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Pushing the Limits: Down-Converting Er**-Doped BaF,
Single Crystals with Photoluminescence Quantum Yield

Surpassing 100%

Eduard |. Madirov, Sergey V. Kuznetsov, Vasilii A. Konyushkin, Dmitry Busko,

Bryce S. Richards, and Andrey Turshatov*

Down-conversion (DC) is a phenomenon that can enable the observation of
photoluminescent quantum yield (PLQY) values exceeding 100%. A
comprehensive study of the DC properties of BaF,—based single crystals with
different Er3* doping levels (1-25 mol.%) is presented. The samples exhibit a
PLQY of 110% in the 1550-1650 nm under 405 nm excitation. This
remarkable PLQY is attributed to a cross-relaxation process within the energy
levels of Er**. Furthermore, when considering all emitted photons in the
1000-1650 nm range, the PLQY reaches 153% for a sample doped with

5 mol.% of Er**. By integrating the emission of this single crystal with a Ge
diode, serving as an example of a photovoltaic device sensitive to short-wave
infrared light, a significant enhancement in short-circuit current is
demonstrated. In a broader context, the presented material holds promise for
improving the spectral response of low-bandgap photovoltaic devices.

1. Introduction

The trivalent erbium (Er**) ion is a commonly employed lumi-
nescent species to realize efficient up-conversion (anti-Stokes)
emission.'] However, its intricate energy level structure also sug-
gests the potential for an inverse process whereby the absorption
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of a single high-energy photon can lead
to the emission of multiple lower energy
photons,/?l such that a photoluminescent
quantum yield (PLQY) — the ratio of the
emitted and absorbed photons — of greater
than unity is observed.

The terminology is often unclear in the
literature. The term down-shifting (DS) or
luminescent down-shifting (LDS) is usually
used as a general name for any process in
which the energy of the emitted photon is
less than that of the excitation photon and
the PLQY always remains < 100%.5-

The present authors define quantum-
cutting (QC) to be the process whereby one
absorbed higher-energy photon results in
the emission of two or more lower-energy
photons (PLQY can exceed 100%).1% This
process can be realized in several different
ways.!”] The first one involves QC via the host lattice sites. Within
this process, due to impact ionization the host lattice sites allow
the generation of multiple lower-energy electron-hole pairs for
each incident higher-energy photon. Certain luminescent mate-
rials, such as europium-doped yttrium oxide (Y,0;:Eu*), have
exhibited remarkable PLQY for visible emission reaching an im-
pressive value of 240%.18) However, achieving such high PLQY
required an extreme excitation energy of 23 eV (corresponding to
a wavelength of 54 nm). In addition, an energy of at least 15 eV
(83 nm) was necessary to attain PLQY surpassing unity.!®!

The second type is the QC on single ions where multiple pho-
tons are emitted in a stepwise manner. This mechanism becomes
feasible due to the narrow energy levels of rare-earth ions sepa-
rated by large energy gaps. While predicted by Dexter in 1957,°)
this was first experimentally observed using deep ultraviolet (UV)
excitation of Pr**-doped fluoride-based crystals by two groups in
1974, resulting in a PLQY of 140%.11% The process begins with
the absorption of a 185 nm photon by the YF, host lattice. The ab-
sorbed energy is then transferred to the lower-lying 'S state of
Pr3* via a 4f-5d transition. Following this, a blue photon (408 nm)
is emitted via the 'S-'I; transition, while a red photon (620 nm)
is emitted via the *P,-*H transition. These results were deter-
mined via a relative PLQY measurement — non-ideal given to-
day’s reliance on absolute PLQY techniques.[!!]

The term down-conversion (DC) is misused in the literature,
sometimes meaning QC while on other occasions simply LDS.
To avoid confusion, the present authors define the term “DC” in
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Figure 1. Energy level diagram of an Er** ion with possible mechanisms
of DC and cross-relaxation between Er3* jons.

a manner consistent with the definition used by Meijerink and
co-workers,!”1213] referring to a process whereby the emission
of multiple lower-energy photons (PLQY can exceed 100%) is
achieved via cross-relaxation between two ions. This mechanism
originated in the 1950s when Dexter formulated the concept
of achieving two-photon emission through energy transfer,”’
and it can be treated as the opposite of the energy transfer up-
conversion (ETU) process.*]

QC materials were originally pursued for enhancing the
brightness of Xe lamps and hence the interest in UV-to-visible
processes.l) In contrast, DC materials exhibit great potential for
enhancing the efficiency of solar cells!”! and here a UV/visible-
to-near-infrared (NIR) is favored. The diagram in Figure 1 illus-
trates the possible ways to achieve DC from the visible to the NIR
spectral range in the Er** ions.

There are already some published works devoted to the search
of rare earth — doped QC materials that exhibit PLQY exceeding
100%. In the work?] the authors reported the quantum efficiency
of 190% in the LiGdF, powders doped with 0.5 mol.% of Eu**
due to two-step process under 202 nm excitation of the °G; level
of Gd**.

Another system that is capable of efficient DC is the pair of
Pr’* and Yb** ions.['”!8] Although measurements of lumines-
cence decays supported the DC mechanism in this material,
achieving a PLQY exceeding 100% was not demonstrated, likely
due to both concentration quenching and back energy transfer
from Yb** to Pr**, contributing to the decrease in Yb3* emission
intensity. The work!"! showed that the PLQY of the Yb** emis-
sion in the Pr’* and Yb** co-doped glasses and glass ceramics
containing LaF; nanocrystals equals to 12% under 480 nm exci-
tation. This result was obtained with a direct method for mea-
surement of PLQY using an integrating sphere. It’s interesting
to note that the brightness (though not the PLQY) of the Pr** and
Yb** co-doped NaYF, nanocrystals can be enhanced by the addi-
tion of Coumarin dye to increase the absorption cross-section in
the blue spectral range.[?]

Another ion that can make DC possible is Tm?**. Paper!?! was
dedicated to the study of the 1800 nm emission of the Tm** doped
Gd,0,S:Tm** powders. UV, visible, and near-infrared excitation
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photons can be converted to four, three, and two 1800 nm pho-
tons, respectively, in the sample with 10% mol.% of Tm**. Other
papers!?23] were dedicated to the study of the Tm3*/Yb** co-
doped systems. The first onel??] showed that in the lanthanum
aluminum germinate glasses quantum efficiency of the Yb**
emission under 467 nm excitation can reach 159.9%, whereas
in the second onel?’! Yb** quantum efficiency in the Tm3*/Yb3**
co-doped YPO, powders was found to be 172.8% under 474 nm
excitation. It’s worth noting that, in both cases, the quantum effi-
ciency values were derived through an analysis of the Tm** decay
within a series of samples, rather than being directly measured
using an integrating sphere.

Another promising approach to achieve QC involves doping
rare earth ions into a perovskite host. Using the absolute method,
it was determined that PLQY of Yb*" emission in CsPbCl,
nanocrystals reached 200% when excited at 405 nm."'®) Similar
results are reported in the work?*! where Yb** ions were doped
into the CsPb(Cl,_,Br,); (x = 0.0, 0.41, 0.65, 0.87, and 1.0) host
and excited with 365 nm light. Additionally, QC in Er** and Yb**
doped CsPbCl; perovskite thin films were analyzed in.I?! Ab-
solute quantum yield measurements demonstrated that under
300 nm excitation the luminescence quantum yield of either Er**
or Yb** emission (at #980 nm) can exceed 100% depending on
the concentration ratio of the doping ions.

The results presented above indicate that there are various ap-
proaches to QC and DC. It is also evident that different meth-
ods can be used to assess the efficiency of QC and DC processes.
Two main techniques can be highlighted. One uses the change
in the luminescence decay time of the donor state to obtain the
efficiency of the energy transfer process, which then allows cal-
culating QC(DC) PLQY. The second one relies on absolute PLQY
measurement with a setup built around an integrating sphere
that allows to explicitly estimate of the number of absorbed and
emitted photons.

Similar to Tm?*, the energy levels of the Er’* ion offer multi-
ple pathways to achieve DC with an efficiency exceeding 100%.
However, the targeting of the transition between the first ex-
cited state “I;;, and the ground state *I;5;, (%1540 nm) appears
to be the most favorable choice, supported by several key fac-
tors. First, this is due to the absence of alternative radiative path-
ways for energy dissipation at this level. Second, the substan-
tial energy gap between the *I;;, and *I;5;, states, exceeding
6500 cm™!, surpasses the typical phonon energies of crystalline
hosts, which are < 1000 cm™, making multiphonon relaxation
an unlikely bridge. Third, as illustrated in Figure 1, numerous
cross-relaxation routes are evident, facilitating the population of
the *I;; , state from higher-lying energy levels. It is clear from
Figure 1 that different excitation wavelengths can enable the at-
tainment of DC with varying efficiencies. Additionally, in the con-
text of Er** ions, DC depends on cross-relaxation interactions
among different Er’* ions.[2*?’] Therefore, the concentration of
the Er’* ions is expected to notably affect the probability of this
process.

Beyond the choice of the luminescent ion (Er**), the selection
of the host material plays a pivotal role in shaping the perfor-
mance of the DC material. The host material must exhibit low
phonon energy to minimize non-radiative losses and facilitate the
desired radiative transitions. Recent studies have underscored
the significance of MF, (M = Ca, Sr, Ba, Pb) as a family of host
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materials possessing these crucial properties.[?-31] Given its very

low maximum phonon energy of 240 cm™, BaF, stands outas a
promising candidate for use as a DC material.

So far, there are no reports that demonstrate absolute measure-
ments of PLQY of the *I;; , —*I ;5 , transition in the Er’* ions that
exceed 100%. Additionally, the majority of the reported PLQY val-
ues that do surpass 100% are obtained under either UV or vac-
uum ultraviolet (VUV) excitation in the samples co-doped with
Er’** and YD, yielding emission at 1500 nm.[?532] Therefore,
questions persist regarding the performance of samples solely
doped with Er** when excited in the visible range. In this partic-
ular scenario, BaF, is selected as the host due to the aforemen-
tioned favorable characteristics. Furthermore, there have been no
reported studies on the impact of (DC using Er** ions on the per-
formance of photovoltaic (PV) systems. To address this objective,
a germanium (Ge) photodiode is utilized as a model device to as-
sess the enhancement in photocurrent, employing BaF,:Er** sin-
gle crystal as an illustrative example of a spectral conversion ma-
terial. This decision is driven by the alignment of the Er** ion’s
emission band, centered ~1540 nm, with the characteristics of
PV devices.

Several research papers have proposed the use of erbium
(Er**)-doped DC materials to improve the efficiency of pho-
tovoltaic devices. For example, Huang et al. theoretically de-
termined in their work®}] that the DC quantum efficiency in
Er’*:NaYF, nanostructured glass-ceramic could reach up to
150% under 485 nm excitation. The authors propose that after
485 nm excitation the excitation non-radiatively relaxes to the
*S;), level of Er** from which there is a two-step process “S;
- *1y),, *Iy;, = *1;3,, which leads to the population of the *I,;
state. Each of these steps is resonant with the *I,;, — *I;5, tran-
sition which in total yields up to three emission photons after
absorption of a single excitation quant. They suggested that this
material has the potential to reduce energy losses in Si—Ge solar
cells, thereby increasing their overall efficiency.

In another study by Elleuch et al.,?*! Er**-doped ZnO/Si thin
films were proposed as both antireflective and DC materials for Si
solar cells. Itis proposed that after absorption of a 515 nm photon
the *F, , level of Er’* ion is populated. Then the emission of two
980 nm photons is achieved via the *F,, + *I;5,— *I;;, +*I;; ),
and cross relaxation. In addition, Aouaini et al.*! investigated
Er’*-doped tellurite glass as a luminescent material for solar con-
centrators, estimating a quantum efficiency of 91% for the *I,; ,
emission band under 488 nm excitation. The authors suggest that
after absorption of a 488 nm photon that populates the *F, , state
there is a number of transitions (*S;, +*I;5,,— *Iy ), + *I33),, *F;
+4I15/2_’4F9/2+4I13/Zv 4F()/z +4I15/2_’4I11/2+ L3, 4F7/2 + Lisp
=y + 1y, as well as 1o, + 155, = 155, + *155),) that can
lead to the population of the *I,; , state and subsequent emission
of the 1.53 um photon.

Several other works, as referenced in[3®! and*’] have also sug-
gested the use of Er¥*/Yb** co-doped materials to improve the
performance of Si solar cells. In both works cross-relaxation
processes, such as Er’*:(*S;,)+ Yb':(°F;,)— Er’*:(*l;; )+
Yb**:(*F;),) lead to a population of the *Fs , state of the Yb’* and
following emission of the photons with the wavelength around
1 um. However, it’s worth noting that none of these papers pro-
vided experimental evidence with measured PLQY exceeding
100%, so the real impact of Er’*-doped materials on the perfor-
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mance of photovoltaic devices has yet to be conclusively demon-
strated.

2. Results and Discussion

A typical emission spectrum of a BaF, crystal doped with
12 mol.% of Er** ions when excited with 405 nm light is pre-
sented in Figure 2a. The spectrum consists of a number of emis-
sion bands that correspond to the transitions in Er** ion, namely
S5, = *Lisy (545 nm), *Fy, — *Li5;, (660 nm), Sy, — Iy,
(850 nm), I, — *I;5, (990 nm), and *I,3;, — *I;5, (1550 nm).
The most intense emission band is *I,;, — *I;5, followed by
1,1/, = *I;5),, with the remaining shorter-wavelengths bands be-
ing much weaker.

To determine the optimal doping concentration, the PLQY val-
ues were assessed in all single crystal samples. The resulting data
is depicted in Figure 2b—d. The values in the Figure 2b illustrate
that under 405 nm excitation some samples — specifically those
doped with 5 and 12 mol.% of Er** ions— exhibit PLQY val-
ues surpassing unity (104 and 110%, respectively) for the *I; ,
— *1;5,, emission band. This observation confirms the presence
of the DC process in BaF,:Er** crystals. However, for Er** con-
centrations below 5% and above 12%, the PLQY values are no-
tably below unity. A similar concentration-dependent trend (with
the optimum concentration of 10%) was previously observed for
Gd,0,S:Tm3* samples.[?!] The authors of the work?!l observed
that at considerably lower concentrations, cross-relaxation is out-
weighed by radiative or non-radiative relaxation, whereas at sig-
nificantly higher concentrations, luminescence decreases due to
concentration quenching — a process involving the migration of
excitation across the Tm?* sublattice until it encounters a quench-
ing site.

Under 525 nm excitation, PLQY of the *I;3,, — *I;5/, band
reaches 92% in the sample doped with 5 mol.% of Er**, but
fails to surpass unity. It is interesting to note that in the sam-
ples with lower doping concentration (< 5 mol.%), 405 nm
excitation provides lower PLQY values than upon 525 nm.
In the case of 405 nm excitation, the Er** ion is excited to
the °H,, state. Unlike °H,;, state to which the ion is ex-
cited with a 525 nm excitation, energy gaps in the 25 000-
17 000 cm™! region are rather small (<2000 cm™) and can be
bridged by a number of phonons which makes multiphonon
relaxation probable.®®! Thus, in the samples with lower dop-
ing concentration under 405 nm excitation cross-relaxation
competes with multiphonon processes leading to lower PLQY
values.

At two other studied excitation wavelengths, 633 and 808 nm,
much lower PLQY values are achieved, reaching 35% and 46%,
respectively. These excitation wavelengths may not be favorable
for cross-relaxation with the population of the *I,; , level, offering
fewer opportunities for the DC process compared to the 405 and
525 nm excitations.

In addition to this data, it is worth studying the PLQY of the
state *I,;,, under direct excitation. In this case, a 1510 nm laser
diode is used. The values in Figure 2b show that in the sam-
ples with doping concentration lower than 5 mol.% the PLQY is
close to unity. This means that concentration quenching is only
present in the samples with doping higher than 5 mol.%. These
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Figure 2. a) Emission spectrum of the BaF,:Er (12 mol.%) sample under 405 nm excitation; PLQY of the b) 4I13/2 —4I15/2 <) 4I”/2 —4I15/2, d) total NIR
emission of the BaF,:Er** single crystals under different visible range excitation.

findings are in line with previous research into quenching of the
NIR emission of Er** ions.?%47]

The second most intense radiative energy relaxation channel is
the*l;; , —*I;5), transition. This emission can be also harvested to
enhance the response of the systems sensitive to NIR radiation.
The PLQY values (Figure 2c) can go as high as 50%, which shows
that a significant portion of the excitation energy leaves the sys-
tem this way. The concentration dependence of the *I,; , - *I;5,
band PLQY has a similar trend as one of the *I,; , — *I;5/, band.
The values go up until the concentration reaches 5-12 mol.% at
which point the highest PLQY is observed. Further increase in
the doping concentration leads to a drop in the observed values.
This demonstrates that under all studied excitation wavelengths
a similar fraction of the absorbed energy escapes via *1;, , —*I;5),
transition.

In order to better understand the effect of the doping concen-
tration on the PLQY of the *I,; , —*I;5, emission band the PLQY
of this band was obtained under direct (976 nm) excitation. The
results are presented in Figure S3b (Supporting Information).
The PLQY of the *I;;;, luminescence exhibits a notable upward
trend within the concentration range of 1% to 4%. This can be
attributed to the increasing rate of the radiative transition. It is
worth noting that a similar effect, where the absorption cross sec-
tions (and rate of radiative transitions) of Yb*+ and Er** increases
with an increase in Ln3* concentration, has previously been ob-
served in our research on BaF, and PbF, single crystals, as doc-
umented in our previous work.[2:3]

In order to further study the effect of concentration on ra-
diative transition probabilities the luminescence decay times of
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the *I,; 5, *I,;),, *Fy), as well as S, states are obtained and
the results are presented in Figure S4 (Supporting Informa-
tion). The lower-lying levels (*I;5, and *I;; ;) experience a de-
crease in the luminescence decay time mostly due to concentra-
tion quenching.!*!l The higher energy levels (‘F,, and *S; ;) also
show a noticeable decrease in luminescence decay time with in-
creasing Er’* concentration. While cross-relaxation plays a role
in this decrease, it is important to recognize that other factors,
such as an increased emission rate and concentration quench-
ing, could contribute to the phenomenon.

If the emission of the two NIR emission bands is summed
(Figure 2d) then the total PLQY of a number of samples exceeds
unity — namely crystals doped with 3-14 mol.% in the case of
405 nm excitation and ones doped with 1-5 mol.% under 525 nm
excitation. The highest value (153%) is observed in the sample
doped with 5 mol.% of Er** under 405 nm excitation.

It is also worth mentioning that a part of the excitation re-
laxes via the emission in the visible spectral range. Compared to
the NIR emission (see Figure 2a) visible emission accounts for
a small fraction of total yield (Figure S2a, Supporting Informa-
tion). Integration of the emission spectra in the broad range of
410-1700 nm at 405 nm excitation leads to the highest PLQY of
160% for the sample with 12 mol.% concentration of Er**.

In summary, the following trends in the PLQY concentration
dependence can be observed. Under 405, 633, and 808 nm excita-
tion, the PLQY of both *I;; , and *1;, , emission bands increases
with concentration up to 12 mol%, where the highest values are
observed. As the doping concentration is further increased, the
PLQY values decrease. Under 525 nm excitation, there is little
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Figure 3. AM1.5G solar spectrum (black) as well as the number of solar
photons absorbed by 3-12 mol.% Er**-doped BaF2 crystals. The colored
bands I-IV represent spectral regions selected for calculation of the num-
ber of emitted photons, while the spectral response of the Ge photodiode
is plotted in grey.

change in the PLQY values of both bands in the concentration
range 1-5 mol%. Increasing the concentration above 5 mol%
leads to a decrease in the observed values.

This remarkable efficiency in spectral conversion offers di-
verse potential applications. Low bandgap (<0.8 eV) photovoltaic
devices are most often used as a part of multijunction solar
cells.*24] The most common semiconductor is Ge,[*] but there
are also GaInNAsSD,[*#7] GaSb[*®] and solar cells based on PbS
colloidal quantum dots[*! among others. These photovoltaic ma-
terials have the highest responsivity in the ~1500 nm region
while being unresponsive to the visible part of the spectrum.
Combination with a material that is capable of efficient conver-
sion of visible emission into NIR (1400-1700 nm) range can ex-
tend their spectral responsivity and increase the efficiency. On
top of that thermophotovoltaic systems that are tuned to utilize
the emission of a blackbody at around 1800 K*%-52] can also gain
from such spectral conversion materials.

If the intended use of the material pertains to photovoltaics,
its performance should be evaluated under excitation intensities
equivalent to solar illumination. To assess the practical efficacy
of BaF,:Er’** crystals, the change in the short-circuit current of
a commercially available Ge-photodiode was calculated under 1
Sun illumination conditions when combined with the studied
crystals. The choice of a Ge-photodiode as the representative pho-
tovoltaic system was influenced by its spectral response aligning
with the *I,; , —*I;5, emission band of Er’** ions. For subsequent
analysis, four BaF, crystals (doped with Er’* ions at concentra-
tions of 3, 4, 5, and 12 mol.%) — which exhibited the highest quan-
tum yield values — were selected. Additionally, due to the PLQY
values being close to 100% under 1510 nm excitation the emis-
sion reabsorption should not cause any significant losses in these
samples.

Figure 3 shows the AM1.5G solar spectrum as well as the ab-
sorbed photon count by the investigated crystals under 1 Sun
(1000 W m~2) intensity. This data is used to estimate the enhance-
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ment in the performance of PV devices that the DC in crystals can
provide.

To calculate the number of photons emitted in the NIR range
by the crystals, the visible range of the solar spectrum is parti-
tioned into four segments. It is assumed that the PLQY of the
crystals remains consistent within the respective ranges. The
PLQY within band I is assumed to be equivalent to the estimate
under 405 nm excitation, within band II — under 525 nm, band
IIT — under 633 nm, and band IV — under 808 nm excitation. By
determining the absorbed photon count and establishing PLQY,
it becomes possible to deduce the number of photons emitted
within the NIR spectral range. Combining this value with the es-
tablished spectral response of a Ge-photodiode enables the com-
putation of the short-circuit current yielded by spectral conver-
sion within the crystals. One more additional factor should be
also taken into account. The crystal’s emission is isotropic. There-
fore, when it is positioned atop a Ge-photodiode, we should take
into account that only approximately half of the emitted photons
can effectively reach the photovoltaic device. Thus, when calculat-
ing the short-circuit current only half of the number of the emit-
ted photons should be considered.

The results of the calculations presented in Figure 4a show
that the maximum projected enhancement in short-circuit cur-
rent density (Jsc) amounts to 0.67 mA cm~?2 in the case of the
crystal doped with 5 mol.% of Er**. In order to put this value into
some context, the current generated in the Ge photodiode by the
NIR (>850 nm) part of the solar spectrum is estimated.

The spectral response of the Ge-diode is taken from the man-
ufacturer’s websitel®* and is presented in Figure 3. In order to
obtain the J.. under solar irradiation the following assumptions
are made. First, the AM1.5G solar spectrum is recalculated from
photons/s/cm? into W/s/cm? yielding the data in Figure S5 (Sup-
porting Information). Then this spectrum is multiplied by the
aforementioned responsivity of the Ge-photodiode and the result-
ing values are integrated giving the value of 6 mA cm~2. With this
in mind, it can be calculated that the enhancement is up to 11%
of the initial current.

The proposed setup for the measurement of J,. enhancement
is presented in (Figure 4b). Er** doped BaF, crystals are placed on
top of the Ge — photodiode with silicon oil serving as the refractive
index matching liquid. The images of the device captured in the
visible and short-wave infrared ranges are presented in Figure S6
(Supporting Information). The whole assembly is then placed un-
der a solar simulator and the J-V curves are obtained. The data
is presented in Figure S7 (Supporting Information).

Adding an undoped BaF, crystal increases the observed Jsc
due to the improved light coupling. In the 1500 nm region, the
refractive index of Ge is ~4.21, whereas the refractive index of
BaF, is 1.46 and silicon oil is 1.41. The change to the J . that
the doped crystals introduce is calculated in relation to the mea-
surement with an undoped crystal. The highest value of the
enhancement (0.6 mA cm™2) is detected when the crystal doped
with 12 mol.% of Er** ions is used.

When comparing the experimental results to the calculations
it should be noted that even though there is a refractive index
matching liquid (silicon oil) between the crystal and photodiode
some boundary reflections are still present as well as waveguid-
ing in the crystal that can help the emission to escape through
the crystal sides and lead to loss of emission. For example, the
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Figure 4. a) Measured and calculated short-circuit current density enhancement; b) setup for the estimation of the enhancement of the short-circuit

current of the Ge — photodiode

phenomenon of waveguiding is readily evident in the photograph
depicted in Figure S8 (Supporting Information). In this case, the
obtained results exhibit reasonable agreement with the predic-
tions.

3. Conclusion

It is demonstrated that down-shifting phenomena can allow ob-
serving DC PLQY values exceeding unity. The highest DS PLQY
value of *I,;, — *I;5,, transition is 110% while the sum of the
I3, = *I;5), and *1;; , = *I;5, transitions is 153%. These values
are found in the BaF, crystal doped with 5 mol.% of Er’* ions
under 405 nm excitation. As well as this, the change in the J
of a Ge-photodiode combined with Er’**-doped BaF, crystals is
evaluated both theoretically and experimentally under solar irra-
diation. The highest detected enchantment is 0.6 mA cm™—2.

4. Experimental Section

Ten BaF,-based single crystals doped with different concentrations of
Er3* ions (1,2,3,4,5,12, 14, 18, 20, 25 mol.%) were grown in a vacuum
with a fluorinating atmosphere (CF,) by Bridgman technique as detailed
elsewhere.[225435] The crystals were cut and polished to yield discs with
10 mm diameter with a thickness of 1.7 mm. The actual content of the Er**
ions in the crystals is estimated based on the XRD data and is presented
in Table S1 (Supporting Information).

The absolute PLQY values were obtained with a setup built around
an integrating sphere (Labsphere, @6"’, 3 P-LPM-060-SL) that has been
described earlier.23% The excitation sources are laser diodes: 405 nm
(Roithner, DL-7146-1012S), 525 nm (Roithner, LD-515-10MG), 633 nm
(Roithner, ADL-63302TL), 808 nm (Thorlabs, L808P200), and 1510 nm
(RLT1510-20MGS-B, Roithner). The detectors are NIR (Ocean Insight,
NIRQuest, 900-1700 nm) and UV-Vis—NIR (Thorlabs, CCS200/M, 200 —
1000 nm) spectrometers. The absorption data was obtained with a UV—
Vis—NIR spectrophotometer (Cary 7000, Agilent). For determining the so-
lar conversion efficiency, current density — voltage (J-V) curves of the Ge
photodiode (Thorlabs, FDG10 x 10) were obtained using a source-meter
(Keithley, 2450) and a solar-simulator (Wavelabs, Sinus 70) that provided
a very good match to the air-mass 1.5 global solar spectrum over the 350
1260 nm range. A hyperspectral image of the device in the short-wave in-
frared range was captured using a Specim FX17 camera.

Luminescence lifetimes of the emissive levels were measured with
a home-built optical system described previously.[zgl Briefly, 525, 633,
976, and 1510 nm (Roithner) laser diodes mounted in temperature sta-
bilized mounts (TCLDM9, Thorlabs) and driven by a laser diode con-
troller (ITC4001, Thorlabs) were used as the excitation sources. The lumi-
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nescence wavelength was selected with a double monochromator (Ben-
tham, DTMS300) and the signal was detected with a photomultiplier
tube (R928P, Hamamatsu) mounted in a temperature-cooled housing
(CoolOne, Horiba) in the UV-Vis region or with an infrared single-photon
detector (ID Quantique, ID220) in IR region-both detectors were coupled
to the multi-channel scaling card (TimeHarp 260, Picoquant). In order to
exclude the effects of reabsorption on the detected decay time, the decays
were obtained from the powder samples prepared as follows. Parts of the
studied crystals were ground to powder and then mixed with barium sul-
phate, which was optically inactive in the Vis—NIR region. The ratio of the
Er**-doped BaF, to the BaSOy is 1to 9.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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