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Abstract 

Upconversion – the absorption of two or more photons resulting in radiative emission at a higher 

energy than the excitation – has the potential to enhance the efficiency of solar energy harvesting 

technologies, most notably photovoltaics. However, the required ultra-high light intensities and the 

narrow absorption bands of lanthanide ions limit efficient solar utilisation. In this paper, we report 

results from exciting upconverters with concentrated sunlight at flux densities up to 2300 suns, where 

the radiation is restricted to photon energies below the bandgap of silicon (corresponding to a 

wavelength  = 1200 nm). Upconversion to  = 980 nm is achieved by using hexagonal erbium-doped 

sodium yttrium fluoride (β-NaYF4: Er3+) in a fluoropolymer matrix. Upconversion has a nonlinear 

relation with irradiance, therefore at a high irradiance a threshold occurs where the process becomes 

linear. For β-NaYF4:25%Er3+, we find a two-photon threshold under concentrated sunlight at 320 suns. 

Notably, this threshold is lower than under corresponding laser excitation and can be related to all 

resonantly excited Er3+ ion levels and excited stated absorption. These results highlight a pathway that 

utilises a far broader portion of the solar spectrum for photovoltaics. 

 

Introduction 

Up-conversion (UC) is a non-linear photonic process whereby the energy from two or more lower 

energy photons can be added to result in the emission of a single higher energy photon [1]. UC has 

been investigated for applications in lasers [2], biomedical imaging [3], [4], anti-counterfeiting [5], [6], 

plastic recycling [7] and solar energy harvesting [8], [9], [10]. For photovoltaics, it can be a promising 

method for circumventing solar cell transmission losses associated with sub-bandgap photons in the 

solar spectrum [11]. Calculations show that UC could increase the theoretical upper efficiency 

(Shockley-Queisser) limit of single-junction solar cells from 33% to 48% [11], in the ideal case. 

Efficient rare-earth [12], [13], [14] upconverters have been reported with up to 9.5% external UC quantum 

yield (eUCQY), which is the ratio of externally emitted to incident photons. Rare earth upconverters 

with high near-infrared (NIR) eUCQY were found to exhibit the highest performance for silicon [14], 

[15] and perovskite solar cells [16]. 

 

In trivalent lanthanide ions, UC occurs via radiative transitions within the partially filled 4f shell. The 

first excited state is populated via ground state absorption (GSA). Excited-state absorption (ESA) of an 

additional photon can produce a higher excited state. However, a more efficient process – especially at 

lower excitation power densities – can occur via energy transfer upconversion (ETU) to the nearby 

activator ions at the first excited state, as depicted in Fig. 1(a). The energy of one ion is donated to a 

nearby ion, promoting it to a higher metastable state, while the energy of the sensitizer returns to the 

ground state.  

https://doi.org/10.1016/j.solmat.2024.112783
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In a simplified three-level system where the rate of ETU to the first excited state, W1, is the dominant 

mechanism and ESA is neglected, the population density N1 of the first excited state will depend on the 

rate R of multi-phonon relaxation and linear decay as [17], [18]: 

W0 N0 NS = (R + W1 NS) Ni  ,      (1) 

where W0 is the rate of the ETU to the ground state transition and NS the population density of the 

sensitizer. Because the population depends on the absorption cross section of the sensitizer, it is 

irradiance E (in W/m2) rather than power P (in W) that serves better for comparisons between different 

experiments, independent of the excitation beam size and spectral bandwidth. 

At a low irradiance E, where depopulation to the ground state is dominant, R >> W1 NS and the relation 

becomes [18]: 

        NS ∝ σ En , (2) 

where σ is the absorption cross section of the sensitizer and n is the integer number of photons involved 

in the UC process. The value of n is commonly obtained from log-log plots of the integrated UC 

photoluminescence (UCPL) versus E (Fig. 5). For the two-photon threshold investigated here at low 

power, we deduce n = 2. Αt high P, the emission to the ground state will be minimal and UC to the 

higher energy state is the main depopulation mechanism, for which W1 N1 NS >> R N1, and n = 1, thus 

Eqn. (2) becomes [18]: 

NS ∝ σ E . (3) 

The maxima of the absorption lines of each state may be at different wavelengths. As a consequence, 

the maximum absorption cross section of each excited state may require a different photon energy for 

maximum population. In this case, monochromatic laser excitation may not provide the required 

photon energy, while lasers of different wavelengths or broadband excitation sources are suitable to 

optimize the efficiency of each step involved in upconversion [19].  

The irradiance required to populate the excited states can, moreover, be quite different for laser vs. 

solar excitation. For solar energy applications, the irradiance is a function of the non-dimensional 

absorbance-weighted solar concentration CA defined as the ratio of the integrals of the absorbance-

weighted spectral excitation irradiance Eexc() between the source and the air-mass 1.5 direct (AM1.5D) 

solar spectrum [20], [21], [22]: 

     𝐶𝐴 =
∫𝐴(𝜆)𝐸𝑒𝑥𝑐(𝜆)𝑑𝜆

∫𝐴(𝜆)𝐸𝐴𝑀1.5(𝜆)𝑑𝜆
, (4) 

where A() denotes spectral absorbance, and the integrations in Eqn. (4) cover the entire solar spectrum 

( = 280-4000 nm). Solar concentration is expressed here in the units of “suns” (i.e., the ratio of target 

irradiance relative to the incident solar beam irradiance) is independent of the spectrum, and hence 

considerably greater than CA. 

 

There have been considerable efforts towards engineering upconverters for the practical regime of low-

irradiance thresholds [23]. For two-photon UC, a straightforward method to estimate this threshold is to 

observe the irradiance where the slope of the log-log plot of UCPL against E reaches 1.5 [24]. UC laser 

thresholds as low as 10 W/m2 were reported in surface‐anchored metal-organic‐framework 

heterojunctions [25] – achieved by creating controlled phase-separated structures in the heterojunctions, 

and offering additional routes for low-threshold or even threshold-less UC [26]. In a similar organic-

inorganic route, efficient dye-sensitised UC was demonstrated [27] in a system of NaYGdF4:Yb3+Er3+ 

sensitised by a carboxylated dye at very high thresholds of 1.8×104 W/m2. The sensitization of Er3+ 

ions to extend its infrared response has been demonstrated with Ni2+ ions [28] within the band 

 = 1060-1450 nm, and with size-engineered PbS quantum dots over  = 1100-1470 nm [29] bridging 

the gap between the absorption of crystalline silicon (c-Si) and Er3+ ions, as well as the directional 

emission by arrays of photonic-crystals [30]. Christiansen et al. [31] reported an analytical model for 

the intensity dependence of UC in Er3+ ions from excitation at  = 1500 nm to emission at  = 980 nm. 
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They observed a saturation at 5×103 W/m2 for NaYF4: Er3+ nanoparticles, with similar irradiance values 

recently reported [32] for the NIR-to-visible (980 nm to 550 nm) UC of NaYF4: 18%Yb3+, 2%Er3+ 

microcrystals. At the saturation irradiance, UC is the dominant depopulation process and the eUCQY 

no longer depends on excitation power. It was found [32] that at the saturation eUCQY is 5.8 greater 

than the PLQY of the specific energy level at the irradiance of the threshold. 

The irradiance thresholds under a broadband solar excitation must be far higher than with laser 

excitation, because i) the radiance of the sun is far below that of lasers, and ii) a large fraction of solar 

power is contained in spectral regions that do not yield any UC. Nonetheless, a broadband input can 

excite a wider range of photons at excited states, with the most probable state being 4I13/2. Indeed, 

Fischer et al. reported on the eUCQY of β-NaYF4: 25%Er3+ under different spectrally-broad bands [21]. 

The eUCQY of β-NaYF4: 25%Er3+ saturates at a lower irradiance when the excitation is at  = 1450-

1600 nm compared to the excitation covering 1500-1550 nm. For a lower erbium content, β-

NaYF4: 10%Er3+ saturation was reported at 1490-1550 nm at an irradiance of 2.27×106 W/m2 [33], [34]. 

Moreover, when compared to an oxysulphide host lattice, Gd2O2S: 10%Er3+, there was a higher 

eUCQY under broadband excitation [35] due to a broader absorption of the solar spectrum, suggesting 

that the fluoride host is better suited for solar applications. 

 

Because the clear-sky, mid-day solar irradiance on earth is approximately 1000 W/m2, therefore a form 

of solar concentration is required to obtain sufficiently high irradiance on the upconverter. Solar 

concentration also improves the optical efficiency of the system. 1.7× stronger upconversion was 

reported with dielectric microbeads [36], and comparable improvements were found with commercial 

dielectric compound parabolic concentrators exhibited improvements with a concentration ratio of 2.8× 

[22] independent of the irradiance on the overlying solar cell. A 2.7× enhancement was reported by 

applying an upconverter-coated double-layered metasurface [37], while improvements of ~100× [8], 

[38], [39] and up to 3 orders of magnitude [40] were reported by utilizing dielectric microlens arrays. 

Although the reported concentrators increased the target irradiance, the upconverter may require 

several orders of magnitude higher concentration, which has shown to be possible [41]. Reaching such 

a high solar irradiance mandates accurate dual-axis solar tracking, for which dual reflector optics have 

been found to provide a liberal optical tolerance to off-axis orientation [42]. 

In this paper, we utilized the reflective-refractive solar concentrators shown in Fig. 1(b). A two stage 

solar concentrator that covers the irradiance values involved in the transition from the two-photon to 

the linear regime was utilized. Previous upconverter devices required that the upconverter be directly 

attached to the back of the solar cell, which limited the available concentration to a few hundred suns, 

as a higher concentration would diminish the efficiency of the solar cells due to Auger recombination. 

As seen in Figure 1(b), the proposed configuration enables very high concentrations levels at the 

upconverter, while the overlying silicon solar cell enjoys a low concentration of 15 suns. This 

configuration offers the advantage of realizing maximum solar cell efficiency, while ensuring the high 

solar concentrations levels needed to excite the upconverter. A major advantage of physically 

separating the solar cell and the upconverter (Fig. 1(b) is the collection of the diffuse sunlight at the 

back side of the bifacial solar cell. Concurrently, high concentration is achieved by a secondary 

concentrator that collects the UC luminesced to the underside of a bifacial cell. Only a fraction 1/C of 

the diffuse radiation is collectible, where C denotes the geometric concentration which, at the flux 

densities required for UC, this means that essentially no diffuse light reaches the upconverter. 

In addition, extended excitation bandwidths are investigated in β-NaYF4: Er3+ embedded in a 

commercially available fluoropolymer matrix, which exhibits one of the highest eUCQY in the infrared 

[15]. Drawing from the experience of UC in silicon photovoltaics and aiming to examine broader 

bandwidths that may provide photons for additional transitions, we utilise most of the sunlight 

transmitted through silicon ( > 1100 nm), at a solar flux concentration values up to 2300 suns. These 

are flux densities that are tractable with commercial optical systems. 
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Figure 1: Photovoltaic Upconversion where at least two sub-bandgap solar photons at  > 1100 nm (for silicon) are 

converted into one photon above the bandgap energy. a) Energy level diagram of the Er3+ ion system, showing the 

transitions involved in two- and three-photon UC under concentrated sunlight at  > 1100 nm. b) The parabolic and tapered 

concentrators are needed to irradiate with flux densities of 15 suns on silicon and 2300 suns on the upconverter. c) SEM 

cross-section of the upconverter β-NaYF4:Er3+ embedded in perfluorocyclobutyl (PFCB) matrix with 55.6% w/w ratio, d) 

Magnification of the SEM displaying spatially separated regions of upconverter and PFCB. Smaller than 5 μm porous 

grains of the upconverter can be seen in the inset. 
 

Methods & Materials 

The UC consisted of a β-NaYF4 micro-crystalline phosphor, doped with 5, 15, 25, 35, 50 and 75% Er3+ 

ions. The samples were synthesized at the University of Bern following the recipe described in [43]. 

The phosphor was cast in a perfluorocyclobutyl (PFCB) polymer (Tetramer Technologies LLC, USA) 

matrix, at a phosphor-to-polymer weight ratio of 55.6% according to the methods in references [12] 

and then finally cut and polished into 1 mm-thick discs of 12.5 mm diameter. PFCB was chosen for its 

low absorption coefficient in the NIR, as well its refractive index closely matching that of the β-

NaYF4: Er3+. The size of the β-NaYF4 crystal, see Fig. 1(c,d), resulted in inhomogeneous scattering, 

which may affect the collection efficiency of the emission at oblique angles. Clusters of β-NaYF4 

crystals up to 50 μm can be seen, encapsulated by the PFCB polymer. The porous β-NaYF4 clusters are 
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large compared to their encapsulation in polydimethylpolysiloxane (PDMS) [37] in addition to limited 

water and oxygen penetration [44]. This work focused on one of the most efficient upconverters, which 

was encapsulated in a stable solid state matrix to enable the presented characterization. Considering the 

stability of the fluoropolymer matrix, future research can consider incorporating core-shell 

nanoparticles into an equivalent matrix [45]. 

Direct sunlight was concentrated with two optical systems previously described in detail [46], [47]. In 

the first system (Fig. 2a), a parabolic mini-dish, 20 cm in diameter (mounted on a dual-axis solar 

tracker), with a secondary flat mirror that re-images the solar disc into an optical fibre with a fused-

silica core diameter of 1.00 mm and a nominal numerical aperture NA of 0.66, delivered target 

irradiance values of 27-235 suns onto the upconverter at a distance L = 2 mm below the fibre tip. The 

excitation beam width w was measured with the knife-edge technique (Fig. S1), and calculated as 

w = 2×tan(ArcSin(NA))+L, yielding an illumination area of 0.16 ± 0.02 cm2. The beam profile at the 

end of the fibre is not uniform [48], so different irradiance values may produce different UCQY [49] - a 

point for future investigation. UCPL was detected from the edge of the sample by an optical fibre with 

a core diameter of 0.60 mm. 

The second concentrator (Fig. 2b) is a solar furnace comprising an outdoor flat mirror that tracks the 

sun and reflects the beam to a stationary indoor parabolic dish, 52.6 cm in diameter, with NA = 0.40. A 

truncated square pyramidal light pipe made of BK7 glass (Edmund Optics, 63105) that served as a 

flux-homogenising rod was inserted with its larger aperture at the focus of the dish, delivering a 

uniform spatial distribution over an exit area of 16 ± 0.09 mm2 on the upconverter. The tapered light 

pipe was selected due to its precision, while parabolic concentrators are usually the practical high-flux 

solar concentrator of choice [50] for their superior concentrating and collecting properties. The range of 

solar concentration attained with this configuration was 116-2300 suns. The UCPL was collected 

through the same light pipe by a 100 x 100 mm Fresnel lens, focusing to an optical fibre-coupled 

spectrometer (Stellarnet, BLK-C-SR). Sunlight at λ < 1200 nm was filtered by double-sided polished p-

type float zone Si(100) wafers without any additional coatings. A longwave-pass filter (Thorlabs, 

FEL1350) was used to exclude photons absorbed by excited states. In both configurations, the UCPL 

from the surface of the sample at variable solar concentration (Fig. S2) was detected with minimal 

reabsorption, as in prior fluorescence measurements [51], [52]. The difference in the collection 

efficiency of the two optical systems resulted in different integrated UCPL intensities. Consequently, as 

a consistency check, we confirmed that the slopes of the power-dependent UCPL at irradiance values 

common to both concentrators were equal. 
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https://www.edmundoptics.com/p/4mm-2x-100mm-length-low-na-tapered-light-pipe/17719/
https://www.stellarnet.us/spectrometers/black-comet-sr/
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Figure 2: Schematics of the two different solar concentrator systems used in the study: a) parabolic mini-dish concentrator 

with optical fibre output, and b) solar furnace that includes a glass homogenising rod for uniform target illumination. In both 

configurations, sunlight at λ < 1200 nm was filtered out by silicon wafers. 
 

The samples were mounted on a 75 x 60 x 50 mm aluminium heat sink. The upconverter temperature, 

monitored by thermocouples, was kept constant at 32±2oC. The same temperature was also maintained 

when the delivered concentrated sunlight was passed through an optical chopper wheel (which 

preserves the instantaneous irradiance but can markedly lessen the time-averaged irradiance and hence 

the thermal load) as described in [53]. This resulted in the same excitation-dependent slopes, as also 

confirmed by the time-dependent kinetics of the UCPL spectra (Fig. S3). In the first 80 s of 

illumination at 1680 suns, the peaks at 550 nm, 660 nm, 810 nm and 980 nm remained constant, 

indicating that the emission from these levels is not thermodynamically coupled to the excitation. This 

confirms that illumination-induced heating did not occur during the measurements, and means that 

thermal correction factors, such as those suggested in reference [54] are not required here. Because the  

heating of solar cells under concentrated sunlight may affect their stability, future investigations should 

consider a temperature-controlled characterization [55]. 

The direct normal irradiance (DNI), measured by a pyrheliometer, varied between 866 and 915 W/m2 

during the experiments, conducted at Midreshet Ben-Gurion, Israel, (Lat. 30.8oN, Long. 34.8oE, Alt. 

475 m) between July 2018 and June 2019. The power on the sample was measured with a thermal 

(spectrum-neutral) power-meter (Ophir, FL250A) the sensor of which was placed flush against the exit 

of the optical fibre or homogenising rod. Two sets of measurements were conducted as a function of the 

solar concentration: one set under the full solar spectrum, and the other set filtered by silicon wafers, 

i.e., delivering only radiation at λ > 1100 nm. 

Benchmark and high resolution irradiance experiments with monochromatic illumination (Fig. S2) 

were conducted at the Karlsruher Institute for Technology (KIT). A NIR laser (Thorlabs, TLK-L1550R) 

was utilized with a bandwidth reported by the manufacturer as 0.001 pm at λ = 1523 nm. The integrated 

irradiance at  > 1100 nm, weighted by the absorbance of Er3+ ions is 10 W m-2. The power and the 

area of the laser were measured with an IR-sensitive sensor (Thorlabs, S122C) and a slit beam profiler 

(Thorlabs, BP209-IR/M), respectively. Reflectance spectra were measured in a UV-Vis-NIR 

spectrophotometer (Cary-Agilent, 5000) equipped with an integrating sphere (Cary, Internal DRA 2500) 

and absolute reflectance standards (Labshere, SRT-99-020). 1523 nm laser excitation with Δλ = 40 nm 

was provided by a super-continuum laser with an acousto-optical filter, as previously reported [33]. 

 

Results & Discussion 

Fig. 3 shows UCPL spectra under sunlight excitation at  > 1100 nm. UC emissions were observed 

from energy level 4I11/2 at 980 nm, 4I9/2 at 810 nm, 4F9/2 at 660 nm, 4S3/2 at 550 nm and a weak emission 

at 525 nm from level 2H11/2, see energy level diagram of Fig. 1(d). No other luminescence was detected 

with sunlight excitation at λ > 1100 nm, which is consistent with other works on Er3+ ion UC using 

highly doped β-NaYF4 and indicating that ETU is dominant. 
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Figure 3: UCPL spectra of β-NaYF4: 25%Er3+ for λ = 500-1100 nm under sunlight excitation at λ > 1100 nm (in grey) over 

solar concentration from 115 to 2300 suns available by the concentrators. 
 

All spectral peaks were broadened compared to the 1523 nm laser excitation, shown in Fig. 4, 

suggesting cooperative processes between all resonantly excited energy levels come into play under a 

broadband excitation. This is in agreement with the homogeneous broadening of the external quantum 

efficiency (EQE) in upconverter solar cell devices, as reported under simultaneous laser and white-light 

bias [56]. The EQE of upconversion devices agrees with the excitation spectrum of the upconverter. In 

addition, the two-to-one photon emission at 980 nm, which is the most applicable emission for silicon 

solar cells, is the most intense. The integrated intensity of this emission will be used below to establish 

the solar concentration threshold for two-photon UC. 

 

 
Figure 4: UC spectra of β-NaYF4: 25%Er3+, with the emission between 500 nm and 900 nm multiplied by 50x (red) relative 

to the excitation intensity (black). 
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Fig. 5 shows the power density dependence of the integrated UCPL at 980 nm under various excitation 

bandwidths are displayed. For a 1523 nm laser excitation (blue diamonds), the slopes of the UCPL 

curves were 1.91 at low irradiance and 1.17 at high irradiance. The slope of n=1.17 for laser excitation 

indicates that the two-photon process has not been reached, but is approaching saturation. The highest 

laser irradiance was approximately 7000 W/m2 which, using Eqn. (4), corresponds to CA = 410 suns. 

When an excitation bandwidth at λ > 1100 nm is used (red circles), a slope of n=2.16 is obtained in the 

low-irradiance regime, consistent with two-photon UC (n = 2 in Eqn. (2)). A slope of n=1.57 is 

obtained at around 100 suns. This slope agrees well with the value of the balancing power density [24] 

where linear decay and ETU have equal contributions to the depopulation of the emitting state. A slope 

of 1.01 is obtained in the high-concentration regime, i.e. between 320-850 suns. The slope indicates 

that the 4I11/2 level has a higher population, with a saturated two-photon solar UC. This is in agreement 

with the saturated eUCQY of β-NaYF4: 25%Er3+ for a 1450-1600 nm excitation when compared to a 

lower excitation bandwidth of 1500-1550 nm [35], [57]. An eUCQY of 1.25% was reported for β-

NaYF4: 25%Er3+, for an excitation of 1450-1600 nm [21], indicating the importance of high eUCQY 

for applications utilizing an incoherent excitation such as sunlight. The saturation of the two-photon 

process suggests depopulation of the emitting level through energy transfer by a higher-energy photon 

[20]. This is in agreement with the corresponding plots for the of the 660 nm integrated intensity, as 

will be shown below. 

When the upconverter was excited by a laser with a 40 nm bandwidth (green triangles), two irradiance 

regimes could be seen. The slopes start from n = 2 at the lower irradiance and saturate to n = 1.02 at 

high irradiance. The solar concentration is noted at the top horizontal axis. The highest irradiance of 

1.08x106 W/m2 (delivered by the laser with a 40 nm bandwidth) saturated the upconverter. For the 

same irradiance, sunlight at  > 1100 nm provides more photons than the laser. Saturation under 

sunlight was achieved at only 850 suns, while the onset of saturation began at 320 suns. 

 

 
Figure 5: Integrated intensity of the UCPL of the 4I11/2 → 4I15/2 transition of β-NaYF4: 25%Er3+ under laser and sunlight 

excitations, with the numbers along the curve indicating the slopes in the low, medium and high intensity regimes. 
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The measured time-dependent kinetics of the UCPL (Fig. S4) indicate that the reduced UCPL is not an 

effect of increased temperature. To further investigate additional population pathways, we measured the 

diffuse reflectance spectra of samples with a different Er3+ ion content. It can be seen in Fig. 6 that, in 

addition to the bands from 4I15/2→4I11/2 at 980 nm and 4I15/2→4I13/2 at 1520 nm, there are additional 

absorption bands. The reflectance at 980 nm and 1520 nm decreases as the Er3+ ion content increases, 

consistent with a higher absorption. The lower reflectance with increased Er3+ ion content outside the 

absorption bands indicates lower scattering in the β-NaYF4 microcrystal by substituting Y3+ with Er3+ 

ions.  

The β-NaYF4: Er3+ samples were embedded in a perfluorocyclobutyl (PFCB) host, necessitating a 

determination of the absorption of the fluoropolymer in the NIR. In fact, the peaks at 1130 nm with a 

broader shoulder at 1180 nm are in agreement with the 5th and 3rd vibrational harmonics of C-O and C-

H, respectively [58]. The broad shoulder at 1380 nm can be associated with the 4th harmonic of C-O, 

while the line at 1665 nm agrees with the 2nd harmonic of C-H [58]. The peaks at 2145 nm and 

2300 nm are possibly associated with higher harmonics of C-F. The energy of the vibrational harmonic 

bands cannot be transferred to the upconverter and NIR emission is most likely quenched by C-H 

vibrations in the host enclosing the upconverter. Non-radiative transfer from Er3+ ions to a number of 

hosting solvents [59], [60] and polymers [61] has been widely reported. 

 

 
Figure 6: Diffuse reflectance spectra of β-NaYF4: Er3+ for varying Er3+ ion content. 

 

Higher excited metastable Er3+ ion levels may be involved in UC to 980 nm by ESA under sunlight 

excitation at  > 1100 nm. In particular, the transitions 4I13/2→4F9/2 (1138 nm), 4I11/2→4S3/2 (1211 nm) 

and 4I9/2→4F7/2 (1214 nm). These wavelengths overlap with the spectral absorption of the polymer 

shown in Fig. 6. The absorption from bands outside the Er3+ ion GSA should result in lower slopes 

when exciting the excited states of the Er3+ ion [19]. Moreover, when excited by sunlight at 

wavelengths above 1350 nm, the green, red and NIR upconversion from states 4S3/2, 4F9/2 and 4I9/2, 

respectively, may indicate the exclusion of the above-mentioned excited state transitions. The emission 

at 550 and 810 nm was too weak for our setup to provide a meaningful analysis. However, the 660 nm 

emission under sunlight excitation was intense over a wide range of solar concentration. 

To examine the above hypotheses for transitions between 1100 and 1350 nm, we changed the 

excitation spectrum by filtering the sunlight excitation to 1100 < λ 1350 nm. We obtained higher 
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power-dependent slopes at the high solar concentration regime depending on the Er3+ ion content, see 

Fig. 7. In addition to β-NaYF4: 25%Er3+, emission at higher and lower concentrations, (i.e. β-

NaYF4: 15%Er3+ and β-NaYF4: 50%Er3+) were measured to confirm the hypotheses at below-optimal 

erbium concentrations. 

 

 

 
Figure 7: Solar concentration dependence of the 980 nm (solid symbols) and 660 nm (open symbols) UC emission with 

sunlight excitation at  > 1100 nm (squares) and  > 1350 nm (circles) for 15%, 25% and 50% Er3+ ion content. 
 

The slopes of the 980 nm emission from an excitation at λ > 1350 nm exceeded those at λ > 1100 nm 

excitation for all samples, regardless of erbium concentration. In Fig. 7, the differences in the values of 

the slopes for the different spectral ranges, between the samples with differing Er3+ concentration, can 

be explained as follows. ETU depends on the Er3+ interionic distance, which in turn changes the 

population between levels and therefore affects the slope when excited by sunlight at >1350 nm. In β-

NaYF4: Er3+, the average interionic distance for the highest UCQY was reported to vary from 0.6 nm at 

30% to 0.7 nm at 20% Er3+ ion doping [62]. The distance between Er3+ ions is related to its molar 

content in the host crystal, β-NaYF4, as Er3+ substitutes Y3+ ions. Therefore, varying the Er3+ ion 

content will directly affect the efficiency of energy transfer and consequently the UCQY. The highest 

UCQY of β-NaYF4: Er3+ was reported at a molar content of 25% and an irradiance of 970 W/m2 [12], 

as well as for a molar content of 20% but at the far greater irradiance 1.97×106 W/m2 [20].  

The UCQY and the rise times also decrease at a higher molar content [12], but due to concentration 

quenching. For the sample β-NaYF4: 15%Er3+, the curve saturates when the solar concentration 

exceeds 1000 suns, indicating an increased red emission when excited with 1100-1350 nm sunlight. 

The saturation is less pronounced in samples β-NaYF4: 25%Er3+ and β-NaYF4: 50%Er3+ where a higher 

molar concentration reduces the probability of ESA in favor of ETU. 

The relation between the power-dependent slopes and the molar content was also reported [63] under 

1523±10 nm excitation. The curves saturate at a solar concentration of 400-500 suns when a wider 

absorption band of 1480-1560 nm is used. The saturation limit is based on a semi-empirical relation of 

the UCQY at an input power density of 104 W/m2 - ascribed to the concentration-dependent 

depopulation of level 4I11/2. A lower threshold was observed with a laser excitation of 20 nm bandwidth. 
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Under sunlight, however, all Er3+ ion levels are resonantly excited [19], so a target solar irradiance 

lower than that of the laser is required to fully populate level 4I11/2 and saturate the two-photon UC. The 

extrapolated UCQY values under laser [63] and broadband excitation [20] are in reasonable agreement 

with the UCPL of the samples under the sunlight excitation restricted to  > 1100 nm. Upconverters 

with a low Er3+ ion content require higher excitation irradiance and vice versa. 

Figure 1(a) displays the transitions occurring in β-NaYF4: Er3+ are displayed. Sunlight excitation at 

λ > 1100 nm is absorbed by the 4I15/2 level to the 4I13/2 metastable level in the Er3+ ion via ground state 

absorption (GSA) and by the 4I13/2 level to the 4F9/2 level via excited state absorption (ESA), from 

which emission of 660 nm photons occurs. Energy is transferred to Er3+ ions following ETU at the 4I13/2 

level between two neighbouring Er3+ ions. In this process, energy from one ion is transferred to a 

nearby ion and leads to the 4I9/2, 4F9/2 or 4F7/2 levels for the high energy ion, and to the ground state for 

the low energy ion. Emission of 660 nm and 810 nm photons occurs from levels 4F9/2 and 4I9/2 

respectively. From the 4I9/2 and 4F7/2 levels, non-radiative relaxation to the 4S3/2 and 4I11/2 levels is 

followed by 550 nm and 980 nm emissions, respectively. 

 

Outlook for solar applications 

In solar applications, the two-photon UC leading to the emission at  = 980 nm will be less efficient 

above 870±130 suns, due to the population of higher metastable states. This relaxes the requirements 

for ultra-high concentration optics, and can be realized with existing commercial reflective-refractive 

concentrators already used for photovoltaic systems [64]. An improvement in the short-circuit current 

density (ΔJsc) of 13.3 mA/cm2 and a relative efficiency increase of 0.19% was reported for β-

NaYF4: 25%Er3+ in c-Si cells at a cell irradiance of 208 suns [65], While this is about twice the 

energetically optimum concentration of concentrator c-Si cells, a solar concentration ≥1000 suns is 

required for upconversion to start being efficient [10]. A higher solar concentration on the upconverter 

can be further obtained at the back of the solar cell with integrated optics [66], [67], without excluding 

the requirements for efficient thermal management at high irradiance. 

Although a lanthanide upconverter was utilized in this work, efficient solid-state triplet-triplet 

annihilation (TTA) upconverters have been found for an excitation with visible [68] and sub-1200 nm 

NIR [69] light. The quest for the later is motivated by its potential to render TTA UC suitable for solar 

applications such as photocatalysis [70], photochemical water splitting [71] and solar fuels [72] and 

may be viewed as promising due to the relatively low power densities, sunlight excitation with 

λ> 500 nm. Enhanced algal photosynthesis was also reported with spectral shifting, with the onset of 

saturation and photo-protective reactions at an incoming photon flux density of 70 μmol m-2 s-1 (of 

photosynthetically active radiation, which is limited to 400 nm <  < 700 nm), corresponding to 3-4% 

of the AM1.5 solar spectrum, and saturation of the photo-productive mechanisms at photon flux density 

values of 1000-1500 μmol m-2 s-1, i.e. 50-70% of the AM1.5 irradiance [73]. Numerous upconversion-

assisted photocatalysts have been reported in the visible [10] and recently in the NIR [74], [75]. 

Experiments of NIR photocatalysis have utilized illumination by lasers, NIR lamps or simulated 

sunlight. Unfortunately, the irradiance of illumination or the solar concentration is rarely reported. 

Anatase TiO2 with absorption above 387 nm is commonly utilized as the photocatalyst. The intensity of 

the solar spectrum at these wavelengths is very low. Therefore the enhancement is achieved by co-

doping the TiO2 photocatalyst to increase its absorption [76] into the NIR by the upconverter. A 

monotonically higher degradation of methylene blue was demonstrated with a Yb-Er-Tm co-doped 

ZrF4–BaF2–LaF3–AlF3–NaF (ZBLAN) upconverter for an irradiance up to 1.5 suns [70]. In 

photocatalysis experiments with laser illumination, the reported irradiance spanned from 0.50 to 

8×104 W/m2 at 980 nm with Yb-Tm [77], [78] and Yb-Er [79] upconverter nanoparticles with a higher 

energy transfer to a capping layer compared to mixing with the photocatalyst. 
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Conclusions 

We have reported sunlight-excited UC luminescence in β-NaYF4: Er3+  with emissions at 980 nm, 

810 nm, 660 nm, 550 nm and 525 nm from energy levels 4I11/2, 4I9/2, 4F9/2, 4S3/2 and 2H11/2, respectively. 

A power-dependent characterization with concentrated natural sunlight up to 2300 suns was achieved 

with a double-stage solar furnace. The high solar flux was realized with a reflective-refractive 

concentrator consisting of a parabolic reflector followed by a truncated pyramidal dielectric light pipe. 

To ensure the optimal cell efficiency, the silicon solar cell was sited in front of the focus of the primary 

parabolic reflector, thereby maintaining a solar concentration of 15 suns. In this UC system of β-

NaYF4: 25%Er3+, we obtained a two-to-one photon UC threshold of 320 suns under concentrated 

sunlight limited to  > 1100 nm. This infrared sunlight excitation provided additional photons resulting 

in a lower threshold due to excited state absorption and evidenced by the absence of sunlight over  

λ = 1100-1350 nm. The approach presented here demonstrates routes for extending UC luminescence 

to broader bandwidths that involve pathways in addition to ground state absorption for enhanced solar 

UC. Our results for the demonstrated two-to-one photon upconversion threshold constitutes a first-ever 

benchmark for UC with natural concentrated sunlight, in one of the most efficient upconverters to date, 

β-NaYF4: Er3+. These results point the way to further progress in more efficient upconverters with 

lower thresholds and provide a direct basis for comparison. Finally, the obtained UC threshold of 

320 suns relaxes the requirements of high solar concentration optics, making UC more accessible in 

solar energy applications most notably photovoltaics, as well as photocatalysis. 
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Fig. S1: Intensity profile of the beam of the fibre-optic solar concentrator measured at a distance of 2 mm from the fibre’s 

distal tip with the effective beam width indicated in grey. 
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Fig. S2: UC spectra of β-NaYF4: 25%Er3+ under solar concentration of a) 27-390 suns, b) 420-1200 suns, c) 1260-2300 suns. 

 

 
Fig. S3: a) Power-dependent upconversion intensity spectra and b) integrated photon flux of β-NaYF4:25%Er3+ at laser 

irradiance of 37-7000 W/m2. 
 

 
Fig. S4: a) UCPL as a function of time over the initial 10 s of excitation illumination, at a solar concentration of 1680 suns. 

b) The temporal stability of the intensity of the peaks at 550, 660, 810 and 980 nm over the initial 80 s. 
 

� ����� � ������ � � ��猀��
�����
��

��
��

��
��

�
���
��
��
�
✀��
��
�
��
�
�
��
���

�� �� �� �� �� ��� �� �� �� �� �� ��� �� �� �� �� �� ���

��������� ��������� ���������

� ��� �
���� ���� ��������� ���� �� ���
���� ���� � �� ���

����� ������� �� ���� 销销�
�� �� ��� ��

��� ����� 縀
����

� � ����� ��

縀
������ �� ��㤀� �� ���

㄀�� ⼀ ������ ��

� �������
� ����� �� � ��
�� ��

�������
��� � ����
���� ����

�� �� ��� ��� ��� ��� �� �� �� ��

�� ������� �������� ��

���� �
�� ��

�

�� ���� � �
��

��

�� ���
�� � � 뜀�
�� ��
� �� ���� ��
��� � ���
�� ���

���� ��

����� �����
�

�� ���
��

�
�����

�� � ��

��

���������������� ����� ����

���
����
���
���

��� �� �� �� �� �� ��� ��� � �� �� �� �� �� �� �� ��

�������� � �����


	Abstract
	Introduction
	Methods & Materials
	Results & Discussion
	Outlook for solar applications
	Conclusions
	Acknowledgements
	References
	Supplementary material

