
APPLIED PHYSICS LETTERS VOLUME 82, NUMBER 20 19 MAY 2003
Pulsed-laser-deposited ultraviolet-emitting SrS:Te thin films
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SrS has an indirect band gap of;4.32 eV, however, when it is doped with tellurium, ultraviolet
emission occurs at 360 nm and 400 nm due to recombination from bound exciton states. In this
letter, we discuss the ultraviolet emission of pulsed-laser-deposited thin films of SrS:Te grown at
room temperature on Si. The deposited film thickness ranged from 0.1–1.5mm, with optimized
films grown at;0.5 mm. Te doping was incorporated by both ion implantation and conventional
diffusion of deposited Te films. The characteristics of the ultraviolet emission will be discussed and
correlated to the microstructural, chemical, and optical properties of the films. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1571660#
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The development of semiconductor-based ultravio
~UV! light sources is of critical importance for miniaturize
UV light sources, which have application in biological age
detection, nonline-of-sight covert communications, water
rification, equipment/personnel decontamination, and wh
light generation. Currently, a significant amount of resea
is being performed to extend the III–V nitride blue lase
and light-emitting diodes into the ultraviolet region. In th
letter, we will discuss preliminary work~on SrS:Te! investi-
gating tellurium-doped alkaline earth sulfide materi
~SrS:Te, CaS:Te, and MgS:Te! as an alternative material fo
UV and deep UV solid-state light sources.

The theory of isoelectronic bound exciton emission w
introduced by Thomaset al.1,2 in 1965 when they used thi
theory to describe the photoluminescence~PL! observed in
GaP:N. They suggested that even though nitrogen has
same valence as phosphorus, nitrogen acts as an electro
in the GaP lattice because nitrogen is significantly more e
tronegative than phosphorus. Consequently, electrons
preferentially trapped at nitrogen sites, which sets up a sh
range Coulombic attraction for holes. Finally, when the h
is trapped, the electron and hole couple and form a bo
exciton. The localization of the bound exciton causes
momentum to be diffuse~due to the uncertainty principle!
and efficient radiation is realized in GaP, which has an in
rect band gap. Since this model was suggested, the lum
cent properties of other III–V, II–VI, and I–VII material
have been described by it.

For MS:Te semiconductors (M5Zn,3–6 Cd,7–11 Ba,12

and Sr!,13,14 the bound exciton formation is similar to th
GaP:N system except that the sulfur host anions have a la
electronegativity than the tellurium dopant. Consequen
holes are trapped at tellurium sites forming a tellurium–h
complex, which subsequently induces a Coulombic attrac
for electrons. When the electron is trapped at this comp
the bound exciton is formed.

Rack et al. investigated the blue emission in BaS:Te12

and thoroughly characterized the ultraviolet emission

a!Electronic mail: jmf8h@virginia.edu
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SrS:Te powder materials.13,14In both cases, efficient PL from
TeS and TeS-TeS was observed. SrS:Te powders were synt
sized and found to have two high-energy emission ba
with peak wavelengths at 360 and 400 nm. The 360
emission band dominated at lower tellurium concentratio
and was attributed to TeS bound excitons, whereas the 40
nm band dominated at higher tellurium concentrations a
was ascribed to TeS-TeS bound excitons.

All of the films for this research were deposited at roo
temperature using a pulsed excimer laser (l5248 nm) oper-
ating at 10 Hz with a 25 ns pulse@full width at half maxi-
mum ~FWHM!#. A base pressure of 331026 Torr was used
for all experiments, while depositions were carried out in
and H2S at pressures ranging from 50–200 mTorr. Film
were grown on~100! single crystalp-type Si substrates. A
high-purity pressed and sintered powder SrS sputtering ta
was used to deposit the bulk thin films, while a metallic
sputtering target was used to deposit thin layers of Te. T
excimer laser was incident on the target surface at a
angle with a resulting spot area of;0.186 cm2 for the bulk
SrS thin films and 0.15 cm2 for the Te thin-film layers. The
optimized deposition fluence was found to be 1.6 J/cm2 for
the SrS bulk thin films and 1.0 J/cm2 for the Te thin-film
layers. A computer controlled scanning mirror was used
control laser beam movement over the surface of the ta
during deposition. Deposition rates for the SrS thin film
were 5.3 Å/pulse while a deposition rate of 1.1 Å/pulse w
used to deposit Te thin films onto the bulk SrS thin films f
doping. In the initial study, three;0.5 mm SrS films depos-
ited on Si were implanted with Te11. Doses of 531012, 5
31013, and 531014 atoms/cm2 were implanted at 150 kV
which yields Te concentrations on the order of 131017, 1
31018, and 131019 atoms/cm3, respectively, subsequent t
the postimplant drive in and activation anneal. Another se
0.5mm films were capped with Te by pulsed laser deposit
~PLD! with ;5.5, 11, 16.5, and 22 Å of Te~i.e. 5, 10, 15, and
20 pulses!, which should yield concentrations of;3.7
31019, 7.431019, 1.131020, and 1.531020 atoms/cm3, re-
spectively. All samples were annealed at 850 °C in Ar for 3
6 © 2003 American Institute of Physics
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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and were capped with another SrS thin film to minimi
sulfur outgassing during annealing.

Thin-film characterization was performed with using
JEOL 6700F scanning electron microscope equipped with
energy dispersive spectrometer~EDS! and a fully integrated
cathodoluminescence~CL! system equipped with imagin
and scanning monochrometer~0.2 nm resolution, 185–900
nm!. All CL spectra were taken with a 1 sdwell time and a 2
nm scan step. X-ray diffraction~XRD! was performed using
a Phillips X-pert x-ray diffractometer.

Initial investigations into the SrS:Te system have be
conducted to establish the efficacy surrounding the use
PLD to grow thin films~0.1–1.5mm! of SrS with controlled
stoichiometry. For these experiments, thin films of SrS w
grown in both Ar and H2S atmospheres at room temperatu
with laser energy densities ranging from 1.5–2.1 J/cm2. The
Ar pressure was varied from 50–200 mTorr and it was cl
from EDS and XRD that depositions performed at room te
perature with a backfill atmosphere of 200 mTorr Ar pr
duced the most accurate stoichiometry, 1:1 ratio of Sr to S
shown in Figs. 1~a! and 1~b!. Thin-film SrS depositions per
formed at room temperature in a H2S atmosphere produce
thin films with a large amount of secondary SrS~with S/Sr
ratio .1! and S complexes as shown in Fig. 1~c!. This over-
pressure of S resulted in a Sr:S ratio of 1:2.4 as measure
EDS. By controlling the energy density and the growth tim
~i.e., 4000 pulses! for the films deposited in Ar at 200 mTor
thin films were optimized for a thickness of 0.5mm in Ar.

After the activation/drive-in anneal, some cracking a
delamination of the SrS:Te films were observed. A previo
investigation of the stresses in sputter deposited SrS sho
that significant tensile stresses develop in the SrS films
posited on Si because of the large difference in the coe
cient of thermal expansion of Si (431026) and SrS (25
31026).15 While the original stress state of the as-deposi
films were not known, an estimate of the thermal stres

FIG. 1. ~a! EDS Sr/S ratio as a function of background pressure. Repre
tative as-deposited XRD patterns for SrS films grown in~b! Ar and ~c! H2S.
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generated in the SrS:Te films during the cool down to 850
to room temperature is;750 MPa in tension. XRD data
from annealed samples showed a reduction in the FWHM

An analysis of the specific postanneal dopant distrib
tion has not been performed, however normalized CL spe
~taken at 15 keV! of the Te-implanted@Fig. 2~a!# and Te-
doped thin films@Fig. 2~b!# showed emission from the sig
nature TeS and TeS– TeS bound exciton peaks at;360 and
410 nm, respectively. Both sets of films in Fig. 2 show
counterintuitive trend in the peak ratio of the two peak
namely that the TeS peak height increases relative to th
TeS– TeS peak height with increasing dopant concentration
was expected that with increasing the dopant concentra
the TeS– TeS emission peak would systematically increa
because the probability of forming TeS– TeS increases with
the Te concentration. the observed trends indicate that th
dopant is not fully driven into the sample and a Te conc
tration gradient through the SrS thickness exists. Thus,
TeS– TeS pairs are spatially located in the near-surface reg
and the TeS sites are located near the SrS–Si interfa
Samples with the highest Te concentration have the lar
concentration gradient thereby enhancing diffusion and c
ating more singlets at the SrS–Si interface. The enhan
TeS bound exciton emission at higher dopant concentratio
observed in Figure 2 with the highest TeS emission coming
from the highest doped samples (;131019 and 1.5
31020 Te/cm3).

n-

FIG. 2. CL measurements taken at 15 kV for both implanted~a!, and Te
capped films~b!.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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The optimization of the beam interaction volume w
also have a significant effect on the TeS and TeS– TeS emis-
sion. Figure 3 shows the Monte Carlo simulations of t
electron penetration into the SrS/Si stack as a function
beam energy. The simulations show that the optimum be
energy is between 7–10 kV, with higher energies~.10 kV!
penetrating into the underlying Si substrate and lower en
gies~,5–7 kV! failing to excite the complete volume of th
SrS film. In addition, the TeS bound exciton emission is
anomalously high; however the electron–hole pairs are p
erentially generated at the tail of the electron-beam distri
tion which has better overlap with the TeS singlets distributed
deeper into the film.

Figure 4 shows the CL intensity as a function of bea
energy at 1, 5, 10, and 15 kV, respectively, for the high
doped ion implanted sample (Te concentration51
31019 atoms/cm3). The strongest CL emission is observ
at 10 kV, confirming the simulations as a function of bea
penetration depth. Another observation that must be note
the shift of the singlet–doublet peak intensities at 15
between Figs. 3 and 4 for the same sample. The CL spe
in Fig. 4 was acquired with a 5003 image resolution at a
faster beam scan rate~753!, while the CL spectra shown in
Fig. 3 were taken at 10003 with a slow beam scan rate. It i
speculated that along with the tellurium diffusion gradie
that several processes such as charging, current satura
radiative and nonradiative energy transfer, internal elect
field gradients, and carbon staining, are occurring which
affecting both the TeS singlet and TeS– TeS doublet bound
exciton emission. Detailed CL studies as well as complim
tary PL studies are being performed to elucidate the do
nant processes.

In summary, SrS:Te thin films were pulsed laser dep
ited in an argon atmosphere and their luminescent prope
were investigated. Te doping was performed by both ion
plantation and Te capping layers deposited by PLD. Sam
were annealed in Ar at 850 °C for 3 hours. CL measureme
taken at room temperature show characteristic TeS and
TeS– TeS bound exciton emission at 360 nm, and 410–4
nm respectively, which is in excellent agreement with pre
ous research efforts in SrS:Te powders at room tempera
The strong emission of TeS– TeS ~420 nm! at low doping

FIG. 3. Monte Carlo simulations of electron penetration depth as a func
of beam energy for~a! 15 kV, ~b! 10 kV, ~c! 5 kV, and~d! 2 kV. It is clear
from the lines representing the SrS/Si interface that the optimum b
energy for~5000 Å! thick films is between 7–10 kV.
Downloaded 23 Feb 2007 to 160.91.90.123. Redistribution subject to AIP
e
f

m

r-

f-
-

t

is

tra

,
on,
-

re

-
i-

-
es
-
es
ts

0
-
re.

concentrations and a rise in the emission of TeS ~360 nm! at
high Te concentrations is counterintuitive to prior resea
investigations suggesting that the there is a gradient in th
dopant concentration through the films. This trend is pres
in both sets of thin films and is particularly noticeable for t
highest-doped films. Beam energy CL measurements w
varied from 1–15 kV on a heavily doped sample confirmi
simulations of the beam interaction volume in terms of C
emission.
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FIG. 4. CL intensity ~not normalized! measured as a function of beam
energy. Beam energies were varied from 1–15 kV showing the stronges
emission at 10 kV, which is predicted by the Monte Carlo simulations.
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