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a  b  s  t  r  a  c  t

We  demonstrated  an  efficient  two-photon  near-infrared  (NIR)  quantum  cutting  (QC)  in  Ho3+–Yb3+

co-doped  hexagonal  ˇ-NaYF4, which  could  efficiently  convert  an incident  high-energy  photon  in the
wavelength  region  of  300–550  nm  into  two NIR photons.  Underlying  mechanism  for  the  two-photon
NIR-QC  process  is analyzed  in  terms  of static  and  dynamic  photoemission  and  monitored  excitation
eywords:
own-conversion
uantum cutting
nergy transfer

spectra.  It is  found  that NIR-QC  can  occur  through  two  possible  energy  transfer  (ET)  approaches:  (i)  the
excited  Ho3+:5F3 state  may  simultaneously  excite  two  Yb3+ neighbors  via  a  cooperative  ET process,  and  (ii)
the  NIR-QC  can be  feasibly  induced  by  a first  Ho3+(5S2,5F4) +  Yb3+(2F7/2) →  Ho3+(5I6)  +  Yb3+(2F5/2) resonant
ET  process  and  a sequential 5I6 → 5I8 transition  of Ho3+. This  novel  NaYF4:Ho3+,Yb3+ NIR-QC  phosphor,

ach  t
ear-infrared
olar cells

may explore  a new  appro

. Introduction

Quantum cutting (QC) involving efficient down-conversion of
ne incident high-energy photon to two or more low-energy pho-
ons has become a hot-focused research topic recently [1–3]. It is
f very significance to develop novel QC materials with quantum
fficiency (QE) exceeding unity. Ever since QC was first achieved
n Pr3+-doped fluorides by cutting one incident vacuum ultraviolet
UV) photon into two visible photons, QC luminescence has been
xtensively investigated for its potential application in high effi-
ient plasma display and mercury-free fluorescent tubes [2–10].
ost recently, the research focus of QC has been shifted to near-

nfrared (NIR) region for its potential photovoltaic application [3].
he NIR-QC through down-conversion has been well demonstrated
n Ln3+–Yb3+ (Ln = Tb, Tm,  Pr, Er and Ho) couples co-doped materi-
ls, which efficiently down-converts one incident UV-blue photon
nto two NIR photons (∼1000 nm)  via energy transfer (ET) from
onor ions (Tb3+, Tm3+, Pr3+, Er3+ and Ho3+) to acceptor ions (Yb3+)
11–18]. Yb3+ ion is well known to character the relatively simple
wo energy-level manifolds: the 2F7/2 ground state and 2F5/2 excited
tate at ∼10,000 cm−1. Its broad emission (900–1100 nm)  is roughly
verlapped with the band gap (1.12 eV) of crystalline silicon (c-

i), making Yb3+ as an attractive candidate for NIR-QC materials to
mprove the performance of c-Si solar cells [3,19].  However, in the

ost of the case, the NIR-QC are achieved through a second-order

∗ Corresponding author. Tel.: +86 20 87113681; fax: +86 20 87114204.
E-mail address: qyzhang@scut.edu.cn (Q.Y. Zhang).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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o maximize  the performance  of  solar  cells.
© 2011 Elsevier B.V. All rights reserved.

cooperative ET (CET, 103 times lower probable than the first-order
resonant ET) [17,18,20],  and the lower CET efficiency makes it only
efficient at rather high Yb3+ concentration, where Yb3+ emission is
mainly quenched due to concentration quenching (CQ) [3,11–17].
Thus, a NIR-QC via resonant ET process is more favorable for lumi-
nescent materials with a higher QE, which requires an intermediate
level on donor ion to resonantly excite acceptor ions by the two-
step ET processes.

In this paper, a feasible NIR-QC has been well demonstrated
in Ho3+–Yb3+ co-doped hexagonal ˇ-NaYF4 that efficiently con-
verts one incident high-energy photon in 300–550 nm to two NIR
photons. NaYF4 was chosen as the host lattice due to its low
phonon energy. Contrary to the typical upconversion scheme of
NaYF4:Ho3+,Yb3+ [20–22],  the NIR-QC originating from the excited
5F3 and from 5S2,5F4 states of Ho3+ can be efficiently induced via
the possible cooperative and resonant ET processes, respectively.
Noted that low phonon energy is required for the both two  fluo-
resce mechanisms because nonradiative relaxation (NR) from the
5F3 and 5S2,5F4 states is determined by multiphonon relaxation.

2. Experimental details

The NaYF4:1%Ho3+,x%Yb3+ (x = 0, 1, 6, 10 and 20) phosphors were synthesized by
a  hydrothermal procedure using (Y2O3, Ho2O3, Yb2O3, 99.99% purity) and (HNO3,
NH4HF2, NaF, analytical reagent) as starting materials. Firstly, Ln(NO3)3 (Ln3+ = Y3+,
Ho3+ and Yb3+) solutions (0.05 mol/L) were obtained by dissolving the specified sto-
ichiometric Y2O3, Ho2O3 and Yb2O3 in a hot HNO3 solution, respectively. Secondly,

0.005 mol  NaF (0.2100 g) and 0.045 mol  NH4HF2 (0.5668 g) were completely dis-
solved in distilled water, and then an appropriate amount of Ln(NO3)3 (Ln3+ = Y3+,
Ho3+ or Yb3+) solution was  added under magnetic stirring with adjusting the pH
value to 3 by the dropwise of ammonia solution (27 wt.%). At last, after vigorous
stirring for about 30 min, the resultant white suspension was transferred into a

dx.doi.org/10.1016/j.jallcom.2011.07.088
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:qyzhang@scut.edu.cn
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Fig. 1. The measured XRD pattern of NaYF4:Ho3+,Yb3+ phosphors as well as the
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tandard XRD pattern of NaYF4 (JCPDS 16-0334) used as reference. Inset of Fig. 1
hows SEM image of the synthesized hexagonal NaYF4:Ho3+,Yb3+ phosphors.

0  mL Teflon-lined stainless steel autoclave, filled up to 80% of its capacity, sealed
ightly and heated at 220 ◦C in an electrical furnace for 20 h. After slowly cooled
own to room temperature, the filtrated precipitate was centrifuged several times
ith the distilled water and absolute ethanol to remove any possible ionic remnant,

nd  finally dried at 80 ◦C for 8 h in ambient atmosphere.
The phase identification of the obtained products was analyzed by means of

 Philips Model PW1830 X-ray powder diffractometer (XRD) applying graphite
onochromator and Cu K  ̨ radiation (� = 1.78010 Å). The size and morphology of the

amples were inspected by a scanning electron microscope (SEM, JEOL JEM-1010).
he photoluminescence (PL) and photoluminescence excitation (PLE) spectra, and
uorescence decay curves in visible and NIR regions were determined on a FSP920-
ombined with time resolved and steady state fluorescence spectrophotometer
Edinburgh Instruments LTD) fitted with a 450 W xenon lamp as the excitation
ource. All the visible PL spectra were corrected for the wavelength-dependent
esponse of the detector system.

. Results and discussion

.1. Characterization

Fig. 1 shows the representative XRD pattern of the
aYF4:Ho3+,Yb3+ sample and the standard XRD pattern (JCPDS
6-0334) of NaYF4. It can be seen that the recorded XRD pattern

s well indexed to a pure hexagonal ˇ-NaYF4 (primitive lattice,
pace group p63/m, a = 5.96 Å, c = 3.53 Å). There is no any other
iffraction peak corresponding to impurity or allotropic phase,
evealing the pure Ho3+–Yb3+ co-doped ˇ-NaYF4 polycrystals have
een obtained by the hydrothermal technique. The primitive unit
ell of hexagonal ˇ-NaYF4 owns three cationic sites: one for Ln
ons (1a), one for both Ln and sodium ions (1f), and the third for
odium ions (2 h) [23]. Because the ionic radius of Ho3+ (0.90 Å) or
b3+ (0.86 Å) is very close to that of Y3+ (0.89 Å) [24], they would
ore probably substitute for the Y3+ ion with little defect. The

EM image of NaYF4:Ho3+,Yb3+ microcrystals is exhibited in the
nset of Fig. 1. It can be seen that the sample develops into typical
exagonal prismatic microrode with cracked ends. It is noted that
he hexagonal ˇ-NaYF4 is a much better host lattice than the cubic
-NaYF4 for the luminescence of various optically active Ln ions

23,25,26].

.2. Cooperative NIR-QC in Ho3+–Yb3+ couple from the excited

o3+:5F3 state

Upon 480 nm light exciting Ho3+ into the 5F3 state in
aYF4:Ho3+, the typical PL peaks [Fig. 2(b)] centered at 540, 650,
pounds 509 (2011) 9919– 9923

750, 965 and 1015 nm can be strongly observed, which are easily
attributed to the 5F4(5S2) → 5I8, 5F5 → 5I8, 5F4,5S2 → 5I7, 5F5 → 5I7
and 5F4,5S2 → 5I6 transitions, respectively. Just as Yb3+ ions co-
doped into NaYF4:Ho3+, the visible PL intensity of Ho3+ decreases
monotonously with the Yb3+ content increase, while the inten-
sity of NIR 985 nm emission (Yb3+:2F5/2 → 2F7/2) first rises up to
the maximum at 10 mol%Yb3+ and then decreases due to CQ with
further enhancement of Yb3+ content, as shown in Fig. 2(b). These
results suggest that the excitation energy absorbed by Ho3+ ions can
be efficiently transferred to Yb3+ ions in NaYF4:Ho3+,Yb3+. Accord-
ingly, the well overlapping PLE bands [Fig. 2(a)], readily ascribed
to the intra-4f forbidden transitions of Ho3+ ions, are recorded
by monitoring the characteristic emissions of Ho3+ (540, 965 and
1015 nm)  and Yb3+ (985 nm), respectively. These observation addi-
tionally provide a convinced proof for the efficient ET from Ho3+

to Yb3+ because there does not exist PLE band in 300–500 nm for
Yb3+ ion (its charge transfer band located at shorter than 260 nm in
NaYF4 host) [27].

The energy level diagram in Fig. 3(a), labeled according to
the Russell-Saunders Stark level structure of activator ions,
schematically presents the possible ET processes of Ho3+ → Yb3+.
Upon excitation of Ho3+ into the 5F3 state, the strong NIR emis-
sion of Yb3+ can be obtained via the following three feasible
ET mechanisms: (i) NIR-QC in Ho3+–Yb3+ couple via a CET pro-
cess: Ho3+(5F3) → 2Yb3+(2F5/2) + h�; (ii) resonant cross-relaxation
(CR) process following fast NR from the excited 5F3 to 5S2,5F4
states: Ho3+(5S2,5F4) + Yb3+(2F7/2) → Ho3+(5I6) + Yb3+(2F5/2) + h�;
(iii) another resonant CR process from 5F5 state non-
radiatively populated from higher energy levels:
Ho3+(5F5) + Yb3+(2F7/2) → Ho3+(5I7) + Yb3+(2F5/2) + h�. Though
NaYF4 host lattice owns a lower phonon energy ∼400 cm−1,
the excited 5F3 state can be nonradiatively decayed to the next
5S2,5F4 states according to energy gap law [28], which is confi-
dently proved by the intense 540 nm (5F4,5S2 → 5I8) and 750 nm
(5F4,5S2 → 5I7) emissions [Fig. 3(b)]. Consequently, the last two
ET mechanisms (ii) and (iii) are readily achieved by absorbing or
emitting 1–2 phonons because of the roughly equal energy gaps:
9852 cm−1 (Ho3+:5S2,5F4 → 5I6), 10,331 cm−1 (Ho3+:5F5 → 5I7) and
10,000 cm−1 (Yb3+:2F5/2 → 2F7/2). However, just as the obvious PL
band at 486 nm (Ho3+:5F3 → 5I8) shown in Fig. 3(b), the excited
5F3 state is testified to character lifetime long enough to compete
with the multiphonon assisted NR processes. Furthermore, the
PL intensity of 486 nm monotonously reduces according with
Yb3+ content increase in NaYF4:Ho3+,Yb3+. These results directly
indicate that the energy in the excited 5F3 state can be efficiently
transferred to the co-doping Yb3+ ions. That is to say, though
the overlap between Ho3+ emission from the 5F3 state and Yb3+

absorption is absent, the NIR-QC in Ho3+–Yb3+ couple also can be
reached by means of the second-order CET process because the
sum of two Yb3+ (acceptor) absorption transitions energy equals
to Ho3+ (donor) emission energy [7–11]. Therefore, the presence of
Yb3+ ions as an extra decay pathway can efficiently compete with
the spontaneous 486 nm emission (5F3 → 5I8) of Ho3+ ions.

Fluorescence decay curves of the Ho3+:5F3 state are depicted in
the inset of Fig. 3(b). It can be seen that the lifetime of the Ho3+:5F3
level decreases slowly due to the inefficient Ho3+ → Yb3+ CET pro-
cess at lower Yb3+ contents (≤10 mol%) but quickly due to the high
efficient CET process at higher Yb3+ contents (>10 mol%), which
well agrees with the nature of the second-order CET process. In
this case, the total NIR QE is theoretically evaluated to be more
than 100% [11–17].  However, as shown in Fig. 3(b), the PL intensity
of the 5F3 → 5I8 transition (486 nm)  is proved to be rather weak by

comparing with that of the 5S2,5F4 → 5I8 transition (540 nm), which
means that the excited 5F3 state is almost completely depopulated
to the following 5S2,5F4 states by multiphonon relaxation. On the
other hand, the CQ of Yb3+ NIR emission indeed occurs with Yb3+
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Fig. 2. (a) PLE spectra of the NaYF4:Ho3+,Yb3+ phosphors, and (b) visible-

oncentration exceeding 10 mol%. Hence, the NIR-QC luminescence
riginating from the excited 5F3 state is concluded to be relatively
nefficient via CET from Ho3+ to Yb3+ ions.

.3. Efficient resonant NIR-QC in Ho3+–Yb3+couple with 5I6 acting
s an intermediate level

When we record the NIR PL spectrum in a larger region, an
ntense NIR emission peak centered at 1180 nm (Ho3+:5I6 → 5I8) can
e observed upon excitation of Ho3+ into the 5S2,5F4 states, as pic-
ured in Fig. 4(b). It is of very significant interest to find that, under
xcitation of 535 nm light, not only the luminescence intensity of
85 nm enhances as Yb3+ doped into NaYF4:Ho3+, but also that
f Ho3+:5I6 → 5I8 transition (1180 nm)  monotonously increases.
nversely, the visible luminescence intensity of Ho3+, as shown in
ig. 4(b), quickly decreases with the addition of Yb3+ ions, sug-

esting that ET efficiently takes place from Ho3+ to Yb3+. Fig. 4(a)
xhibits the PLE spectra of NaYF4:Ho3+,Yb3+ monitored at emission
ights of Ho3+ (650 and 1180 nm)  and Yb3+ (985 nm), respectively.
he measured PLE bands in 300–550 nm,  well assigned to the
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f  Fig. 3(b) exhibits the decay curves of the Ho3+:5F3 → 5I8 transition in NaYF4:Ho3+,Yb3+.
 spectra (500–1100 nm) of the samples under excitation of 480 nm light.

corresponding intra-4f transition of Ho3+, overlap well with each
other, which further provide a convinced evidence for the efficient
ET from Ho3+ to Yb3+.

The ET process of NaYF4:Ho3+,Yb3+ has been schematically
illustrated in an energy level diagram plotted in Fig. 5(a). Upon
excitation of Ho3+ into the 5S2,5F4 states, the resonant two-step
NIR-QC in Ho3+–Yb3+ couple can efficiently occur with the 5I6 state
acting as an intermediate level: firstly, the excited Ho3+:5S2,5F4
states can intensely excite one Yb3+ neighbor through a resonant
CR process (Ho3+:5S2,5F4 → 5I6 and Yb3+:2F7/2 → 2F5/2) emitting a
NIR 985 nm photon, and secondly, the populated 5I6 state can be
sequentially decay to the 5I8 ground state by generating another
NIR 1180 nm photon. As a result, the Yb3+ luminescence intensity
enhances with Yb3+ contents increase due to the more efficient
resonant CR between Ho3+ and Yb3+ at higher Yb3+ concentra-
tion but reduces at Yb3+ contents more than 10 mol% due to CQ

among Yb3+ ions. On the other hand, the 1180 nm PL intensity
of Ho3+ also improves greatly because of the more population of
5I6 state induced by the more efficient resonant CR between Ho3+

and Yb3+ at higher Yb3+ contents. Because the probability of the
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(b) visible PL spectra (�ex = 449 nm)  of Ho3+ as a function of Yb3+ contents. The inset
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ig. 4. (a) PLE spectra of NaYF4:Ho3+,Yb3+ monitored at PL of 650, 985 and 1180 nm,

rst-order resonant ET process is typically 103 higher than that
f the second-order CET process [20], this resonant NIR-QC in
o3+–Yb3+ couple should be considerably efficient to sequentially
mit a 985 and 1180 nm photon by down-converting a high-energy
hoton absorbed in the wavelength region of 300–550 nm.

The decay curves of the Ho3+:5S2,5F4 states are depicted in
ig. 5(b) for the samples doped with various Yb3+ contents. A mean
ecay time �m is given by the following equation:

m =
∫ ∞

t0

[
I(t)

I0

]
dt, (1)

here I(t) is the luminescence intensity depending on time t and
0 is the maximum value of I(t), which occurs at the initial time t0
29]. For the Yb3+-free sample, a nearly single exponential decay

urve is obtained with a lifetime of 160.49 �s. As Yb3+ contents
ncrease, the decay curves turn to be nonexponential with a rapid
ecrease in lifetime, which can be explained by the introduction of
n extra decay pathway, i.e.,  the resonant ET from the excited Ho3+
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gth (nm)

ctively, and (b) PL spectra (�ex = 535 nm)  in the wavelength region of 610–1290 nm.

to neighboring Yb3+ ions, efficiently competing with the sponta-
neous emission (540 nm)  of Ho3+ ions. The ET efficiency is defined
as the ratio of donor ions that are depopulated by ET to acceptor
ions over the total number of excited donor ions [3–11]. Suppos-
ing that there does not exist nonradiative energy losses by defects
and impurities, the ET efficiency (�ET) and the total QE (�QE) of
NaYF4:Ho3+,Yb3+ phosphors can be theoretically calculated by the
following equations [1–3,11–17]:

�ET = �x%Yb = 1 −
∫

Ix%Ybdt∫
I0%Ybdt

, (2)

�QE = �Ho(1 − �ET) + 2�Yb�ET, (3)

where I denotes the decay intensity, x % Yb denotes the Yb3+ con-
tents, and �Ho and �Yb stand for QE of Ho3+ and Yb3+. It has been

determined that the �ET for the samples doped with 1, 6, 10 and
20 mol% Yb3+ are 17%, 68%, 82% and 86% respectively. Correspond-
ingly, on the assumption that all the excited Ho3+ and Yb3+ decay
radiatively, i.e.,  �Yb = �Ho = 1, the upper limits values of �QE can be
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stimated to be 117%, 168%, 182% and 186%. Additionally, the decay
ime and QE as a function of Yb3+ contents are shown in the inset
f Fig. 5(b). It is noted that, although NIR emission (985 nm)  is
uenched due to CQ at Yb3+ contents beyond 10 mol%, the exact
aximum QE is still up to 182%.
However, as indicated in Fig. 5(a), another resonant CR process

etween Ho3+:5F5 → 5I7 and Yb3+:2F7/2 → 2F5/2 also contribute to
he intense 985 nm photons emission at a certain extent. Just as
hown in Fig. 6, the decay time of Ho3+:5F5 state quickly decreases
ith the Yb3+ content increase, revealing the existence of ET from
o3+ to Yb3+. More importantly, as shown in the inset of Fig. 6, the
b3+ contents dependent Ho3+:5F5 → 5I8 luminescence spectra fur-
her confirm that Ho3+(5F5) + Yb3+(2F7/2) → Ho3+(5I7) + Yb3+(2F5/2)
esonant CR process does play a certain role in improving the NIR
L intensity of Yb3+ ions, especially at higher Yb3+ contents in
aYF4:Ho3+,Yb3+. However, for the large energy gap ∼3100 cm−1

f 5S2,5F4 → 5F5 but low phonon energy ∼400 cm−1 of NaYF4 host
attice, the 5F5 state populated by multiphonon assisted NR from
he upper excited 5S2,5F4 states is demonstrated to be rather inef-
cient by comparing the PL intensity of 540 or 750 nm with that
f 650 nm.  Hence, it can be concluded that the first-order reso-
ant NIR-QC from the Ho3+:5S2,5F4 states would dominate the NIR
hotons emission in NaYF4:Ho3+,Yb3+ phosphors.
. Conclusion

In summary, efficient NIR-QC in NaYF4:Ho3+,Yb3+ has been
ell demonstrated via the cooperative and resonant ET processes

[

[
[
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from Ho3+ to Yb3+ ions. The high-energy photons of 300–550 nm
are facilitated to be down-converted to NIR photons by a factor
of 2. The fluorescence decay times of Ho3+ donors are recorded
under excitation of Ho3+ into various states as a function of Yb3+

concentration. As expected, the first-order resonant NIR-QC pro-
cess is determined to dominate the intense NIR emissions of
985 nm (Yb3+) and 1180 nm (Ho3+) and an optimum QE is ratio-
nally estimated to be about 182% before Yb3+ reaching the CQ
threshold. This efficient NIR-QC material may  significantly improve
the potential application in increasing the performance of solar
cells.
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