral conversion of solar spectrum.

[

[
[
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4. Conclusions

In summary, intense NIR emission at around 1 �m of Yb3+

ions have been measured from ZnO–SiO2:Yb3+ hybrid materi-
als upon broadband UV light excitation. Codoping with Li+ ions
increased the near-infrared luminescence intensity around 1 �m
about twice at room temperature. Efficient ET from ZnO QDs to
Yb3+ ions has been clarified by the systematic measurements and
analysis of static and time resolved PL spectra. The development
of ZnO–SiO2:Yb3+ hybrid luminescent materials could open up a
potential possibility in realizing high efficiency silicon-based solar-
cells by converting the UV-blue part of the solar spectrum to NIR
photons.
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