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Abstract Strontium aluminate (SrAl4O7) nanophosphor
codoped with Tm3+—Yb3* has been synthesized through the
combustion route using urea as the reducing agent. Struc-
tural, thermal and optical characterizations have been car-
ried out. Heat treatment of the samples shows a change in the
crystallite phases and the relative luminescence intensities
for the different bands. The nanocrystalline particles in the
as-synthesized sample seem to arrange in rod like shapes of
submicrometer length on annealing. A broad (350-550 nm)
emission in the UV-green region is observed when 266 nm
radiation is used for excitation. Intense upconversion (UC)
emissions in blue, red and infrared are seen with excitation
by 976 nm radiation. An emission at 364 nm not observed
earlier and attributed to 'D, —3Hg transition in Tm3* is
also seen. The blue emission from SrAl;O7:Tm>*/Yb*+
codoped nanophosphor (annealed at 1200°C) exhibits high
color purity (89%) and is comparable to phosphors used
commercially. The energy transfer mechanisms, responsible
for these UC emissions, are proposed and discussed.

1 Introduction

Studies of materials in nanosize are being extensively stud-
ied as they show significantly changed properties as com-
pared to their bulk counterpart [1]. Such materials especially
inorganic nanocrystal are prepared by a variety of methods
[2-7] of which the solution combustion technique [7] not
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only is a simple and low cost method resulting in homoge-
neous materials but also permits doping with rare earths in
a single step [8, 9]. These nanocrystallites doped with rare
earth ions yield many upconverted emission bands when ex-
cited with NIR diode laser. In case the intermediate excited
state is long lived the efficiency is greatly increased. This
permits oxide based phosphor materials which are easily
processed and have greater stability to be used in place of
sulphide based phosphors [10-15].

The use of a red emitting laser as excitation source for
a Tm>*+ doped inorganic nanophosphors gives emission in
the blue region [16]. In order to obviate the use of the red
emitting laser and use instead a laser emitting in the NIR, the
nanocrystallite has to be doped with an additional rare earth
absorbing the NIR radiation and transferring its excitation
energy to the Tm3* ion. Yb3* ion, absorbing at 976 nm, is
such an ion [17].

In the present work strontium aluminate (SrO-Al,O3)
has been investigated as a host for Tm* and for Tm3*,
Yb? together. This SrO-Al,O3 can exist in several phases
SrA1204, SI‘A112019, Sr2A16011, and SI‘4A114025 [18—20].
The SrAl4O7 (SAL) phase after doping with lanthanide ions
is not yet well characterized though it is of great interest as it
has a long-duration persistence luminescence [21]. Its blue
emission is used as a biological marker [22] and an efficient
high resolution display phosphor [23]. Its synthesis, struc-
tural characterization and luminescence are discussed in the
present note.

2 Experimental

The strontium aluminate phosphor samples were synthe-
sized through the combustion route using urea as an organic
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Fig. 1 Differential thermal analysis (DTA) and thermogravimetric
analysis (TGA) curves of the as-synthesized phosphor sample

fuel. A detail of the preparation method is as described ear-
lier [24]. The starting composition of the material is

60SrO + (40 — x — y)AlL,03 + xYbyO3 + yTm;03

where x = 1.0, 2.0 mol% and y = 0.5, 1.0 mol%.

The differential thermal analysis (DTA) and thermogravi-
metric analysis (TGA) of the sample have been carried
out in a nitrogen atmosphere on a Pyris Diamond ther-
mal analyzer EXSTAR 6000 unit (Perkin Elmer). The as-
synthesized samples were annealed at two different temper-
atures 800°C and 1200°C for 10 h. X-ray diffraction (XRD)
patterns have been recorded using a 18 kW rotating an-
ode (Cu) based Regaku powder diffractometer fitted with a
graphite monochromator. The degree of crystallization and
the size of the crystallites are estimated from these studies.
Transmission electron microscope (TEM) image of the sam-
ple has been recorded using a Technai 20G2, Philips unit.
Fourier transform infrared (FTIR) spectra of three types of
samples have been recorded using a Spectrum RX-I spec-
trophotometer (Perkin Elmer). The absorption spectrum of
the sample was recorded in the reflectance mode (as the sam-
ple is opaque) using Perkin Elmer, Lamda-35 spectropho-
tometer.

The downconversion spectra are recorded after excitation
of the sample with 266 nm radiation from a Nd:YAG laser
(Innolas, Spitlight 600, 7 ns pulse width) using a fluores-
cence spectrometer (QE 65000, Ocean Optics, USA). The
upconversion (UC) luminescence measurements are carried
out by exciting the samples with the 976 nm radiation from
a diode laser and recorded on iHR320, Horiba Jobin Yvon,
spectrometer.
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Fig. 2 X-ray diffraction (XRD) patterns of SrAl4O7: Tm3* + YB3+
phosphor as-synthesized, heat treated at 800°C and at 1200°C

3 Results and discussion
3.1 Thermal analysis

In DTA, any change in the sample results in heat absorp-
tion or heat emission (measured as change in power and
measured in mW) relative to a reference material on the
other hand TGA detects any change in weight. Figure 1
shows the DTA and TGA curves for an as-synthesized phos-
phor material. The TGA curve shows a weight loss of about
25% between 550-750°C associated with two endothermic
peaks, one at 620°C and the other at 710°C, as evident from
the DTA curve. This weight loss may be attributed to the
conversion of the nitrates (starting material for synthesis)
into oxide and the loss of the volatile components. A small
weight loss of about ten percent is also seen and is associated
with the endothermic peaks seen at 945°C and at 1100°C.
This is due to the decomposition of the strontium carbon-
ate (SrCO3) [25]. Thus, thermal analysis suggests that the
change takes place in two steps: first near 700°C and the
second near 1100°C. This makes it essential to study three
samples: one as-synthesized, the second heated at 800°C and
the third heated to 1200°C. Samples were kept at these tem-
peratures for 10 h.

3.2 Structural features and analysis
3.2.1 X-ray diffraction (XRD)

The X-ray diffraction patterns of all the three types of the
sample, one ‘as-synthesized’ and the other two obtained
after the different temperatures are shown in Fig. 2. The
presence of sharp and intense diffraction peaks indicate the
crystalline nature of the phosphor material. Peaks due to
SrAl407, Sr(NO3), and SrCOg3 are seen in the XRD pat-
tern of the as-synthesized sample. The sample heat treated
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Fig. 3 Transmission electron
micrographs (TEM) along with
the selected area electron
diffraction (SAED) pattern of
the SrAl,O7:Tm3" + Yb>+
phosphor sample annealed at
1200°C. Micrographs (a), (b)
and (c) show the presence of the
micron-size rod like structure
while sharp rings in SAED
pattern (d) shows the crystalline
nature

at 800°C has peaks due only to SrAl4O7 and to SrCO3. The
peaks due to SAL are more pronounced. For the sample
heated to 1200°C the peak due to SrCO3 becomes almost
insignificant. Zhang et al. [26] have also reported similar re-
sults.

3.2.2 Transmission electron microscopy (TEM)

The TEM picture for the ‘as-synthesized’ sample indicates
that the phosphor material contains highly agglomerated
nanocrystals of an average crystal size of ~54 nm. For
the sample heated at 1200°C the agglomerated nanocrys-
tals form a rod like structure of submicrometer length and
width ~60 nm. Figure 3 shows the TEM images (a, b, c)
along with selected area electron diffraction (SAED) pattern
(d) for a Tm3>*—Yb3* codoped sample heated at 1200°C for
10 h. It is likely that it is the heat treatment which leads to
the formation of rod like structure. The bright rings seen are
indicative of the crystalline nature of the sample.

3.3 Optical characterization
3.3.1 Fourier transform infrared (FTIR) analysis

The FTIR spectra of the three Tm>T—Yb>* doped phosphor
samples in the 4000-400 cm ™! region (Fig. 4) show nearly

¢ Heat treated at 1200 °C for 10 h

b Heat treated at 800 °C for 10 h

a As-synthesized
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Fig. 4 Fourier transform infrared (FTIR) spectra of SrAlsO7:
Tm3* + Yb3* nanophosphor samples (a) as-synthesized, (b) heat
treated at 800°C and (c) heat treated at 1200°C (all the samples have
been heat treated for 10 h)

similar spectrum. The spectrum shows a doublet structure
near 445 cm~! and a broad absorption containing several
vibrational peaks in 700-900 cm~! region. The doublet at
445 cm™! is due to the bending vibration of the O-Al-O
bonds [27]. The peaks in the 700-900 cm~! region are at-
tributed to the metal oxygen bonds in the SrAl4O7 struc-
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Fig. 5 The absorption spectrum of nanocrystalline strontium alu-
minate nanophosphor doped with Tm3* (0.5 mol%) and Yb3*
(2.0 mol%) annealed at 1200°C in reflectance mode

ture [28]. The sharp absorption band near 1070 cm™! cor-
responds to the Al-O stretching vibration [29]. Peaks in the
region 1340—1780 cm™! exhibit the typical features of “ni-
trate (NO3')” and “COj anion” vibrations. The strong band
at 1450 cm~! is associated with the carbonyl ions and be-
comes weak as the annealing temperature is increased. The
broad band near 3600 cm~! is due to (O—H) stretching in
the adsorbed water. On heat treatment at high temperatures
such bands become very weak or are not seen.

3.3.2 Absorption spectrum

The absorption spectrum of the strontium aluminate
nanophosphor doped with Tm3* (0.5 mol%) and Yb**
(2.0 mol%) and heated at 1200°C for 10 h in the reflectance
mode is shown in Fig. 5. The five absorption peaks at 467,
660, 681, 790 and 976 nm are assigned to the 3Hg — Gy,
3H¢ —3F3, 3Hg —3F,, 3H —3Hy transitions in Tm3* and
to the 2F7/, —2Fs ), transition in Yb>, respectively.

3.3.3 Luminescence excited by 266 nm laser radiation

The room temperature emission spectrum of the nanocrys-
talline SrAl4O07:Tm3t/Yb3t and SrAl;07:Tm3* systems
annealed at 1200°C on excitation with 266 nm radiation is
shown in Fig. 6. The incident radiation excites the Tm>*
ions to the *P manifold resulting in a number of lumines-
cence bands. For both samples a broad emission is seen
(between 350-550 nm) with three intense peaks at 390 nm
(11¢ —3Hs), 464 nm (!D; —3F4) and 479 nm (!G4 —3Hg)
due to Tm3* excitation superposed. The 'Is —>Hs peak at
390 nm is weaker in the Tm3*t—Yb** codoped sample while
the 'D, —3F, peak at 464 nm becomes very broad. The
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Fig. 6 Room temperature downconversion spectrum (350-900 nm) of
nanocrystalline SrAl;O7:Tm?* and Tm3*t 4+ Yb>* nanophosphor (heat
treated at 1200°C for 10 h) on excitation with 266 nm
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Fig. 7 Upconversion spectrum (Aex = 976 nm) of SrAl4O7:
Tm3t + Yb3+ nanophosphor (a) as-synthesized, (b) heat treated at
800°C and (c) heat treated at 1200°C for 10 h. A power dependence
plot for blue emission is shown in the inset (slope = 2.97 & 0.06). An
enlarged emission at 364 nm is shown at the bottom of the figure

emission in the red region between 640—720 nm correspond-
ing to the 1Gy —>3F4/3F2,3 —>3H6 transitions in Tm3* also
becomes much weaker in the codoped samples. The broad
emission in the near infrared (NIR) region (760-850 nm)
assigned to the !G4 —3Hs/3Hy4 —3Hg transitions in Tm3+
also has its intensity reduced considerably in the codoped
sample. To conclude, the addition of Yb3* to the strontium
aluminate containing Tm3* reduces the intensity of the lu-
minescence in red and NIR regions of the spectrum.

This reduction in intensity indicates that some excita-
tion energy is being transferred from Tm3+ (3Hy) to Yb3+
(*Fs,2). Energy transfer from Tm>* (*Hy) to Yb3* (%Fs )
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has been reported by Pandozzi et al. [30] in Gd3GasO;:
Tm3+/Yb3* nanocrystals.

3.3.4 Upconversion luminescence on 976 nm excitation

Phosphor sample containing only Tm3* does not show any
luminescence when irradiated with 976 nm radiation, but a
sample with both Tm3+ and Yb3* shows luminescent emis-
sion from Tm>*. Figure 7 shows the room temperature lu-
minescence from a strontium aluminate phosphors contain-
ing Tm3*+ (0.5 mol%) + Yb>* (2.0 mol%) and annealed at
two different temperatures for the same duration (10 h). It is
seen that the luminescence intensity is higher for the sample
annealed at higher temperature. This increase in intensity is
to be ascribed to the removal of the fluorescence quenching
centers, e.g. O—H. Though the increase in the intensity of all
the UC emissions takes place it is relatively very high for the
blue emission.

The incident radiation is absorbed by Yb>T ions exciting
these to 2Fs /2 level. The excitation energy can be and pos-
sibly is transferred to Tm>* ions. Two alternative pathways
are possible for the excitation of the Tm3* ions to the 'Gy
state from which many of the observed luminescence bands
arise. These are

(i) *Fs2(YD*H), 3He(Tm*) —2F;/5(Yb*F), ¥Hs(Tm3*)
and
(i) 2(Fsj2 —2F72) YB*T — (*Hg —'Gs) Tm3*

Equation (i) depicts the first step in the first pathway known
as the sequential sensitization process. It is obvious that this
step involves a non-resonant process and so is not a very
likely process. However, once Tm3* is excited to the >Hs
state a non-radiative relaxation brings it to relatively long
lived 3F, state. Tm>* ions in this >F; state can absorb a sec-
ond 976 nm photon getting excited to the 3F; level. Tm3+
jons in this 3F, state again relax non-radiatively via 3F3 to
the *Hy level and a third 976 nm photon excites such ions to
the Gy level. Thus in the first pathway for energy transfer
from Yb>*+ to Tm>™ one requires three photons to excite the
latter (Tm37) ion to the ! Gy level (Fig. 8). The non-resonant
character of the different steps is taken care of by the vibra-
tions in the host lattice. The UC spectrum is shown in Fig. 7.
The 'D5 level having an excitation energy greater than ! Gy
is populated by absorption of the photon emitted (by Tm3T)
in the transition !G4 —3Fq4 by ions in the 3Hy level. Addi-
tional excitation of ions to the 'D, state can occur by the
absorption of a photon emitted in the transition 3Hy —3Fy4
(Tm3T) by Tm3* ions in ' Gy state.

The second pathway of energy transfer from Yb>* ions
to Tm3* ions called the cooperative sensitization, involves
the simultaneous transfer of total excitation energy of Yb3*
ion pair in the excited Fs level to a Tm** ion. The Tm>*
ions is thereby directly excited to the ! Gy state, so that only

two incident photons are required to excite Tm>* ion to the
1G, state. The intensity of the blue emission (at 479 nm) as a
function of incident laser power is plotted in a log I — log P
plot. The straight line has a slope of ~3 (2.97 &+ 0.06)
thereby indicating that three incident photons are involved
in the excitation of the !G4 level. Since the concentration of
Yb3* ions in the present sample is only two mol% it is not
surprising that the cooperative energy transfer from a pair of
excited Yb>* ions does not make a larger contribution to the
observed luminescence. The ultraviolet upconverted emis-
sion at 364 nm and the blue emission at 464 nm involve D,
as the excited state (transitions !D; —3Hg and !Dy —3Fy).
The excitation of such a high energy state is rare in crys-
talline hosts [31].

The downconversion emission seen with an excitation by
266 nm radiation and the UC emission excited by 976 nm
show a large difference between the intensities of the ob-
served bands particularly for the NIR emission between 760
and 850 nm. 266 nm excitation causes Tm>* ions to pop-
ulate the 3P multiplet from which !G4 derives population.
Multiphonon relaxation to the ! G4 state is very unlikely and
the population in 3Hy state remains small and the intensity
of the 3Hy —>3H6 transition remains small [32].

4 Chromaticity (CIE)

Most lighting specifications nowadays refer to color in terms
of the 1931 CIE (Commission Internationale de L’Eclairage)
chromatic color coordinates [33] based on the three basic
properties of hue, saturation and brightness. Brightness is
characterized by a parameter ‘Y’ defined as light intensity
factored by the sensitivity of the normal human eye. The
chromaticity coordinates ‘x” and ‘y’ map the color with re-
spect to hue and saturation on a two dimensional CIE chro-
maticity diagram. The chromatic coordinates (x, y) can be
calculated from the tristimulus value as follows:

X
TXtv+z
%
Y=o
X+Y+Z

The result of this transformation is to factor out the bright-
ness of the color.
Here,

x:/}an@ym
Y:/&@ﬁumx

Z:/Z(X)s(k)dk
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Fig. 9 CIE 1931 chromaticity diagram for blue color. There is a close
matching between the standard color coordinate for blue color and the
coordinates obtained for blue emission in our experiment

where x(A), y(A), and z(A) are 1931 CIE x, y, and z color
matching functions, respectively. s(A) is the spectrum of a
light source.

V& —x)?+(—yi)?
Vxa —x)% 4 (ya — vi)?

Color Purity = x 100%

where (x,y) and (x;,y;) are the color coordinates of
the light source and the CIE illuminant, respectively, and
(x4, yq) is the color coordinate of the dominant wavelength
Agq. The chromatic coordinates, dominant wavelength and
color purity compared to the 1931 CIE Standard Source C
(illuminant C = (0.3101, 0.3162)) for strontium aluminate
phosphor were determined from the emission spectrum. The
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location of the color coordinates of the three phosphors on
the 1931 CIE chromatic diagram is presented in Fig. 9.

The blue emission of the Tm3+/Yb3* co-doped phos-
phor has the CIE chromaticity coordinates (0.148, 0.103)
with a dominant wavelength of 470 nm and a color pu-
rity of 89%. These coordinates of the blue emission are
close to those of the currently available commercial blue
phosphors Y203:Tm (0.158, 0.150) [34], SroB509Cl: Tm
(0.166, 0.115) [35], but they differ from that of the stan-
dard blue phosphor ZnS: Ag powder (x = 0.156, y = 0.060)
with a dominant wavelength of 455 nm and a color purity of
90% [36]. However, there is scope for improvement in the
SrAl;07:Tm>* /Yb3*+ phosphor and one may expect better
results.

5 Conclusions

A nanocrystalline strontium aluminate (SrAl4O7) phosphor
doped with Tm3*+ + Yb>* capable of undergoing efficient
upconversion emission in the visible and UV when excited
with 976 nm radiation has been synthesized and studied.
Downconversion emission with 266 nm radiation excitation
is also observed. The phosphor was prepared by solution
combustion method and the samples were later annealed at
800°C and at 1200°C for 10 h. The luminescence was found
to be most intense for Tm3* (0.5 mol%) + Yb3* (2.0 mol%)
sample annealed at 1200°C when excited with 976 nm diode
laser. Various possible excitation pathways for the different
observed emissions are suggested. CIE (x, y) coordinates
for the blue emission are calculated and it is found that the
sample exhibits vivid blue emission with CIE color coordi-
nates and purity comparable to the standard blue phosphors.
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The phosphor is in the SrAl4O7 phase and the TEM stud-
ies show the presence of rod like structures (submicrometer
length) in the post-annealed samples.
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