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The efficiency of single-junction solar cells is limited to about 30% (the Shockley-Queisser limit).
Spectral mismatch losses (transparency to low-energy photons, thermalization of high-energy photons)
strongly contribute to lowering the maximum efficiency. To reduce thermalization losses, photon split-
ting is proposed and observed for a variety of lanthanide-doped materials. For Er**, even a one-to-three
photon-splitting process has been reported, yielding three IR photons at around 1530 nm following absorp-
tion of one blue-green photon. This is especially beneficial for narrow band gap solar cells, such as
crystalline Ge. Here, we report on photon splitting for Er** in YVOy. Following absorption in the 2H;
and *Ss; levels (520-550 nm), efficient cross-relaxation (CR) yields two excited Er** ions: one in the
#1g,, state and one in the *Ij3 ), state (CR1). A second CR step from the *Iy, state, leaving both Er** ions
in the *I3 /2 excited state (CR2), is crucial in realizing efficient three IR photon splitting. It is demon-
strated here that the second step has a low efficiency, as a result of competing fast multiphonon relaxation,
419/2 — 41, /2, and a large energy mismatch, which makes the CR2 step thermally activated. Based on
experiments and theory, a maximum quantum efficiency of 170% is calculated for IR emission, following
blue-green excitation in YVO,4:Er’**. An outlook is presented for three-photon splitting in low-phonon-
energy hosts, where nonradiative multiphonon relaxation is suppressed. The anti-Stokes nature of the
second CR step makes three-photon splitting unlikely and prevents the realization of IR quantum yields

above 200%.
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I. INTRODUCTION

Conversion of the energy of solar photons into electric-
ity using solar cells is one of the most important options
to generate green and renewable energy because it is capa-
ble of supplying sufficient energy to meet the long-term
worldwide energy demand. However, even for a state-of-
the-art single-junction crystalline Si (¢-Si) solar cell, the
energy efficiency is only about 15%—20%, and the theoret-
ical maximum efficiency, known as the Shockley-Queisser
efficiency limit, is about 30%, which is far below unity
[1,2]. The most significant contribution to the efficiency
loss in solar cells is related to so-called spectral mismatch
losses. In a single-junction solar cell, only one electron-
hole pair is created per absorbed photon, with an energy
equal to or higher than the band gap, E,, of the semicon-
ductor material, irrespective of the photon energy. Excess
energy is dissipated as heat as the “hot” charge carriers
relax to the band edges. This is known as thermalization
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losses. Photons with energies lower than E, cannot be
absorbed and are transmitted (giving rise to transmission
losses). For ¢-Si with a band gap of 1.12 eV (corresponding
to approximately 1100 nm photons), thermalization losses
are significant and these losses increase for narrower band-
gap solar cells, such as c-Ge, with a band gap of 0.67 eV
(~1850 nm) [3,4]. To reduce thermalization losses, a
promising approach is to split one incident ultraviolet-to-
visible (UV-vis) photon into multiple near-infrared (NIR)
photons, which can be absorbed by solar cells to generate
multiple electron-hole pairs for each high-energy photon
[3,5-7]. This process is known as quantum splitting (QS)
or down-conversion and can greatly improve the conver-
sion efficiency of solar cells, especially those with narrow
band gaps, where thermalization losses are the major loss
factor [6,7]. Trupke et al. estimated that a combination of
an ideal down-conversion layer with a single-junction ¢-Si
cell increased its theoretical efficiency from about 30% to
40% [7]. Similar calculations reveal that, for a solar cell
with a smaller band gap (£, of 0.8 eV), 20% efficiency
can be gained through a one-to-two down-conversion (see
green area in Fig. S1 within the Supplemental Material
[8]), and a one-to-three down-conversion for the higher
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energy photons allows an increase of an additional 5% (see
blue area in Fig. S1 within the Supplemental Material [8]).

Quantum splitting is a linear process and even for low
excitation densities it is possible to obtain high conversion
efficiencies (contrary to up-conversion, which requires
high excitation densities). This allows the use of noncon-
centrated sunlight. In the past decade, a variety of NIR
QS materials have been reported, especially RE3*-Yb*+
(RE =Tb, Tm, Pr, Er, Nd, Ho) couples [9—19]. An
absorbed UV-vis photon is cut to two NIR photons by
two-step energy transfer from the RE ion to two Yb*"
ions, which emit at around 1000 nm, just above the E,
value of ¢-Si. More recently, several three-photon NIR QS
materials for emission at 1530 nm were reported based on
Er’*. A triple-splitting scheme for green photons at around
520 nm is based on two consecutive cross-relaxation
(partial energy transfer) steps between neighboring
Er’t ions [3,20-22]. After an initial cross-relaxation
of Hyi,*S32 4+ *isp = Iy, +%Li32 (CR1), a sec-
ond cross-relaxation step of 419/2 + 4115/2 — 4113/2 + 4113/2
(CR2) results in three Er** ions in the I3/, excited state
that can efficiently radiate 1530 nm photons upon returning
to the *I;5/» ground state. The efficiency of the CR pro-
cesses is, as for all energy-transfer processes, determined
by several factors: (i) coupling strength for energy trans-
fer, which increases for smaller distances between donor
and acceptor; (ii) similar energy gaps (AE) to provide
resonance for the energy-transfer steps; and (iii) stable
intermediate energy levels separated by AE to slow down
competing radiative and nonradiative decay processes [23—
25]. For Er'", the AE values of 2Hij,*Ss3/2 — *lo),
419/2 — 4113/2, and 4113/2 — 4115/2, are about 6630, 5900,
and 6600 cm~! [3,23,24], respectively. While the CR1 step
is almost resonant (starting from the 2H /5 level), the CR2
process belongs to an anti-Stokes energy-transfer process,
which will strongly reduce its efficiency, even at high Er**
concentration. In addition, emission from the *Io /2 state is
weak, which reveals that the intermediate *Io /2 state is not
stable [23], especially for Er’™ doped into hosts with high
phonon energies. The energy gap to the next lower level,
T /2, 18 only about 2200 cm™!, which can be bridged by
fast multiphonon relaxation in hosts with phonon energies
higher than 450 cm~!. Hence, three-photon NIR QS, as
reported for Er**, is not expected and the intense Er’*
emission at about 1530 nm might not originate from the
proposed triply splitting process.

Here, we systematically study NIR photoluminescence
(PL) of Er**-doped YVO, polycrystalline phosphors by
means of diffuse reflectance spectra, photoemission, exci-
tation, and time-resolved spectra. YVO, is chosen as a
host because vanadate has a medium maximum phonon
energy (hw~ 850-900 cm™!), Y,_,Er,VO, is a perfect
solid solution and vanadates are one of the hosts for which
three-photon splitting with Er’* is reported. Also, other
studies in which three-photon emission was described

involved host lattices with similar phonon energies (i.e.,
silicates and aluminates). To provide insight into the
photon-splitting efficiency and energy-transfer dynamics,
emission and excitation spectra, as well as luminescence
decay curves, are recorded as a function of Er** concen-
tration. The results reveal that, in host lattices with phonon
energies above 600 cm™! (such as vanadates, silicates, and
aluminates), the CR2 step is very inefficient, as a result
of fast multiphonon relaxation from the *Iy/, to the *Ij )
level. Even when multiphonon relaxation is prevented in
extremely low-phonon hosts, such as chalcogenide glasses,
the energy mismatch and thermal activation energy for
the CR2 step of about 700-800 cm~! make this step
inefficient, which renders the development of an efficient
Er’*-based three-photon splitting material cumbersome.

II. METHODS

A. Synthesis

Microcrystalline YVO,4:x%Er’* (x=0.25, 0.5, 1, 2, 3,
5, 10, 20) phosphors are synthesized via a conventional
high-temperature solid-state reaction method. In all cases,
the percentages given for Er’* dopant is in mol % with
respect to Y3+ in YVOy host. Starting materials of Y,0;3
and Er,O; (purity at least 4 N), and NH4VO3; (analytical
reagent) are mixed thoroughly with the specified stoichio-
metric ratios by grinding in an agate mortar and pestle. The
resulting homogeneous mixtures are calcined at 1100 °C
in ambient atmosphere for 6 h with several intermediate
grinding steps.

B. Measurements

Phase identification of all prepared products is per-
formed on an x-ray powder diffractometer (XRD; Philips
Model PW1830) using Cu Ko (A =1.54056 A) radia-
tion at 40 and 40 mA. XRD patterns of the sample are
collected over 26 values ranging from 10° to 80° at an
interval of 0.033°. Diffuse reflectance spectra of the phos-
phors are measured with a Cary 5000 UV-vis-NIR spec-
trophotometer using BaSO, as reference. The size and
morphology of the as-obtained YVO4:Er** phosphors are
visualized by means of a field-emission scanning elec-
tron microscope (FE SEM; JEOL JEM-1010) using an
accelerating voltage of 10.0 kV and a magnification of
15000. Steady-state emission and excitation spectra are
recorded using a FLS920 spectrophotofluorometer (Edin-
burgh Instruments) equipped with a 450 W xenon lamp
source, TMS300 monochromators, a thermoelectronically
cooled R928 photomultiplier tube (PMT), a liquid nitrogen
cooled R5509-72 NIR PMT for NIR wavelengths beyond
800 nm, and by using the single-photon counting tech-
nique. Time-resolved spectra (luminescence decay curves)
are measured by time-correlated single-photon counting
on the FLS920 system using a pulsed excitation source,
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a tunable midband pulsed OPO laser (410-2200, 20 Hz,
pulsed width ~7 ns, Opolette HE 355II). To allow for
comparison of emission intensities, measurement series are
performed under identical measuring conditions (sample
alignment, slit widths etc.).

IT1. RESULTS AND DISCUSSION

A. Characterization

Crystalline YVO, has a tetragonal structure with space
grou D)) (I4,/amd) and is composed of YOs dodecahedra
(Y** point symmetry is D,;) and VO, tetrahedra [sym-
metry D,g; see the inset of Fig. 1(a)], where lanthanide
dopants typically occupy Y>* sites [24]. Due to similar
chemical properties and effective ionic radii of Y>* and
Ert (rys+ = 1.02A,rg3+ = 1.00A) [26], Y, Er,VO,
is a perfect material to continuously vary the Er’** con-
centration from a regime where it acts as a dopant to a
regime where it serves as the main constituent [see com-
parison in Fig. 1(a) and similar phenomena in Ref. [23]].
In this way, we can adjust the average interionic distance
of Er’-Er’" pairs and maximize the interaction between
Er’** ions, leading to higher CR energy-transfer rates.
All measured diffraction peaks of as-prepared YVO4:Er’*
phosphors can be well indexed to the zircon-type struc-
ture of the pure YVO, phase (JCPDS #17-0341), shown in
Fig. 1(a) for comparison. No trace peaks for Er-containing
or other impurity phases can be observed. These results
reveal that the Er’ ™ dopants are well dissolved in the YVOyu
host lattice by substituting on the Y37 sites.
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FIG. 1. (a) X-ray diffraction patterns of YVO4x%Er*

(x=0.5, 5, 10, 20) materials synthesized and, for compari-
son, reference patterns of YVO4 (JCPDS #17-0341) and ErVO,
(JCPDS #17-0199) standards. (b) Diffuse reflectance spectra of
YVO, x%ErT (x=0.25,05,1, 2, 3, 5, 10, 20) phosphors. The
inset of (a) shows the crystal structure of YVO, (white, gray,
and red spheres represent Y°*, V>t and O?~, respectively).
The inset in (b) shows a SEM image of as-obtained YVOg4:Er’*
microcrystals.

To further monitor the incorporation of Er** into YVO,
host lattice, diffuse reflectance spectra are recorded. As
shown in Fig. 1(b), the absorption strength of peaks
corresponding to typical electronic transitions of Er’*t
(e.g., ~1520 nm from *I;5;, — *I;35, ~980 nm from
152 — *111/2) varies in good accordance with the Er**
concentration present in the starting mixture. This result
indicates that the Er’* ions are incorporated into YVOy,
lattice equally well for all samples and allows for spectral
comparison and analysis related to Er’*-doping concen-
trations in different samples. Moreover, the SEM image in
the inset of Fig. 1(b) indicates that YVO,:Er** phosphor
particles sintered at 1100°C for 6 h have good crys-
tallinity, while the morphology and size are irregular, with
an average size around 1 um.

B. Photoluminescence

To investigate the photon-splitting processes in YVOy:
Er**, first luminescence spectra are recorded in the vis
and NIR spectral regions for samples doped with different
Er’" concentrations and treated at different temperatures.
In Fig. 2, emission spectra of YVO4:Er’* (0.5, 1, and
2%) phosphors excited by photons of about 522 nm are
shown. Apart from emission lines in the visible region
around 553 and 668 nm (assigned to transitions from the
4Ss/, and *Fy), states to the *I;s, state), several NIR
emission bands are detected at about 856, 1000, 1236,
and 1530 nm [Fig. 2(a)]. The 1530 nm emission originat-
ing from the *I;3/, — *1;s/, transition is the most intense.
For clarity, the emission intensities of the lines around
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FIG. 2. (a) NIR emission spectra of YVO4:Er’* under excita-
tion of 522 nm (note the scaling factor of 20 between the 1500
and 800—1300 nm emissions). The inset shows the decay curves
of 856, 1000, 1236, and 1530 nm emissions of YVO4:1%ErT.
(b) Integrated intensities of NIR emissions at about 856, 1000,
1236, and 1530 nm as a function of Er** concentration in YVO,.
Low-temperature NIR emission spectra of YVO4:2%Er** [(c);
4 K] and that of YVO4:0.5%Er’" [(d); 4 and 50 K] under
excitation at 522 nm.
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856, 1000, and 1236 nm are all enlarged 20-fold rela-
tive to that of 1530 nm. In some previous reports, it was
indicated that the emissions around 856 and 1000 nm of
Er*" originated from the transitions of *Ig/, — *I;5/, and
48, 52— T 12 [25,27], respectively. Indeed, some transi-
tions on Er’' originating from different starting levels
are resonant and identification can be done by measuring
luminescence lifetimes of different emission lines and by
recording excitation spectra. Emissions originating from
the same starting level have the same luminescence life-
time. Based on the luminescence decay curves in the inset
of Fig. 2(a), as well as a comparison of emission spectra
[see Fig. S2(a) within the Supplemental Material [8]] and
excitation spectra [see Fig. S2(b) within the Supplemental
Material [8]], we can assign 856 and 1236 nm emissions
of Er’*. Both originate from the same excited *S;, state
(with a lifetime around several us). This differs from the
1000 nm emission, which originates from the excited *I;, )
state and has a longer lifetime of around 26 us [22].

Figure 2(b) shows the dependence of the integrated NIR
emission intensities on Er’* concentration. It is interest-
ing to see that, with increasing Er’* concentration, the
emissions at 856 and 1236 nm increase to reach a max-
imum at 2%Er’", while those of 1000 and 1530 nm
reach a maximum at higher concentrations (20%Er** and
5%Er*t, respectively). We do not observe any emission
from the *Io /2 state of Er’*, which would be located at
about 12450 cm™!, corresponding to NIR photons around
805 nm [22,28]. Because the energy difference of the
g/, state to the next lower-lying *I;;/, state is about
2200 cm™!, the gap can be bridged by only three phonons
in YVOy,. For a three-phonon process, nonradiative mul-
tiphonon relaxation is much faster than that of radiative
decay (emission) and this explains the absence of the *Iy
emission in YVOy.

Reports on three-photon splitting in the literature are
based on room-temperature measurements, and there-
fore, we perform room-temperature luminescence and
luminescence decay measurements to allow for compar-
ison with the literature. However, to further investigate
the possibility of (weak) emission from the 419/2 level,
also low-temperature (4 and 50 K) emission measure-
ments are performed for samples of YVO,:0.5%Er** and
YVO,4:2%Er’T under excitation of 522 nm [Figs. 2(c)
and 2(d)]. At low temperatures, multiphonon relaxation
will slow down and possibly allow for the observation
of weak *Iy/, emission at 4 K. The 0.5%Er’* doping
level will hamper efficient CR, and above 2%Er’* effi-
cient cross-relaxation from the *S; 2 level is expected to
populate the Iy /2 state and possibly give rise to o /2 emis-
sion. However, none of the samples give out any detectable
NIR emission around 805 nm, indicating that multiphonon
quenching is strong for Er’* in the vanadate host.

For energy transfer within the Er’-Er** pair by electric
dipole-dipole interaction (the most common mechanism

for energy transfer between lanthanide ions), the transfer
probability is proportional to R ., (Where Rg;_g; is the
distance between Er’* neighbors) [29]. This means that
with increasing Er’* concentration in YVO, the interi-
onic distances of Er’T-to-Er’T become smaller; this will
promote the occurrence of CR processes between Er’*
ions, such as CRI1, leading to a marked decrease of
the emission from the *S;), state once the Er’**-doping
concentration exceeds 2% [Fig. 2(b)]. The CR1 process
2H] ]/2,483/2 + 4115/2 — 419/2 + 4113/2 has an energy mis-
match of about 700 cm™!, starting from the *S;/, level
and is close to resonant starting from the 2H;; 2 level. The
700 cm™! mismatch can be readily bridged by absorbing
one phonon in YVOy4. The probability for energy transfer
via dipole-dipole interaction also scales with the oscilla-
tor strengths of the transitions involved. A good estimate
of the oscillator strengths can be obtained using Judd-
Ofelt theory. The transition dipole moments (oscillator
strengths) scale with ), _, , € U2, where the reduced
matrix elements, U, are fixed for transitions between
energy levels of lanthanides and the Judd-Ofelt parame-
ters, €2, depend on the local surroundings of the lanthanide
in the host lattice. Even without knowing the Judd-Ofelt
parameters €2; it can be predicted that transitions with
large U? values will give rise to stronger forced electric
dipole transitions. For the 4S3/2 — 419/2 and 2H11/2 — 419/2
“donor” transitions, the reduced matrix elements U2 are
large (0, 0.0729, 0.2560 for A =2, 4, 6) and (0.195, 0.065,
0.284), respectively [30]. Also, the Er’* “acceptor” tran-
sition in the CR1 process (*I;s» — *13/, transition) has
large Ui values (0.0188, 0.1176, 1.4617). Therefore, the
CR1 energy-transfer rate is expected to be high.

The situation for the CR2 energy-transfer process of
419/2 + 4115/2 — 4113/2 + 4113/2 is different. Also, for CR2,
there is an energy mismatch that is slightly larger (about
800 cm™!) and requires an anti-Stokes process involv-
ing absorbing one phonon in YVO,. Contrary to the
situation for the *S; ,2 level, which has the 2H,, 2 level
at about 700 cm~! higher energies, there is no higher
energy level that can be thermally populated to allow for
resonant energy transfer and the transfer relies on cou-
pling with weaker vibronic transitions. Also, the reduced
matrix elements U2 for the “donor” transition on Er’*
(*Iyj2 — *1132) are smaller (0.0003, 0.0081, 0.64) [30]. In
addition, fast multiphonon relaxation from the *Io /2 level to
the *1;, /2 level by three-phonon relaxation competes with
the CR2 energy-transfer process. Evidence that the anti-
Stokes CR2 energy transfer is not efficient is obtained from
the trends shown in Fig. 2(b): the monotonic enhancement
of 1000 nm emission intensity upon raising the Er** con-
centration indicates that, following the CR1 process, the
resulting population in the *Ig /2 state relaxes to the T 2
state, resulting in 1000 nm emission. In the case of an effi-
cient CR2 process, the 419/2 state would be depleted to
populate the *I;3 /2 state directly, but not the T /2 state
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of Er**, which would suppress the emission intensity of
1112 = *Iy5/2 around 1000 nm.

Additional evidence for the inefficiency of the CR2
process is obtained from emission spectra under direct
excitation in the *Iy), level at 805 nm [see Fig. S3(a)
within the Supplemental Material [8]]. The ratio of the
1530-1000 nm emission (/1530 nm//1000 nm) 1S measured
for different Er’* concentrations [see Fig. S3(b) within
the Supplemental Material [8]]. If CR2 is efficient, the
ratio should increase with increasing Er**™ concentrations,
as the CR2 step between Er’* neighbors (*loj2 +*Lis)2)
would result in two Er’" ions in the 4113/2 state, both
emitting at 1530 nm, and thus, enhancing the 1530 nm
emission at the expense of the 1000 nm emission following
419/2 — 4111/2 relaxation. On the contrary, if 419/2 to 4111/2
multiphonon relaxation dominates, the ratio is expected
to be constant and determined by *lg» — 1112 — *l132
relaxation processes. The results in Fig. S3(b) within the
Supplemental Material [8] clearly show a constant ratio
of about 50 between 0.5% and 5% Er’T, the concentra-
tion regime in which cross-relaxation becomes efficient.
For higher Er** concentration, the ratio even decreases
(rather than increases), which can be explained by concen-
tration quenching that affects the 1530 nm emission more
than the 1000 nm emission, as confirmed by concentration-
dependent emission decay measurements (see below).

Further information on the efficiency and processes
involved in cross-relaxation between Er’* neighbors at

higher Er** concentrations can be obtained from lumi-
nescence decay curves. Figures 3(a)-3(c) show the decay
curves of 856, 1000, and 1530 nm emissions, respectively,
for YVO4:x%Er*t (x=0.25, 0.5, 1, 2, 3, 5, 10, 20) sam-
ples under pulsed-light excitation of 522 nm. Up to an
Er’t concentration of 2%, the 856 nm emission shows
a nearly identical decay behavior that is independent of
concentration [Fig. 3(a)]. The decay behavior can be fit-
ted to a single-exponential function, [ = 4y exp(—t/t9) (/
is luminescence intensity, 4y is a constant, 7y is the life-
time for the single-exponential decay curve) with 7, around
11 us. Once the Er** concentration exceeds 2%, the decay
becomes faster and the average decay time, 7,4, reduces
to 3.7 us at 20%Er’*. The decay curves become nonexpo-
nential above 5%Er** and can be fitted by a biexponential
function (see Table SI within the Supplemental Material
[8]), I = A exp(—t/11) + Ay exp(—t/12) (4; and A4, are
constants, t; and 1, are the fast and slow lifetimes, respec-
tively, of exponential components for the nonexponential
decay curve). A more careful analysis of the concentration-
dependent decay curves to extract cross-relaxation rates
would involve an analysis using the shell model described
in Refs. [31,32] and is beyond the scope of this paper.
The fastening of the *S;, and *H,;/, emission decay is
consistent with the decrease in emission intensity from
these levels above doping concentrations of 2%Er** in
Fig. 2(b), which confirms the occurrence of efficient CR
energy transfer between Er’* neighbors [Fig. 3(d)].
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In contrast, the decay curves of the 1000 nm emis-
sion do not change markedly up to Er’™ concentrations
as high as 10% [Fig. 3(b)], with luminescence lifetimes
of around 30 us (see Table SI in Supplemental Material
[8]). No cross-relaxation pathways with Er’* neighbors
are available for the *Iy; /2 state and only concentration
quenching (energy migration to quenching centers) at high
Er**™ concentration around 20% gives rise to quenching
and explains shortening of the luminescence decay time.
The rise time of the 1000 nm emission decay curves [inset
of Fig. 3(b)] is around 5 us, which indicates that the *Iy
state of Er** is mainly fed by nonradiative relaxation (NR)
from the upper *ly/, state following CR1 energy transfer.
The decay curves of the 1530 nm emission are shown in
Fig. 3(c) and show long ms decay, which is typical for the
13 /2 emission of Er’*. The lifetime decreases for increas-
ing Er’* concentrations, which is explained by energy
transfer and energy migration to impurities and defects
(acting as luminescence quenching centers). Energy migra-
tion becomes more pronounced in heavily doped samples.
Due to feeding of the *Iy3,, level by energy transfer (CR1)
from 2H11/2 or 4S3/2 to 4113/2 states, a build-up in the ini-
tial tens of us is observed in the 1530 nm decay curve
[the inset of Fig. 3(c)], which, accelerated by faster CR1
energy transfer between Er** [3,21,23], becomes shorter at
higher Er** concentration. In earlier work on triple quan-
tum splitting for Er’*, it was predicted by Miritello et al.
that the anti-Stokes CR2 process occurred at 100%Er** to
realize the triply splitting emission [23]. It is clear that,
even if CR2 becomes more efficient at high doping con-
centrations, the corresponding 1530 nm emission will be
strongly quenched by concentration quenching.

Based on the observations above, it is concluded that
the CR1 process becomes efficient at Er** concentrations
above 2% (leading to two-photon emission), but that the
CR2 process required for triple-photon splitting does not
occur efficiently. To further determine if and how effi-
ciently the down-conversion for 1530 nm takes place from
the 2H;, 2 and 485 /2 states through the double-splitting pro-
cesses, we measure the relative intensities of the 654 (*Fo /2
level) and 522 nm excitation peaks (*H;; /2 level) for the

1000 and 1530 nm emissions at different Er** concentra-
tions (1, 5, and 20% Er**). In the case of multiple-photon
splitting, the ratio of the integral intensity of the green
excitation band (approximately 522 nm) over that of the
red excitation band (approximately 654 nm) by monitor-
ing the emission wavelength at 1530 nm (/;530 nm) should
be much greater than that by monitoring the emission
at 1000 nm (/1990 nm): cross-relaxation from the excited
2Hyy ), and *Ss; states at higher Er** concentrations will
promote emission of more than one 1530 nm photon, but
excitation in the *Fo /2 state cannot, while a single 1000 nm
photon follows excitation in both the Hy /2,%S3 /> and *Fy »
states, as depicted in Fig. 3(d). The results are shown in
Fig. 4. For YVO4:1%Er**, the normalized excitation spec-
tra indicate that the green excitation band while monitoring
the 1530 nm emission is slightly stronger than that while
monitoring the 1000 nm emission [Fig. 4(a)], and the ratio
of 11530 nm/110000m 15 about 1.03 [Fig. 4(b)]. This observa-
tion reveals that the photon-splitting process for 1530 nm
does not occur efficiently from the ?Hy;, and *Ss, states
at Er’*-doping concentrations around 1%, which is con-
sistent with the lifetime measurements in Fig. 2(a). With
increasing Er’* concentration to 5%, and further to 20%,
the normalized excitation spectra all feature a strong incre-
ment of the green excitation band under monitoring at
1530 nm over the red band under monitoring at 1000 nm
[Fig. 4(a)], and the value of Ii530 nm/l1000 nm 1NCTEases to
1.71 and 1.91 [Fig. 4(b)], respectively. These results vali-
date that photon splitting for 1530 nm does occur from the
’H;, 2 and 48, /2 states and its efficiency strongly increases
with increasing Er** content, to around 190% at about
20%Ert. At these hi gh Er’* concentrations, there is, how-
ever, considerable concentration quenching, which is evi-
dent from a shortening of the decay times for the *I}; /2 and
s /2 emissions and lowers the actual efficiency. The high-
est overall quantum yields will thus be realized in about
5%Er**-doped material, where the photon-splitting effi-
ciency is around 70% and concentration quenching is still
limited. Based on these observations, the upper limit for
the overall quantum yield in YVO4:Er** can be estimated
to be about 170%.

FIG. 4. (a) Excitation spectra nor-
malized at 654 nm (excitation
into the “Fy; excited state) of
YVO,:x%Er*t (x=1, 5, 20) phos-
phors, while monitoring 1000 (bro-
ken lines) or 1530 nm (solid lines)
emissions. (b) The excitation inten-
sities around 522 nm (into the
2Hyy)2, #S3,2 excited state) relative
to the 654 nm excitation inten-
sity, while monitoring the 1000

(red bars) or 1530 nm (green bars)
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IV. OPTIMIZATION OF Er** THREE-PHOTON
NIR QS

The main reason for the lack of three-photon NIR quan-
tum splitting is the low efficiency of the CR2 step. The
need for phonon assistance for CR2 transfer because of
the energy mismatch of about 700-800 cm~! means that
the CR2 rate cannot compete with fast nonradiative multi-
phonon relaxation from the *Io /2 level, involving emission
of three vanadate vibrations to bridge the about 2200 cm™!
energy gap between the *Iy/, and *Ij1 ), levels. The mul-
tiphonon relaxation rate can be significantly lowered by
reducing the energy of the vibrations (phonons) by choos-
ing a low-phonon energy host. Radiative transition rates
(W) for excited 4f levels of RE** activators are typ-
ically 10>—10* s~! [33] [shaded area in Fig. 5(a)]. The
NR rate (Wnr) for a fixed AE is determined by the maxi-
mum phonon energy in the host. Modeling of multiphonon
relaxation was pioneered by Riseberg and Moos [34], and

8
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10? . . . .
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FIG. 5. (a) Dependence of multiphonon relaxation rate on
energy gap for lanthanide ions in various hosts (data from
Refs. [30,34-39]). Shaded area shows the range of typical radia-
tive transition rates for parity-forbidden f -f* transitions in lan-
thanides. (b) Ratio of nonradiative multiphonon relaxation rate
to that of radiative decay rate for the *Iy/, — *I;1,2 (approxi-
mately 2200 cm ™) transition in various hosts, as expected based
on the energy-gap law. Green stars give experimentally observed
ratios for the “Iy/, level of Er’" in a variety of low-phonon
chalcogenide glasses (data from Refs. [44-46]).

resulted in the well-known energy-gap law describing the
multiphonon relaxation rate at 0 K:

Wnr = C exp(—aAE), (1)

where C and o are positive constants related to the host.
The semilog; graph in Fig. 5(a) depicts the experimentally
determined Wxgr value versus AE in some classical hosts
[30,34-39].

Based on the energy gap law, it is found that, for the
9/2 — 111, transition on Er*™ with AE ~2200 cm™!,
the Wxgr of the 419/2 excited state becomes similar to or
slower than that of Wy in hosts with low phonon energies,
such as fluorides, chlorides, and bromides, so that five or
more phonons are needed to bridge the gap. In the YVOqu
host, the Wxgr of the Er’t 419/2 state is at least 100 times
higher than that of the Wy and no emission is detected
from the *Io /2 state. The semilog;o graph in Fig. 5(b) fur-
ther shows the dependence of Wxr/Wk ratio of the Ert
*19/» energy level as a function of phonon energy in some
classical hosts [30,40—43]. In hosts with high phonon ener-
gies, the Wyr/Wr ratio dramatically increases, while in
fluorides, with a smaller phonon energy of 350450 cm™!,
the Wnr/Wp ratio is around 10—100, which is consistent
with the observation of weak 419/2 emission in fluorides
[30]. A strong reduction of Wyg for the Er** #1g, energy
level is crucial to realize efficient triple splitting into three
1530 nm photons. A possible host is chalcogenide glasses,
with a lower phonon energy of about 250 cm™! [44-47],
where the Wyxgr/Wg ratio of the Er** 41, /2 state is predicted
to be about one [1.0 in Ref. [45], 0.74 in Ref. [46], and
0.57 in Ref. [47]; green stars in Fig. 5(b)]. This is consis-
tent with the observation of an intense *Iy /2 emission for
Er’* at room temperature, demonstrating that the radiative
and nonradiative multiphonon relaxation rates are similar
[44-48].

For triple-photon splitting, the CR2 energy-transfer
process has to compete with radiative and nonradiative
decay. As discussed above, in a low-phonon host (like
chalcogenide glasses), the nonradiative decay rate can be
reduced. Still, it will be challenging to realize a CR2 trans-
fer rate that is faster than that of radiative and nonradiative
decay from the *Iy ), level because of the energy mismatch
of about 700-800 cm™"!. Phonon absorption is needed to
make up for the energy difference between the *Iy/, energy
(approximately 12600 cm~') and two times the 4113/2
energy (2x ~6700 cm~!'=13400 cm™'). In a chalco-
genide glass (or similar low-phonon host), this means that
three phonons of about 250 cm~! have to be absorbed to
make up this energy mismatch. The temperature depen-
dence of phonon (absorption) assisted processes is given
as [36,49]

Wo(T) = Wu(T = 0)n™e, ()
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where N, is the number of phonons absorbed (AE/hw)
to bridge the energy mismatch, AE, for a multiphonon-
assisted process; n is the phonon occupation number
[36,50],

n = ("M — =l (3)

In a chalcogenide glass, a three-phonon-assisted pro-
cess involving simultaneous absorption of three about
250 cm~! phonons is required for CR2. By fitting to
Eq. (2), this gives a factor of 0.06 for n"¢, and thus, low-
ers the rate for the CR2 process, which already has a
relatively low probability, as it involves a three-phonon-
assisted energy-transfer process. Whether or not CR2
between nearest neighbors of Er** can be efficient in low-
phonon hosts needs experimental verification, and it will
be interesting to test if triple-photon splitting is feasible in
chalcogenide hosts.

V. CONCLUSIONS

Photon splitting from the *Hyj;,*S;, states levels
of Er*t is systematically studied in the YVO, host.
The energy-level scheme of Er’* allows for splitting
one green photon into three 1530 nm NIR photons,
as reported in the literature. To investigate the effi-
ciency of the three-photon splitting process, a system-
atic study involving emission and excitation spectra, as
well as luminescence decay curves, is conducted for
a wide range of Er’* doping concentrations. For Er’*
concentrations above 1%, a CR1 energy-transfer step
(2H11/2,4S3/2 + 4115/2 — 419/2 + 4113/2) becomes efficient,
resulting in double splitting of green photons into two
NIR photons. A CR2 step (419/2 + 4115/2 — 4113/2 + 4113/2)
is crucial for triple-photon splitting and is demonstrated to
be inefficient in YVO4:Er’* because of fast multiphonon
relaxation from the *Io, level, which effectively competes
with the slow anti-Stokes phonon-assisted CR2 process.
By comparing the ratio of the green and red bands in
the excitation spectra (monitoring emission at 1000 and
1530 nm, respectively), a maximum quantum efficiency is
determined to be about 170% for YVO4:5%Er**. At higher
doping concentrations, the CR1 process reaches close to
unity efficiency, which would allow for close to 200%
quantum efficiencies, but concentration quenching lowers
the actual efficiency. The three-photon process does not
occur because of the inefficiency of the CR2 process.

To realize triple NIR photon splitting in Er’**-doped
hosts, it is crucial to suppress multiphonon relaxation from
the 419/2 level. This can be done in low-phonon hosts,
such as chalcogenide glasses. Even then, the prospects are
cumbersome because the CR2 process is an anti-Stokes
energy-transfer process requiring three-phonon assistance
in low-phonon host lattices, and it may not be possible
to make CR2 faster than that of decay from the 419/2
level, even for nearest Er’* neighbors. The present insights

into the photon splitting of Er’" clearly identify the
possibilities and challenges in the development of efficient
UV-vis-NIR downconvertors based on Er** and provide
guidelines to realize higher photon-splitting efficiencies.
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