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Multi-photon quantum cutting in Gd,0,S:Tm>" to
enhance the photo-response of solar cells

De-Chao Yu'?, Rosa Martin-Rodriguezz, Qin-Yuan Zhangl, Andries Meijerinkz, and Freddy T Rabouw?

Conventional photoluminescence (PL) yields at most one emitted photon for each absorption event. Downconversion (or quantum
cutting) materials can yield more than one photon by virtue of energy transfer processes between luminescent centers. In this work, we
introduce Gd,0,S:Tm3" as a multi-photon quantum cutter. It can convert near-infrared, visible, or ultraviolet photons into two, three,
or four infrared photons of ~1800 nm, respectively. The cross-relaxation steps between Tm3™ ions that lead to quantum cutting are
identified from (time-resolved) PL as a function of the Tm®* concentration in the crystal. A model is presented that reproduces the way
in which the Tm3* concentration affects both the relative intensities of the various emission lines and the excited state dynamics and
providing insight in the quantum cutting efficiency. Finally, we discuss the potential application of Gd,0,S:Tm>* for spectral
conversion to improve the efficiency of next-generation photovoltaics.
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INTRODUCTION

Over the last decade, advanced luminescent materials exhibiting
downconversion, also known as quantum cutting or quantum split-
ting, have been developed". In this process, a high-energy photon is
converted into two or more lower-energy photons, with a quantum
efficiency of potentially well over 100%’. If the downconverted
photons are in the visible range, this concept is of interest for color
conversion layers in conventional lighting applications>*™®. New
exciting possibilities of downconversion to infrared (IR) photons lie
in next-generation photovoltaics, aiming at minimizing the spectral
mismatch losses in solar cells” .

Spectral mismatch is the result of the broad width of the spectrum
emitted by the sun. Semiconductor absorber materials absorb only
photons with an energy hv higher than the band gap Eg7. To absorb
many photons and produce a large electrical current, absorber mate-
rials must therefore have a small bandgap. However, because excited
charge carriers rapidly thermalize to the edges of a semiconductor’s
conduction and valence bands, a high voltage output requires an
absorber with a large band gap. Hence, materials with low transmis-
sion losses (leading to a large current) have high thermalization losses
(leading to a low voltage) and vice versa'®"?. These spectral mismatch
losses constitute the major factor defining the relatively low Shockley—
Queisser limit'*, the maximum light-to-electricity conversion effi-
ciency of 33% in a single-junction solar cell, obtained for a band gap
of approximately 1.1 eV (1100 nm)"?.

Efficiencies higher than 33% can be reached with multi-junction
solar cells, where a stack of multiple absorber materials are each opti-
mized to efficiently convert different parts of the solar spectrum to

electricity'>'®. Although efficiencies of greater than 40% have been
obtained with this concept'®, the devices are expensive and have limited
tunability because of the requirement of high-quality contacts between
absorber materials with matching physical and chemical properties.

An alternative solution to beat the Shockley—Queisser limit is by
optical conversion of the solar spectrum prior to entering the solar
cell>” ™!, A large number of downconversion materials able to convert
high-energy photons into multiple lower-energy photons have recently
been developed'”™2. The downconversion process occurs by energy
transfer between luminescent centers, either lanthanide ions with a wide
range of energy levels or organic molecules with low-energy triplet
states® 2, If the IR photons generated are all absorbed by the solar cell
material, the result can be a huge increase in the current output'®™"*??,
This concept does not impose requirements on the contact surface
between the conversion layer and the solar cell, so it can relatively easily
be integrated into existing solar cell technologies.

In this work, we introduce the quadruple-downconversion material
Gd,0,8:Tm’*. Depending on the excitation energy, it can yield two,
three, or even four IR photons (mainly approximately 1800 nm) per
absorption event. The high-energy photons are cut by a series of cross-
relaxation steps, where the initially excited Tm®* ion transfers part of its
energy to a neighboring Tm>". By examining the emission spectra and
dynamics as a function of Tm>" concentration in the Gd,0,S host
crystal, we determine the operative cross-relaxation processes leading
to four-photon quantum cutting and quantify the rates and efficiencies.
We find that at a moderate Tm> " concentration of 10%, the excitation
energy is very efficiently cut into IR quanta (in the *H; level emitting at
1215 nm and in the 3F4 level emitting at 1800 nm), with efficiencies of
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199% for near-IR excitation at 800 nm, 298% for blue excitation at
470 nm, and 388% for ultraviolet (UV) excitation at 365 nm. We
discuss the practical application of this multiple-downconversion
material to increase the spectral response of solar cells (in particular
Ge, of which the band gap is matched to emission from the *F, level).
Efforts should be aimed at reducing losses due to concentration
quenching of the °F, level and increasing the absorption by means
of a sensitizer. In addition to applications in next-generation photo-
voltaics, because the excitation can be in the first ‘tissue-transparent
spectral window’ of approximately 800 nm and the emission of 1800
nm lies in a spectral window with low tissue absorption and reduced
light scattering®**°, the concept of efficient downconversion in Tm>*
may be useful for bio-imaging applications.

MATERIALS AND METHODS

Gd,0,$:Tm>* powder samples

Microcrystalline samples of Gd,0,S:Tm’ " (x%) with x = 0.1, 1.0, 5.0,
and 10.0 were prepared for this research by Tailorlux GmbH
(Miinster, Germany). The crystal structure was confirmed using
X-ray powder diffractometry (see Supplementary Fig. S1). Gd,0,S
has a P3ml space group, where Tm’" dopant ions substitute for
Gd*" at a site with point symmetry Cs, surrounded by four oxygen
and three sulfur atoms>®’.

Experimental details

Emission spectra and photoluminescence (PL) decay curves were
recorded using an Edinburgh Instruments FLS920 spectrofluorom-
eter equipped with a 450 W xenon lamp. Visible emission was
detected by a Hamamatsu R928 photomultiplier tube (400-850
nm). Emission spectra in the IR were recorded on a liquid-nitrogen
cooled Hamamatsu R5509-72 photomultiplier tube (1100-1600 nm)
and a thermoelectrically cooled G5852 InGaAs PIN photodiode
(1500-2100 nm). For PL emission measurements, the samples were
excited with the xenon lamp. For PL decay measurements, an optical
parametric oscillator (OPO) system (Opotek HE 355 II) pumped by
the third harmonic of a Nd:YAG laser (pulse width 10 ns; repetition
rate 20 Hz) was used for excitation in the 3F2)3 (Figure 1c) or 'G,
(Figure 2c) levels. PL decay of the D, level (Figure 3c) was excited
with an Ekspla NR342B-10-SH/DUV OPO system (pulse width 5 ns;
repetition rate 10 Hz). All experiments were performed at room
temperature.

Modeling the photon yield from downconversion

To model the efficiencies of the downconversion processes in
Gd,0,8:Tm’*, we use the overview of possible relaxation pathways
(see Figures 1b, 2b, and 3b). For the cascade emissions, which dominate
the downconversion efficiency at low Tm>" concentration, we use the
branching ratios as determined by Yi et al*® for a crystal structure
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Figure 1 One-to-two downconversion from the 3F 3 and ®H, levels. (a) Emission spectra of Gd20,S:Tm®* (x%) with x = 0.1 (black), 1 (red), 5 (yellow), and 10 (blue)
excited in the 3F2,3 level at 697 nm. The spectra are recorded on three different detectors, as indicated by the vertical dashed lines, and are normalized for each
detector individually. (b) Possible decay pathways of the Tm3" 3F2,3 excited state. Pathways | and Il dominate at low Tm®* concentrations; Ill and IV dominate at
high concentrations. Multiphoton relaxation is depicted as dashed downward arrows, photon emission as colored arrows with symbols matching those marking
emission lines in a, and cross-relaxation as black solid arrows. (c) Decay dynamics of the 3H, — 3Hg emission at 800 nm upon excitation in the 3F2,3 level at 697 nm.
Solid lines are fit to Equation (2), from which we obtain an intrinsic lifetime of 7o = 255 s and a critical radius for cross-relaxation of Ry = 9.3 A. (d) The ratio between
the 3F, and 3H, emission intensities as obtained from the spectra shown in a (circles) normalized to the ratio at 0.1% Tm>™. The solid line is the ratio expected
based on the dynamics of c. (e) The theoretical absolute photon yields from the H, level (green), 3F, level (red), and the total yield (black) following excitation into
the 3H, (or 3F2,3) level.
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Figure 2 One-to-three downconversion from the G, level. (a) Emission spectra of Gd,0,S: Tm>* (x%) with x = 0.1 (black), 1 (red), 5 (yellow), and 10 (blue) excited in
the 1G4 level at 470 nm. They are recorded on three different detectors, as indicated by the vertical dashed lines, and are normalized for each detector individually.
(b) Possible decay pathways of the Tm** G, excited state include cascade processes (pathways I, 11, and I11). At higher Tm®* concentrations, (1G4, >Hg) — (3F2,3, 3F,)
cross-relaxation becomes the dominant decay pathway (IV and V), followed by further cross-relaxation from the 3F3,2 and 3H, levels (see Figure 1). (c) The decay
dynamics of the LGy level in Gd20,S:Tm3* (x%) with x = 0.1 (black), 1 (red), 5 (yellow), and 10 (blue), excited at 465 nm and detected for the 'G, — 3F, emission at
653 nm. Solid lines are fits to Equation (2), yielding an intrinsic lifetime of 7o = 105 ps and a critical radius for cross-relaxation of Ry = 10.4 A. (d) The intensity of
emission from the 3F, (red circles) and 3Hy (solid green triangle for 3Hy — 3F., open green triangles for 3Hy — 3He) levels relative to the 1Gy4 level. Solid lines are the
ratios as expected from our model (see Supplementary Information). The dashed green line would be the expected ratio of 2H, emission to 1G, emission if only the first
step in the sequence of cross-relaxations occurred, i.e., (*Ga, *He) — (3F2v3, 3F,). The agreement with the experiment is very poor (compare to the green triangles),
proving the occurrence of multiple cross-relaxation steps. (e) The total downconversion efficiency from the 1G4 level (black line) and separated by emission from the

1G4 (blue), 3H, (green), and 3F,4 (red) levels.

(Y,03) similar to ours (Gd,0,S). For the cross-relaxation processes,
which lead to efficient downconversion at high Tm>* concentrations
(>1%), we fit the excited state decay dynamics (see Figures 1c, 2¢c, and
3¢) of the *H,, 'G,, and 'D, levels to a model of first-order energy
transfer!?>3940 (Equations (1) and (2)) and obtain values for the
cross-relaxation strengths C,,. From these, the cross-relaxation efficiency
7yr s calculated. For more details, see the Supplementary Information.

RESULTS AND DISCUSSION

One-to-two downconversion following excitation in the
near-infrared

We start by examining the downconversion from the H, and °F, 5
levels of Tm’ ™. Figure 1a shows the emission spectra of Gd,0,8:Tm>*
(x%) upon excitation in the *F, 5 level at 697 nm, from bottom to top
for increasing Tm>" concentration of x = 0.1 (black), 1 (red), 5
(yellow), and 10 (blue). The spectra are recorded on three separate
detectors (boundaries indicated with vertical dashed lines) and are
normalized for each detector separately. Consequently, the relative
intensities of emission lines can be compared between different
Tm’ " concentrations but not between different detectors. The emis-
sion lines are ascribed to the *H, — *Hg transition at 800 nm, the
*Hs — °Hg transition at 1215 nm, the *H, — °F, transition at
1450 nm, and the *F, — *Hg transition at 1800 nm*>***!, At low
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Tm>" concentrations (0.1%, 1%), the emission is mainly from the
*H, level (lines indicated with a green triangle), whereas at higher
concentrations (5%, 10%), emissions from “Hs (yellow square) and
3F, (red circle) dominate.

The observations are consistent with the relaxation pathways illu-
strated in Figure 1b. Pathways I and II dominate at low Tm’" con-
centrations. Pathways III and IV, which involve cross-relaxation
between pairs of ions and result in downconversion, become more
likely at higher Tm®* concentrations. Colored downward arrows rep-
resent photon emission, with symbols matching those marking the
emission lines in Figure la. Fast non-radiative °F, ; — “H, multi-
phonon relaxation (dashed downward arrow) is evidenced by the
absence of emission from the F, 3 level. The occurrence of cross-
relaxation processes (black solid arrows in pathways IIT and IV) is
evidenced by the supralinear increase of emission intensity from the
*H; and °F, levels with increasing Tm> " concentration. Whereas radi-
ative decay from the °F, 5 level cannot compete with multi-phonon
relaxation, cross-relaxation at high Tm>" concentrations (pathway
IV) can, as evidenced by the observation of *Hs emission at 1215
nm. This indicates that very fast rates are possible for cross-relaxation
processes in Gd,0,S:Tm’*. Indeed, Supplementary Fig. S2 shows
that no *Hs emission is observed under excitation directly in the
’H, level (rather than in the °F,; level) because pathway IV is not

Light: Science & Applications
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Figure 3 One-to-four downconversion from the *D, level. (a) Emission spectra of Gd20,S:Tm>" (x%) with x = 0.1 (black), 1 (red), 5 (yellow), and 10 (blue) excited in
the 1D, level at 365 nm. (b) Decay pathways from the 1D, level. Pathways |, I, and 11l involve cascade emission of photons (colored downward arrows marked with
symbols corresponding to those in a) and are operative at low Tm>* concentration. At high Tm®* concentrations, cross-relaxation (solid black arrows in pathways IV
and V) becomes more efficient, effectively cutting the excitation energy in four and leading to emission in the IR (yellow square and red circle in a). (¢) PL decay curves
of the 'D;, level recorded at 465 nm (*D, — 3F ). Solid lines are fits to Equation (2), yielding an intrinsic lifetime of o = 4.0 us for the *D level and a critical radius for
cross-relaxation of Ry = 7.1 A. (d) The emission intensity from 3F, (red circles) and 3H, (green filled triangles: 3H4 — F.; green open triangles: 3H, — 3Hg) relative
to 'D,. Solid lines are the trends expected based on our model (see Supplementary Information). If we include only the first cross-relaxation step in our model
(i.e., (*Dy, 3He) — (PHa, 3Fg,g)), the predicted intensity ratio between *H, and D, (dashed green line) deviates strongly from the experimental data points. (e) The total
downconversion quantum yield (black line) following *D; excitation. Emission comes mainly from the 'D, level at low Tm>* concentrations and from 5F 4 at high Tm3*
concentrations. Consistent with the experiment (a), emission from the 3H, level is brightest at intermediate concentrations of approximately 1%.

possible. This also proves that multi-phonon relaxation from *H, to
’H; is negligible.

To quantify the rates and efficiencies of downconversion by cross-
relaxation from the ° H, state, we recorded PL decay curves excited in
the 3F2,3 level (697 nm) and recorded at 800 nm at the *H, — *Hj
transition. Figure 1c shows that for increasing Tm>" concentration,
the decay of the *H, level rapidly becomes faster, consistent with cross-
relaxation (pathway III in Figure 1b). We fit the decay curve for 0.1%
Tm>" to a single exponential, assuming no cross-relaxation, and
obtain an intrinsic lifetime of the *H, level of 7, = 255 pis. Next we
assume that at higher Tm>" concentrations, cross-relaxation can take
place via dipole-dipole coupling in pairs of Tm’™ ions, yielding a
cross-relaxation rate I'y, for a single pair proportional to the inverse
sixth power of the separation r between the ions'”2>?>%°;

I,=Cy,r ¢ (1)

The prefactor C,, (which represents the strength of cross-relaxation)
can alternatively be converted to a critical radius Ry = v/t Cy, defined
as the pair separation at which cross-relaxation has a 50% efficiency. We
fit the decay curve for 1% Tm’" to an analytical model that assumes a
random substitution of Tm>* for Gd>* in the Gd,0,S crysta139’4°:

shells 6
1) =10)e™ "/ TT (1 —x-+xe™ ot/ 2)
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where xis the Tm> ™" acceptor concentration, and (r;, 1;) represents the
‘neighbor list’ given by the crystal structure of Gd,0,S. The best fit is
obtained for Cy, = 2.5 nm® ms™ ', corresponding to a critical radius of
R, = 9.3 A. This translates into a cross-relaxation rate in a nearest-
neighbor pair (at a separation of 3.5 A; one Tm®* in the *H, level and
one in the 3H() ground state) of 1/0.75 ps, 341X faster than radiative
decay from the *H, level. In Figure 1c, the solid lines through the data for
5% (yellow) and 10% (blue) Tm>* are drawn following Equation (2)
without additional fit parameters. They show a good match with the
experimental PL decay curves. Deviations at high Tm>* concentrations
may be due to energy migration over the Tm’ ™ sublattice, reabsorption
of emitted light, or upconversion processes (i.e., the inverse of cross-
relaxation; see Supplementary Information for further discussion).
Based on the possible decay pathways of the *H, level (Figure 1b)
and with the assumption that no non-radiative loss occurs, we can
estimate (see Supplementary Information for details) the expected
light yield following excitation at 700800 nm in the *F, 5 or *H, level.
Using the fitted value for the cross-relaxation strength Cy, (Figure 1c),
we can estimate how the expected intensity ratio between 3F, and °H,
emission varies with Tm>™ concentration. In Figure 1d we plot the
result (solid red line) and compare it to the experimental data (red
circles). Efficient cross-relaxation causes the relative intensity in the IR
at 1800 nm from the F, level to increase by more than a factor 100 as
the Tm>" concentration increases from 0.1% to 10%. Hence, our

doi:10.1038/Isa.2015.117



model of (*H,, *Hg) — (°Fy, °F,) cross-relaxation (Figure 1b) via
dipole—dipole interaction is consistent with both the excited state
dynamics (Figure 1c) and the resulting emission intensities
(Figure 1d). The deviation between experiment and model that occurs
in Figure 1d at 10% Tm>™ can be understood in terms of concentration
quenching of the *F, level (see the section on “Discussion”).

In Figure le, we plot the one-to-two downconversion quantum
yield 77, (see Supplementary Information) following excitation into
the *H, level as a function of Tm>" concentration. We distinguish
between photons emitted from the *H, level and those emitted from
the °F, level based on our model and the fitted cross-relaxation
strength C,,. Whereas at low Tm’" concentrations the emission comes
primarily from the *H, level (green line), at higher concentrations, °F,
emission (red line) is dominant. We see that Gd,0,$:Tm> " can effi-
ciently downconvert photons of 800 nm. Because of cascade emission
(pathway II in Figure 1b), 1, is already over 100% (119%) at 0.1%
Tm>* 22442 Tt increases to 199% at 10% Tm’ " because cross-relaxa-
tion becomes much more efficient. Experimentally, the absolute
downconversion quantum yield is difficult to determine quantita-
tively because emissions occur over such a large spectral range, includ-
ing very close to the excitation wavelength and beyond the detector
range. We can see in Figure la that the absolute emission intensity
from the *F, level decreases when the Tm>* increases from 5% to 10%.
This indicates that in our samples, concentration quenching effects
(see the section on “Discussion”) are present at high Tm>" concentra-
tions, which diminish the actual quantum yields to below those esti-
mated in Figure le.

One-to-three downconversion following blue excitation

Next, we investigate the efficiency of downconversion from the 'G,
level of Tm>* **. We perform a similar analysis as presented above in
Figure 1 but for higher-energy excitation, to build a complete picture
of the chain of cross-relaxation processes that can take place in
Gd,0,8:Tm’*. The 'Gy level is excited with blue photons of 470
nm, which each provide enough energy to generate three IR photons
of 1800 nm (°F, — °Hy). Figure 2a shows emission spectra of
Gd,0,8:Tm’ " following excitation in the 'G, level at 470 nm. In
addition to the emission lines observed in Figure la from °H, (green
triangles), *H, (yellow square), and °F, (red circle), we now see
emission from the 'G, level (blue crosses). The line at 650 nm is from
the 'G, — °F, transition, whereas the emission at approximately 1200
nm, observed at low Tm>" concentrations (0.1%, 1%), originates
from the 'G, — *H, transition. At high Tm’* concentrations (5%,
10%), the spectrum at approximately 1215 nm is of a different origin,
namely the *Hs — H, transition, as evident from a comparison to
Figure la. Overall, we see that at the lowest Tm>" concentration
(0.1%), the emission comes mainly from the G, level (blue crosses),
at intermediate concentration (1%), >H, emission is relatively strong
(green triangles), whereas at high concentrations (5%, 10%) the
spectrum is dominated by *H, (yellow square) and 3F, (red circle)
emissions.

Based on these observations, we propose relaxation pathways for
the 1G4 level as depicted in Figure 2b. At low Tm>" concentrations,
pathways I, II, and III result in cascade emissions from the 'G, level
(there can also be direct radiative decay to the ground state, not
depicted). At high Tm’* concentrations, ('Gy, *Hg) — (3F2,3, °Fy)
cross-relaxation occurs®>*, after which the 3F2,3 and *H, excitations
are further downconverted as already discussed in Figure 1. The result
at high Tm>" concentrations (5%, 10%) can be three IR emissions for
each blue excitation, consistent with the dominant contribution from
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the *Hj (yellow square) and °F, (red circle) emissions in the spectra of
Figure 2a. There may also be ('Gy, *He) — (°Hy, *Hs) and ('Gy, *Hg)
— (*Hs, ®H,) cross-relaxation processes®”**, which would lead to
similar downconversion schemes, except that the 3H5 level is directly
populated in the first step of the sequence of cross-relaxation steps.
Because we experimentally observe *Hs emission only at the highest
concentrations, the dominant first cross-relaxation process is prob-
ably (1G4» 3He) - (3F2,3> 3F4)-

We investigate the downconversion dynamics of the 'G, level, as
shown in Figure 2c. The solid lines are fits of the experimental data
(symbols) to the model of cross-relaxation by dipole—dipole coupling
(Equation (2)). We obtain for the 'G, level an intrinsic lifetime of 7, =
105 ps and a cross-relaxation strength of C,, = 11.8 nm® ms™!, cor-
responding to a critical radius of Ry = 10.4 A. This means that the
cross-relaxation rate of the 'G, level in a nearest-neighbor pair is
1/0.16 ps, 660X faster than radiative decay. Such fast cross-relaxation
rates explain why in upconversion experiments only low Tm’" con-
centrations of no higher than 1% yield bright blue upconversion
emission**%,

As we did in Figure 1d for 3 H, excitation, with the fit results on the
decay dynamics (Figure 2c¢), we can calculate the theoretical photon
yields upon 'G, excitation (see Supplementary Information).
Figure 2d shows the intensity ratio of 3F, (red) or °H, (green) emis-
sion to 'G, emission. The experimental data (data points) show a
good match to the theoretical predictions (solid lines). This confirms
the occurrence of the sequence of cross-relaxation processes depic-
ted in Figure 2b, which lead to the generation of three IR photons
for each blue excitation. As a check, the dashed green line in
Figure 2d shows the expected *H,-to-'G, intensity ratio in the hypo-
thetical case that only the first cross-relaxation process occurred (i.e.,
('Gy, *Hg) — (3F273, *F,)) rather than a sequence of two cross-relaxa-
tion steps. This scenario is not consistent with the experimental
emission spectra.

In Figure 2e, we plot the absolute photon yields following 'G, excita-
tion, as calculated with our model (see Supplementary Information). At
low Tm®* concentrations, the emission comes mainly from the 'G,
level (blue line), although through cascade processes (pathways I, II,
I in Figure 2b), the other levels emit as well. Consistent with the
experimental spectra (Figure 2a), emission comes primarily from the
°F, level (red line) at high Tm®™ concentrations. The total downconver-
sion efficiency increases from 165% at 0.1% Tm>* (by virtue of cascade
emissions) to 298% at 10% (determined by cross-relaxation). In prac-
tice the absolute photon yield is limited by concentration quenching of
the *F, emission at high Tm>* concentrations.

One-to-four downconversion following UV excitation

Finally, we increase the excitation energy further to be resonant with
the 'D, level of Tm>*. Excitation photons in the UV (of 365 nm) have
sufficient energy to yield as many as four IR photons from the *F, level.
Figure 3a shows the emission spectra of Gd,0,5:Tm>" excited in the
'D, level at 365 nm. We observe emission from the 'D, level (purple
diamonds) and, at higher Tm>" concentrations, from 3H4 (green
triangles), *H, (yellow square), and 3F, (red circle) but not from the
'G, level (compare Figure 2a). This indicates that cross-relaxation
processes occur but not to the 'G, level. Moreover, we can conclude
that multi-phonon relaxation from 'D, to 'G, is negligible.

In Figure 3b, we depict the decay pathways from the 'D, level
dominant in Gd,0,S$:Tm’". At low Tm>" concentrations there are
possibilities for cascade emission (pathways I, II, and II1)*>*¢*8, At
high Tm’* concentrations, because we see in the emission spectrum
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that cross-relaxation to the 'Gy level is not efficient, the dominant
process must be ('D,, *He) — (CHy, 3F2,3), as depicted in pathways
IV and V****, After reaching the *H, and 3F2>3 levels, the Tm>* ions
decay further, by cross-relaxation, as discussed above in Figure 1. The
result can be as many as four emitted IR photons (red circles and
yellow squares) for each UV excitation.

Figure 3¢ shows the decay dynamics of the ' D, level recorded for the
'D, — °F, emission at 465 nm. We again apply our model of cross-
relaxation by dipole—dipole interaction (Equation (2)) to fit the
dynamics. The best fit is obtained for an intrinsic lifetime of 7o =
4.0 ps and a cross-relaxation strength of C, = 32.8 nm® ms™" (cor-
responding to a critical radius of Ry = 7.1 A, and a nearest-neighbor
cross-relaxation rate of 1/0.06 ps, 69X faster than the intrinsic decay).
Hence, this cross-relaxation process from the lDz level is less efficient
than those from the *H, (Figure 1c) and 1G, levels (Figure 2¢) but still
competes strongly with radiative decay.

To confirm the occurrence of one-to-four downconversion in
Gd,0,8:Tm>* via the scheme of three cross-relaxation steps
(Figure 3b), we compare the relative emission intensities in the spectra
to the predictions of our model (see Supplementary Information).
Figure 3d shows a good correspondence between the experiment (data
points) and the model (solid lines). Downconversion occurs at low
Tm>* concentrations because of several possible cascade processes
(pathways I, ITand IIT in Figure 3b). Nevertheless, the relative intensity
of *F, emission increases by a factor 100 as the Tm>" increases from
0.1% to 10%. As a check, we can see that if we do not include the
second and third steps of the sequence of cross-relaxations, the agree-
ment between model and experiment is very poor (dashed green line).

Figure 3e presents the theoretical photon yield for excitation in the
'D, level. At the low Tm>" concentration of 0.1%, the downconver-
sion quantum yield is as high as 186% by virtue of the many possible
cascade processes (pathways I, II, and III in Figure 3b), through which
the UV excitation can relax*?. The downconversion quantum yield
increases to 388% at 10% Tm> " because the cross-relaxation becomes
more efficient. By comparing the absolute emission intensities
(Figure 3a) from the °F, level for 5% and 10% Tm’", it becomes
apparent that concentration quenching effects are at play at the highest

a 1.50 eV

2.59eV 3.36 eV
1.0 -

46, 4D,

Spectral irradiance
(KW m2 eV-")

Photon energy (eV)

34+ . . . .
Tm’" concentrations, which reduce the effective downconversion
yield (see the section on “Discussion”).

Discussion

Our results highlight Gd,0,$:Tm>™ as a promising material to effi-
ciently downconvert the near-IR, visible, and UV part of the spectrum
to IR photons. Two challenges have to be solved for this material to
significantly enhance the photo-response of next-generation solar
cells: (i) the relatively weak absorption of Tm>* and (ii) concentration
quenching of the °F, level.

The absorption spectrum of Tm>*, as for most other trivalent lan-
thanide ions, contains a few narrow lines originating from the intra-
configurational transitions from the *Hy ground state to the many
possible excited states. In the inset of Figure 4a, we show the excitation
spectra of Tm’" for the *Hy — °F, emission. The absorptions are
relatively weak and narrow. A more detailed investigation of the differ-
ent line intensities in the full excitation spectrum, as a function of Tm>*
concentration, is presented in Supplementary Fig. S3. To increase the
effective absorption strength of Tm®* and make it broadband, sensiti-
zers are needed”®*” >, For example, the material could be co-doped
with strongly absorbing centers, such as Ce’>*, for sensitization®****>>°,
Such schemes allow for the absorption spectrum of the material to be
tuned independently of the downconversion process. This opens up
interesting but challenging possibilities, such as materials that convert
UV and near-IR to IR photons but are transparent to visible light for use
as luminescent solar concentrators in windows.

Figure 4a shows the fraction of the solar spectrum made available
through downconversion, if we assume broadband effective absorp-
tion of Tm’* by means of sensitization. We consider a solar cell with a
bandgap of 0.65 eV (1900 nm; e.g., Ge) ' such that all °F, emission can
be absorbed. The red area in Figure 4a is directly usable by this solar
cell. In the ideal sensitized downconverter (based on the excitation
spectrum of Tm>*; Supplementary Fig. $3 and the inset of Figure 4a),
all photons with energy higher than hv > 3.36 eV are funneled to
the 'D, level, photons of 2.59 eV < hv < 3.36 eV to the G, level,
and photons of 1.50 eV < hv < 2.59 eV to the *H, level. The colored
areas in Figure 4a indicate the gain enabled by one-to-two (green),
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Figure 4 Reducing spectral mismatch losses with Gd»0,S:Tm3". (a) A simple solar cell with a band gap of 0.65 eV (1900 nm; for example, Ge) can effectively use only
the part of the solar spectrum shaded red. Spectral conversion by a sensitized downconverter layer of Gd,0,S:Tm>* would make additional parts available: the green
part by one-to-two downconversion from the 3H, level, the blue part by one-to-three downconversion from the *Gy4 level, and the purple part by one-to-four down-
conversion from the D5 level. The inset shows the positions of the various absorption lines in Gd,0,S:Tm>" in the excitation spectrum of the 3Hy — 3F, emission
at 1450 nm. (b) The calculated spectral losses as a function of the Tm3* concentration in Gd,0,S and the quantum efficiency #em of the IR emission from the 3F,
level. The solid black line shows how 1, varies with the Tm3* concentration according to Equation (3), and assuming a critical concentration of x, = 10%. For the
actual crystal, where the concentration quenching is directly linked to the Tm>* concentration, as described by Equation (3), the spectral losses as a function of
the Tm®* concentration are the color values at the position of the solid line. They are lowest (42%) at 2-3% Tm>". The dashed line is the contour corresponding to
the spectral losses of 50% for a crystalline Si solar cell (band gap = 1.1 eV). We see that a Gd,0,S:Tm>* with a Ge solar cell can outperform crystalline Si.
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one-to-three (blue), and one-to-four (purple) downconversion. The
spectral mismatch losses are reduced from 59% in the bare solar cell to
37% in combination with the downconverter (compared to 50% for a
Si solar cell).

The essential last step of the downconversion is the emission of
photons from the °F, level. As apparent from the relatively low abso-
lute emission intensities at 10% Tm>"* (Figures la, 2a, and 3a), the 3F4
level is partially quenched at this concentration. This can be ascribed
to concentration quenching, i.e., migration of the excitation energy
over the Tm>™" sublattice until it reaches a quenching site. The effect
has been studied in detail by Auzel et al.>! for the lowest excited state of
Yb>*, Er’*, and Ho? " in the crystalline host material Y,O3. They used
a model where the PL quantum efficiency of emission depends on the
concentration of luminescent ions x as

-1
1+ (i> 3)
21 \ X ’
where x; is the critical concentration. Auzel et al. found critical concen-
trations of approximately x, = 10% for the three ions investigated®'.
The effect of concentration quenching in a crystal doped with lumin-
escent ions depends on the material quality®%. With our equipment, we
are unable to measure 1, for the IR emission from the lowest excited
state of Tm®" in our samples, but the values could be expected to follow
the same trend as those found by Auzel et al. for Yb**, Er**, and Ho>*
in Y,05°.

In Figure 4b, we plot how spectral losses of the situation depicted
Figure 4a (solar cell of band gap 0.65 eV plus Gd,0,S:Tm’* down-
converter) would depend on the Tm>" concentration and #jey, of the °F,
level. The lowest spectral losses require a high Tm®* concentration (for
efficient cross-relaxation) and a high 7..,,. Because, as described by
Equation (3), high Tm>" concentrations come with a lower Nem> there
is some optimum concentration. The solid black line in Figure 4b
depicts how 7e,, would vary with Tm®* concentration according to
Equation (3) with xy = 10%. The lowest spectral losses are 42% at a
Tm’" concentration of 2-3%, significantly lower than the 59% for the
bare solar cell with a band gap of 0.65 eV and even lower than Si (50%;
dashed line).

nem(x) =

CONCLUSION

To summarize, we have demonstrated that Tm>* in Gd,0,S can
effectively downconvert high-energy photons from the near-IR, vis-
ible and UV to IR photons of a wavelength of 1800 nm. By virtue of a
variety of cross-relaxation processes, an excitation in the 3H4 level
(800 nm) can be converted to two IR photons, from the 'G, level (470
nm) to three and from the 'D, level (365 nm) to four. We have
quantified the cross-relaxation rates and efficiencies for different
Tm>* concentrations by fitting the decay dynamics of the levels
involved. For the three downconversion processes, the efficiencies
are near 200%, 300%, and 400% for 10% Tm>". These results are
consistent with the relative intensities of the emission lines as found
experimentally. We have discussed the potential application of
Gd,0,8:Tm>" as a spectral converter for photovoltaics. In particu-
lar, this material could greatly improve the efficiency of Ge solar cells,
to such extent that they could even outperform crystalline Si in terms
of spectral mismatch losses.
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	Figure 3 Figure 3 One-to-four downconversion from the 1D2 level. (a) Emission spectra of Gd2O2S:Tm3+ (x&percnt;) with x = 0.1 (black), 1 (red), 5 (yellow), and 10 (blue) excited in the 1D2 level at 365 nm. (b) Decay pathways from the 1D2 level. Pathways I, II, and III involve cascade emission of photons (colored downward arrows marked with symbols corresponding to those in a) and are operative at low Tm3+ concentration. At high Tm3+ concentrations, cross-relaxation (solid black arrows in pathways IV and V) becomes more efficient, effectively cutting the excitation energy in four and leading to emission in the IR (yellow square and red circle in a). (c) PL decay curves of the 1D2 level recorded at 465 nm (1D2 &rarr; 3F4). Solid lines are fits to Equation (2), yielding an intrinsic lifetime of &tgr;0 = 4.0 &micro;s for the 1D2 level and a critical radius for cross-relaxation of R0 = 7.1 &Aring;. (d) The emission intensity from 3F4 (red circles) and 3H4 (green filled triangles: 3H4 &rarr; 3F4; green open triangles: 3H4 &rarr; 3H6) relative to&nbsp;1D2. Solid lines are the trends expected based on our model (see Supplementary Information). If we include only the first cross-relaxation step in our model (i.e.,&nbsp;(1D2,&nbsp;3H6) &rarr; (3H4, 3F2,3)), the predicted intensity ratio between 3H4 and 1D2 (dashed green line) deviates strongly from the experimental data points. (e) The total downconversion quantum yield (black line) following 1D2 excitation. Emission comes mainly from the 1D2 level at low Tm3+ concentrations and from 3F4 at high Tm3+ concentrations. Consistent with the experiment (a), emission from the 3H4 level is brightest at intermediate concentrations of approximately 1&percnt;.
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