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Abstract:

SrY>0, phosphors were doped with different concentrations of Ev’" (0.5, 1, 2, 4, 8
and 10 at %) in order to investigate the maximal doping concentration of Ew’" and its
implementation in solar cell devices. Samples were synthesized by a combustion method using
citric acid and glycine as a fuel. The X-ray diffraction (XRD) patterns confirmed pure phase
of SrY,0,. FE-SEM micrographs showed agglomerate phenomenon with spherical-like shape
particles and diameter of about 50 nm. Upon excitation with 280 nm, emission spectra were
recorded in the range from 450-750 nm and in all samples the same energy transitions were
observed *Dy— "F; (J = 1, 2, 3 and 4) with maximal intensity for sample with 8 at % of Eu’".
That sample was further examined for the purpose of application in solar cell devices and
showed high value of efficiency at low light intensities.
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1. Introduction

In a last couple of decades, phosphors are indispensable materials for applications in
solid state lighting, especially in the form of light emitting diodes (LEDs) [1, 2]. Phosphors
doped with rare earth ions give rise to strong emissions and plays important role in modern
display technology, such as plasma display panel (PDP), white light emitting diodes
(WLEDs), field emission display (FED) and in industry lighting, such as tricolor lamps and
solar cells [3-7]. On the other hand, dye-sensitized solar cells (DSSCs) attracted a lot of
attention due to the low fabrication cost and high efficiency [8-10]. The biggest challenge in
DSSCs is chemical stability as well as conversion efficiency. One of the manners for reducing
the energy losses is using of luminescent materials (down-conversion, up-conversion, down-
shifting) that could modify the solar energy spectrum. Accordingly, it is always a challenge to
find new materials that can respond to the ever-changing challenges posed by modern
technology.

In previous years, a lot of phosphors with various host materials was synthesized and
explored, which in themselves contained ions of rare-earth or transition metal. Binary rare-
earth oxide phosphors are well known for its chemical and temperature stability, high
luminescence efficiency and so on [11-17]. Among them sesquioxides (RE,O;, RE = rare
earth) were investigated the most, but along with them there is another significant group of
oxides with the formula ARE,O, (A= Ca, Ba, Sr). This group of materials possesses excellent
photoluminescence and magnetic properties which makes them very interesting for research
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[18, 19].

The SrY,0, lattice belongs to the CaFe,O, related structure consisting of one
strontium and two yttrium sites, both of inversion symmetry. It is usually doped with Ce*’,
Eu’’, Dy’"and Sm®" for down-conversion luminescence, with Yb*"/ Er’* for up-conversion as
well as doped with Tb*"/Tm**/Dy*" for producing white light [20-23]. Rare earth ions shows
abundant emission color based on their 4f—4f or 4f—5d transitions.

The SrY,0, doped with Eu’* is known as a promising down-conversion red phosphor
since it give rise to strong emission at approximately 610 nm. At first, this material was
produced using solid state reaction [24]. However, when SrY,0, noteworthy the scientific
attention because of his favorable characteristic, material was produced by other soft chemical
methods. In that way, temperature of preparation of material was reduced as well as particle
size with improvement of luminescence properties. Dubey et al., obtained SrY,0O4 doped with
Eu’" by solid state reaction at 1400 °C [25]. Characterization of material showed that Eu’" ion
is accommodating in 2 non-equivalent sites of Y*" and one site of Sr*". Zhou et al synthesized
the same material by sol-gel method (using citric acid and polyethylene glycol) at
significantly lower temperature (1000 °C) and reveal occupation of two sites of Y*>* by Eu*"
ions [26]. In addition, the best luminescent characteristics were obtained when doping
concentration was 2 at%. So-Jung Park et al. prepared SrY,04: Eu’" via combustion synthesis
also at 1000 °C and confirmed preferential accommodation Eu’" in Y*" sites [27].

In this paper, we prepared SrY,0,: Eu’” with various concentrations of Eu®" (from 0.5
to 10 at %) by combustion method using citric acid and glycine. We examined phase
composition and microstructural parameters, morphology, as well as dependence of
Eu’concentration on photoluminescent properties. Also, we used the best sample for
preparation of dye-sensitized solar cell and investigated it efficiency.

2. Experimental Section
2.1. Materials

Starting materials for obtaining Eu®" doped SrY,O, were rare earth nitrates, yttrium
nitrate hexahidrate (Y(NOs);-6H,0) and europium nitrate hexahidrate (Eu(NO,);-6H,0, Alfa
Aesar (purity 99.9 %) and strontium nitrate Sr(NO;), also purchesed from Alfa Aesar (99 %).
Glycine and citic acid was product of Acros (99+% and 99.6%, respectively). Indium tin
oxide (ITO) (In,O3(SnO,),)) coated glass (75%25x1.1 mm) were obtained from Sigma-
Aldrich. Aluminum foil (15-pm thickness) (Purity > 99.3 %) were bought from MTI Korea.
All chemicals were analytical grade reagents and were used directly without further
purification.

2.2. Synthesis method

Samples of SrY,04 nanocrystalline phosphors doped with different concentration of
Eu’*! (0.5,0.5, 1,2, 4, 8 and 10 at %) were prepared via combustion synthesis using citric acid
and glycine as fuel. Rare earth nitrates (solution 1) as well as strontium nitrate (solution 2)
were dissolved in deionized water. Then citric acid was added in both solutions separately and
left for dissolving for a half an hour heated on a hot plate at 60 °C with continued magnetic
stirring. Afterwards, the solutions were emerged, glycine was added and temperature was
lifted at 120 °C. After approximately one hour solution evaporated, wet gel was produced and
subsequently burned in the furnace at 500 °C for 1.5 h. Finally, sample was additionally
thermally treated for 2 h at 1000 °C. The same procedure was used for preparation of all
samples. The extraction of St. John’s wort was carried out with ethanol to obtain valuable
components and neutral agents rich was extracted.
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2.3. Fabrication of solar cell device

The solar cell consisted of composite SrY,O, doped with 8 at% Eu’" and dye
(hypericin) and it is dispersed on ITO-coated glass as a working electrode, aluminium as a
counter electrode and PVA matrix as a solid carrier of electrolyte (0.5M KI+ 0.05M L,).
Hypericin was previously extracted in ethanol from the St. John’s wort and together with the
SrY,0, doped with 8 at% Eu’" used for deposition of the thin layer. For the layer thickness of
100 nm, 5 mg of powder was dispersed in 2 ml hypericin solution. The film was dispersed by
spraying (hand-made) on pre-heated ITO glass at the temperature of 80 °C and subsequently
dried at 100 °C in an oven for 24h.

2.4. PVA matrix membrane synthesis

Radiolytic synthesis of 5 % (w/w) PVA matrix includes: preparation of PVA solution,
gamma irradiation, post irradiation treatment and immersion obtained hydrogel in electrolyte
solution. PVA solution was obtained by dissolving PVA in deionized water at 90 °C under the
constant stirring for 6 hours. After that, the solution was saturated with Ar, poured in the glass
mold and gamma irradiated in the 60 Co radiation facility. Irradiation was performed at room
temperature at a dose rate of 0.52 kGy/h up to the integral radiation dose of 25 kGy. Cross-
linked hydrogel eas obtained in the swollen state and immersed in the electrolyte solution.

2.5. Characterization

The structure analysis of SrY,0, phosphors doped with x at % Eu’" was checked by
XRD measurement using Philips PW-1050 with CuK, radiation. The patterns were recorded
in the 20 range from 20 to 70° with a fixed 1° divergence and 0.1° receiving slit. Schematic
representation of SrY,Oy4 structure is drawn in Vesta program. Particle size and morphology
ware estimated from FE-SEM micrographs (FEI Scios 2, operating voltage of 30 kV).
Chemical compositions of samples were estimated by energy dispersive X-ray spectroscopy
(EDS). Photoluminescent properties PL spectral measurements were taken on a Horiba Jobin
Yvon Fluorolog FL3-22 spectrofluorometer at room temperature, with a Xe lamp as the
excitation light source. The obtained spectra were corrected for the spectral response of the
measuring system and spectral distribution of the Xe lamp. Current-voltage (/-V curve)
characteristics of the cells were measured under 50 and 350 W/m* (5 % and 35 % sun),
illumination using Philips ELH 120V 300W lamp. Current-voltage characteristics were
registered with a Keithley 237 Sourcemeter (V-I sweep mode, range 0 V - Vo, variable
voltage step, delay time of 0.040 s). The illumination intensity was calibrated with a referent
monocrystalline silicon cell.

3. Results and discussion
3.1. X-ray diffraction (XRD) analysis

Crystal structures of synthesized samples were determined by X-ray powder
diffraction. XRD patterns are indexed with the card PDF No. 01-074-0264, and one
representative diffractogram is presented in Fig.1. Crystallite size is calculated by using
Scherrer formula:

K-2
d_,b"cosé’ M)
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where d is the mean size of the ordered (crystalline) domains, K is a dimensionless shape
factor, with a value close to unity. The shape factor has a typical value of about 0.9, but varies
(0.9-1) with the actual shape of the crystallite, A is the X-ray wavelength, B is the line
broadening at half the maximum intensity (FWHM) and 0 is the Bragg angle. Values for
crystallite size were the following: 36.42 nm for sample with 0.5at % Eu’", 38.78 m for 1 at %
Eu'’, 41.07 nm for 2 at % Eu’", 44.13 nm for 4 at% Eu’’, 46.62 nm for 8 at % Eu’" and 53.20
nm for sample with 10 at % Eu’". It is obvious that with increasing of doping concentration,
crystallite size is becoming bigger. Taking into account that Eu®" ion (0.95 A) is greater than
Y ion (0.89 A), enhancement of cell parameter is a logical consequence and therefore also
affects crystallite size. SrY,0,4 crystallizes into an orthogonal structure with space group
Pnam (62). The Sr atoms are coordinated by eight oxygens and the Y atoms by six oxygens
(Fig. 2). Y’" ions have two non-equivalent sites with C; symmetry. The Y, site is nearly
octahedral while the Y, site is a little distorted.
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Fig. 1. Representative XRD diffractogram for SrY,0, doped with 2 at% of Eu’".
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Fig. 2. Schematic representation of SrY,0, crystal structure along with the coordination
environment of the Sr and Y, and Y, sites in SrY,0,.
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3.2. FE-SEM and EDS analysis

FE-SEM and EDS analysis was carried out to investigate the morphology and chemical
characterization, respectively. One representative sample of SrY,O, doped with 2 at % Eu®" is
presented in Fig. 3. FE-SEM observation revealed that at micron level, powders consist of
porous agglomerated particles. Pores are a consequence that comes from the large quantity of
gases developing during this type of synthesis method. It can be clearly seen that
agglomerated particles are caused by sticking spherical particles with size of about 50 nm.
The EDS analysis confirmed existence of elements that are present in the structure. During
this measurement the accumulation was low, with not enough counts to register presence of
Eu. Due to that, Eu isn’t mark because it is in noise level.

Fig. 3. FE-SEM micrographs of the sample SrY,0,: 2at% Eu’" (A magnification 35.000 and
B magnification 200.000) and EDS (C).

3.3. Photoluminescent properties

One randomly selected excitation spectrum recorded with emission at 614 nm for the
sample with 0.5 at % Eu’" is presented in Fig. 4. It is obvious that the strongest peak is
positioned at 280 nm and hence that was the excitation wavelength used for measuring the
emission spectra.

Emission spectra for SrY,04: x at % Eu (x= 0.5, 1, 2, 4, 8, and 10) recorded in room
temperature under the same experimental conditions in the range from 450 to 750 nm, are
presented in Fig. 5. Upon excitation with 280 nm in all samples the same energy transitions
were observed *Dy—'E, (V= 1, 2, 3 and 4). Transition ’Dy—F, is in the 574 - 602 nm range
with maximum at 590 nm, ’Dy—"F, in 605-635 nm range with maximum at 614 nm, SDo—"F;
is 643-667 nm range with maximum at 651nm, and *Dy—F, is in the 680-718 nm range with
maximum at 706 nm in the photoluminescent spectrum. As it was previously said in the
structure section, there are two non-equivalent sites of Y*" ions for substitution with Eu’” ion.
Accommodation of Eu’” ion in Sr*" site is more complicated due to the large ionic mismatch
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(Sr*" 1.13 A) and different valence state requiring in addition high temperatures above 1400
°C. With increasing of dopant concentration, intensity of emission increases until 8 at % of
Eu’ (see green line in Fig. 4) and after that starts to decrease when doping concentration was

10 at %.
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Fig. 4. Excitation spectrum for SrY,04:0.5 at % Eu recorder with emisson at 614 nm.
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Fig. 5. Emission spectra for SrY,04: x at % Eu (x=0.5, 1, 2, 4, 8 and 10) with characteristic
transitions excited at 280 nm.

3.4. Application in solar cells

Designed solar cell was made using a natural dye hypericin and sample that showed
the highest luminescent intensity, which was SrY,0,: 8 at % Eu. Preparation of the solar cell
was explained in experimental section while its schematic representation is given in Fig. 6.

Typical illuminated /-V plots of fabricated solar cells under the low (5 % sun) and
medium (35 % sun) illumination are shown in Fig. 6. Two cells (A and B) are made to be the
same. The efficiency [] was calculated from the well-known relation [1 =
Vo L *FF/Pinpu 100, where Piy, is the input light energy. The fill factors (FF) were
calculated from the relation FF = I[,*V,/I,:*V,., where I, and V,, are the maximum current
and voltage , and I, and V,. are the short circuit current and the open-circuit voltage,

respectively. Whole cell surface was 7.5 cm?, while illuminated part was 3 cm”.
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Fig. 6. Schematic representation of designed solar cell.
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Fig. 7. llluminated I-V curves for the same two solar cells made of ITO/composite SrY,04:8
at% Eu’" and hypericin/aluminium.

For the illumination of 5 % sun obtained results of efficiency was around 9 %, while for 35 %
sun the efficiency was 1 % (calculated for the entire cell area). The shapes of /-V curves are
inverse exponential so the FF is below 0.25 (value for linear dependence). Series (Rs) and
shunt (Rsh) resistances plays important role on the shape of the illuminated I-V curves.
Reasons for this behaviour is existance of an extra resistance in the cell. In case of inverse
exponential curve the values of series resistance are higher than the values of shunt
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resistances. The PVA matrix is not conductive and serves only as a carrier of elecrolyte. In
that way, introduction of PVA in the construction of solar cell reduces the mobility of the
electons which represents an additional resistance in the solar cell.

4. Conclusion

Having all discussed results in consideration, it can be concluded that with presented
synthesis method pure and nanocrystalline SrY,04: x at % FEu samples were obtained.
Structural analysis as well as photoluminescent measurements confirmed efficient
accommodation of Eu®" in two non-equivalent sites of Y**. Combustion synthesis provided
obtaining samples with crystallite size of around 30 nm and particle size of about 50 nm. This
synthesis also enabled the highest concentration dopant of 8 at % Eu’" which is considerably
higher than other methods of synthesis. Use of this sample in dye-sensitized solar cells
provides very good efficiency, 9 % for illumination of 5 % sun, and 1 % for the illumination
of 35 % sun. These results imply that luminescent material SrY,0, doped with Eu*" can be
used in solar cell applications.
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Cadpacaj: SrY>0,je donupan ca pazmuuumum konyenmpayujama Ev’* (0.5, 1, 2, 4, 8 and 10
at %) y yuwy oopehusaroa Maxcumanie KoOHyeHmpayuje 0onupara 0802 CUCmema ca joHuMA
Eu’" kao u npumeny osoz mamepujana y conapnum henujama. Ysopyu cy cunmemucanu
MemoodoMm cazopesarbd Kopucmehu AUMYHCKY KUCEIUHY U 2AUYUH Kao 2opuso. Penozencka
oughpaxyuja (XRD) je nomepouna dobujarwe uucme ¢paze Sr¥,0,. Crenupajyhu enexkmpoucku
MUKPOCKON je NoKA3ao 0a je y30paK azioMepucan ca cepuyHum yecmuyama npeuHuKa oko
50 Hm. Emucuonu cnexmpu cy cuumanu y oncezy 00 450-750 um npu excyumayuju Ha 280 um
Uy COUM Y30pyUMa Cy CHUMMEHY ucmu enepeemckunpenasu’Dy— "Fy (J =1, 2, 3 and 4) ca
MAKCUMATHUM uHmesumemom 3a ysopak ca 8 at % Eu’". Taj ysopax je dame ucnumusan y
C8pPXy npumeHe y conapuum henujama u noxazao je GUcoky 6pedHocm eghuxacHocmu Ha
HUCKUM UHINEe3UMemuMa C8emioCmu.

Kuwyune peuu: nymunecyenyuja, ghocgpopu, Sr¥>0,, yeexna, corapue henuje.
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