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The luminescence properties of double-doped with Eu2+ and Ce3* ions CasSc2SisO12 have been studied
for the first time. The Eu2?+* ions in CasSc2Si3012 exhibit a NIR emission with a maximum at about 840 nm,
which is located in the highest spectral response region of c¢-Si photovoltaic solar cells. Upon the introduc-
tion of Ce3* ions into the lattice the Ce3* 4f — 5d band at 445 nm appears in the excitation spectra for the
Euz+ NIR emission, indicating to the presence of energy transfer between Ce3* and Eu2+ ions. The co-
doping with Ce3* ions is also followed by local distortions of the Eu?* environment and inhomogeneous
broadening of the Eu?*-related spectral bands. It was found that the relative intensity of the higher-energy
Eu2* 4f7 — 4f85d excitation band at 360 nm decreases with the increase of Ce3* concentration. This unusu-
al observation is ascribed to photoionization of Eu2+ ions, electron trapping on defects and subsequent non-

radiative relaxation.
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1. INTRODUCTION

Recently, some of us have reported that Eu?*-doped
garnet of composition CasSc2Si3O12 exhibits a broadband
emission in the 720-1100 nm region with a maximum at
about 840 nm, which is due to the 4f5d — 417 transition of
Eu2+ ions occupying Ca positions in the crystal lattice [1].
To our knowledge, this is the only observation of a near
infrared (NIR) 4f85d — 4f7 emission of Eu2* ions in any
compound. The large crystal-field splitting of 4f»~15d con-
figurations of lanthanide ions is a prominent feature of
crystals with the garnet structure, and this factor is ex-
pected to be responsible for the unusually long-
wavelength position of the Eu?* emission in Ca3Sc2SizO12
[1]. In the crystal structure of this compound, all the Ca
atoms are coordinated by eight oxygen atoms forming a
dodecahedron (D2 point symmetry) with four long Ca-O
distances of 2.51 A and four short Ca-O distances of
2.40 A, whereas Sc atoms occupy octahedral positions [2].

In first sight NIR emitting Eu?*-doped phosphors of
the garnet family may be of interest for photovoltaic
applications. It is accepted that the mismatch between
the incident solar spectrum and the spectral response
of crystal silicon (c-Si) solar cells (see Fig. 1) is one of
the main reasons for their limited efficiency (~ 29 %)
[3]. Taking into account that the NIR emission of Eu?*-
doped CasSceSi3012 is located in the highest spectral
response region of ¢-Si and its excitation spectrum con-
tains broad bands with maxima at about 358 and
524 nm [1], one can suppose that an optimized material
may be used to convert the short-wavelength part of
sunlight (300-550 nm) into the NIR emission, thereby
increasing the efficiency of c¢-Si photovoltaic solar cells.
One of evident shortcomings of this material is a low
absorbance between 400 and 500 nm, meanwhile, as
one can see from Fig. 1, the contribution of photons
with wavelengths in the 400-500 nm spectral region to
the total solar energy is quite essential.
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Fig. 1 - Comparison of (a) emission spectrum  of
Casq -y EusSceSisO12 (y =0.01), (b) incident solar spectrum
(AM1.5 G) and (c) spectral response of ¢c-Si

It is known that CasSc2SizsO12 doped with Ce3* ions
is one of the most promising phosphors for light emit-
ting diodes because of its favorable luminescent proper-
ties and a weak thermal quenching of luminescence [4].
Several groups of authors have studied the luminescent
properties of Ce3* ions in CasSc2Siz012 upon excitation
in the range from 100 to 500 nm [1, 4-6]. It was found
that at room temperature Ce?*-doped CasSc2SizO12
shows a broadband emission with a maximum at
505 nm and a shoulder at about 550 nm. Since this
emission is efficiently excited by photons in the 400-
500 nm region, co-doping with Ce?* ions may be a pos-
sible way to 1improve the properties of
CasSceSi3012:Eu?* as a down-convertor of sunlight. In
this communication, we report on the influence of Ce3+
ions on the luminescence properties of Eu?* in this
compound.

2. EXPERIMENTAL

Polycrystalline samples of nominal composition
Casa - x-y»CesxEusySc2Sis012 (x=0, 0.0001, 0.0005,
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0.001, 0.005, 0.01; y=0.01) were prepared by solid
state reaction method. Starting mixtures of high-purity
CaCOs, SiO2, Sc20s and Ln(NOs3)snH20 (Ln = Eu, Ce)
were fired at a temperature of about 1300 °C for 4 h.
The specimens were cooled, mortared to insure homo-
geneity and fired twice at 1300 °C for 4 h in a reducing
medium of CO. The final products were checked by
X-ray diffraction (XRD) using a Shimadzu LabX XRD-
6000 automated diffractometer. Morphological investi-
gations were carried out by scanning electron micros-
copy (SEM) on a TESCAN VEGA 3 electron microscope.
Diffuse reflectance spectra of the samples were meas-
ured on a Perkin-Elmer Lambda-9 spectrophotometer.
The emission and excitation spectra were recorded at
77 K and room temperature using a Fluorolog 3-22
(Horiba Jobin Yvon) spectrofluorometer equipped with
a xenon lamp. Measurements were performed in the
range of 220-1200 nm with the use of a Hamamatsu
R928P photomultiplier as a detector in the 400-850 nm
region and a liquid nitrogen cooled InGaAs infrared
detector (800-1200 nm).

3. RESULTS AND DISCUSSION

The synthesis procedure resulted in the formation
of colored polycrystalline materials, moreover, their
color changed with the Ce3* concentration. XRD pat-
terns of the final products with x = 0-0.005 were well
matched with JCPDS File No 72-1969 for CasSc2Si3012,
although the presence of small amounts of impurity
phases (Sc203, Ca2S104) was also detected. The typical
XRD pattern is presented in Fig. 2.
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Fig. 2 — Comparison of X-ray diffraction pattern of as-
prepared Cas -x-5CesrFEus,SceSisO12 (x = 0.001; y =0.01) with
the JCPDS data (File No 72-1969) as a reference. Peaks from
the impurity phase (Sc20Os3) are denoted by the symbols (%)

The XRD pattern of sample with the nominal value
of x=0.01 revealed more significant amounts of the im-
purity phases. Besides this, the intensity of the Eu2*
NIR emission of this sample was found to be significant-
ly lower than those of the other samples. These data are
in line with the results reported previously for Ce3*-
doped CasSc2Si3012 [4-6]. In particular, Shimomura et
al. [4] have found out that in Ca3Sc2Si3012 Ce?* ions tend
to occupy the Ca dodecahedral positions and, probably
due to the difference between the formal charges of Ce3™*
and Ca?* ions, only limited amounts of Ce?* can be in-
troduced into the crystal lattice. Since no charge com-
pensating agents were used for the synthesis, one can
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expect that in all the samples under study the majority
of the Ce3* ions are present in the form of locally un-
compensated Ceca® centers. The positive excess charge of
these centers is distantly compensated by intrinsic point
defects, such as calcium vacancies and Ca%* ions on the
scandium sites.

As an example, the SEM photograph of the
Cas( - x-yCesxEusySc2Si3012 (x = 0.001; y = 0.01) sample
is presented in Fig. 3. As can be seen, the phosphor is
composed of slightly agglomerated particles with
smooth faces. The size of particles varies from 3 to
15 pm.

Fig. 3 - SEM Casq - x-y»CesEusySceSisO12

photograph  of
(x=0.001; y =0.01)

Kubelka-Munk-transformed diffuse reflectance spec-
tra in the visible region of the non-doped with Ce3+ and
double-doped  Cas - x-5CesEusySceSisO12 (x = 0.005;
y=0.01) samples are compared in Fig. 4. It is seen that
both the spectra contain a broad absorption band with a
maximum at about 524 nm caused by 47 — 4f%5d transi-
tions of Eu2* [1]. The introduction of Ce3* ions into the
crystal lattice leads to the appearance of a strong ab-
sorption band at 445 nm, which should be attributed to
the lowest-energy 4f — 5d transition of Ce3* ions occupy-
ing the Ca dodecahedral positions [4-6].
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Fig. 4 — Kubelka-Munk-transformed diffuse reflectance spec-
tra of (a) Casa -y EusySceSiz012 (y =0.01), (b)
Casa - x - y»CesEusyScaSis012 (x = 0.005; y = 0.01)

The influence of Ce3* concentration on the excita-
tion spectra of Cas( - x—yCesxEusyScaSis012 (x = 0-0.005;
y=0.01) for the NIR emission is shown in Fig. 5. The
spectra consist of broad bands in the 300-800 nm range
with maxima at ~ 360, 445 and 524 nm. It is clear that
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the bands at 360 and 524 nm are due to excitation of
the Eu?* ions via transitions from the 4f7(8S7:2) ground
state to the components of the Eu2* 4{5d configuration
[1], while the band at 445 nm is caused by 4f — 5d
transition of Ce3* ions. It should be also noted that the
intensity of the latter band for the samples with
x=0.0001 and 0.0005 is very low.
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Fig. 5 — Influence of Ce3* concentration on the excitation spec-
tra of the Eu?* emission in Casa-x-yCesEusScaSisOie
(y =0.01): a) x=0; b) x=0.001; ¢) x=0.005. The spectra were
recorded at 293 K for the emission at 830 nm and normalized
at 525 nm

From comparison of the excitation spectra for the EuZ+
emission in Casq-x-3CesxEusySc2SizsO12  (x = 0-0.005;
y =0.01), the following observations can be made:

a) The excitation band at 445 nm appears in the
spectra upon introduction of Ce?* ions into the crystal
lattice, its intensity increases with increasing Ce3*
concentration, supporting the presence of energy trans-
fer between Ce3+ and Eu?* ions;

b) The higher-energy EuZ* 4f7— 4f85d excitation
band undergoes some shift towards the longer wave-
lengths with increasing Ce3* concentration. At room
temperature, the position of its maximum changes from
358 nm for x =0 to 365 nm for x=0.005. The relative
intensity of this band decreases markedly with the in-
crease of Ce?* concentration.

The energy transfer between Ce?* and Eu2* ions
has been observed in a number of inorganic com-
pounds, including alkaline earth silicates Li2SrSiO4 [7],
CazMgo5Al1Si1.507 [8]. This phenomenon is typically
ascribed to an electric multipolar interaction between
these ions, although because of strong overlap of the
Ce?*-emission and Eu2*-excitation bands in
CasSc2Si3012 the radiative energy transfer (reabsorp-
tion) may be also of importance. The decrease in rela-
tive intensity of the UV Eu2* excitation band with in-
creasing the Ce3*-content (Fig. 5) implies the appear-
ance of additional non-radiative process. It should be
noted that this excitation band, in contrast to the visi-
ble one, does not show any fine structure at 77 K. This
fact may be explained by photoionization of the Eu?*
ions upon excitation in this region. Indeed, in Ref. [1]
the energy gap between the bottom of the conduction
band and the lowest-energy Eu2* 485d state was esti-
mated to be some tenths of eV, so that Eu2+* 5d states
involved in the 4f7 — 4f85d transitions at ca. 360 nm lie
in the conduction band of CasSc2SizO12. Thus, photoion-
ization of Eu2* ions, electron delocalization process, its
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trapping on defects and subsequent non-radiative re-
laxation are expected to be responsible for the lumines-
cence quenching. Note that since the contribution of
photons with wavelengths in the 400-500 nm spectral
region to the total solar energy exceeds 15 %, whereas
that of photons with wavelengths less than 400 nm
amounts to about 5 % (see Fig. 1), the Ce?* co-doping of
CasSc2Si3012: Eu?+ allows one to increase an efficiency
of converting the short-wavelength part of sunlight
(300-550 nm) into the NIR emission.

Hamilton et al. [9] have studied an electron trap-
ping following photoionization of Ce3* ions in yttrium
aluminum garnet (YAG) by means of optical-absorption
and fluorescence spectroscopies. It was found that the
back-transfer of excitations from traps to the cerium
ions in YAG is a slow and inefficient, i.e. an essential
part of cerium ions returns non-radiatively to the
ground state. These authors have also supposed that
oxygen vacancies participate in this process. In the
double-doped CasSc2Si3012, other types of defects may
also promote non-radiative relaxation to the Eu?*
ground state. Since the relative intensity of the UV
excitation band decreases steadily with increasing ce-
rium concentration, Ce3* ions seem to be involved ei-
ther directly or indirectly in this process. Beck et al.
[10] studied mechanisms of electron trapping upon
photoionization of Sm2* ions in CaF2 and found out
that dominant electron traps are small clusters of Sm3*
ions. Taking into account that Ce3* ions at the Ca do-
decahedral sites in CasSc2Si3O12 have a positive charge
compared to the regular lattice, the capture of electrons
from the conduction band by these centers cannot be
excluded. Note that Ce ions in the low oxidation state
(+2) have been found quite stable at room temperature
in some alkaline earth fluorides (CaFs, BaFy) [11, 12].
Although the high stability of Ce2* in the alkaline
earth fluorides may be exceptional phenomenon, it is
not unreasonable to assume the formation of transient
or even quasi-stable Ce2* centers in CasSc2Si3012.

To analyze the reasons for the red shift of the
higher-energy Eu2* 4f7 — 4f65d excitation band with
the increase of Ce3* concentration, emission and
excitation spectra of the double-doped samples were
also recorded at liquid nitrogen temperature. As
shown earlier in Ref. [1], at 77 K the NIR emission
band of Eu?* ions in CasSceSiz012 is narrowed and a
fine structure is observed in the spectrum. The on-
sets of both the excitation and emission spectra for
Cas - x- y»CesxEusySc2SisO12 (x = 0.005; y =0.01) at 77 K
are presented in Fig. 6. It is seen that the mirror sym-
metry at about 769 nm is observed, indicating that this
feature is a zero-phonon line (ZPL) of the Eu2*
4f85d — 4f7 transition. Stokes and anti-Stokes vibronic
replicas are present at about 245 and 501 cm~! from
the ZPL, suggesting a coupling with a ~ 245 cm —! local
vibrational mode. Note that the obtained emission
spectrum is very similar to that of single-doped with
Eu2+* CasSc2Si13012 [1], and no distinct changes in the
spectrum were observed upon varying the excitation
wavelength in the 350-750 nm region. Thus, one can
conclude that no significant influence of Ce3* on the
surrounding of the Eu2* ions was revealed in these ex-
periments.
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Fig. 6 — Emission and excitation spectra of

Casq - x -y CesFusScaSis012 (x =0.005; y=0.01) at 77 K. The
emission spectrum (a) was recorded upon excitation with
Jexe = 520 nm and the excitation spectrum (b) was obtained for
the emission at 830 nm. Arrows indicate the positions of the
vibronic replicas

The red shift of the higher-energy Eu2* 4f7 — 4f%5d
excitation band with the increase of Ce3* concentration
can be ascribed to the formation of several kinds of Eu2*
centers with slightly different crystal field parameters
and the emission spectra of which do not differ much. In
other words, the introduction of Ce?* ions into the crys-
tal lattice leads to slight deformations of the Eu2* envi-
ronment and the distortions of different geometries
cause the inhomogeneous broadening of the spectral
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bands. An additional manifestation of the Ce3*-induced
inhomogeneous broadening is some redshift of long-
wavelength tail of the visible band in the excitation spec-
tra of the double-doped samples (see Fig. 5).

4. CONCLUSIONS

The luminescence properties of double-doped with
Eu?* and Ce?* ions CasSc2SisO12 have been studied.
The Eu?* ions in CasSc2Siz012 exhibit the NIR emission
in the range of 720-1100 nm, which is located in the
highest spectral response region of c-Si photovoltaic
solar cells. Upon the introduction of Ce3* ions into the
crystal lattice the Ce3* 4f — 5d excitation band at
445 nm appears in the excitation spectra for the NIR
emission of Eu2* ions, its relative intensity increases
with increasing Ce3* concentration, indicating to the
presence of energy transfer between Ce3* and Eu?*
ions. This allows one to increase an efficiency of con-
verting the short-wavelength part of sunlight (300-
550 nm) into the NIR emission. The co-doping with
Ce3?* ions is also followed by local distortions of the
environment of Eu2* ions. This causes the inhomoge-
neous broadening of the Eu2* excitation bands. It was
shown that the relative intensity of the higher-energy
Eu2+ 4f7— 4f85d excitation band decreases with the
increase of Ce3* concentration. Photoionization of Eu?+
ions, electron trapping on defects and subsequent non-
radiative relaxation to the Eu2* ground state 8S7z2 (4f7)
are expected to be responsible for this observation.

Bonue ionis Ce3 + na indpauepsone sunpomiunosanua CasSc2Sis012, nerosanoro iouamu Eu2+

B.II. Jomenxo!, I.B. Bepesoscbral, I.B. 3aroscbruit2, C.C. Cmonal, H.II. €Edprommuual

b @Dizuro-ximiunuii incmumym im. O.B. Boeamcvrkozo HAH YVkpainu,
Jliocmadopghecvra dopoea, 86, 65080 Omeca, Yrpaina
2 Kuiscorxuti Hayionanvruii ynisepcumem im. Tapaca Ilesuenka,
8ysi. Bonodumupcora, 64/13, 01601 Kuis, Ykpaina

Jlocmimreno sominecrienTHl BiaactuBocTi CasSceSizOiz, serosamoro iomamu Eu2+ ta Ce?*. Iomm Eu?* B
CasSczSi3012 1eMOHCTPYIOTh BHIIPOMIHIOBAHHSA 3 MakcuMyMoM Iipu 840 HM, sKe JIOKaJII30BaHO B 00JIaCTi HAM-
BUIIOI CIIEKTPAJIBHOI Yy TINBOCTI KpeMHieBHX ( ¢-Si) doToenexrpryunnx esremenTiB. [Ipu BBemenHi ioniB Ce3+ B
KPHUCTAIIYHY TPATKY B CHEKTpl 30y/reHHs 1HppadepBOHOro BUIIpoMiHIOBaHHA Ku2+ 3'sBiserscs cmyra 3 Max-
cumymoM tpu 445 um (mepexing 4f — 5d B Ce3+), mo BKa3dye HA HaSBHICTH IepeHOCY eHeprii mixk ionamu Ced+
ta Eu2+. Ile Takox CyIIpoBOMKY€EThCS JIOKATIBHUME JedopMaliiaMu Hanbmsk4yoro otouenHs: Ku?+ ta HeomHopi-
IHUM yIIUPEHHSAM BIIIOBIIHUX CMYyT BUIIPOMIHIOBAHHA Ta 30yIKeHHs. BCTaHOBIIEHO, II0 BiIHOCHA 1HTEHCHUB-
HICTh cMyTH 30ymsKeHHs JnomiHectieHIrl Eu2+ mpu 360 um (mepexin 4f7 — 4f85d) smeHIyeThes 31 301IbIIEHHAM
roumenTparii Ce3+. Ile HesBuuaiiHe cHOCTepeskeHHS MPUMMCYeThCA ¢oToloHizarli ioHIB Eu?+, 3axorieHHO
€JICKTPOHIB Ha Jed)eKTax Ta HACTYIIHOK 0e3BHIIPOMIHIOBAIHLHOL PEIAKCAITIEI0 B OCHOBHUM CTAH.

Kmouosi cnosa: Jliominodopn, JTrominecuenirisa, Eu2*, ITepenoc ereprii.
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Bnusune uonos Ced+ ua nundgppakpacuoe usnyuenue CasSczSisO1z2, akTuBuposanuoro nouamu Euzt
B.I1. Homenxo!, .B. Bepesoscrasa!, .B. 3aTosckmii2, C.C. Cmomal, H.I1. Edprommuual

I @Quauro-xumuueckuli uncmumym um. A.B. Boeamckoeo HAH Yxkpaunot,
Jlocmoopghcras dopoea, 86, 65080 Ooecca, Yrkpauna
2 Kuescruii Hayuornanvroili yrusepcumem um. Tapaca Illesuernko,
yi. Bnadumupcras, 64/13, 01601 Kues, Yxpauna

Hccenemosansl sromuHeciieHTHEIE cBoicTBa CasScaSisO12, akTuBupoBanuoro nonamu Eu2+ u Ce3+. Mousr
Euz+ B CasSc2Si3012 1eMOHCTPUPYIOT U3iIyyeHre ¢ MakcuMyMoM mpu 840 HM, KOTOpoe HAaXOAUTCs B 0b6JacTu
HAWOOJIbINEN CIIEKTPAJILHOM YyBCTBUTEJIBHOCTH KPeMHHEBHIX (c-Si) OTOdIEKTPUUECKUX dJIeMEeHTOB. [Ipu
BBeZeHUU B perrerky noHoB Ced* B crexrpe Bo30OyskIeHUs MHpaxkpacHoro manaydenusi Ku2+ mosiBisiercst
obycioBennasn mepexogom 4f — 5d momos Ce3+ mosoca mmpu 445 HM, YTO yKa3bIBAeT HA HAJIMYHE IIepeHoca
sueprun mesxny Ce3+ m monamu Eu?*. Benenne monos Ce3* Takske COIPOBOK/IAETCS JIOKAIHHBIMHI UCKAMKE-
HUSMUA OJIMKAMIIEr0 OKPYMEHUsT MOHOB Ku?* M HEOJHOPOIHBIM YIIMPEHUEM COOTBETCTBYIONIUX II0JIOC JIIO-
MUHECIIEHIIUY ¥ BO30Y»KJIeHUs. YCTAHOBJIEHO, YTO OTHOCUTEIbHAS WHTEHCUBHOCTH IIOJIOCHI BO30Y:KIEHUSI
momuHectenimu Eu?* mpu 360 am ( mepexon 4f7 — 4f5d B monax Eu?*) ymeHbimaercs ¢ yBesndeHHEM
roumenTpanuu uouos Ce3*+. D10 HabmomeHue npunuckBaercs goronoHusanuu noHoB Ku2+*, 3axsary aJek-
TPOHOB HA JlepeKTax U MOCJIeAyIONIell 0e3bI3/IyYaTe IbHOM PeIAKCAIIUN B OCHOBHOE COCTOSTHUE.

Koiouessie cioga: Jlromuaodopsr, Jliomuuectienms, Eu?+, [leperoc sueprum.
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