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We report on the synthesis of single phase SrS:Ce/quartz thin film nanophosphors at a substrate tempera-
ture of 400°C using pulsed laser deposition. The AFM and FESEM micrographs reveal the island structure
with granular growth of nanophosphors. The average crystallite size (~ 13 nm using Williamson-Hall
plot), the average grain size (~ 40 nm using AFM) and the blue shift in band gap confirm the nanostruc-
ture formation. Interestingly, the photoluminescence emission corresponding to 5d—4ftransitions in Ce>*
ion under the cubic crystal field of SrS also exhibits a significant blue shift, which can be explained using
phenomenological crystal field model modified by covalency factor.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Rare earth ions doped alkaline earth sulfide (AES) phosphors are
potential candidates for luminescent applications such as optical
storage media, electroluminescent displays, radiation dosimetry,
infrared sensors, ionoluminescence, etc. due to their high lumines-
cence yields [1-5]. SrS, a member of AES family, acts as a good
insulator due to indirect band gap of 4.2 eV in the bulk form. How-
ever, SrS doped with suitable activators such as rare earth ions
exhibits excellent luminescent properties [6,7]. In addition, these
phosphors emit visible light without self absorption.

Generally, thin film phosphors offer several advantages over the
conventional powder phosphor screens, including high resolution,
thermal stability, uniformity, density, and possibly a much lower
susceptibility to charging [8]. There are several reports available
on the synthesis of SrS based thin films on different substrates
using pulsed laser deposition (PLD) [8,9], e-beam evaporation [10],
RF sputtering [11], atomic layer epitaxy [12], etc. Since in low
dimensional systems, electrons and holes are spatially confined
causing quantum confinement effects, energy levels and hence
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optical properties become considerably different from their bulk
counterparts [13-15]. This has generated a considerable interest in
exploring nanomaterials both in powder [16-18] and thin film form
[19-21].Recently SrS based nanophosphors have been investigated
in detail but only in their powder form [7,22,23]. In this letter, we
discuss the hitherto unreported synthesis and characterization of
SrS:Ce thin film nanophosphors. The effect of different substrate
temperatures and subsequent in situ post deposition annealing on
the structure of thin film nanophosphors has been investigated.

2. Experimental details

SrS:Ce thin film nanophosphors were deposited on quartz sub-
strates using PLD. Prior to film deposition, substrates were properly
cleaned in an ultrasonicator using methanol and deionized water.
The source material Ce (0.5 mol%) doped SrS powder for PLD was
synthesized by solid state diffusion method in the presence of thio-
sulfate as a flux [7]. The synthesized powder was hydraulically
pressed into the pellet form and sintered at 1000°C for 4h in Ar
atmosphere to prevent oxidation. The sintered pellet was used as
the target to deposit thin films by using a PLD chamber (Excel
instruments, Mumbai) and a KrF excimer laser (Lambda Physik,
A =248 nm). The distance from target to substrate was fixed at 3 cm
and the laser energy was adjusted at 250 mJ. The deposition was
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Fig. 1. X-ray diffraction pattern of SrS:Ce target and thin films deposited and subse-
quently in situ annealed for one hour at same temperature (1) 400 °C, (II) 500 °C (III)
600 °C. Inset shows the Williamson-Hall plot for single phase SrS:Ce thin film I. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

carried out under Ar partial pressure of 20 mTorr at a base pressure
of 5 x 1076 Torr. The thin film nanophosphors were deposited at
different substrate temperatures of 400, 500 and 600 °C and sub-
sequently in situ annealed at the substrate temperature for one
hour and then allowed to cool in the presence of Ar environment.
Hereafter, the films deposited and in situ annealed at 400, 500 and
600 °C will be referred to as thin film nanophosphors I, II and III
respectively.

X-ray diffraction (XRD) was performed by using a Bruker’s D8
Advance diffractometer (Cu K, 40kV, 30 mA) in 6-260 geometry.
The UV-vis 2500PC double beam spectrophotometer (Shimadzu
Corp., Japan) in the wavelength range of 190-900 nm was used
for absorption spectroscopy. The surface morphology and composi-
tional study were carried out using filed emission scanning electron
microscopy (FESEM: FEI, Quanta 200F) equipped with electron
dispersive spectrometer (EDS). The surface topography of the sam-
ples was investigated in tapping mode of atomic force microscopy
(AFM), using a Nanoscope Illa AFM system (Digital Instruments).
He-Cd laser (325 nm) and a pre-configured Mechelle spectrograph
were used to record photoluminescence (PL) emission spectrum.

3. Results and discussion

Fig. 1 shows the XRD pattern of SrS:Ce target and thin film
nanophosphors I, II and III. The diffraction peaks of target can be
indexed with standard JCPDS, No. 8-489 confirming the polycrys-
talline cubic rocksalt phase without any traces of impurity. All the
thin films grown at different substrate temperatures also exhibit
rocksalt cubic phase with a preferred orientation along (200),
while other diffraction peaks almost disappear with the increase
of substrate temperature. However, some minor secondary phase
formation has also been observed for thin films II and III, possi-
bly arising from SrSO4 (020). It is apparent from the XRD that
higher substrate temperature and subsequent in situ post deposi-
tion annealing cause a shift in 20 towards lower diffraction angles
with a small decrease in FWHM of the diffraction peaks. The pre-
ferred diffraction peak along (200) occurs at 260 = 29.84°, 29.54°,
29.35°¢ for thin film nanophosphors I, Il and III. The lattice parame-
ters corresponding to these 26 values were calculated to be 5.980,
6.040 and 6.090 A. The shift in diffraction angles to lower values
can be associated with the increase of lattice parameter as a result
of increasing substrate temperature. The XRD peaks in case of thin
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Fig. 2. The EDS spectrum and SEM micrograph of SrS:Ce thin film deposited at
400°C. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of the article.)

films are broadened appreciably as compared to target material
itself indicating the decrease in grain size. Further characterization
studies are restricted to the single phase thin film I only. The aver-
age crystallite size of thin film I has been calculated from FWHM
of main diffraction peak using Debye Scherrer’s equation [24]. The
FWHM of any diffraction peak can be expressed as a linear com-
bination of the contributions from the lattice strains and the small
grain size, through the Williamson-Hall relation [25]:

,Bcos@:%—i—nsin@, (1)

where 7 is the effective strain, D the average crystallite size, A the
incident wavelength, 0 the Bragg angle and § the diffracted FWHM
(in radians) caused by the crystallites. The inset in Fig. 1 repre-
sents the Williamson-Hall plot of 8 cos 6 versus sin 6. The average
crystallite size corresponding to zero strain is obtained from the Y-
intercept and is found to be ~13 nm. The plot has a positive slope
(inset in Fig. 1), indicating a tensile strain [14].

Fig. 2 shows the FESEM picture and EDS spectrum of thin film
nanophosphors. FESEM clearly reveals the island structure with
granular growth of nanophosphors. The EDS spectrum confirms the
presence of Sr, S and Ce, however the deposited film is found to
be sulfur deficient. In addition, some minor traces of oxygen and
sodium have also been observed. The oxygen traces most prob-
ably arise from the adsorption of oxygen on the surface of thin
film after exposure to air. The presence of Na in the thin film was
expected and has been ascribed to the use of sodium thiosulfate
during synthesis of SrS:Ce powder. Sodium thiosulfate (Na*) was
added as a charge compensator to overcome the charge mismatch
of the trivalent cerium in SrS matrix. The thickness of the thin film
was estimated to be around 200 nm using X-SEM (not shown here).
Fig. 3 shows the 2D and 3D AFM images of the thin film nanophos-
phors. The average grain size estimated with AFM measurement is
found to be ~ 40 nm, which is greater in size than estimated from
XRD. This can be attributed to the granular structure formation.
Moreover, size calculations using XRD give average over the whole
thickness of the film. On the contrary, AFM estimates the size of
grains close to the surface. The average roughness of the film was
found to be ~6.5 nm.

The effect of nanostructure formation on the bandgap of the
thin film nanophosphors has been investigated using UV-vis spec-
troscopy in absorption mode as shown in Fig. 4. The fundamental
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Fig. 3. (a) 2D AFM micrograph and (b) 3D AFM micrograph of SrS:Ce thin film deposited at 400°C. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of the article.)

absorption edge was used to calculate the optical band gap of the
samples using the relation [26];

ahv = (hv — Eg)" (2)

where hv is the photon energy, « is the optical absorption coeffi-
cient near the fundamental absorption edge and n has a value of
1/2 for direct band gap and 2 for an indirect band gap. The absorp-
tion coefficient was calculated from the optical absorption spectra.
Fig. 4 (a) shows the values of (ahv)'/2 for nanocrystalline SrS:Ce
thin film plotted as a function of incident photon energy. The indi-
rect band gap was obtained by extrapolating the linear portion of
the graph and making (ohv)!/2=0. The band gap of the thin film
nanophosphors was calculated to be 4.52 eV, which is blue shifted
in comparison to the band gap (~4.2 eV) of its bulk counterpart
[7]. The blue shift in band gap is a clear signature of nanostructure
formation [13,14] and may be attributed to the quantum size effect.

Fig. 4 (b) shows the PL spectrum of the thin film nanophos-
phors which comprises of a peak at 466 nm along with a shoulder
around 515 nm. The emission bands at 466 and 515 nm may be
assigned to the well known 5d-4ftransitions of Ce3* levels [7]. Since
the 4f state of the Ce3* ion is shielded from the influence of the
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Fig. 4. Absorption spectrum of single phase SrS:Ce thin film I. Inset (a) shows the
Tauc Plot for band gap determination and inset (b) shows the PL spectrum of SrS:Ce
thin film I grown at 400 °C and thin film Il grown at 500 °C. (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of
the article.)

surroundings, the crystal field of SrS causes only a small pertur-
bation of the 4f state, which is negligible in comparison to the
spin-orbitinteraction. The spin-orbitinteraction splits 4flevels into
2F5/2 and 2F7/2 levels. While the excited 5d levels being more sen-
sitive to the crystal field of the host material, split into eg and tyg
bands. Therefore, the PL emission at 466 nm with a shoulder at 515
nm may be attributed to the transitions from the lowest excited
state 5d(t,g) to the ground state 4f(2Fs,, 2F7)3) of Ce3* ions in SrS.
It is worth mentioning that PL emission in case of nanocrystalline
thin film is significantly blue shifted than PL at 485 nm in case of
microcrystalline thin film [11].

The PL spectrum of thin film II, with a relatively larger grain
size has also been shown in Fig. 4 (b) for the comparison. It is clear
that, apart from minor blue shift in emission wavelength, the PL
output of nanocrystalline thin film I is almost 1.6 times higher than
that from thin film II. We have also compared the PL spectrum of
thin film nanophosphors with SrS:Ce powder phosphors reported
elsewhere [7]. The blue shift in PL has been observed for SrS:Ce thin
film nanophosphors, but the PL output was found to be almost six
times lower than that from the powder phosphors. Huttl et al. [27]
have also reported that PL yield for SrS:Ce,Cl thin films is around
five times lower than that for powders.

Generally, the mechanism of luminescence in the semicon-
ductor involves the recombination of electrons in the conduction
band and holes in the valence band and shows a blue shift with
the widening of band gap in nanomaterials due to quantum con-
finement. Since the luminescence in Ce doped SrS is due to the
transition between energy levels of the dopant, the blue shift in PL
can be explained on the basis of phenomenological crystal-field
model modified by the covalency factor [28]. According to this
model, the luminescence shift for Ce doped matrix depends on two
parameters: the shift of energy centroid (E.) in the 5d orbit and
the effect of crystal field splitting. As the crystal size decreases to
nanoscale, the bond distance between Ce3* and the host matrix
also decrease, which raises the centroid and t,; energy levels. Con-
sequently, the changes of energy levels in the centroid and t, shift
the emission spectrum to shorter wavelength. Since pure SrS is a
wide band gap material and does not show luminescence in visible
region, hence PL spectroscopy also confirms the presence of Ce in
Sr1S.

4. Conclusions

In conclusion, we have successfully synthesized single phase
blue-luminescent SrS:Ce/quartz thin film nanophosphors at a
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substrate temperature of 400°C using pulsed laser deposition,
which were subsequently in situ annealed at same tempera-
ture for 1h in Ar environment. The average crystallite size using
Williamson-Hall plot was calculated to be 13 nm. The FESEM and
AFM reveal the island structure with granular growth of thin
film nanophosphors with an average roughness of 6.5nm. A blue
shift in fundamental absorption edge of host matrix also con-
firms the nanostructure formation. Interestingly, PL emission at
466 nm and 515 nm, owing to 5d-4f transitions of Ce3* levels,
has also been found to be blue shifted as compared to its micro-
crystalline form. This blue shift in PL can be explained in the light
of phenomenological crystal field model modified by covalency
factor.
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