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Abstract

Epitaxial luminescent thin films of doped strontium sulfide (SrS) have been grown using pulsed laser deposition (PLD). SrS
films double doped with Eu and Sm, Ce and Sm and Cu and Ge were deposited with thicknesses ranging from 0.05 to 2 pwm on
MgO(001) substrates. Optical microscopy, scanning electron microscopy (SEM) and atomic force microscopy (AFM) analysis were
used to study the films’ surface morphology. The PLD-grown films were highly oriented as determined by their X-ray diffraction
(XRD) spectra and showed signs of little or no strain, and very low lattice mismatch when deposited on MgO. The best results
were obtained for films deposited between 750 and 800°C and under H,S background pressures ranging from 10 to 20 mtorr. The
thermally-stimulated luminescence properties of these films were evaluated as well. The data indicate that these films would be
well-suited for display applications. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Among the numerous types of phosphor compounds
available, doped alkaline-earth sulfides have been em-
ployed extensively due to their high luminescent yields.
In thin film form, these materials offer great potential
for applications such as infrared sensors and X-ray
radiation imaging plates [1], optical storage media [2],
and electroluminescent (EL) displays [3,4]. Because of
their great commercial impact, both optical storage and
EL display applications have been explored by numer-
ous groups and each presents numerous challenges for
materials development. Among the numerous II-VI
compounds used as phosphor hosts, strontium sulfide
(SrS) is often chosen due to its large bandgap (E, > 4
eV), which allows it to emit visible light without self-
absorption. The luminescent properties of the phos-
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phor; however, are determined by the dopants intro-
duced in the host lattice. Rare earths such as Eu, Tb,
Pr and Ce, or metals such as Cu, are commonly used as
dopants in SrS.

Phosphor materials in thin film form offer significant
advantages over conventional bulk powders for display
applications, such as higher resolution, more uniform
density and increased thermal stability. However, cur-
rent polycrystalline thin film phosphors exhibit notice-
ably lower luminescent output than their powder coun-
terparts [5]. It appears that the greatest challenge in
the processing of sulfur-based phosphors in thin film
form is the incorporation of the dopants with the
correct charge state uniformly within the host lattice.
Deficient stoichiometry and poor crystallinity of the
host lattice have also been found to affect the films
luminescent properties [6].

SrS:Eu,Sm is an orange luminescent phosphor
(caused by excitations from the Eu®" ions), while
SrS:Ce,Sm is a blue phosphor (caused by excitations
from the Ce®" ions). In both these materials, the Sm?*
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serves as a source of electron traps, which makes them
attractive candidates for optical storage applications
[7]. SrS doped with Cu and Ge (the Ge ions are used
for charge compensation) is a blue luminescent phos-
phor with superior chromaticity than that of SrS:Ce,
which has attracted considerable attention recently due
to its potential application for the fabrication of full-
color electroluminescent displays [8,9]. In this work, the
growth of epitaxial, highly uniform double doped SrS
films using pulsed laser deposition (PLD) was studied.
Highly oriented SrS:Eu,Sm, SrS:Ce,Sm and Sr:Cu,Ge
films were deposited on MgO substrates under a wide
range of temperatures and H,S background pressures.
The structure of the SrS host and the films surface
morphology were evaluated as a function of the growth
parameters. The thermally stimulated luminescent
properties of SrS:Eu,Sm and SrS:Ce,Sm films were
measured also.

2. Experimental details
2.1. Thin film fabrication

The films prepared for this work were deposited
inside a conventional pulsed laser deposition system
and a KrF excimer laser (30 ns pulse length at 248 nm)
was used. The MgO substrates employed were (001)-
oriented, double-side polished single crystal slabs, 1
cm X 1 cm by 0.05 cm thick. The SrS:Eu,Sm, SrS:Ce,Sm
and SrS:Cu,Ge targets used for this work were = 5.0
cm in diameter by 0.6 cm thick and their density was
determined to be over 85% of the theoretical density
for SrS. Due to their high density, these targets were
expected to yield virtually particle-free films by PLD.

Fig. 1 shows a schematic of the PLD system utilized
in this work. The excimer laser beam was incident on
the target at a 45° angle and was focused onto a spot
0.1 cm? in area. The laser fluence at the target was
adjusted between 1 and 2 J/cm?. During depositions,
the laser was fired at 5 Hz and the beam rastered over
a portion of the rotating target. Under these condi-
tions, deposition rates of 2.5 A /s resulted in SrS films
0.05-2.0 pm thick over the MgO substrates. The SrS
films were deposited under H,S partial pressures vary-
ing from 0.1 to 200 mtorr, and at temperatures ranging
from 600 to 850°C. At the end of each deposition, the
films were allowed to cool in a mixture of 1 torr of H,S
and 500 torr of Ar.

2.2. Thin film characterization

The film thickness was measured using a stylus pro-
filometer (Tencor Alpha-Step 250). The surface mor-
phology of the films was first evaluated using optical
microscopy. Several samples were selected for further
analysis using a LEO-1500 Scanning Electron Micro-
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Fig. 1. Schematic of the PLD system used for this work.

scope and a Digital Instruments Dimension 3100
Atomic Force Microscope.

The structure of the SrS films was studied using a
two-circle diffractometer (Rigaku Rotaflex, with CuK«
radiation) for analysis of the out-of-plane orientation
of the epitaxial films. In order to determine the in-plane
alignment of the films, azimuthal scans were performed
using a Huber four circle diffractometer and CuKa
radiation from a Rigaku rotating anode source. For the
azimuthal scans, a graphite crystal was used to select
the CuKa, , radiation and the CuKa, component was
eliminated by adjusting the width of the slits on the exit
side of the monochromator. The experimental broaden-
ing as measured by the reflection from the MgO(002)
and (004) substrate peaks was 0.145° in 26 which is
essentially the angular divergence of the incident CuK«
radiation.

The thermally stimulated luminescence (TSL)
properties were evaluated as well using a Harshaw/
Bicron 3500 thermoluminescence dosimetry (TLD)
reader with a 600-nm cut-off filter for blocking the
black-body radiation. The TSL measurements were
performed on 0.5 cm X 0.5 cm sections diced from the
larger samples so they would fit inside the heated stage
of the TLD reader.

3. Results and discussion

The surface quality of the SrS films was first evalu-
ated using optical microscopy. No particulates or out-
growths, often associated with PLD films were de-
tected. Both the SrS:Eu,Sm and SrS:Cu,Ge films exhib-
ited very smooth surfaces as observed under the optical
microscope. However, the SrS:Ce,Sm films showed very
large grain-like features on their surfaces ranging in
size from 2 to 10 pm in diameter, independent of the
growth conditions. The spacing between grains aver-
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aged approximately 5 wm. Despite this, the regions
between these grains were quite uniform. These initial
observations were later confirmed when the films were
evaluated using SEM and AFM. For the SrS:Eu,Sm
films, SEM analysis showed their surface to be quite
uniform, free of voids or cracks, all indicative of a high
quality film. At high magnifications (30000 X ) the films
reveal a fine structure, with = 200-nm grain-like fea-
tures as shown in Fig. 2a. For the SrS:Ce,Sm films,
SEM analysis confirmed the observations made with
the optical microscope. The shape of the grains was
highly regular with diameters of approximately 5 pm.
Because of their uniform shape, it is very unlikely that
these grains originated from particulates ejected during
the ablation of the target. The cause for these struc-
tures present in every SrS:Ce,Sm film deposited in this
work is not yet clear. In between the boulders, the film
surface was quite uniform, as shown in Fig. 2b. The
S1S:Cu,Ge films appeared very uniform under the SEM;
however, the presence of void-like features could be
observed, see Fig. 2c.

The above films were also evaluated by AFM. Fig. 3a
shows an image from a 2 pm X 2 um region near the
center of the SrS:Eu,Sm film. Grain-like structures,
=~ 300 nm in size can be observed, in good agreement

SrS:Ce,Sm

(©)

| SrS:Cu,Ge

Fig. 2. SEM images belonging to the three differently doped SrS thin
films deposited for this work. (a) SrS:Eu,Sm; (b) SrS:Ce,Sm and (c)
SrS:Cu,Ge.
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Fig. 3. AFM images (2 wm X 2 pm) belonging the three types of
doped SrS thin films deposited for this work. (a) SrS:Eu,Sm, rms
surface roughness of 2.3 nm. (b) SrS:Ce,Sm, rms surface roughness of
9.9 nm. (¢) SrS:Cu,Ge, rms surface roughness of 7.9 nm.

with the features observed with the SEM. The root-
mean-square (rms) surface roughness for this film is 2.3
nm, which is rather good if compared with that of
SrS:Eu,Sm films deposited by sputtering, where typical
rms surface roughness are approximately an order of
magnitude larger [10]. For the SrS:Ce,Sm films, AFM
analysis showed the boulder structures to average sev-
eral micrometers in height or several times the film
thickness. In between, however, the resulting film is
relatively uniform, with rms surface roughness of 9.9
nm, see Fig. 3b. The SrS:Cu,Ge films show rms surface
roughness of 7.9 nm, with a uniform distribution of
grains = 200 nm in size.

The SrS host,owith its sodium chloride cubic struc-
ture (a = 6.022 A), is expected to grow epitaxially over
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Fig. 4. XRD spectra for a SrS:Eu,Sm film grown on an MgO(001)

substrate at 750°C and in 20 mtorr of H,S. Insert shows the rocking
curve belonging to the (002) SrS peak.

the MgO(001) substrates (a = 4.213 A), given the ap-
propriate deposition conditions. The X-ray diffraction
(XRD) spectra of the numerous films produced in this
work confirmed this. MgO was chosen due to the fact
that it provides a good template for SrS to grow epitaxi-
ally and does not react chemically with the SrS film
during its growth [11]. The preferred film growth orien-
tation was confirmed by the 6—26 XRD scans, which
revealed the SrS films grew only along the (001) direc-
tion. Only peaks belonging to the SrS (001) and MgO
(001) families of planes were observed, indicating that
no significant amount of undesired phases generated by
chemical reactions between the substrate and the film
were formed. Fig. 4 shows a typical 6—26 XRD scan for
a SrS:Eu,Sm film deposited on a MgO substrate at
800°C and in 20 mtorr of H,S. The 6—26 scans belong-
ing to the SrS:Ce,Sm and SrS:Cu,Ge films were essen-
tially identical. The insert in Fig. 4 shows the rocking
curve belonging to the (002) peak from this film.
Previous work by this group indicated that the full
width at half maximum (FWHM) of the X-ray rocking
curves from the SrS (002) reflection (26 = 29.7°) can be
used as an optimization parameter for the film growth
conditions [11]. By adjusting the temperature and H,S
pressure during deposition, it was possible to minimize
the FWHM values. For the SrS:Eu,Sm films, their
FWHM showed a minima for the films deposited
between 750 and 800°C and between 10 and 20 mtorr
of H,S. For the SrS:Ce,Sm and SrS:Cu,Ge films, the

Table 1

narrowest FWHM values were obtained for those films
deposited at 750 and 800°C, respectively, and in 10
mtorr of H,S.

The measured FWHM of the (002), (004) and (006)
S1S reflections were used to estimate the average strain
in the SrS/MgO peaks. After correcting for the instru-
mental broadening, which was calculated from the (002)
and (004) substrate reflections, the corrected FWHM
were fitted to the following equation:

B2=K, + K, tan’0 (1

where (3, is the corrected FWHM, K is related to the
dislocation density and K, to the strain. In the above
equation, the contribution from the film’s grains is not
taken into account, since in these films, the grain size
exceeds 50 nm, as shown by SEM and AFM analysis.
By plotting B, vs. tan® 6 and fitting the data to a linear
least squares, the values for K, and K, were obtained.
K_ is related to the dislocation density N by

o

KO(
N=3s5 )

where b is the length of the Burger’s vector. The
dislocation density was calculated for one of the
SrS:Ce,Sm films with the broadest rocking curve for the
(002) peak (FWHM = 1.579°). For this film, the disloca-
tion density was estimated from Eq. (2) to be 2 X 10°
lines /cm?, where the length of the Burger’s vector was
given by a/ V2, and a is the lattice parameter of SrS
(6.02203 A). The strain for this sample is 0.05%. These
results are summarized in Table 1. Notice that even at
the optimized growth conditions, the SrS:Ce,Sm films
have the broadest rocking curves of the three types of
doped SrS films grown and are the only ones to show a
measurable strain.

A -scan was obtained for a SrS:Eu,Sm sample with
a very narrow rocking curve (FWHM = 0.307), using
the SrS(224) reflection. In order to obtain the &¢-scan,
the detector was set at 26 =77.622° and the angle
between the diffraction vector and the surface normal
was set at 3.55°. In this arrangement, ¢ =(0° corre-
sponded to the MgO[010] edge being parallel to the
X-ray beam. Fig. 5 shows the resulting ¢-scan. These

Summary of XRD analysis obtained for each of the three types of doped SrS films grown for this work, at their optimized growth conditions®

Sample Deposition H, S deposition Rocking curve @Y gim Calculated
temperature (°C) pressure (mtorr) FWHM (002) (A) strain
SrS:Eu,Sm 750 20 0.307° 6.0220 + 0.0001 No strain
SrS:Ce,Sm 750 10 1.579° 6.0340 + 0.0001 0.05%
SrS:Cu,Ge 800 10 0.220° 6.0223 + 0.0001 No strain

#The bulk lattice constant for StS is {a)pu = 6.022 A.
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Fig. 5. X-ray ¢-scans belonging to the SrS (111) peaks, from a
SrS:Eu,Sm film. The position of these peaks indicates that the SrS
film grows with its unit cell rotated in the plane by 45° with respect to
the MgO unit cell.

results are indicative of the following epitaxial relation-
ships:

[001] SrS || [001] MgO
(along the film normal), and
[100] SrS || [110] MgO

(in the plane of the film).

A 6-26 scan of the SrS(224) reflection was also
measured to obtain the in-plane lattice parameters.
Using the (002), (004), (006) and (224) peak positions
and applying the Riley—Nelson correction, the a and ¢
lattice parameters were obtained assuming a tetragonal
unit cell. Using this correction, the calculated lattice
parameters for SrS are a = 6.02203 + 0.0001 A and
¢ =5.9794 + 0.0006 A. The in- plane c lattice parameter
was closely related to the MgO lattice parameter
((a)ygp =4.213 A) by a factor of V2 (V2{a)mgo =
5.958 A), consistent with the 45° rotation of the SrS
lattice in reference to the MgO lattice. In this configu-
ration, the lattice mismatch was calculated to be 0.35%
with the SrS film under compression (lattice mismatch
=la,~a;]/a;, where a, and a; are the substrate and
film lattice parameters, respectively).

The thermally stimulated luminescence was evalu-
ated for various SrS:Eu,Sm and SrS:Ce,Sm films. Prior
comparisons between the TL glow curves from
SrS:Eu,Sm films and bulk powders showed good agree-
ment for those films with narrower rocking curves [11].
In the case of the SrS:Ce,Sm films, no correlation could
be established between the film’s rocking curve and
their TL glow curves, but rather all the films showed
glow curves similar to those obtained for the bulk
SrS:Ce,Sm powders. Fig. 6 shows the TL glow curves

from a SrS:Eu,Sm and a SrS:Ce,Sm film deposited at
750°C and 10 mtorr of H,S. In the case of the
SrS:Ce,Sm film, the TL peak appears near 90°C, indi-
cating that its thermoluminescent behavior is domi-
nated by the presence of shallow traps. For the
SrS:Eu,Sm film, two TL peaks can be observed, one at
=~ 100°C and a second with higher intensity at = 240°C.
Luminescence at higher temperatures is desirable for
optical storage applications, since it is indicative of the
presence of more stable or deeper traps. For both
samples, the intensity of the TL signal was quite high
and demonstrates their potential use as direct replace-
ments for powder phosphors for display applications.

4. Conclusions

This work has shown that high quality doped SrS
films can be grown using PLD. Epitaxial films, free of
particles or any other defects were deposited on
MgO(001) substrates. Of the three types of doped SrS
films made for this work, the SrS:Eu,Sm films showed
the lowest rms surface roughness, approximately 2 nm.
The deposition temperature and H,S deposition pres-
sure were found to affect the crystallinity of the films
grown on MgO substrates, with the best results, as
shown by XRD rocking curve analysis of the SrS (002)
peak, obtained between 700 and 800°C and 10-20
mtorr for the three types of doped SrS coatings. For
the SrS:Eu,Sm and SrS:Cu,Ge films no evidence of
strain was detected and their lattice mismatch is only
0.35%. These results demonstrate that high quality
doped SrS thin films with good luminescent properties
can be grown by PLD. The brightness exhibited by the
films in the TL measurements show the potential of
these materials in thin film form for display applica-
tions.

10 O SrS:Ce,Sm film
O SrS:Eu,Sm film

TSL Intensity (Arb. Units)

50 100 150 200 250 300 350 400 450

Temperature (°C)

Fig. 6. Thermoluminescence emission corresponding to a SrS:Eu,Sm
and a SrS:Ce,Sm thin films grown on MgO substrates by PLD. A
600-nm cut-off filter was used to block the black-body radiation.
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