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Abstract

Present study probes the multimodal emission: upconversion (UC), photoluminescence
(PL) and quantum cutting (QC) processes in Ho’/Yb** co-doped Y>O3 phosphor and further
examines the impact of Li" ion on the multi-modal emission, for the first time. Materials give
efficient emission in green region both through UC and PL, while efficient NIR emission is
observed through QC process. Co-operative energy transfer (CET) have been ascribed as the
possible mechanism for QC; as result of which a UV/blue photon absorbed by Ho>" ion splits
into two near infrared photons (wavelength range 950-1000 nm) emitted by Yb*" ion pair.
The Yb*" concentration dependent ET efficiency and QC efficiency has also been evaluated.
The energy transfer from Ho " to Yb®" has been calculated whose efficiency is around 82%,
and so, the corresponding QC efficiency is 182%. Co-doping of Li" ion has been found
capable to enhance the efficiency of QC emission for about 8%, similar to that of UC and PL
emission, and hence the multimodal emission is enhanced. Such NIR QC phosphors have

great promises in energy conversion for c-Si solar cell applications.
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1.0 Introduction

Lanthanide doped phosphors have been of great interest owing to their captivating
applications in numerous fields including lighting, opto-electronic gadgets, security and
flagging, medicinal diagnostics, etc.'® Recent research on these phosphors is broadly
covering two principle areas, namely bio-imaging and energy harvesting. In the bio-imaging
research, upconversion (UC) property of lanthanide nano-particle is used as it is expected to
enhance the bio-imaging from various perspectives including penetration depth, lower
scattering, negligible auto-fluorescence, high signal-to-noise ratio, etc.”> On the other hand,
the second appealing application, i.e. energy harvesting, fully utilizes the unique multi-modal
(fluorescence (PL), UC and downconversion/quantum-cutting (QC)) emission characteristics

of lanthanide ions.'*!’

The conversion efficiency of silicon solar cells for UV (250-400 nm)
and IR sub-band gap i.e. beyond 1100 nm) radiation is extremely poor. Lanthanides by their
property of UV to visible and/or NIR QC, and through the process of infrared to visible UC
can make use of the complete solar spectrum in better ways.'®*° Thus, lanthanide doped
phosphor capable of multi-modal emission is new trust for solar cell research and are being
actively explored.

In a broad sense, practically all the lanthanide ions with the exception of La, which
don't have 4f electron, and Lu, which has 14 electrons, all the orbital are completely filled
and so it is not useful as an activator ion, are well known for their conceivable PL in UV-Vis-
NIR region. However, when it comes to UC, particularly by infrared excitation, the number
of lanthanide ions is considerably reduced. Further, for realization of all the three optical
processes, i.e. for multi-mode emission, just a couple of lanthanides (Tb, Tm, Ho and Eu),
either separately or co-doped with Yb, stay in picture. However, it doesn't imply that,

selecting these lanthanides in any host matrix ensures an effective multimodal emission.

Herein, it is worthwhile to mention that, QC is not as basic as PL. and UC and needs certain
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prerequisite amid the choice of host (e.g. low phonon recurrence) and activator ion. As of
late, few articles have been published on multimodal emission behaviour of lanthanide doped
phosphors including our own particular work, but the area is very less explored and needs
further extensive research.”'

Herein, in this study, we have observed multimodal emission in Ho*"/Yb*" co-doped
Y,0; phosphor and further examined the impact of Li" ion on the multi-modal emission, for
the first time. Doping of cations (such as Li", Na', K", etc.) into phosphor framework has
been considered truly successful. The Li" ion has the smallest cationic radius in the periodical
table of elements, which is quite favourable for their movement and site occupation in the
host lattice and thereby changes the crystal field appreciably. These preferences make them
appealing for their use in tailoring of the host lattice local crystal field, particularly the host
lattices doped with lanthanide ions.”** Electronic-dipole transitions due to 4f levels in
lanthanide ions are forbidden by Laporte selection rules. These transitions become partially
allowed by the involvement of local crystal field around the lanthanide ions, due to the
capability of lanthanide ions to intermix with their states of odd parity.”* As a result of this
intermixing, the local crystal field of the lanthanide ions is tailored and consequently
radiative parameters are changed obviously, which turn out to be an extra methodology to
change the luminescence. Therefore, effect of Li" ions has been explored broadly on PL and

UC properties, but there is no report on its eftect on QC property of lanthanides.

2. Experimental

2.1 Material and Synthesis

Yttrium oxide (Y03, 99.99%, Himedia), holmium oxide (H0,03, 99.9%, Moly Chem),
ytterbium oxide (Yb,03, 99.99%, Alfa Aesar), nitric acid (Merck) and urea (Fisher Scientific)
were used as starting material for synthesis. The phosphor (with compositional formula Y.

yHoxYbyO3) was prepared by using solution combustion technique.26 In the first step, material
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was optimized for 1 mol% Ho’" (x=0.01) and then different concentration of Yb>* (y = 0.00,
0.05, 0.10, 0.15) was tried. Further, Y;.94H0001Yb00s03 phosphor was then doped with
varying concentration of Li" (z = 0.00, 0.03, 0.05, 0.10) in addition. Initially, metal nitrates
were prepared by dissolving the oxides in nitric acid and then urea is added as fuel, and
mixture is stirred in a beaker to get a homogeneous transparent solution. The solution is then
heated at 60 °C to get a transparent gel, which is allowed for auto ignition inside a close
furnace maintained at 600 °C. The obtained foam like product was then grinded and post
annealed at higher temperature to improve the crystallinity of the as-synthesized phosphor.
2.2 Instrumentation

Synchrotron angle dispersive X-ray diffraction (Source: BL-12, Indus-2 at RRCAT Indore,
India) was recorded to check the crystallinity and the average crystallite size of the samples.
Micro-structural characterizations for surface morphology and particle size measurements
were carried out using a scanning electron microscope (SEM: QUANTA 200) and
Transmission electron microscopy (TEM, TECNAI-20G%, 200 kV). UC emission was
recorded by using a monochoromator (iHR320, Horiba Jobin Yvon) equipped with
photomultiplier tube, model no.: 1424M detector. The 976 nm radiation from a diode laser
(continuous mode, 2W, power tunable) was used to excite the samples. Photoluminescence
excitation (PLE), emission (PL) and lifetime measurements were performed using a
Fluorolog-3 spectrofluorometer (Model: FL3-11, Horiba Jobin Yvon). The 266 nm excitation
wavelength of a Nd:YAG laser, and CCD (charged coupled device) detector (Ocean Optics,

QE 65000) was used for QC measurement.

3. Result and Discussion
3.1 Structural characterization
Initially, the phosphor sample was examined through XRD for structure and particle size. The

XRD pattern of the phosphor shows the presence of crystalline cubic phase (JCPDS No.: 25-
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1200) of Y,03, which further do not show any change with a variation in Yb>" concentration
even up to 15 mol%, see Fig. 1. The material crystallises into cubic phase (a=b=c= 10.60 A)
with a3 (206) space group. This confirms for an effective doping of Ho>" and Yb*" ions on
Y cite. The average crystallite size calculated through Debye Scherer formula was found to
be more than 100 nm, i.e. phosphor particles evolve in sub-micron size. For the crystallite
size calculation, three most intense XRD peaks were selected. The FWHM (full width at half
maximum) of these peaks were taken by their Lorentzian peak fitting. The particle size
obtained through all the three peaks has been averaged finally. The similar observation is also
marked in TEM image (inset to Fig. 1(b)) and particle size lies above 100 nm. Particles are
agglomerated in nature and shows nearly spherical morphology, as is visible in SEM image
in Fig. 1(b).

3.2 Effect of Li" ion on upconversion luminescence

The phosphor sample when irradiated with 976 nm laser gives an intense green emission. The
spectrum consists of several peaks with their maximum peaking at 536 nm, 549 nm, 668 nm,
and 755 nm, corresponding to 5F4—>518, 38,—°Ig, °Fs—°Is, and >S,—°1; transitions of the Ho>"
ion, respectively, shown in Fig. 2(a).”™* The most intense peak is observed in green region at
549 nm. The UC spectrum is further recorded with a variation in Yb®" concentration.
Initially, the UC emission intensity is enhanced and attains the maximum intensity for 5
mol% Yb** concentration, beyond which, the UC emission diminishes considerably. Herein,
Yb>" ions acts as the sensitizer for the UC emission of Ho>" ion, as Yb>" is well known for its
strong absorption in NIR region. Thus, the incident laser photons are mostly absorbed by
Yb*" jon (Ho®" also absorbs 980 nm radiation, called ground state absorption process) and it
is promoted to its excited state. The energy from the excited state is later on transferred to the
Ho " ions effectively. Ho®" ions further absorb 980 nm radiation in excited state and are

promoted to still high lying excited states (excited state absorption process). Thus increasing
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the Yb*" concentration improves the UC emission, but after a certain concentration (5 mol%)
quenching effect is observed due to well know energy migration between similar ions."”” UC
mechanism has been verified using well known laser input power dependence process, shown
in Fig. 2(b). Slope values for different transitions confirm the involvement of two photon
process for red and green transitions. The complete mechanism of the UC emission is shown
in the partial energy scheme in Fig. 4. Remarkably, the emission intensity at high input laser
powers shows saturation like behaviour. This happens as the increasing pump power does not
increase the UC emission with the same rate.”*’

Further, an effect of Li" ion on the UC emission has been probed. On doping the Li" ion
in Y1.94H0001YboosO; phosphor the UC emission intensity increases for a certain
concentration and then a decrease in intensity is observed. The best intensity is attained for 5
mol% concentration of Li" ion; see Fig. 2(c). In our earlier work on yttrium oxide host, we
have already explored various reasons behind the enhancement of UC emission in the
presence of Li" ion, by using extensive structural characterizationssuch as Fourier transform
infrared analysis, and X-ray diffraction (XRD) followed by Le-Bail refinement of the XRD
data.”® These characterizations reveal that the co-doping of Li" ion decreases unit cell
parameter of Y,Os3 cubic lattice, increases the particle size, and removes the quenching
centers (like OH, NOx , etc.). So, it is concluded that, for Y,03; matrix, Li" ion co-doping
causes a change in crystal parameter and particle size, but, there is no any change in phase. In
addition to this, a review article by our group also summarizes the main facts behind this
increase and decrease in emission intensity (both for UC and PL) in several hosts including
yttrium oxide t00.”” Li" ion is known to have a smaller ionic radius and so when it is
incorporated in any matrix, e.g. Y»Os, it can either substitute the cation of the matrix or can
occupy interstitial sites of the matrix. The probability of occupancy at a particular cite

typically depends on the concentration of doped Li" ion. At a significantly high concentration
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of Li" ion, occupancy in the interstitial sites becomes more probable which distorts the
matrix, significantly. In few host, changes even in phase and crystal structure are also
marked. These all together plays an important role behind the enhancement in the emission to
certain concentration, and quenching in emission thereafter. The mechanism of UC emission
remains the same. The power dependence plots for different transitions are shown in Fig.
2(d), which shows that two photon processes is responsible for the green and red UC process
in Li" co-doped samples also. Thus, Li" ion co-doping (5 mol%) significantly enhances the
UC emission.
3.3 Effect of Li" ion on photoluminescence and quantum cutting emission
Photoluminescence excitation (PLE) spectra (monitored for A,s=549 nm) of the Ho'", Yb*"
co-doped Y,03; phosphor is shown in Fig. 3(a). Y,O; is well known to have its host
absorption band in 200-300 nm regime, so excitation spectra have been recorded in the region
300-500 nm only. A large number of sharp peaks, characteristic of Ho*" ion, are obtained.
Two peaks originating at 362 nm and 449 nm are the most intense one. All these sharp peaks
are due to Ho>" ions. A variation in the intensity of excitation peaks is noted with a varying
concentration of Yb*" in the sample. As the concentration of Yb*" increases the intensity of
the excitation peaks decreases. The emission spectra of the samples with A= 362 nm and
449 nm are shown in Fig. 3(b) and Fig. 3(c), respectively. Likewise the UC spectrum, PL
spectrum also consists of several lines peaking at 536 nm, 549 nm, 656 nm, and 756 nm,
corresponding to 5F4—>518, 582—>518, 5F5—>518, and 582—>SI7 transitions of the Ho’" ion,
respectively. The most intense peak is observed in green region at 549 nm. Emission spectra
also follow a similar trend to that of excitation spectra with a variation in the concentration of
Yb*" ions, i.e. emission also decreases with increasing concentration of Yb*".

Since, Yb*" is known to have only one excited state (2F5/2) at around 10,000 cm™, so, in

principle there is no direct role of Yb*" under UV excitations (362 nm and 449 nm ). It is
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expected that this decrease in emission intensity, with an increase in Yb’~ concentration,
could be due to an energy transfer from Ho’* ions to Yb*" ion. Now few possible ways could
be discussed. The first one is the possibility of back energy transfer process. The two levels
of Ho®" namely °Is (at around 11,200 cm™) and °I4 (at around 8,600 cm™) are lying nearby to
the *Fs) (10,000 cm'l) level of Yb** ion. However, both the levels are located at a difference
of 1200 cm™ or even more which needs the involvement of at least 3 phonons (phonon
frequency of Y,0; host is ~400 cm™) for a resonance energy transfer. Therefore, this process
seems less probable. The other possibility is near infrared QC emission through Yb>* ion pair.
Further, to probe this QC, the emission due to Yb** ion (2F5/2—>2F7/2) was monitored by using
CCD detector (it was not possible to detect this emission in PL setup as due to the detection
limit of PMT beyond 850 nm). So for this, the 266 nm line of Nd:YAG laser was used as
excitation source. Fig. 3(d) shows an intense emission peak in the 950-1050 nm region,
which shows an increase in intensity as the concentration of Yb’" increases. The best
emission intensity is achieved for 5 mol% concentration of Yb*" ion. A decrease in intensity
at 10 mol% Yb’" concentrations may be attributed to self-trapping effect as well as excitation
energy migration among adjacent Yb*" ions followed by nonradiative trapping by defects at
high Yb** concentration. In Ho>"/Yb*>" couple, NIR QC occurs through de-excitation of °S,
level of Ho’* via cooperative energy transfer (CET) to Yb’" ion pair. The energy of the
SSZ—>518 transition of Ho>" is nearly double to that of the 2F5/2—>2F7/2 transition of Yb® " so the
excited Ho’* ions can transfer the energy from °S, level to the two Yb”" ions. Thus, the QC
process in the Ho’"/Yb®" doped phosphor sample could be expressed as °S,—’Fsy+Fsps.
Schematic energy level scheme (partial) shown in Fig. 4 clearly shows different possible
ways of transitions, under different excitations i.e. 266 nm, 362 nm and 449 nm, including ET
and QC processes. It is obvious from the scheme that, when Ho>" ion is excited by UV light

source, ions are excited to higher lying level/host absorption band and further goes through
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different radiative and nonradiative relaxations and finally reaches to S, level, from where
QC emission is observed as discussed earlier. Similar observation has been reported in other
works also; summarized in a review by Liu et al. and references there in.”'

To realize the effect of energy transfer and also to calculate the energy transfer
efficiency/efficiency of QC, decay time analysis has been carried out in detail. Fig. 5(a, b)
shows the decay curves of 582—>518 transition of Ho>" under Aexe = 362 nm and 449 nm,

respectively, both with a variation in the concentration of Yb*" ion. The decay curves were

fitted well with single exponential following the relation-
I=1 i
= Ipexp ( Tj

where, [ and I are the intensity at time t and at O s, respectively, and 7 is the lifetime. The
obtained values of lifetime are given in Table 1. Further, energy transfer efficiency (ngrg) and
the quantum cutting efficiency (QE, ngg) has been calculated. The ngre is defined as the ratio
of Ho’" ions that is depopulate by ET to Yb®™ ions over the total number of the Ho®" ions
excited. It is estimated by dividing the integrated intensity of the decay curves of Ho>/Yb*"
co-doped samples to that of Ho " singly doped sample. On assuming that all excited Yb*"

decay radiatively, ngrg can be calculated from relation-

— X
Nerp =1——
)

Where, 1, and 1) denotes the fluorescence lifetime of Ho’/Yb*" co-doped and Ho’" singly
doped phosphors, respectively, and x stands for the Yb>* concentration. In addition to this,

the relation between nete and ngg can be taken as below-

Noe = Mro (=755 + 27 g1

Where, the ngg stands for the quantum cutting efficiency, ngo is the quantum yield of Ho**
transition. Ignoring the nonradiative energy loss by defects and impurities, 1y, is set to 1. The

values obtained using these equations are also listed in Table [. Data in Table I are illustrated
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through graphs in Fig. 5(c, d) which clearly shows that, the decay time decreases while QC
efficiency significantly increases with increasing concentration of Yb** ion in the sample.
The maximum ET and thus QC efficiency is attained for 15 mol% concentration of Yb**
which is about 182 % (Aexc=362 nm). This means that, the absorption of 100 photons (of 266
nm radiation) produces a total of 182 photons (NIR and visible both), out of which 164
photons are emitted in 900-1050 nm (NIR) while the rest of the 18 photons are still emitted in
visible region.

As we noted in UC that, incorporation of Li" ion significantly changes/enhances the
emission intensity, we explored further the effect of Li" ion on the PL and QC emission also.
For this purpose, 5 mol% Yb** doped sample (Y.94Hog01Ybg.0s03) was used, as the best UC
emission is obtained for this sample. Effect of Li" ion on the PL excitation and emission
intensity is shown in Fig. 6(a, b). Just like the UC, PL excitation and emission is also
enhanced initially (up to 5 mol% Li" ion co-doping) and then decreases. This is usual and is
well established also. Now, if we look at the QC based emission, interestingly it also
enhances the QC based NIR emission and best intensity is observed for 5 mol% concentration
of Li" ion, see Fig. 6(c). The decay curves of 582—>Slg transition of Ho>" under Aexc = 362 nm
is shown in Fig. 6(d). The calculated values of decay time, energy transfer efficiency and QC
efficiency of Li" co-doped samples are given in Table-II. The data concludes that, Li" ion co-
doping significantly enhances the QC efficiency and more than 8% enhancement in the QC
efficiency is noted in presence of Li" ion. This enhancement is expected due to an
enhancement in PL; due to which population in °S, also increases giving rise to an
enhancement in cooperative energy transfer from Ho®" ion to Yb*" ion pair.

This type of VU/visible to NIR QC phosphor could be of great potential for c-Si solar
cell application. The c-Si solar cells have a poor efficiency in UV and visible (up to green

region) and the best conversion efficiency of c-Si solar cell lies in 900-1000 nm region.*'>*
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The simple energy band structure to achieve NIR QC in synthesized phosphor, and utilization
of these NIR photons for e-h pair generation in silicon to increase the current, etc are
presented in Fig. 7. If an electron is excited from valence band to conduction band by a green
photon (A = 549 nm, hv = 2.26 eV), half of the excited energy will be lost by thermal
vibration/relaxation. If the energy of incidence particle is just above the band gap of Si, the
energy loss by thermal vibration will be minimized. Thus, in spite of a UV/green photon, two
NIR photons (A = 976 nm, hv = 1.27 eV) emitted through the QC process can just make two
electrons exceed the band gap (Eg=1.12 eV) in single-crystalline Si, and the electric current
thus doubles theoretically. Accordingly, a high efficiency silicon-based solar cell could be

realized through the NIR QC process.

4. Conclusion

Ho*'/Yb*" co-doped yttrium oxide phosphors have been synthesized and characterized for
multimodal luminescence. Further, the impact of Li" ion co-doping on the multi-modal
emission has been examined, for the first time. Co-doping of Li" ion has been found capable
to enhance the QC emission, similar to that of UC and PL emission, and hence the
multimodal emission is enhanced. The energy transfer from Ho " to Yb* has been calculated
whose efficiency is around 82%, and so, the corresponding QC efficiency is 182%. Further,
co-doping of Li" ion enhances the QC efficiency for about 8%. This type of NIR QC

phosphors has great promises in energy conversion for c-Si solar cell applications.
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Table I Variation of lifetime (for °S,—’Ig transition of Ho’"), energy transfer efficiency (ner)

and quantum cutting efficiency (ngg) of Ho*" (1 mol%), Yb*" co-doped Y,0; phosphor, with

a variation of Yb>" concentration for Aexe = 362 nm and 449 nm.

Yb*

Life Time Ner NQE Life Time Ner NoE
concentration (us) (in %) (in %) (us) (in %) (in %)
(mol %) (Aexe = 362 nm) (Aexe = 449 nm)
0 98. 19 0 100 110.85 0 100
5 55.54 43 143 56.59 49 149
10 37.89 61 161 39.61 64 164
15 17.3 82 182 29.72 73 173
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Table II Variation of lifetime (for °S,—"Ig transition of H03+), energy transfer efficiency
(Mer) and quantum cutting efficiency (nog) of Ho’" (1 mol%), Yb*" (5 mol%) co-doped Y,0s

phosphor, with a variation of Li" concentration for Aexe = 362 nm.

Li" Life Time NET Nok
concentration (us) (in %) (in %)
(mol %) (hexe = 362 nm)
0 55.54 44 144
5 51.19 47 147
10 50.87 52 152
15 52.16 46 146
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Fig. 1 (a) Synchrotron angle dispersive X-ray diffraction (XRD) pattern of Ho’/Yb*" co-
doped Y,0; phosphor, (b) SEM image of the as-synthesized phosphor, and inset shows TEM

image of the as-synthesized phosphor (scale bar 200 nm)
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Fig. 2 Upconversion (UC) spectrum (Aexe=976 nm) of (a) Ho’™ (1 mol%) ion in Y,Os
phosphor with varying concentration of Yb>" and (¢) Ho** (1 mol%), Yb>" (5 mol%) codoped
phosphor with varying concentration of Li" ion. (b, d) InI (intensity of UC emission) versus
InP (applied laser input power) plot for UC transitions with Li" undoped and Li" doped
samples, respectively. The slope of these curves (n) gives the number of photons involved in

the particular UC transition.
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Fig. 3 Photoluminescence excitation and emission spectra Ho’'/Yb®* co-doped Y,0;
phosphor with varying concentrations of Yb*" ions. (a) Excitation spectra monitored for
Aems=549 nm. Emission spectra for (b) Aexc=362 nm, (¢) Aexe= 449 nm and (d) Aexc= 266 nm.

Emission spectra with 266 nm show quantum cutting emission.
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Fig. 4 Partial energy level scheme for Ho’" and Yb’" ions showing different channels
involved in multimodal: upconversion, photoluminescence and quantum cutting

luminescence
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Fig. 5 Decay curves for transition °F,4 /°S,—’Ig of Ho®™ with varying concentration of Yb*"

under- (a) 362 nm excitation and (b) 449 nm excitation. (¢, d) Decay lifetimes for transition

°F4 /°S;—°Iy of Ho’" versus quantum efficiency (nog) plotted as a function of Yb*'

concentration both for 362 nm and 449 nm excitation.
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Fig. 6 Photoluminescence excitation, emission, quantum cutting emission and decay curves

for Ho’"/Yb*" co-doped Y,0; phosphor with varying concentrations of Li" ions. (a) Excitation

spectra monitored for Aems=549 nm. Emission spectra for (b) Aexc=362 nm, (€) Aexe= 266 nm,

emission spectra with 266 nm show quantum cutting emission, and (d) Decay curves for the

transition °F, /°S,—"Ig of Ho>" ion.



RSC Advances
22
FET—
A
’R
< Load
a=Na=
electrons @ —]
ET cB
E - hv=1.12¢V}
° I S o L g
4 OO holes
H°3+

Fig. 7 Application of NIR quantum cutting phosphor in c-Si solar cells. NIR photon emitted
through splitting of a green photon (through quantum cutting process) matches well with the
band gap energy (1.12 eV) of Si; and so they are absorbed and produce e-h pairs which would

contribute well in increasing the solar current.
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