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The phosphors Ba;Gd(BO,);:Ce** were prepared by a solid-state reaction technique at high
temperature. The vacuum ultraviolet-ultraviolet and visible spectroscopic properties of the
phosphors together with decay time curves are investigated and discussed. The spectroscopic
properties are explained by occupancy of Ce** at two different Gd sites in the host lattice. The x-ray
excited emission spectra of Ba;Gd(BO3);:Ce** were studied and the number of photons emitted per
unit of absorbed x-ray energy was calculated. The yield is rather poor and Ba;Gd(BO;);:Ce™*

appears not a suitable x-ray phosphor. © 2007 American Institute of Physics.
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I. INTRODUCTION

Research on Ce** ion doped materials has been of im-
portance for many decades for basic research and for poten-
tial industrial applications. Ce** is an ion with ground state
configuration [Xe]4f'54° in which only one electron occu-
pies the 4f orbital and the 5d state is empty. It is a typical
rare-earth ion with 4f-5d transitions that is parity allowed
and thus results in broad bands in absorption and excitation
spectra. The 4f-5d transitions of Ce** appear in a wavelength
range that depends strongly on the type of host lattice. The
transition energies provide important information on the 5d
crystal field splitting, the 5d centroid, and the Stokes shift of
5d states from which the site symmetry of the lanthanide in
the host lattices can be deduced.'” Moreover, some
Ce’*-doped materials such as Y;Al;0,,:Ce**, LaPO,:Ce™*,
Tb**, SrAl,0,9:Ce**, Lu,Si05:Ce**, and LuAlO5: Ce** are
applied as phosphors in lighting and display, and as scintil-
lators for medical imaging or precision calorimetry in high
energy physics.4_6 From the standpoint of application, the
research on Ce**-doped materials continues with the aim to
develop some phosphors and inorganic scintillators with
much better quality than the existing ones.

Borate compounds, as a large class of host lattices for
luminescent ions, are of interest because of their easy syn-
thesis, good chemical stability, and low material cost.
Vacuum ultraviolet (vuv, with wavelength A <200 nm and
energy E>50000 cm™') phosphors must have the ability to
absorb vuv light efficiently combined with high energy-
transfer efficiency from the host lattice to activator ions.
Most borates satisfy these conditions, and they exhibit a
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proper width of band gap. In this work the compound
Ba;Gd(BO;); is chosen as the host lattice for Ce**. The Gd*
ions can play two different roles. Energy can be transferred
over the Gd sublattice from the sensitizer, which can be the
host lattice itself, to the activator, and in addition Gd>* is a
well known quantum-cutting ion.”® The syntheses of com-
pounds M;Ln(BO3); (M=Sr, Ba and Ln=La-Lu, Sc, Y)
have been reported in recent years,g_12 but the spectroscopic
properties of Ce** ion-activated Ba;Gd(BO,); have not been
reported yet.

In this work, the luminescence properties of Ce>*-doped
barium gadolinium borate Ba;Gd(BO5);: Ce** under vuv, uv,
and x-ray excitations are reported.

Il. EXPERIMENT

All powder samples were prepared using a high-
temperature solid-state reaction technique. For preparation of
the pure host compound Ba;Gd(BO;); and the Ce**-doped
samples Ba;Gd,_,Ce (BO;); (x=0.01, 0.02, 0.04, 0.06, 0.08,
and 0.10), analytical reagent (AR) grade BaCO;, H;BOs,
Gd,05 (99.99%), and CeO, (99.9%) were employed as reac-
tants. A stoichiometric mixture with 3 mol % excess H;BO3,
to compensate for the evaporation at high temperature, was
ground thoroughly in an agate mortar and preheated at
700 °C in a muffle furnace. After ground again, the samples
were fired at 1100 °C in reducing CO atmosphere for the
Ce’*-doped samples or in air for the undoped host com-
pound, and then cooled down to room temperature (RT).

In order to interpret the spectroscopic properties and
clarify the structure of Ba;Gd(BOs);, four other samples,
ie., Ba3GdygsEugps(BO3)3, BazGdgosSmgy(BO3)3, low
temperature phase Ba;Y(BOs); [L-Ba;Y(BO5);],"*'* and
high-temperature phase Ba;Y (BO3); [H-Ba3;Y(BOs3);] (Refs.
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FIG. 1. (Color online) The XRD patterns for samples Ba;Gd(BO;)s,
Ba;Gd,_,Ce (BO3); (x=0.04), H-Ba;Y(BO;);, and L-Ba;Y (BO3);.

15 and 16) were also prepared. The preparation process for
the Sm**- and Eu**-doped samples are the same as described
above for the undoped compound in air ambient. Sm** and
Eu®* ions are provided by Sm,0; (99.99%) and Eu,O,
(99.99%), respectively. For preparation of the low and high-
temperature phases of Ba;Y(BO3);, Y,05 (99.999%) was
used as a reactant and the heating temperatures in the final
step were 1100 and 1200 °C, respectively.

To characterize the phase purity and structure of the
samples, a powder x-ray diffraction (XRD) analysis was car-
ried out with Cu Ka (A=1.5405 A) radiation on a Rigaku
D/max 2200 vpc x-ray diffractometer.

The uv excitation and emission spectra of the phosphors
were recorded with a Jobin Yvon FL3-21 spectrofluorometer
at room temperature. The luminescence decay curves were
measured at an Edinburgh FLS 920 combined fluorescence
lifetime and steady-state spectrometer. The vuv excitation
and corresponding luminescent spectra were measured at the
vuv spectroscopy experimental station on beamline U24 of
the National Synchrotron Radiation Laboratory. The x-ray
excited emission spectra were recorded with an x-ray tube
with Cu anode operating at 35 kV and 25 mA. Further mea-
surement details can be found in our previous work. "1

lll. RESULTS AND DISCUSSION
A. XRD patterns and the structure of Ba;Gd(BO;),

The XRD pattern of sample Ba;Gd(BOs); is displayed
in Fig. 1(a). It agrees with the JCPDS standard card in Fig.
1(b) except for a reflection around 27.3° that is marked by
red asterisk () in the diffraction pattern. We think that the
reflection might also be attributable to the sample
Ba;Gd(BO3)s, because this reflection occurs in the JCPDS
standard cards of other isomorphic compounds such as
Ba;Nd(BO3)3;, BazSm(BO3)3, Ba;Eu(BO3);, Ba;Th(BOs)s,
and BasDy(BO;);.%® In addition, to exclude the probability
of impurity for the reflection, we searched and compared all
JCPDS standard cards of the raw materials and the
Gd/Ba/B/O-containing binary or ternary compounds, and it
was found that above reflection could not be attributed to any
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impurity phase. All these works evidence that the reflection
around 27.3° might be attributed to the sample
Ba;Gd(BO3);. The XRD  patterns for  samples
Ba;Gd,_,Ce,(BO;); with different doping concentrations (x)
and  Ba3Gdyo4Eug 06(BO3)3, BazGdgosSmyg 04(BO3); also
agree  with Fig. 1(b). The diffractogram  of
Ba3;Gdj 9sCe 04(BO3); as an example is exhibited in Fig.
1(c). It shows that the structure of Ba;Gd(BOj3); is main-
tained for the doping concentration range that we investi-
gated. The dopant Ce* is slightly larger than Gd** but it will
not distort the crystal lattice of Ba;Gd(BO3); too seriously
and is expected to replace Gd** ions.

In the last decade, several reports on the crystal structure
of Ba;Ln(BO;); (Ln=La-Lu,Y,Sc) compounds have
appeared.gf12 They crystallize in two different structures. For
Ln=La-Tb, they are in the trigonal system (I) with space

group R3. For Ln=Dy-Lu, Y, Sc, the compounds can exist

in both the trigonal system (I) with space group R3 and the
hexagonal system (II) with space group P6s;cm, depending
on the formation temperature. When Ba;Ln(BO3); (Ln=Dy,
Ho, Er, and Y) with structure (IT) synthesized at temperature
Ty is heated to temperature Ty (77> Typ), its structure will
change from (II) to (I). Therefore, the trigonal structure (I)
can be regarded as a high-temperature phase and the hexago-
nal structure (IT) as a low-temperature phase.

For two different structural Ba;L.n(BOs); and their con-
versions, the compound Ba;Y(BOj)s is a typical example.
When  the  low-temperature  phase  Bas;Y(BO;);
[L-Ba;Y(BO3);] with structure (II) is heated above 1148 °C
it changes into the high-temperature phase Ba;Y(BO;);
[H-Ba;Y(BOj3);] with structure (I). The crystal structure of
both phases was reported in detail.'*"¢ Although XRD data
were reported'! for Ba;Gd(BO3)s, its detailed structure has
not been depicted so far.

In order to better interpret the spectroscopic properties of
Ba;Gd(BOs3);, we  prepared  H-Ba;Y(BOs);  and
L-Ba;Y(BO3);. The XRD patterns of these two Y-based
samples are shown in Figs. 1(d) and 1(e). The XRD patterns
of sample L-Ba;Y(BOj3); in Fig. 1(e) agree with the JCPDS
standard card in Fig. 1(f). We did not find the XRD pattern of
H-Ba3;Y(BOj3); in the JCPDS database PDF2. It can be seen
that the XRD pattern of Ba;Gd(BOs); in Fig. 1(a) agrees
with that of H-Ba;Y(BO;); in Fig. 1(d) which is clearly
different from that of L-Ba;Y(BO5); in Fig. 1(e).

A detailed structure description of Ba;Gd(BO;); was not
found in literature. In this work we assume that
Ba;Gd(BO;); is isomorphic with H-Ba;Y (BO3); for the fol-
lowing three reasons: (1) The powder XRD patterns of
Ba;Gd(BO;); and H-Ba;Y(BO;); are similar, as shown in
Fig. 1. (2) The ionic radii of Gd** [Rggqm=93.8 pm] are
of Y** [Ryqp=90.0 pm] in sixfold
coordination." (3) It was found that the unit cell parameters
[a=13.067(3) A, ¢=9.552(3) A, trigonal, R3] of
Ba;Gd(BO;); are similar with that [a=13.028(2) A, ¢
=9.4992(2) A, trigonal, R3] of H-Ba;Y(BO;);.'"""

close to that
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FIG. 2. (Color online) vuv excitation spectrum [curve (a)], vuv excited
emission spectrum [curve (b)], uv excitation spectrum [curve (c)], and uv
excited emission spectrum [curve (d)] of sample Ba;Gd(BO;);.

B. vuv-uv spectroscopic properties of Ba;Gd(BO;);

Figure 2 shows vuv-uv excitation and emission spectra
of Ba;Gd(BO;);. In vuv excitation curve (a), the 8S7,2—6Dj
transitions around 250 nm and the %S,,-°I,,,, transition at
274 nm of Gd** are observed. These excitation lines are
found in the uv excitation spectrum (c) also. Curves (b) and
(d) display the emission spectra under vuv-uv excitation. As
shown in curve (d), the Gd** °P,,,-%S , emission at 313 nm
is observed when Gd** is excited. This emission is also
found in curve (b) upon 195 nm vuv excitation. The broad
excitation band at about 195 nm in curve (a) is attributed to
the host absorption as discussed below. Apparently the host
lattice transfers excitation energy to Gd**. In addition, we
note that for the low-temperature phase Ba;Y(BOj3); a host
emission at about 415 nm was observed under x-ray
excitation.”® Such emission was not observed in
Ba;Gd(BO;3); under vuv-uv excitation even after ten times
enlarging the emission spectra, as shown in Figs. 2(e) and
2(f).

J. Appl. Phys. 101, 113530 (2007)

In the vuv excitation spectrum (a), a broad band (marked
as H) with a maximum at 195 nm is observed. From general
considerations,'” the absorption of Ba;Gd(BOs); in the vuy
range may be due to four types of electronic excitation pro-
cesses: (1) The intraconfiguration 4f7-4f7 transitions of
Gd**.” (2) The intraconfiguration 4f7-4f°5d transitions of
Gd**. (3) Charge transfer (CT) transitions from O> ligand
atoms to Gd**.*' (4) The intramolecular absorption of the
BO3™ anion in Ba;Gd(BO3);.

It is well known that the 4f-4f transitions of lanthanide
ions are narrow linelike, and the broad band H can therefore
not be assigned to 4f7-4f” transitions of Gd**. The 4f7-4/%5d
transitions are also improbable because Gd** has a half-filled
4f shell and the lowest energy of the 4f7-4f°5d transitions is
expected at higher energy region in oxide compounds. Fur-
ther in this work we will estimate the location of the
4f7-4f°5d transition with the lowest energy of Gd** at
around 135 nm from data on that of Ce>*.

The CT energy for the O>"—Gd3* transfer can be esti-
mated from the CT energy of other rare-earth ions such as
Sm?* and Eu’* in the same host lattice. Figure 3 shows the
uv excitation spectra for Ba;Gd(BO;);:0.06Eu** and
Ba;Gd(BO;);:0.04Sm*". We obtained the uv excitation
spectrum (b) of sample Ba;Gd(BO5);:0.06Eu** by monitor-
ing the °D,-’F, emission of Eu** at 612 nm, and the uv
excitation spectrum (a) of sample Ba;Gd(BO;);:0.04Sm3*
by monitoring the *Gs,-°H,,, emission of Sm** at 602 nm.
In spectrum (a), a broad band A with a maximum at 227 nm
is observed which we attribute to the charge transition band
(CTB) of Sm**. The lines around 252, 273, and 312 nm are
from 4f7-4f7 transitions of Gd** that are also observed in
Fig. 2. The features in spectrum (a) at wavelengths longer
than 320 nm are from 4/°-4f° transitions of Sm>*.

Spectrum (b) shows a broad band B with maximum at
275 nm that we attribute to the CTB of Eu**. The width and
the location are typical for the Eu** CTB in oxide com-
pounds. The strong dipole allowed CT excitation band over-
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FIG. 4. (Color online) The vuv excitation and emission spectra for samples
Ba;Gd, 9sCe 04(BO3);5 at 22.5 K.

laps the weak forbidden 4f7-4f7 excitation lines of Gd**
which are not observed in the spectrum (b). The transitions
between 320 and 500 nm in spectrum (b) are attributed to the
4f5-4f° transitions of Eu®*.

The energies of CT excitation for different rare-earth
ions in the same host lattice were systematically analyzed by
one of us.” In that work, it was found that the excitation
energy of the Sm>*«+—0?~ CT band is always about 1.16 eV
higher than that of the Eu**« Q% CT band. We therefore
predict that the Sm* « 0% CT band should be located at
around 5.67 eV (219 nm). This is at somewhat higher energy
than the observed band at 5.44 eV (227 nm) in Fig. 3(a).
Possibly the Sm**« 0%~ CT band in Fig. 3(a) is deformed
on the high energy side by competing excitation of band H of
the pure compound, see Fig. 2(a). Although a Gd**+ 0?~ CT
band has never been observed in a compound, its location
should be at 4.32 eV higher than that of the Eu**+ 0% CT
band.”> We therefore expect the CT excitation of Gd**
O at about 8.83 eV (140 nm) in Ba;Gd(BO;);. Clearly
the band H in Fig. 2(a) cannot be attributed to the Gd**
0% CT band in Ba;Gd(BO3)5.

Excluding 4f-4f, 4f-5d, and the Gd**+ O?~ CT excita-
tion as possible causes for band H in Fig. 2(a), a remaining
cause can be the intramolecular absorption of BO3™ anions in
Ba;Gd(BO;);. The maximum of the host-related excitation
band at 195 nm appears, however, at lower energy than what
is usually observed for borate compounds. It is at about
160 nm for YAI;(BO3),, 165 nm for (Y,Gd)BOs, 170 nm
for SrAl,B,0;, and 190 nm for BaZr(BOs),.>*** The true
origin for host band H in Ba;Gd(BO3); has not been there-
fore fully resolved yet.

C. Spectroscopic properties of Ba;,Gd(BO;);: Ce®* in
vuv-uv and visible range

1. Excitation spectra
Figure 4 shows the vuv excitation spectrum [curve (a)],

the vuv excited emission spectrum [curve (b)], and the uv
excited emission spectrum [curve (c)] of

J. Appl. Phys. 101, 113530 (2007)
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FIG. 5. (Color online) The uv excitation spectra under 400 nm emission for
samples Ba;Gd,_,Ce,(BO3); with different doping concentrations at RT.

Ba;Gdg 9sCe( 04(BO3)5 at 22.5 K. The bands below 200 nm
in curve (a) are in the wavelength region where also host-
related absorption bands were observed. At wavelengths
above 200 nm we can clearly identify at least five broad
bands, marked as A (338 nm), B (280 nm), C (260 nm), D
(235 nm), and E (225 nm). The bands must be attributed to
transitions from the 4f ground state to levels of the crystal
field split 5d configuration of Ce**.

As mentioned in Sec. IIT A, we will discuss the spectro-
scopic features of Ce** in Ba;Gd(BOs); by using the trigonal
structure (I) of H-Ba;Y(BOs); which was depicted in
detail."* In H-Ba,Y(BOj;)3, two alternating nonequivalent Y
atoms form one-dimensional chains bridged by the Ba atoms
with BO; triangles that link Y(1) and Y(2), respectively.
Both Y(1) and Y(2) occupy distorted octahedral sites with Sg
point symmetry. Y(1) ions are coordinated by six O(1) atoms
whereas Y(2) ions are coordinated by six O(2) atoms. The
Y(1)-O(1) bond length of 2.534(1) A is much longer than
that of Y(2)-O(2) which is only 2.235(8) A. When we as-
sume that Ba;Gd(BO3)5 has the same trigonal structure (I) as
H-Ba;Y(BOs);, then Ce** ions may occupy two nonequiva-
lent Gd** lattice sites in Ba;Gd(BO5);.

To further analyze the excitation bands we prepared five
samples of Ba;Gd,_,Ce,(BOs); with x=0.01, 0.02, 0.06,
0.08, 0.10 and measured the uv excitation spectra of 400 nm
emission together with that for x=0.04, as shown in Fig. 5.
Four characteristics are observed: (1) There is a broad band
at 280 nm for all samples that corresponds with band (B) in
Fig. 4. The band overlaps the 275 nm 4f-4f transition of
Gd**. Only for low doping concentration such as x=0.01
(curve 1) the Gd** excitation at 275 nm is clearly observed.
(2) There is an excitation band (A) around 350 nm that cor-
responds with band (A) in Fig. 4. However, band (A) is
around 338 nm in Fig. 4, while in Fig. 5 it has shifted by
about 10 nm to the longer-wavelength region. We attribute
this redshift to a different response of the instrumental setup
between the vuv measurements in NSRL and the uv mea-
surements in our laboratory. The wavelength region of
340-350 nm is at the edge of the sensitivity of the grating
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and the photomultiplier tube (PMT) at NSRL. We regard the
uv measurements as more reliable and the real location of
band A is then at 347 nm as in Fig. 5. (3) One band, labeled
as A', around 316 nm was found for the samples with high
doping concentration such as x=0.06, 0.08, 0.10 in Fig. 5.
The band is absent for the samples with low doping concen-
tration. The intensity of band A’ increases with increase of
Ce?* concentration. (4) We observe that band A shifts to
longer-wavelength region with increase of Ce** concentra-
tion. This phenomenon can be observed clearly at concentra-
tions where also band A’ appears. Like band A’, another
band A” seems to appear for the samples with high doping
concentration, and the relative intensity of band A” increases
with increase of Ce** concentration. For example, band A” in
curves 5 (x=0.08) and 6 (x=0.10) is almost equally intense
as band A.

The results in Fig. 5 clearly suggest that excitation bands
A and B belong to one type of Ce site and bands A" and A” to
another type. Further assuming that the smallest Gd site pro-
vides the largest crystal field splitting and consequently the
lowest energy 5d state, we attribute bands A” and A’ to two
4f-5d transitions with the lowest energy in Ce** at the
smaller Gd(2) site. Bands A and B then belong to Ce at the
larger Gd(1) site. The ionic radius of Gd** is 93.8 pm and
that of Ce** is 101 pm in sixfold coordination."” The larger
Ce** will therefore preferentially occupy the larger Gd(1)
site at low Ce** concentration. When the Ce** concentration
increases also the Gd(2) site starts to be occupied. These
expectations are fully in accord with the observed features in
Fig. 5.

2. Emission spectra

Figures 4(b) and 4(c) show the emission spectra under
177 nm vuv and 225 nm uv excitation at 22.5 K. A broad
emission band is observed in both cases. When Ce** occu-
pies only one lattice site, a doublet emission from the lowest
5d state to the *Fs;, and *F., levels of the spin orbit split 4f
ground state occurs. But when Ce** ions enters two different
lattice sites, the emission will be more complex and four
emission bands should be present in theory. In Fig. 4, we
observe a rather broad emission band under both 177 and
225 nm excitations. The emission at 225 nm excitation is
redrawn as curve (a) in Fig. 6 to further analyze the double
site occupancy of Ce* in the host. The emission can be fitted
well by a sum of four Gaussian functions with maxima at
386, 417, 465, and 511 nm shown as curves (c), (d), (e), and
(f) in Fig. 6. Curve (b) in Fig. 6 gives the sum of the four
curves which fits very well to the observed spectrum. The
energy difference is 19.2X 10? cm™! for the doublet emis-
sions at 386 and 417 nm, and 19.4 X 10> cm™" for the doublet
emissions at 465 and 511 nm, which equals the usual energy
difference between the Ce’* 2F (J=T7/2,5/2) states. We
therefore assign the bands at 386 and 417 nm to the emission
from one Ce** site and the bands at 467 and 511 nm to the
emission from another Ce’* site.

To further explain the results, we measured the excita-
tion spectra of 380 nm (short-wavelength) emission and
520 nm (long-wavelength) emission. The spectra are dis-
played in Figs. 7(a) and 7(b). Those in Fig. 7(a) are similar

J. Appl. Phys. 101, 113530 (2007)

EXP. g™ 225 N (@)

[-- o-- Gauss fit of curve a (b)
--2--Gauss fit peak 1 of curve a (¢)

|- -4--Gauss fit peak 1 of curve a (d)
----- Gauss fit peak 1 of curve a (e)

[--+-- Gauss fit peak 1 of curve a (f)

Relative intensity (arb. units)

Wavelength (nm)

FIG. 6. The uv excited emission spectra for sample Ba;Gd, ¢¢Ce 04(BO3)3
under 225 nm excitation at 22.5 K.

as the excitation spectra of 400 nm emission in Fig. 5. Moni-
toring the emission at 380 nm, band A at 347 nm is seen in
all six curves of Fig. 7(a), but the relative intensity of this
band is weak in the excitation curves (4), (5), and (6) for the
samples with high doping concentration. This suggests that
band A of the low Ce3* concentration samples is related to
the short-wavelength Ce** emission. It implies that the 386
and 417 nm doublet emissions are due to Ce** in the larger
Gd(1) sites.

Figure 7(b) shows the excitation spectra of 520 nm
(long-wavelength) emission. The weak band A at 347 nm in
low Ce* concentration samples (curves 1-3) and the strong
band A” at 367 nm in high Ce’* concentration samples
(curves 4-6) are clearly observed. It reveals that the unre-
solved A” band in Fig. 5 is actually located at about 367 nm.
It also reveals that band A" is related to the long-wavelength
465 and 511 nm doublet emissions and they are attributed to
Ce’* in the small Gd(2) sites.

Finally, Figs. 7(c)-7(e), show emission spectra excited at
316, 347, and 367 nm for 2% and 8% Ce**-doped samples.
For the 2% Ce**-doped sample the Gd(1) site is preferen-
tially occupied, and the emission is always at somewhat
shorter wavelength than that for the 8% Ce**-doped sample.

Upon 316 or 367 nm excitation of Ce** in Gd(2) sites,
the emission intensity of the 8% Ce**-doped sample is stron-
ger than that of the 2% Ce**-doped sample. But upon
347 nm excitation of Ce** in Gd(1) sites, the sample with
low doping concentration shows higher emission intensity.
This is all consistent with our previous assignment that at
low doping concentration Ce** prefers to occupy the large
Gd(1) site and at high doping concentration also the small
Gd(2) is occupied.

From the above data of excitation spectra and emission
spectra, the values of Stokes shift for Ce** in Gd(1) are cal-
culated to be 3.16 X 10° cm™!, and 5.59 X 103 cm™! for Ce?*
in Gd(2), which indicates that when Ce** enter into the
smaller Gd(2) sublattice, it leads to a larger Stokes shift.

In a word, from above discussion we believe that Ce3*
might occupy two nonequivalent Gd** sites, the bands A and
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FIG. 7. (Color online) The uv excita-
tion spectra under 380 and 520 nm
emissions and the uv excitation emis-
sion spectra under 316, 347, and
367 nm excitations for samples
Ba;Gd,_,Ce(BO3); with different
doping concentrations at RT.
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B belong to the absorption of Ce** in Gd(1) site, while the
bands A" and A” the Gd(2) site. Ce** prefers to occupy the
Gd(1) site at low Ce** concentration and the small Gd(2) is
also occupied by Ce** at high Ce** concentration. The Ce™*
emissions from Gd(1) site are around 386 and 417 nm,
whereas those from Gd(2) site are about 465 and 511 nm.
Meanwhile, we are aware of that another possibility; the
presence of few other phases in the samples may also change
the spectra characteristics, though no any impurity phase was
found in all samples according to a powder x-ray diffraction
analysis, see Sec. III A above. Some other experiments, for
instance, the high-resolution spectra of Eu** in the host lat-

500 0 B0 B0

Wavelength (nm)

tice may be helpful to get a firm conclusion on this issue.
The further work will be performed in the future.

From the energies of the lowest 5d states, we may also
calculate the value for the so-called 5d redshift or crystal
field depression D(A) with the Dorenbos expression:l

E(Ln,A) =49 340 cm™ — D(A) + AE™™Ce, (1)

Here, E(Ln,A) is the 4f-5d energy difference in units of
cm™! of the lanthanide ion Ln®* doped in compound A;
49 340 cm™! is the lowest energy of the 4f-5d transition of
Ce’* as a free (gaseous) ion; AE™™C is defined as the differ-
ence in the lowest 4f-5d energy of Ln** with that of the
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FIG. 8. (Color online) The decay
curve of sample Ba;Gd;_,Ce (BO3);
(x=0.01, x=0.04, and x=0.1) dis-
played on a logarithmic intensity scale
at RT.
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TABLE I. The luminescence decay properties of Ba;Gd,_,Ce (BO3);.

Parameters (nm) Doping concentration Decay time (ns)

Nex=345, Nom=380 0.01 7=2.82, 7,=17.64
0.04 =318, 7,=16.04
0.10 =279, 7,=14.91
Nex=345, Nn=520 0.01 =235, 7,=19.45
0.04 =346, 7,=19.76
0.10 7,=2.82, 7,=22.21
Aex=370, Ny =520 0.04 n=1.52, 7,=20.44
0.10 n=1.94, 7,=22.54

electric dipole allowed transition in Ce**. In this work, the
lowest energy of the electric dipole allowed transition in
Ce’*(1) is 28.8X10° cm™ (347 nm) corresponding with
D(A)=20.5%10° cm™". Similarly D(A)=22.0X 10° cm™! for
Ce’*(2). D(A) is a property that characterizes a compound,
and its value does not depend on the type of lanthanide ion.
Since the lowest energy of the 4f-5d transitions in the free
ion Gd** is at 95 160 cm™!, the Dorenbos expression predicts
the 4f-5d transition with the lowest energy for Gd**(1) or
Gd**(2) in Ba;Gd(BOs); at around 135 nm which is clearly
a too short wavelength to explain band H in Fig. 2.

The luminescence decay curves for Ba;Gd,_,Ce (BO3);
for x=0.01, x=0.04, and x=0.1 at RT are shown in Fig. 8.
The curves are well fitted by a sum of two exponential
curves which provide with the values for two decay times 7;
and 7, summarized in Table I. The decay time value for 7; is
much shorter than the usual lifetime (20—60 ns) of the 5d
state of Ce** in compounds. It indicates the presence of a
luminescence quenching mechanism. Possibly the excitation
energy of Ce* is transferred via the Gd sublattice to quench-
ing sites. The about 20 ns decay time associated with 7, is
more close to typical 5d lifetime of Ce®*.

D. X-ray excited luminescence of Ba,Gd(BO;);: Ce®*

The X-ray excited luminescence of
Ba;Gd(BO5);:0.04Ce*" is shown in Fig. 9. The spectrum
was measured under the same experimental conditions as
that of a BaF, reference sample. The spectrum of
Ba3Gd 9sCe( 04(BO3); shows a sharp emission at 313 nm
due to 6P7/2—3S emission from Gd** and a broad emission
band peaking at 418 nm attributed to Ce** 5d-4f emission.
The shape of the emission band is similar to the emission
excited by uv and vuv in Fig. 4. The only difference is that
the x-ray excited emission is at slightly longer wavelength.

An estimate for the x-ray excited absolute light yield
output of the sample of Fig. 9 was made from the ratio be-
tween its wavelength integrated emission intensity with that
of the BaF, reference sample. With the methods outlined,”
we found for our reference BaF, crystal a light output of
about 9300 photons/MeV absorbed gamma ray energy. We
obtain  for  the absolute  yield of  sample
Ba;Gd(BO3);:0.04Ce* about 370+ 30 photons/MeV. These
are two orders of magnitude lower than the number of ion-
ization created per 1 MeV of absorbed x-ray energy, and
Ba;Gd(BO;);:Ce?* is a very poor x-ray phosphor.

J. Appl. Phys. 101, 113530 (2007)

| Ba;Gd g5 Ce g 0a(BO3) 5RT

Relative intensity(a.u.)
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FIG. 9. X-ray excited emission spectrum of Ba;Gd(BO;);:Ce** at room
temperature.

IV. CONCLUSIONS

A series of phosphors with molecular formulas
Ba;Gd,_,Ce,(BO3); (x=0, 0.01, 0.02, 0.04, 0.06, 0.08, and
0.1) was synthesized by the method of solid-state reaction at
high temperature. The spectroscopic properties in the vuv,
uv, and visible range were investigated and discussed. The
host-related absorption was found near 195 nm. It is found
that Ce* ions preferentially enter the larger Gd(1) sites when
the doping concentration is low. The occupancy probability
of the smaller Gd(2) sites increases with increasing Ce**
concentration in samples Ba;Gd,_,Ce (BOj3);. The x-ray ex-
cited emission spectra of Ba;Gd(BO;);:Ce*" was investi-
gated but its light yield is very small and Ba;Gd(BO5);: Ce**
is a poor x-ray phosphor.
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