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Abstract Er**/Yb** co-doped YF; powder is prepared by
combining a nitrate decomposition method with a NH4HF;
fluorization process, from which efficient energy transfer in-
duced down-conversion is achieved. An absorbed 365 nm
near ultraviolet photon is split into two photons of 650 nm
red and 1000 nm near infrared radiations, both falling in
the responding region of Si-based solar cells. The quan-
tum cutting mechanism has been proposed and discussed
and the energy transfer efficiency for the quantum cutting is
evaluated by developing an emission intensity ratio contrast
method. The investigation might offer a new possible ap-
proach to achieve Si-based solar cells of high efficiency by
down-converting the near ultraviolet part of the solar spec-
trum.

Quantum cutting (QC) was firstly reported in Pr3* doped
YF3 and NaYF4 phosphors in the early 1970s [1, 2]. It could
generate two low-energy photons from an absorbed incident
high energy photon, by which the necessary redshift of the
absorbed radiation is obtained without losing energy effi-
ciency. This is considered as an exciting scenario toward the
development of superior luminescent materials and devices
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[1-4]. After that, QC has also been witnessed in other mate-
rials doped with a single rare earth ion such as Pr3*, Tm3+
and Gd>* [3, 4].

The QC down-conversion based on an ion-couple was
firstly reported in LiGdF,4 phosphor by Wegh [5], of which a
vacuum ultraviolet photon is absorbed by Gd>* and two red
photons are then emitted by Eu** ions. Thereafter, many
people attached great importance to QC by the combina-
tion of two or even three ions such as Er*t — Gd37 [6],
Gd3* — Tb** [7], Pr** — Mn?* [8], Pr** — Cr** [9] and
Er3t — Gd3t — Tb3t [10]. In these cases, the absorbed
energy of the donor ions is transferred stepwise to the ac-
ceptor ions, and two photons of low energy are obtained.
These QC phosphors can enhance luminescence emission in
the visible region and have important applications in more
efficient plasma display panels and mercury-free fluorescent
tubes.

Recently, near infrared QC performed by cooperative en-
ergy transfers has been reported, which is also based on the
combination of two ions [11-14]. In Tb3* and Yb3* co-
doped YPOq4 [11], for instance, a cooperative energy trans-
fer from Tb* to two Yb3* ions leads to the photon dou-
bling in the near infrared region. Similar phenomena have
also been observed in several other rare earth coupled sys-
tems such as Pr3t/Yb3t [12], Tm3t/Yb3* [12, 13] and
Ce3t/Yb3* [14] co-doped crystals or glasses. These phos-
phors can convert 484, 489, 475, and 330 nm photons into
doubled 1000 nm photons, respectively. Since the energy of
the converted photons is just above the band edge of crys-
talline Si, the energy losses by thermalization of electron
hole pairs are minimized. Therefore, near infrared QC in-
duced by cooperative energy transfer can enhance the en-
ergy efficiency of silicon-based solar cells in theory, which
has attracted intense attention.
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The Er’t/Yb’T couple has been recognized as one
of the most efficient systems for obtaining frequency up-
conversion because of the effective energy transfer from
Yb3t to Er¥t [15]. According to the Forster—Dexter the-
ory [16], however, there are also several possible pathways
for the energy transfer from Er’* to Yb>T, due to the abun-
dant levels of Er3™. Moreover, the Er3t ion has strong ab-
sorption in the near ultraviolet. Thus the Er**/Yb** cou-
ple might also be a potential system to down-convert the
near ultraviolet photon into doubled photons of low energy,
meeting the requirement of the Si-based solar cells.

In this paper, Er’*/Yb3* co-doped YF3 powder is newly
prepared by combining a nitrate decomposition method with
a NH4HF; fluorization process [17], and the properties of
down-conversion are explored. Due to the energy trans-
fer between the coupled ions, an efficient down-conversion
is observed. Different from the previously reported coop-
erative energy transfer down-conversion [12—14], a cross-
relaxation energy transfer in the Er’*/Yb>* co-doped YF;3
splits an absorbed 365 nm near ultraviolet photon into two
photons of 650 nm red and 1000 nm near infrared radia-
tions, both of them falling in the responding region of Si-
based solar cells. This shows that the cross-relaxation en-
ergy transfer-induced QC can also satisfy the absorption of
Si, providing a new photon down-conversion method in en-
hancing the Si-based solar cells. A mechanism of the QC
has been proposed and further discussed. By contrasting the
365 and 488 nm excited emission intensity ratios, the energy
transfer efficiency for QC is evaluated.

To obtain the Yb3*+, Er’* co-doped YF3 sample, first an
aqueous solution containing Y(NO3)3 (purity of 99.99%),
Er(NO3)3; (purity of 99.99%), and Yb(NO3)3 (purity of
99.99%) was dried at 80°C and then decomposed at 500°C
to obtain the Yb3* and Er** co-doped Y203 powder. Then
the Yb3+, Er** co-doped Y,03; powder was fluorinated

by firing the mixed oxide powder and NH4HF, (purity
of 99.9%) in a closed corundum crucible at 200°C and
600°C for 3 h, respectively. The fluorinated powder was
washed with distilled water to remove residual NH4HF»
or NHyF. After being dried at 80°C for several hours,
the final product was obtained. By this method, a series
of Yo.97-xErg.03YbsF3 (x =0, 0.05,0.10, 0.15, 0.20) pow-
ders were prepared.

The emission spectra were measured at room tempera-
ture by a FLS920 spectrofluorometer equipped with a 450 W
Xenon lamp as excitation. All the samples for the spectral
measurement were pressed into thin flat disks with the same
size (D = 0.5 cm) and the surfaces were smoothed, ensuring
the condition for the measurement were identical.

Under 365 nm excitation, Fig. 1 presents the emission
spectra of the Y¢.97—xErg 03 YbyF3 samples with x = 0 and
0.10. A green emission at 550 nm and a red emission
at 650 nm in the visible region are both observed in the
two samples. They are ascribed to the 453 2 = 4, 5,2 and
4F9/2 — 5 /2 transitions of Er3t, respectively. With the
introduction of Yb3" ions, interestingly, it is found that the
green emission decreases, while the red emission increases.
The intensity ratio of the red emission to the green one (R)
is calculated to be 0.12 at x = 0 and 1.14 at x = 0.10. At
x = 0, a weak near infrared emission at 980 nm is also
observed, corresponding to the transition *Ij;2 — Iys;
of Er3t. However, the near infrared emission is obviously
broadened and enhanced by the introduction of Yb3* ions,
showing that the transition 2F; 2= 2F, 2 of Yb3t ion also
contributes to the emission. This indicates that an energy
transfer on the combination of Er>* and Yb3™ ions performs
the QC. As a result, both the red and near infrared emissions
are intensified.

To further explore the QC mechanism, the luminescence
spectra for the samples with different Yb3*+ concentrations
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are all measured excited by both 365 and 488 nm. Figure 2
gives the dependence of the intensity ratio R (R’) on Yb**
concentration under 365 nm (488 nm) excitation. It is found
that with Yb3* concentration increasing, the intensity ratio
R under 365 nm excitation is remarkably increased, while
the intensity ratio R’ under 488 nm excitation is almost con-
stant.

Based on the luminescence properties, the photon con-
version mechanisms under 365 and 488 nm excitations
have been respectively proposed, as, shown in Fig. 3. Un-
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Fig. 2 Intensity ratio of the red emission (650 nm) to the green one
(550 nm) excited at 365 nm (dot)and 488 nm (square)

der the 488 nm excitation, it is found in Fig. 2 that the
Yb3* introduction has no influence on the intensity ratio
of the red emission to the green one. This means that no
energy transfer takes place between the Er’t and Yb3+
ions, and the populations of the 4S3, and *Fy, states are
performed by multistep phonon relaxation of Er’T. As a
result, the intensity ratio of the red emission to the green
one is invariable as a function of Yb>* concentration. Un-
der the 365 nm excitation, the intensified red emission
and weakened green emission with the increase of the
Yb3* concentration indicates that a cross-relaxation en-
ergy transfer enhances the *Fo /2 state population and de-
creases the #S3; state population. Considering the energy
matching condition, the possible resonant processes are
*G112(Er) +2F12 (YD) — *Fop (Er™) +2Fs o (Yb*T)
and ZHjyip(Er’h) + 2F70(YDYH) — 41y 0(Ert) +
2F5/2(Yb*T). As mentioned above, the Yb** introduction
has no influence on the intensity ratio of the red emission
to the green one under the 488 nm excitation. This shows
that the probability of the 2Hyj/2(Er**) + 2F7,2(Yb*F) —
11/2(Br*) +2F5 2 (Yb>™) energy transfer is small enough
and can be completely neglected even though the energy
match condition is satisfied. Therefore, this energy trans-
fer will not take place although the 2H}, 2 level is also
populated by multistep phonon relaxation after the *Gy; /2
level is excited by 365 nm photons. Thus the only possible
energy transfer process is *Gi1,2(Er**) + 2F7,2(Yb* ) —
4Fo, (Er3+) +2F; /2 (Yb3+). This process populates the 4Ry /2
state of Er3T, increasing the red emission. In the meantime,
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Fig. 3 Photon conversion mechanism under the 488 and 365 nm excitations

@ Springer



772

S. Xiao et al.

it also performs the population of the >Fs /2 state of Yb3+,
leading to the increased and broadened near infrared emis-
sion at 1000 nm. Obviously, the red and near infrared QC
down-conversion occurs under the 365 nm excitation, in-
duced by the cross-relaxation energy transfer. This down-
conversion is different from previously reported cooperative
down-conversion. More interestingly, both the enhanced red
and near infrared emissions just fall in the responding region
of crystalline Si solar cells and thus are potentially useful to
enhance the efficiency of Si-based solar cells.

By comparing the intensity ratios of the green emission
to the red one under the 365 and 488 nm excitations, we can
estimate the energy transfer efficiency for QC. Under the
488 nm excitation, the intensity ratio R’ is expressed as

R =k&hrrAr/(1 —§)hrgAg, e

where rg (rg) is the frequency of the red (green) emission of
Er’t, A (Ag) is the radiative rate of the *Fo 2 (*S3,2) level
of Er3t, h is Planck constant, k is a constant determined by
the difference of the responsibility of the detection system
for the green and red emission, & is the ratio of the particles
that is transferred from the #S;3 /2 state to the 4Fy /2 state.

Under the 365 nm excitation, neglecting the lumines-
cence emission between the 4Gy 2 and 2H,, 2 levels, the
intensity ratio R can be expressed as

R=k[n+ (A —n&lhrrAr/(1 —n)(1 =§)hrgAg,  (2)

where 7 is the energy transfer efficiency for QC. Combining
(1) and (2), R/R’ is then written as

R/R =n+(1—m&/(1 —nk. 3

Assuming that only the multi-phonon relaxation leads to the
particles at 4S5 /2 state relax to the 4Fy /2 state, & can ex-
pressed as

§=Wic/Ac, “

where W, is the rate of the multi-phonon relaxation from
483/2 to 4F9/2. W,c and Ag can be adopted as 27.5 and
662 s~!, respectively, which were obtained by Weber [18]
for LaF3. Thus the value of & is calculated to be 0.04 in
terms of (4). On the other hand, the ratio R/R’ has been
calculated, as shown in Fig. 2. Hence the energy transfer
efficiency n for the QC can be calculated according to (3)
for different Yb3* concentrations. The calculated results
are shown in Fig. 4. It is found that the energy transfer
efficiency for QC increases upon raising Yb>* concentra-
tion. At x = 0.20, 5 reaches 50.2%. However, higher Yb3*
concentration will result in the quenching of the *Fs 2=
’F7, infrared emission of Yb>*, due to the energy trans-
fers such as 2F5/2(Yb3+) + 4115/2(Er3+) — 4111/2(EI’3+) +
2R, /z(Yb3+). Figure 5 shows the infrared emission in the
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Fig. 4 Energy transfer efficiency for QC as a function of Yb3*+ con-
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Fig. 5 Infrared emission intensity as a function of Yb>* concentration

range of 900-110 nm as a function of Yb3* concentration,
the infrared emission tends to decrease when the Yb3* con-
centration is higher than 10% (mol). This means that the
total down-converted emission will decrease at higher Yb3*
content due to the concentration quenching, although the en-
ergy transfer efficiency for QC is enhanced.

In summary, an energy transfer induced red and near
infrared down-conversion pumped with 365 nm has been
achieved in Er’T/Yb3* co-doped YF3 powder, which is
different from the traditional cooperative down-conversion.
Both of the produced photons fall in the responding region
of widely used Si-based solar cells. The energy transfer effi-
ciency for QC is estimated by comparing the intensity ra-
tios of the green emission to the red one under the 365
and 488 nm excitations. It is shown that the Er3t/Yb3+
co-doped YF3 have potential applications for Si-based so-
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lar cells of high energy efficiency by down-converting the
high energy part of the solar spectrum.
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