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Abstract The broadband spectral conversion from near-UV
absorption into near-infrared emission around 1 pm is re-
ported in the ZnO-LiYbO, hybrid phosphor, which is the
benefit from the efficient energy transfer from ZnO to the
Yb3+ ions that are specifically located at the interfacial dif-
fusion regions between ZnO and LiYbO,, rather than those
in LiYbO, crystals. The Lit-related and Yb**-related de-
fect energy levels are formed inside the ZnO band gap in
the ZnO-LiYbO, hybrid phosphor; the former act as the
quenching centers for the excitons in ZnO and meanwhile
the efficient energy donors for Yb>* ions, and the latter are
responsible for the red shift of ZnO visible emission when
the excitation energy is lower than E. The excitation power
dependence of Yb>T emission intensities is measured to in-
vestigate the number of photons that are involved in the en-
ergy transfer process, which reveals that there are two chan-
nels for the sensitizing of Yb3*: One is due to the energy
transfer by the recombination of electrons and holes, which
is a cooperative energy transfer process, and the other is via
the energy feeding from the Li*-related energy levels, which
is a phonon-assistant energy transfer process.

S. Ye (X)) - D. Wang

School of Materials Science and Engineering, Tongji University,
Shanghai 201804, China

e-mail: yesong @tongji.edu.cn

Fax: +86-21-88214392

S. Tanabe
Graduate School of Human and Environmental Studies, Kyoto
University, Sakyo-ku Kyoto 606-8501, Japan

N. Jiang
Department of Physics, Arizona State University, Tempe, AZ
85287-1504, USA

1 Introduction

As a green, sustainable, and ubiquitous energy, the sunlight
has been widely explored to alleviate the increasingly se-
rious energy crisis since no other energy supply could be
as plentiful as 120,000 terawatts provided by the sun [1].
At present, the majority of commercial solar cells are sili-
con based out of hundreds materials that have been consid-
ered, such as oxides, organic molecules, and polymers, due
to its advantages of non-toxicity, stability, and abundance.
However, it has not yet been an economic one due to the
low energy conversion efficiency in the photovoltaic (PV)
devices. Due to the mismatch between the solar spectrum
and the spectral response of Si, much of the solar energy in
UV and IR regions cannot be efficiently utilized. According
to Shockley and Queisser’s model, the theoretical efficiency
limit for a single-junction solar cell with band gap of 1.1 eV
is about 30 % [2]. One of the solutions to improve the PV
conversion efficiency is to take full usage of the UV solar
photons by “cutting” one incident UV or visible photon into
two low-energy photons that can be effectively absorbed by
silicon crystal [3-5].

Recently, the rare earth (RE) doped luminescent mate-
rials have been explored as spectral converters to improve
the PV conversion efficiency of silicon solar cells [4]. It
has been reported that the near-infrared quantum cutting
in the RE3T_Yb3* (RE = Pr, Nd, Tb, Ho, Er, and Tm)
co-doped luminescent materials may improve the PV con-
version efficiency of silicon solar cells by spectral mod-
ification [6-13]. In these RE ions co-doped systems, the
Yb3+:2F5 2= 2F, /2 transition gives off a broadband emis-
sion around 1 um, which corresponds to the maximum spec-
tral response range of the crystal silicon PV devices. How-
ever, in these co-doped phosphors, the energy absorption is
governed by the 4f—4f parity forbidden transitions of triva-
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lent RE ions, in which only a small portion of the solar spec-
trum was involved in the spectral conversion process. This is
a big drawback for practical application. Effectively harvest-
ing the solar energy in a wide wavelength range is essential
for ultimately enhancing the solar cell PV conversion effi-
ciency. One effort has been made is to use RE ions with f—d
transitions as the sensitizers for the Yb3T ions, such as Ce3*
and Eu?* [14-17]. Meanwhile, the silicon-oxygen-related
defects with broadband absorption in the near UV region
were also used as the energy donors for the Yb>T in glassy
materials [18, 19].

In this work, the direct band gap semi-conductor of ZnO
was selected as the energy sensitizer for Yb>T ions in the
ZnO-LiYbO, hybrid phosphor, through which the broad-
band spectral conversion can be achieved due to the effi-
cient energy transfer from ZnO to Yb>*. The structural and
spectroscopic measurements were carried out to systemati-
cally study the mechanism that is responsible for the energy
transfer process, which indicates that there are two chan-
nels for the energy feeding of Yb3* ions. As an environ-
mental friendly phosphor that can effectively harvest the
UV-visible solar photons in a broad wavelength region and
convert them into the near-infrared emission around 1 pm,
the ZnO-LiYbO; hybrid phosphor can be considered as a
promising down conversion layer to enhance the PV conver-
sion efficiency of silicon solar cells.

2 Experimental

The ZnO-LiYbO; hybrid phosphor was synthesized using
the solid-state reaction method in a weak reducing atmo-
sphere. The starting materials were high purity ZnO, Yb,0O3,
and Li»CO3. 1 mol% Yb,O3 and 1 mol% Li,CO3 were
mixed first and grounded for 20 minutes, then added to
ZnO. The mixtures were ground for 2 hrs, and sintered at
1050 °C for 2.5 hours by putting the crucible filled with
raw materials into a bigger graphite crucible. For compar-
ison, pure ZnO powder, ZnO mixed with 1 mol% Yb,O3 or
1 mol% Li,COs3 were sintered at the same conditions. The
LiYbO; crystal was also prepared by sintering an equal mo-
lar percent of Li,CO3; and YbyO3 mixture at 1050 °C for
2.5 hours in air. X-ray diffraction (XRD) profiles were ob-
tained on a Rigaku D/MAX-RA diffractometer using a Cu
target. The photoluminescence excitation (PLE) and photo-
luminescence (PL) measurements were carried out using a
RF-5300PC (Shimadzu). The excitation power dependence
of emission intensity was measured using a computer con-
trolled measurement system including a xenon lamp (Asahi
Spectra Co., Ltd., MAX-302), 350 and 400 nm band pass
filters with bandwidth of 10 nm, a monochromator (Nikon,
G250), a lock-in amplifier (NF Electronic Instruments LI-
570A), and a Si photodiode (Electro-Optical System Inc.,
S-025-H).
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Fig. 1 X-ray diffraction patterns of (a) non-doped ZnO, (b) 1 mol%
Yb,03 mixed ZnO, (¢) 1 mol% Li,CO3 and 1 mol% Yb,03 co-mixed
ZnO, and (d) the enlargement of (¢) and the LiYbO, diffraction pattern
(JCPDS #01-076-0428)

3 Results and discussion
3.1 Structure by XRD measurement

The XRD profiles of the sintered materials are shown in
Fig. 1. In the non-doped ZnO, all the diffraction peaks be-
long to the hexagonal wurtzite ZnO. In the mixture of ZnO
and Yb;,Os3, the diffraction peaks consist of both hexagonal
ZnO and cubic Yby03, and there is no detectable change in
the peak positions for ZnO, which indicates that the Yb3+
ions cannot be doped into the ZnO lattice by the solid-state
reaction method. While in the Li;CO3 and Yb,O3 co-mixed
ZnO, the new diffraction peaks belonging to LiYbO; phase
were also observed, as shown in Figs. 1(c) and 1(d). Ac-
cording to our previous structural study [20], the LiYbO,
crystals were grown on the ZnO surface with the formation
of diffusion interfaces, and thereafter called ZnO-LiYbO,
hybrid phosphor.

3.2 Origin of the intense Yb>* emission

Figure 2 shows a group of PL spectra for the ZnO-LiYbO;
hybrid phosphor under the excitation of 350-400 nm with a
wavelength step of 10 nm. All of the PL spectra consists of a
broadband visible emission and an infrared emission around
I um. The former is due to the radiative recombination of
the electrons from the conduction band edge with deeply
trapped holes in the ZnO [21, 22], and the latter is originated
from the Yb>*:2Fs/, — 2F7)» transition. Interestingly, the
peak position of the visible emissions shows a red shift from
510 to 550 nm with the increase of excitation wavelength
when the excitation energy is lower than the band gap of the
ZnO semiconductor (Eg ~ 3.37 eV). The excitation wave-
length dependence of the visible emission peak position is
illustrated in the inset of Fig. 2.

The PLE spectra of these visible emissions at 510, 520,
540, and 550 nm, and the Yb?t infrared emission at 986 nm
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Fig. 2 PL spectra under the excitation of 350-400 nm with a wave-
length step of 10 nm in the ZnO-LiYbO, hybrid phosphor. The inset
shows the excitation wavelength dependence of ZnO visible emission
peak position

Energy (eV)
6555 45 4 3.5 3
ZnO-LiYbO,

frer

g xem_ (nm)
_E' 510
A 520
Z| Z21 g0
E 986
[

'

£

L bt L i
200 250 300 350 400 450
Wavelength (nm)

Fig. 3 PLE spectra of ZnO visible emissions at 510, 520, 540, and
550 nm, and Yb37 infrared emission at 986 nm in the ZnO-LiYbO,
phosphor

were measured, as shown in Fig. 3. The PLE spectra for
the visible emissions show a similar spectral profile, which
is composed of a broad band in the near UV region and a
smooth edge around 395 nm. The PLE spectra for Yb3* in-
frared emission also show a similar broadband structure in
the near UV region, however, a sharp peak at 395 nm. The
similarity of the broad excitation band in the near-UV region
indicates the energy transition from ZnO to Yb3*, however,
the origin of the sharp excitation need to be a further inves-
tigation.

In order to get clear on the mechanism that is responsi-
ble for the strong Yb3* infrared emission and the red shift
of ZnO visible emission in the ZnO-LiYbO; hybrid phos-
phor, the PLE and PL spectra were also measured in the non-
doped, 1 mol% Yb,O3 single-mixed and 1 mol% Li,CO3
single-doped ZnO, respectively. The results are given in
Fig. 4. The PLE spectrum of the visible emission in the
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Fig. 4 PLE spectra of ZnO visible emission at 503 nm (blue solid),
and PL spectra excited by 350 nm (red dash), and 380 nm (green
solid) in (a) non-doped, (b) YbyO3 single-mixed, and (¢) Li,CO3
single-dope ZnO

non-doped ZnO consist of a broad band in the near-UV re-
gion and a sharp peak just below Eg, which are correspond-
ing to the intrinsic absorption and excitonic absorption of
ZnO, respectively [23, 24]. In the YbyO3 single-mixed ZnO,
only the visible emission from ZnO can be detected and the
PLE spectrum of the visible emission shows similar spectral
profile with that of the non-doped ZnO. In contrast, in the
Li»CO3 single-doped ZnO sample, the sharp excitation band
for the visible emission due to the excitonic absorption is
annihilated. The quenching of the sharp excitation band for
ZnO visible emission has also occurred in the ZnO-LiYbO,
hybrid phosphor where the Li™ ions are included; however,
which is dominated in the Yb3* excitation spectra.

As we know, the introduction of alien ions into a crystal
lattice produces defects. In both the Li»CO3 single-doped
ZnO and the ZnO-LiYbO, hybrid phosphor, the Lit ions
may occupy substitutional and interstitial positions in the
ZnO host, and thus the Li*-related defect energy levels are
formed in the band gap. The chemical defect formation due
to LiT-doping mainly occurs as follows [25-27]:

L0 23 2Lil, +Li® + 0%

Based on the observations in Figs. 2—4, the Li*-related
defect energy levels may act as the quenching centers for
the excitons in ZnO and meanwhile the energy donors for
Yb3+ ions. It should be noticed that under the sub-band ex-
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Fig. 5 PLE spectra of 625, 653, and 758 nm emissions in the LiCO3
single-doped ZnO, which are normalized at the maximum intensity.
The PLE spectrum of Yb3*+ 986 nm emission in the ZnO-LiYbO» hy-
brid phosphor is also plotted here for comparing, which is normalized
at the maximum of intrinsic absorption

citation of ZnO at 380 nm (~3.26 eV), the emissions at 625,
653 and 758 nm specially appeared in the Li,CO3 single-
doped ZnO, as shown in Fig. 4(c), which can be attributed
to the radiative emissions from the Li*-related defects. In
the ZnO-LiYbO, hybrid phosphor, these Li*-related defect
emissions are completely quenched, as shown in Fig. 2, in-
dicating the LiT-related defect energy levels are very effi-
cient energy donors for Yb3* ions. Meanwhile, by compar-
ing the PLE spectra for the LiT-related defect emissions and
Yb3+ emission in Fig. 5, we can observe that the Yb3+ PLE
spectrum envelops both of the excitation bands for the Li*-
related defect emissions; this is another evidence for the en-
ergy transfer from the LiT-related defect energy levels to
Yb3+ ions.

Moreover, we suggest that the strong infrared emission
in the ZnO-LiYbO; hybrid phosphor is due to the efficient
energy transfer from ZnO to the small amount of Yb>* ions
that are incorporated in to ZnO lattice along with the Li™
ions at the interfacial diffusion regions, rather than the Yb3t
ions in the LiYbO> crystals. This suggestion can be proved
by comparing Yb3* PL spectra in the ZnO-LiYbO, hybrid
phosphor and the pure LiYbO; crystals under the direct ex-
citation of Yb3*:2F; /2 energy level. As shown in Fig. 6, un-
der the excitation of 937 nm LD, the ZnO-LiYbO, hybrid
phosphor shows intense Yb3* infrared emission with the
same spectral profile as indirectly excited ZnO with near-
UV light (as shown in Fig. 2). In contrast, the LiYbO; crys-
tal shows much weaker Yb>T emission with different spec-
tral profile. Because the structure of Yb*>* PL spectrum is
sensitively related to the local crystal field, the compari-
son in Fig. 6 indicates that the intense infrared emission in
the ZnO-LiYbO; hybrid phosphors is originated from the
Yb3* ions that are located at the interfacial diffusion re-
gion.
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Fig. 6 Yb3* PL spectra in the ZnO-LiYbO, hybrid phosphor and the
LiYbO, crystal under the excitation of 937 nm LD

3.3 Shift of the ZnO visible emission peak position

Considering the incorporation of Yb3* ions into ZnO lat-
tice at the interfacial diffusion region, the Yb3*-related de-
fect energy levels may be formed close to the conduction
band edge, which can shallowly trap electrons. Compar-
ing the electrons from the conduction band, the radiative
recombination of the electrons from the Yb3*-related de-
fect energy levels with the deeply trapped holes gives off
lower-energy emission. As a result, when the excitation en-
ergy is lower than Eg, the lower the excitation energy, the
higher probability of the electron to be trapped by the Yb3*-
related defect energy levels, therefore, the more the low-
energy emission contributes to the overall visible emission.
This leads to the red shift of the visible emission with the
increase of excitation wavelength. While when the excita-
tion energy is higher than Eg, the electrons can be excited
deep into the conduction band, so that the visible emission
is due to the radiative recombination of the electrons re-
laxed to the conduction band edge with the deeply trapped
holes, which gives off higher-energy emission with constant
value.

3.4 Two channels for the sensitizing of Yb>+
in the ZnO-LiYbO; hybrid phosphors

In order to investigate the number of photons that are in-
volved in the energy transfer process, the excitation power
dependence of Yb>* emission intensity was studied under
the excitation of intrinsic absorption of 350 nm and exci-
tonic absorption at 400 nm, respectively, as shown in Fig. 7.
The relationship between the emission intensity I and the
excitation power P can be described as I o P", which
means the fitted slopes in Log-Log scale indicates the num-
ber of photons that are involved in the energy transfer pro-
cess, and the n = 1 for one phonon process and n = 0.5
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for quantum cutting process [18, 28-30]. It can be observed
from Fig. 7 that under the excitation of 350 and 400 nm
the slope for excitation power versus Yb3t emission inten-
sity in Log—Log scale has a value of 0.59 and 0.89, respec-
tively. We therefore suggest that there may be two channels
for the energy sensitizing of Yb>* ions, as schematically
shown in Fig. 8. One channel is due to the energy trans-
fer by the recombination of electrons and holes in ZnO, and
the other is via the energy transfer from the LiT-related de-
fect energy levels. When the electrons were excited into the
conduction band or the Yb3*-related defect energy levels
through intrinsic absorption, the recombination of electrons
with deeply trapped holes will sensitize two Yb3* ions si-
multaneously, which is a cooperative energy transfer pro-
cess that leads to the “cutting” of one UV photon into two
infrared photons. This suggestion is also reasonable from
the energy point of view, as the recombination energy is
around 2.3 eV, which is twice the energy of Yb**:%F;s /2
excited state. While when the excitation energy is low, the
excitons will be created in the ZnO host. The exciton anni-
hilation energy trapped at the LiT-related energy levels can
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Fig. 7 Excitation power dependence Yb3* infrared emission with the
excitations of 350 and 400 nm, respectively

Fig. 8 Schematic diagrams that
describing the energy transfer

excite one Yb>T, this is a phonon-assistant energy transfer
process.

4 Conclusions

The ZnO-LiYbO; hybrid phosphor was synthesized by the
solid state reaction in a weak reducing atmosphere, in which
the broadband spectral conversion from near-UV to near-
infrared can be achieved due to the efficient energy trans-
fer from ZnO to those Yb>T ions that are located at the
interfacial diffusion region. Due to the introduction of Li™
ions and small amount of Yb3* ions, the Lit-related and
Yb3*-related defect energy levels were formed in the ZnO
band gap. The former act as the quenching centers for ex-
citons and meanwhile the efficient energy donors for the
Yb3t ions, while the latter are responsible for the red shift
of ZnO visible emission when the excitation energy is lower
than E,. The excitation power dependence of emission in-
tensity reveals that there are two mechanisms that are re-
sponsible for the energy transfer from ZnO to Yb3*: the
cooperative energy transfer process and the phonon assis-
tant energy transfer process. This research revealed a new
method to realize the broadband spectral conversion by se-
lecting the direct band gap semi-conductor of ZnO as the
energy sensitizer for Yb>* ions, which may benefit the im-
provement of silicon solar cell PV conversion by spectral
modification.
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