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ABSTRACT

New results on NIR emissioB&SiO;ELW**, Nd®* phosphors are reported. Though
excitation for EG" emission is in predominantly near UV (nUV) regitimat for the N&"
emission around 1067 nm extends into visible regmrering violet and blue part of the
spectrum. These results are highly significantfgplications where NIR emission with
nUV/blue excitation is required, e.g. for improviefficiency of c-Si solar cell, for designing
NIR sources using efficient blue LEDs, etc. Energysfer efficiencies for Etr> Nd** energy
transfer are estimated by measuring reduction 6f Emission lifetime, and are close to 80 %.
Possible mechanisms for £& Nd®* energy transfer are suggested. These involve down

shifting or quantum cutting.
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1. Introduction

In the system BaO-%i&s many as thirteen phases are known [1]. Lumameschas
been studied in some of them and important phosphere been discovered.*activated
BaSpOs [2], BaSisOg [3], and BaSiOs [4] are green emitting phosphors and have apphicat
in devices such as white-light-emitting diodes (\&E)s). Pb-doped Ba&bs is a phosphor for
black-light lamp [5], whereas €eand EG* doped BaSi@[6] generate blue-violet to yellow
light; a proper ratio leading to white light gertésa. Etf* and Dy doped BgSisO;3 and
BasSigO,; are stable even in water and exhibit long laspihgsphorescence (LLP) by exposure
to sunlight [7].

Barry [8] and Blasse et al [9] were the first todst BaSiOs:Eu phosphors. They
observed a broad emission band covering blue seehgegions of the spectrum. Excitation
spectrum was also very broad; spread over almaisé &V region and extending into violet
part of the spectrum. Later, Poort et al [10] répaifiner features of the PL spectra, e.g.
presence of two overlapping bands in the emisgpeatsa which are responsible for the
observed large width. They attempted explanatiathe$e specific features on the basis of the
crystal structure. They tried to resolve emissimmf Ef* at two crystallographically non-
equivalent sites on the basis of decay constadis @rinberget al [12] used high-pressure
spectroscopy for characterizing these sites. Zledad)[13 14] suggested a method for
improving the stability of this phosphor. More ratlg, Lin et al [15] suggested use of this
phosphor as a scintillator. Broad excitation spagr@50-430 nm makes this phosphor suitable
for applications requiring near UV/blue excitatieuch as solid state lighting [16-20]. Wang et
al [21] observed green long lasting phosphorescéride) in this phosphor after nitrogen
doping. Xiaoye et al [22] observed significant e@se in emission intensity by 1&** co-
doping. This has been attributed to the defectsdiuiced by the incorporation of trivalent ions.
Similar effects have been observed by@d, Li* 24, EF* %] pP*, Yb** 2% co-doping. This
has been attributed to the defects introduced @yritorporation of aliovalent ions. Doping with
Zn has also resulted in enhanced emission intert$tyever, this could be due to formation on
BaznSpO; phase[27]. In contrast to this, luminescence ecéraent by direct energy transfer to
EW** is observed in B&iO;: Ce, Eu [28]. Theoretical calculations have beadeto estimate

effects of nitrogen [29] and Mn[30] co-doping on,BeD,:Eu optical absorption. However, these



estimates are far off from the experimental valdgmrt from EG", intense emission from Eu
has also been reported inB&, host [31].

In majority of works, conventairsolid state reaction had been used for preparing
Ba,SiOsEU** phosphor. Han et al [32] suggested hydrothermakréor preparation of this
phosphor and claimed this to be simpler than tmveotional solid state reaction. During recent
years different novel techniques have been usessdimclude sol-gel/Pechini [33], sol-gel
[34], co-precipitation [35 36], solution combustif#Y], gas-solid phase hybrid synthesis method
[38], etc.

Broad nUV/blue excitation of 80, EL?* has been discussed in context of solid
state lighting. Apart from solid state lighting,cbuexcitation is relevant for other applications
like modification of solar spectrum, luminescenfas@oncentrators (LSC) [39 40]
photoluminescence liquid crystal displays (PLLCE&. First two applications involve near
infrared (NIR) emission. c-Si solar cell is to ddte most successfully commercialized solar
cell. One of the factors which limits efficiency ©fSi solar cell is the “spectral mismatch”, that
is spectral response curve for c-Si solar celed#ffrom solar spectrum. The mismatch can be
removed to some extent by converting the near UVtdne region of the spectrum, where solar
cell response is poor, to NIR region (around 1000 by using suitable phosphd44]. Trupke
et al predicted that if the light in the region 38@0 nm is converted to NIR using quantum
cutting, then the Shockley-Queisser limit for cafli be pushed from 29.5 to 39.6 % [42]. With
such efficiencies, cost of solar energy will b@at with the conventional energy sources.

There are not many, if any, répon NIR luminescence in B3O, host. For
obtaining NIR emission Y8 and Nd" ions are considered to be most suitable’"fias a simple
energy level diagram. There are only 2 levéffs;, and’F,, separated by about 10150 tnit is
thus most suitable for luminescence processeskrdiion around 985 nm. Since there are only
two levels there is no branching, all the emissiarst come throug?Fs/zé ’F,, transition.
However,2F,p> Fs); transition of YB ion is forbidden and hence very weak. CT bandof'Y
is also usually at very high energies [43]. A sersi is needed for obtaining efficient NIR
emission. Paucity of energy levels often makes ewaifve energy transfer as the only possible
process for sensitization. In contrast, owing tspnce of large number of levels, sensitization
of Nd®* is easily achievable. NIR emission inNis very well known [44]. In fact, YAG:Nd is

one of the most important laser working in NIR megiFor these reasons we attempted to obtain



NIR emission using Y and Nd* dopants. In this work we report for the first til&R
emission in BgSiO, resulting from efficient EXf> Nd** energy transfer.

2. Experimental

B&SiO, phosphors doped with Efyand Nd* or Yb** were prepared by solid state
reaction between barium carbonate and silicic @8l Loba, India). N&CI ( 2 wt %) was used
as a flux. BaC@was thoroughly mixed with stoichiometric amounsicic acid. Eu/Nd/Yb
nitrate solutions in desired quantities were spedlon this mixture and then it was heated in the
furnace in 2 steps of 700 C for 4 hours, 1250 Gsfbours. It was then slowly cooled to room
temperature. Eu/Nd/Yb nitrate solutions were olgdiby dissolving europium
oxide/neodymium oxide (Indian Rare earths, 99.98U¥&)/ Y303 (99.99 % pure, Rare Metals,
China) in dilute nitric acid. Samples prepared28Q.C in air do not show Etiluminescence.
For reducing europium to divalent form, the powdeese heated in reducing atmosphere
provided by burning charcoal at 950 C for 2 hrasTreatment was found adequate for
obtaining efficient PL.

The crystalline phases of the Bgaized samples were identified by x-ray diffractio
(XRD) analysis. The XRD patterns were recorded ®&ERT-PRO diffractometer using Cy K
(x=1.54o59£\) radiation. The NIR photoluminescence (PL) andtpluminescence excitation
(PLE) spectra were measured by a Photon Technahdgsnational QM-51 NIR
spectrophotometer. PL in visible range were reabateHitachi F-7000 spectro-fluorimeter.
Reflectance spectra were also recorded on the setnement by using “synchronous” mode.
BaSQ was used as a reference standard. Lifetime measuats were obtained on Horiba-JY
Fluromax 4- equipped with Time Correlated Singlet®h Counting system using 379 nm LED
as excitation source.
3. Results and discussion

Formation of B&iO, host following the solid state reaction was canéd by XRD.

Fig.1 shows comparison of the XRD pattern recofdethe synthesized B&iO, (undoped)
with ICDD file 70-2113. Excellent match is seerdéming is same as in the ICDD file and hence
not marked in Fig.1 to preserve clarity. For a BaiQ» system, there are various phases
depending on the Ba/Si ratio. Three common phageBaSiQ [45], BaSiO, [46], and BaSiOs
[47]. In the XRD pattern for the synthesized compabuines at angles 24.118 and 36.464 which



distinguish BaSi@(ICDD 70-2112), and B&iOs (ICDD 26-0180) respectively, are missing.
Phase pure B&iO, is thus formed. XRD patterns of doped samples aks@ similar and no
change in the structure was noticed.

Fig. 2 shows reflectance spefdraarious samples. For BaiO,, nearly 85%
reflectance is observed in the wavelength randg®6+600 nm, and then the reflectance starts to
decrease rapidly at shorter wavelengths. Two bbaadis around 280 and 370 nm are due to
EW?*. The host absorption edge is around 280 nm. Tiress#ts are in good agreement with those
reported earlier [12]. After Nd co-doping, the drapmains almost similar. There is additional
absorption around 587 nm which can be assignéd 6> “Gsy,, ?Hi1/ transitions of N&'.

Fig.3 shows PL spectra for BEW 06Si04. From literature, it was found that
maximum PL intensity is observed for 3% Eu and eoti@tion quenching occurs for higher
doping concentration, hence this composition waseh. Emission spectrum (Fig.3, curve a)
consists of a broad band peaking around 500 nmb&hd is broad because it is superposition of
two bands as first mentioned by Poort et al [10Jjobands arise from two types of Egentres.

In Ba:SiO,, ELF* will obviously occupy Ba substitutional site. £540; crystallizesn

orthorhombic system. There are two crystallograghicnon-equivalent sites. Fig. 4 shows unit
cell of BgSiO, drawn using VESTA 3 software for three-dimensionalalization of crystal,
volumetric and morphology data [48]. Bal is tenrdomated while Ba2 nine [41]. Thus the
coordination of the Eu(l) and Eu(ll) centres are &ad nine, respectively. According to Park et
al [49], the bond length of Eu(ll)-O is shorterrtthat of Eu(l)-O, so the nephelauxetic effect
and the crystal field strength surrounding Eu(i@sis greater than in the surrounding Eu(l).
Consequently, the Eu(l) and Eu(ll) sites are resjioda for emissions at the short (500 nm) and
long wavelengths (520 nm), respectively. Poort €@, on the other hand, argued on the basis
of second neighbor distances that the emissiohates wavelengths can be expected frorfi' Eu
on Ba(ll) site. It is difficult to decide betwedmese two arguments, as in the recorded spectra
only one maximum can be observed. Two bands caomectured only after deconvolution
[49]. In the excitation spectrum (Fig.3, curvethgre is an intense band around 378 nm with a
shoulder around 280 nm. All these results are odggreement with the literature.

Fig.5 shows PL spectra for .88, EW** (3.0 mol %), Nd* (3.0 mol %) and
Ba,SiO,: Nd®* (3.0 mol %) in NIR region. For doubly doped phaspta prominent emission is

seen for 400 nm excitation (curve a) around 106 tamresponding to transitidiFsz> “l11.



There are also weaker emission lines around 1988, (Fs2> 11/, 915, 909, 900,
(*Pu2>"Fsp2), 887 nmiDs2>*Fsiz, “Fare>la).

Fig.5 (curve b) shows excitatspectrum monitored at 1067 nm. A broad band
peaking at 400 nm, which is quite similar to*Eexcitation, but shifted slightly to longer
wavelengths, is again seen. This indicates eneamggfer from E& to Nd*. In addition to this,
there are several intense excitation lines attaibletto f-f transitions of Nt around 896,883,869
("Faz> *Gor) 825 , (1o > *Far2), 809,799 Uz > “Fsrz, “Huard), 765, 754 Tor > *Fpz*Har),
743, (lorz > *For), 722,725 o2 > *Sar), 673 (o> *Forn), 601 (lo> *Kisp), 587,576, Qa2
> *Gsy2, *Ha1), 529, {loz> *Kizpz, *Gr), 516, o> *Gorn) and 490 nm(er2> *K11/7). Due to
f-f excitation lines at shorter wavelengths, whisrerlap with EG* broad band excitation, the
latter becomes broader and shifts slightly to lonvgavelength side (Fig.6). It is also quite likely
that addition of N&" causes small perturbations in’Elevels. There is change in the physical
appearance of the samples aftefNmbdoping. Nd" codoped samples present a richer hue. This
is due to more effective absorption in the visitdgion due to red shift of the excitation. For
Ba,SiO,: Nd®* (3.0 mol %), only f-f lines are seen in the extbita spectrum, the broad band
around 400 nm is absent (Fig.5, curve e).

Inset to Fig.5 shows variatidrindensities with Nd" concentration. PL intensity of
Nd**emission is highest for 3 mol. %. Concentrationmpining is observed for higher
concentrations. From this the critical distanceNdr* -Nd** energy transfer can be calculated
using the formula [50].

Rc = 2 (3V/4xN)Y?
where x is the critical concentration (.03), N is the nwnbf Ba sites in the unit cell (8), and V
is the volume of the unit cell (445.5)ARc comes out to be 15.250 A.

PL intensity of E{i 500 nm emission goes on decreasing continuoushyMd®*
concentration. This indicates that®eNd®*" energy transfer is not affected by concentration
quenching. However, N8 emission is quenched beyondXicbncentration of 3 mol. % due to
Nd** >Nd** energy transfer. Efficiency for Eu>Nd*" energy transfer can be estimated from
the formula [51]-

ku

T]ETE:1_I
Eu,Nd



wherelg, is the intensity of the Eiiemission without co-doping, argl, ng IS the intensity after
co-doping with Nd". For Nd* concentration of 3 mol. %, where maximum>Nehmission is
observedzrz comes out to be about 50%.

Efficiency for Eli>Nd** energy transfer can also be estimated by meastiming

lifetime of Ef* emission with and without N#ico-doping using a similar equation [47]

Nere = 1 — :_Z
wheret, is the lifetime of the EU emission without co-doping, angis the lifetime after co-
doping with Nd".

Fig.7 shows decay curves for BAOEF* emission in BgSiOs;:EL?*,Nd®* phosphors.
379 nm LED was used for excitation. For,BED,:EL*", lifetime of 0.52us is observed. After
co-doping with Nd" another fast decay component with lifetime of atidl0 ns is induced. This
component becomes more and more dominant withasirg Nd* concentration. For the
composition BagdE Uy 0dNdo 06510, the decay is almost exponential showing only this
component. Using this datg,; comes out to be about 78.9%.

There is thus huge discrepanaygif value when computed by two different
methods. The value obtained from intensity comparisan be much lower due to following
reason. When trivalent Ntlis added to B&SiO,EL?*, there can be two effects on‘emission
intensity. There will be obvious decrease due &rgntransfer to N&. However, substitution
of trivalent ions at B sites also leads to formation of defects. The$eotielead to increase in
EW?* emission. Considerable increase irf Eemission following co-doping by trivalent
lanthanide ions have been observed by several wojR2 23 25 26]. The apparent decrease in
EW?* emission after Ei->Nd®* energy transfer will be thus much less than ttieaacwhich will
lead to much smaller value 9fg.

A possible mechanism of ENd®*" energy transfer will be now discussed.>*Nd
has several energy levels. Some of them {&,g--> “Gyp) overlap with EG" emission. Thus,
there are several channels for energy transfer Eaffto Nd**. *Gjlevels of Nd" are populated
by energy transfer from Eti No®* can then relax &, state by emitting phonons in several
steps (Fig.8). NIR emission is obtained by traosiifrom’Fs, state to lower Iyindlj states.
Another possibility is that energy transfer takisp directly from excited state of Euo
higher*G; states 1G11/2, “Gar2). From there N can de-excite t&F; level by cross relaxation

(Fig.9), taking a nearby Nd#ion to excited state. Subsequent de-excitatiagr@and state leads
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to emission of second photon. Thus, in this cageN¥R photons will be obtained by quantum
cutting.

Apart from Nid, Yb** also can yield NIR emission. Yiemission is at relatively
shorter wavelengths and unlike Nthere is no branching. Hence, we attempted
Ba,SiO,EL?*, Yb** phosphor for obtaining NIR emission. However, notsemission was
observed. YB' has only two energy levels with separation of ad®150 crit. CT band of YB*
is also usually at very high energies, usually We250 nm [43]. The only way energy in nUV
region can be transferred to ¥bis by cooperative energy transfer (CET), which Isss
probable phenomenon compared to energy transfgr Apparently, no CET is taking place in
Ba,SiOsELF*, YD, In the past N&-Yb** energy transfer had been reported [52-54]. Hemee,
studied triply doped B&iOsEU**,Nd®*, Yb*" phosphor also. However, no Ne> Yb** energy
transfer was observed.

It will be interesting to measuhe quantum efficiencies for NIR emission.
However, in this case the excitation is in nUV aggand emission in NIR. A wide range
spectrofluorimeter that will enable seamless measants of incident, reflected and emitted
light is needed for this purpose. Such experimetitde carried out in future and the results
will be presented in due course.

NIR emission in BBiO,:EL?*,Nd®* phosphor with nUV/blue excitation can be
useful in several applications, solar photovoltéiesg at the forefront.

Ba,SiO,EL?*,Nd®* phosphor appears suitable for modification of ssggectrum. This is
illustrated in Fig.10. As can be seen, c-Si soddirresponse decreases rapidly below 500 nm
(Fig.10, curve b). If this part of the spectrumdain by yellow shaded region) is converted by
guantum cutting to about 1000 nm, efficiency of falvoltaic conversion will obviously
increase. There is good overlap between the spéntmim suitable for quantum cutting, and
EW?* absorption. More than 50% of the spectrum avadl& quantum cutting will be converted
by BaSiOs:Eu**,Nd** phosphor to N& emission that is close to the maxima in the resgon
curve of c-Si.

Apart from solar photovoltaics,,B#D;:EL?*,Nd** phosphor could be useful for
obtaining compact NIR light sources. Efficient blueDs are commercially available.
Ba,SiOsEL?*, Nd®* phosphor shows appreciable excitation around 4%0By coating it on blue

LED, compact, intense and efficient LED emittingNiR region can be constructed.



4. Conclusions:-

New results on luminesmeof BaSiO, EW?*,Nd®* are reported. Efficient
energy transfer from E{r>Nd®*" has been observed. Critical distance fof NINd®*" energy
transfer is 15.25 A. Lifetime of Bliemission decreases from 0,&2to 0.11us following
Nd**co-doping. Efficiency for Etf >Nd*" energy transfer is close to 80 %. By virtue o$thi
energy transfer it is possible to convert nUV-Higat around 350-450 nm to NIR around 1067
nm. This phosphdhus holds a great potential for application aslarspectrum modifier. In
contrast to Etf >Nd** pair, no energy transfer is observed fof E&Yb** or Nd** > Yb**
pairs.
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-FIGURE CAPTIONS-

Figure 1 XRD pattern for B&iO,

A good match with ICDD 70-2113 is seen. Lines ales24.118 and 36.464 which distinguish
BaSiQ; (ICDD 70-2112), and B&iOs (ICDD 26-0180), respectively, are absent.

Figure 2 : Reflectance spectra of,BeD;,

a> Ba 94065104

b> Bay gdEUn.odNdo.065104

Figure 3 : PL spectra for BgEuw 0sSiO; phosphor

a> Emission for 400 nm excitation.

b> Excitation for 500 nm emission

Figure 4 : Unit cell of Bz5iO, showing different cation coordination.

There are two types of Barium sites. Bal has 1@dioation while Ba2 nine.

Figure 5 : PL spectra for BaEuw 0dNdy 065104

a> Emission for 400 nm excitation.

b> Excitation for 1067 nm emission

Inset shows variation of Nfemission (1067 nm, curve c) and’Eamission (500 nm, curve d)
with Nd®* concentration. Excitation was 400 nm.

For comparison, PL excitation for BaNdp 06Si0O4 is shown (curve e).

Figure 6 : Broadening of excitation spectra aftelf No-doping in BagsdEUo.0dNdo 0eSiOs

a> Excitation spectrum for 500 nm emission

b> Excitation spectrum for 1067 nm emission in biegion

Inset shows photographs of the samples in day ighBa oW 0sSiO, and d>

Bay gdE U 0dNdp 065104, and under UV illumination e> Ba£Ew 0sSiO, and >

Bay sdEUo.0dNdo.06SI04

Figure 7 : Luminescence decay curves for apofa 0sSiO;, and b> BagdEuy 0dNdo 06510,
379 nm excitation was used.

Figure 8: Mechanism of energy transfer fronfBo Nd** involving emission of one photon
Figure 9: Mechanism of energy transfer fronf Ba Nd** involving emission of two photons
Figure 10 : Modification of Solar Spectrum using8i@®,:Eu**, Nd®* phosphor.

a> AML1.5 solar spectrum, b> spectral response®ifsnlar cell, c> N# excitation spectrum

and d> Nd* emission spectrum
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ACCEPTED MANUSCRIPT

Shaded portion shows the portion of solar specadeguate for quantum cutting.
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HIGHLIGHTS
NIR emission a 1067 nm is reported for the first timein Ba,SiO4:Eu**,Nd**
Excitation by near ultraviolet (nUV)/violet light.
Energy transfer efficiencies for Eu**-> Nd** energy transfer close to 80 %.

Attractive for application in photovoltaics based on ¢-S



