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Abstract

- C. Craig? - D. Hewak? - G. Jose' - J. Chandrappan'’

The properties of Er**-doped gallium lanthanum sulphide thin films prepared on a silicon substrate by femtosecond pulsed
laser deposition were studied as a function of process temperature. The films were characterised using transition electron
microscopy imaging, X-ray diffractometry, Raman spectroscopy, fluorescence spectroscopy, and UV-Vis—NIR spectroscopy.
The results show that by increasing the substrate temperature, the deposited layer thickness increases and the crystallinity of
the films changes. The room temperature photoluminescence and lifetimes of the *I,5,,—I, 5, transition of Er’* are reported

in the paper.

1 Introduction

Chalcogenide glasses consist of chalcogen elements such
as sulphur, selenium, and tellurium from the Group VI of
the periodic table, and then mixed with other additive ele-
ments such as germanium (Ge), arsenic (As), antimony
(Sb), and gallium (Ga) [1, 2]. These glasses have numer-
ous applications in the near-infrared (NIR) and mid-infrared
(MIR), especially the high transparency window from 1 to
10 ym make them ideal for passive optical device applica-
tions [3—-6]. When incorporated with rare earth ions such
as ytterbium (Yb), erbium (Er), neodymium (Nd), thulium
(Tm), praseodymium (Pr), and holmium (Ho), they offer
additional applications in long-wavelength light-emitting
and amplification devices [2—4]. Furthermore, an extension
of these materials study into the MIR wavelength would be
suitable for active optical devices (e.g. IR fibre-optic ampli-
fiers operating in the 2—-10 pm range) and a wide range of
spectroscopy (e.g. diffuse reflectance and absorption) and
sensing (e.g. fibre-optic chemical sensor systems) of applica-
tions [7-9]. These applications benefit integration of chal-
cogenide glass-based active and passive components into a
single substrate, which would eventually reduce the device
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footprint and cost [10]. For instance, Ga—La-S glass has
been known and studied extensively for many years as an
alternative glass to toxic As and Ge-chalcogenide-based
compounds. An inherent low phonon energy makes them
attractive for rare earth doping for reducing the rate of
non-radiative recombination and enhancing the radiative
efficiency of the rare earth ions emissions [11-13]. These
glasses also support high doping concentration of the rare
earth ions, leading to high refractive index (n=2.4-3.0)
and low-loss transmission glasses for photonic device engi-
neering. Ye et al. [13] have demonstrated high fluorescence
efficiency of Er-doped Ga-La-S glass at 1.54 um, which
has clear advantages over silica glasses for manufacturing
optical waveguide amplifiers utilising *I,5,, — 1,5, transi-
tion. Frantz et al. [14] reported Er-doped Ga—La-S glass thin
film on silica substrate for waveguide amplifiers operating
at a wavelength of 1.5 um, and a maximum optical gain of
2.8 dB/cm at 1.5 um of the Er** ion transition was obtained.
Furthermore, the laser action of Nd-doped Ga-La-S glass
pulled into fibres with core/clad structures has been demon-
strated by Schweizer et al. [15].

Various fabrication methods have been utilised to pre-
pare rare earth ions doped/or undoped chalcogenide thin
film, including chemical vapour deposition (CVD) [16, 17],
spin coating [18-20], magnetron sputtering [15, 21, 22]
and pulsed laser deposition (PLD) [23—-26]. For example,
sputtering produces films with an acceptable stoichiomet-
ric composition identical to the target material. The PLD
technique has many similarities to the sputtering method
and is considered as one of the most promising techniques
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capable of producing uniform thin films or multilayer struc-
tures without changing the stoichiometric composition. It is
also a highly flexible system, which consists of a wide range
of deposition parameters making possible to synthesise a
large variety of thin films of complex chemical composi-
tion and can provide higher doping concentrations without
major fluorescence and lifetime quenching. Recently, pico-
second (ps) to femtosecond (fs) regimes (short and ultrashort
pulse durations) PLD have been employed to fabricate thin
films, and then for material processing due to their unique
advantages over the conventional PLD nanosecond (ns) and
microsecond (ms) pulsed lasers (long pulse durations) [27,
28]. For instance, ablation mechanism of short and ultrashort
pulse PLD is quite different from long pulse lasers, because
they have ablation rate of about 3040 times higher than
those of ns and ms PLDs [29]. On the other hand, the ns
and ms pulse lasers such as excimer and YAG lasers induce
damage through heating and melting processes, and abla-
tion process and thermal decomposition generate consider-
able high-temperature gradient or heat-affected zone in bulk
material with a laser-induced shock [30]. This does not pro-
vide the needed thin film quality in complex materials, as the
particle size generated becomes broader and clustered. Short
and ultrashort laser regime ablation leads to minimum heat-
affected zone and without collateral damage to the target
surface [28]. When the short and ultrashort lasers’ energy
interacts with the target material, their energies are absorbed
by free electrons on the target surface, which consists of
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Fig. 1 Schematic setup of the fs-pulsed laser deposition system (PLD)
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partially ionised vapour and a plume of hot nanoparticles
via fragmentation and phase explosion, and homogeneous
nucleation and decomposition [30, 31].

In this paper, we employ fs-PLD to deposit high-quality
Er’* -doped Ga—La-S glass thin films on a silicon substrate.
The structure and optical properties of as-deposited thin
films under three different temperatures are reported for pos-
sible optical waveguide applications in the NIR.

2 Experimental setup

In this study, Ti:sapphire fs laser (wavelength =800 nm,
pulse repetition rate =1 kHz, and pulse duration=100 fs)
shown in Fig. 1 has been employed to deposit Er’* ion-
doped Ga-La-S thin film on a silicon substrate at various
temperatures. The Er’*-doped Ga—La—S glass target has
a composition of Ga-La—S 65:34+1 mol % Er,05 ingot
from ChG Southampton Ltd. Initially, the target and the
commercially available silicon substrate of dimensions
20 mm (L)X 12 mm (W) X675 pm (T) were mounted in
their respective holders inside the chamber. Both target and
substrate holders were allowed to rotate continuously at a
constant speed of 40 rpm and 20 rpm, respectively, while
the target-to-substance distance was kept at 70 mm. The
vacuum chamber waspumped down to about 10~ Torr to
remove any water residues in the chamber and then filled
at a low flow rate of 20 sccm argon (Ar) to maintain 80
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mTorr throughout the process. The fs laser of pulse energy
50 uJ was focused onto the target material at an angle of
60° to generate plasma plume directed perpendicular to
the substrate surface. Three samples, GE1, GE2, and GE3,
were prepared at temperatures of 25 °C, 450 °C and 660 °C,
respectively, for 4 h. The processed sample was kept in the
vacuum chamber under the argon atmosphere and naturally
cooled to room temperature.

The surface morphology and thin film thickness were
obtained using an FEI Titan Themis Cubed 300 transmis-
sion electron microscopy (TEM) and high-resolution mono-
chromated field emission gun scanning electron microscope
(FEGSEM) with a precise focused ion beam (FIB) (FEI
Helios G4 CX DualBeam). To investigate and understand
the structural characteristics of the deposited film, Raman
spectroscopy and X-ray diffraction (XRD) were utilised.
A Renishaw inVia Raman spectrometer was employed to
measure the Raman scattering spectra with an Ar™ laser
(514 nm) excitation source. Furthermore, the XRD pat-
terns of the target sample and films were determined using
a Philips X’Pert with Cu Ka radiation (1=1.54056 10%), at
40 kV and 100 mA. Each sample was scanned for 60 min
with a diffractometer angle range from 10° to 60° in a step
size of 0.033°. NIR emission spectra and lifetime of the
Er**-doped Ga-La—S bulk sample and as-deposited thin
films were measured using a fluorescence spectrometer
(FS920; Edinburgh Instruments, UK) equipped with semi-
conductor laser diode emitting 980 nm excitation source at
room temperature. The transmission property of the thin
films was measured by PerkinElmer Lambda 950 High-
Performance UV-Vis/NIR Spectrometers to estimate the
optical band gap.

3 Results and discussion

3.1 The structural characteristics of the Er**-doped
Ga-La-S thin films

Figure 2a—c illustrates the TEM cross-sectional images of
the films processed using an Er’**-doped Ga—La-$ target at
different substrate temperatures while keeping other process
parameters constant. The plan view of TEM measurements
reveals an average film thickness around 45 nm, 95 nm, and
208 nm for samples GE1, GE2, and GE3, respectively. It
can be noted that an increase in deposition substrate tem-
perature has a significant effect on the film thickness. Fig-
ure 2d shows the cross-sectional elemental mapping images
obtained for GE3, which confirmed that the deposited layer
consisted of the uniform distribution of the Ga, La, S, and
Er elements. However, there is no intermixing between the
Er’*-doped Ga—La-S coating and the silicon substrate net-
work observed in the interface.

Further quantification of a silicon substrate, a bulk glass
and a thin film of the Er-doped Ga-La-S surface morphol-
ogy with XRD pattern is illustrated in Fig. 3. As seen in
Fig. 3, the silicon substrate exhibits two main sharp peaks
centred at 36.24° and 55.62°, which validates the crystallin-
ity of the substrate. The more intense peak centred at 55.62°
is in good agreement with an ICDD (International Centre
for Diffraction Data) pattern No. 00-005-0565 for silicon
(not shown here), while the other peak that occurs at 36.24°
correlated with the ICDD diffraction pattern No. 00-039-
1425 corresponds to silica. On the other hand, no peak is
observed from the bulk target glass; however, XRD data
reveals a wide-stretched halo amorphous structure between
260=20° and 30°.

Conversely, the XRD pattern of the Er**-doped
Ga—La-S thin film deposited at room temperature (GE1)
did not possess any additional peaks compared to the
silicon substrate. This clearly confirms the amorphous
property of the film and further evidence is provided with
discussion of Raman spectra reported in Fig. 4. However,
sample GE2 prepared at higher temperature displayed two
crystalline peaks centred at 260 =25° and 28°, which are
not found in sample GE1. Furthermore, when the substrate
temperature is increased to 660 °C (GE3), it reveals simi-
lar crystalline peaks observed in sample GE2 and three
new crystalline peaks at 20 =25°, 45°, and 47°. Compar-
ing the XRD patterns of samples GE2 and GE3 on High-
Score database, these crystalline phase peaks observed are
in agreement with La;Ga; 5S4, La;Ga, S;, and LaGaS;
which correlate with diffraction patterns No. 00-01-081-
5771, 00-04-005-8197, and 00-04-017-0337. A similar
observation had been reported previously by Frantz et al.
[14], where the author concluded that such crystal phase’s
formation can be attributed to quenching and/or heat treat-
ment of the Ga—La-S target glass. Additionally, the crys-
tallite size was calculated from the XRD data for peaks
occurring around 26 =25° and 29° through Debye—Scherer
formula [32]:

K
D(hkl) = ﬁ—

cos’

where A is the X-ray wavelength (0.15405 nm), £ is the full
width at half width at full maximum of the diffraction peak,
and K is a constant related to crystallite shape (0.9). The
average crystallite size for samples GE2 (450 °C) and GE3
(660 °C) was calculated to be ~5 nm and 15 nm, respec-
tively. This shows that the crystallite size increases from 5
to 15 nm with increasing deposition temperature from 450
to 660 °C.

Figure 4 represents the Raman spectra for a pure sil-
icon substrate, a bulk target, and thin films prepared at
various temperatures when excited by a 514.5 nm argon
laser. The silicon substrate spectrum exhibits a sharp

@ Springer



1 Page 4 of 8

K.S. Albarkaty et al.

Silicon substrate

L1100 nm

Fig.2 a—c TEM cross-sectional images of Er**-doped Ga—La-S$ thin
films deposited at different substrate temperatures: a 25 °C, b 450 °C,
and ¢ 660 °C. d Energy-dispersive X-ray spectroscopy (EDX) ele-

peak with a characteristic band at 520 cm™!, attributed to
single crystalline silicon. Furthermore, the Raman spec-
trum of Er**-doped bulk Ga-La—S glass consists of three
main group bands at 190-920 cm™!, 920-1200 cm™, and
1200-1800 cm™". The broad band centred around 420 cm™!
corresponds to GaS, tetrahedron stretching vibration
modes or vibration of LaSg structural [26] units present in
amorphous Ga-La-S. The broad bands at higher frequen-
cies (centred at 1200 cm™! and 1300 cm™!, respectively)
are from Er** photoluminescence (PL) corresponding to
H,,5~"1;5, (547 nm) and *S;,—*I,5/, (553 nm) transitions
in a glassy medium [33, 34].
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mental mapping obtained during cross-sectional TEM analysis of a
GE3 sample prepared at 660 °C

In addition to this, Raman spectra of all the thin film
samples prepared by the fs-PLD were also investigated.
The sample prepared at 25 °C (GE1) reveals no assigned
Raman bands of the Er’**-doped Ga—La—S glass, but only
a single crystalline peak in the Raman spectrum of the
silicon substrate. By increasing deposition temperature
of the substrate to 450 °C (GE2) and 660 °C (GE3), the
Raman spectra reveal five bands with the maximum peak
intensities centred around 335 cm™', 495 cm™!, 644 cm™!,
1200 cm™!, and 1350 cm™'. The Raman sharper bands
peaking at 335 cm™!, 495 cm™!, and 644 cm™! are cor-
related to the vibrations of LaSg or GaS, tetrahedron
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Fig.3 XRD patterns for a pure silicon substrate (thickness =675 pm),
Er**-doped Ga—La-S bulk glass, and thin films deposited on silicon
at various substrate temperature
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Fig.4 Raman spectra of a pure silicon substrate (thickness=675 pm),
Er**-doped Ga—La-S bulk glass, and thin films on silicon at various
substrate temperatures

stretching vibrations, which is consistent with Lucazeau
et al. [35]. However, the clearly split strong Raman bands
peaking at 1200 cm~! and 1350 cm™! exhibit the charac-
teristic features of Er’*-doped crystalline thin films, due
to the Er’* ions PL under 514.5 nm laser excitation [33].

3.2 Optical properties of Er**-doped Ga-La-S thin
films

The PL spectra of Er**-doped Ga—La—S target glass and thin
films are recorded at room temperature using a 980 nm exci-
tation source and illustrated in Fig. 5a. The PL spectra peak
around 1.54 pum corresponded to the *I;5,~"1,5, transition of
the Er** ions and the energy diagram is depicted in Fig. 5b. Fig-
ure Sa shows a very intense peak for all samples with spectral
full width at half maximum (FWHM) ~ 50 nm, while the target
chalcogenide glass exhibits a much broader FWHM of ~75 nm.
Also, sample GE3 exhibits five multiples sharp peaks known as
Stark levels, which can be attributed to the thermal population
of the higher levels of the 1.54 um manifold. The presence of
these transitions from Stark levels clearly confirms the crystal-
line phases of the doped material present in the thin film.

Table 1 shows the PL lifetime (7;) measurement data for
Er**-doped Ga-La-$ target glass and various thin films. The
results obtained are summarised in Table 1. The lifetime of
the *I,5/, transition for the thin films decrease very rapidly
from 1.82 to 0.46 ms with increasing deposition temperature,
which confirms the changes in the local crystal field. The
drop in measured fluorescence lifetime of thin film prepared
at room temperature to that corresponding to the bulk glass
is attributed to reabsorption that results in longer measured
lifetimes in bulk glasses [36—38]. In powders and thin films
of Er’**-doped chalcogenide glasses, the measured lifetimes
are more accurate and comparable to radiative lifetimes [34].
Another attribute to the drop in lifetime is the higher presence
of —OH radicals in thin film compared to bulk glasses that
result in nonradioactive relaxation of the *I;5, level, leading
to a reduction in the measured lifetime. In our studies, as the
deposition temperature increased, we also observed that the
crystallinity of the films increased as reported in the XRD of
Fig. 3. This results in more Er**-ions being incorporated into
the crystalline phases reported above, leading to Er** jon—ion
interactions and self-quenching of photoluminescence and
subsequently lower measured lifetime [39, 40]. The drop in
measured lifetime with film preparation temperature can be
understood on this basis.

The transmission spectra of the thin films are measured
using the UV-Vis—NIR spectrometer in the wavelength range
between 320 and 2000 nm. Thus, the absorption coefficient
() spectra are determined from transmission through the thin
films by the approximate expression [41, 42].

T = (1 —R)e™, )
where T is the transmission, R is the reflectance, and d is the
thickness of the film, assuming that the reflectance of these
thin films is very low in the photon energy range of interest.

The optical band gap energy of Er-doped Ga—La-S glass
thin films prepared is calculated from the UV—Vis absorp-
tion edge by using the absorption coefficient obtained from
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Fig.5 a Photoluminescence

—
QD
—

T T
= GE1 (RT)
= GE2 (450°C)
= GE3 (660°C)
wm Er3+:Ga-La-S (Bulk glass)

(PL) spectra of 1 mol%
Er’**-doped Ga-La-S glass and
Er**-doped Ga-La-S thin films
deposited at various substrate
temperatures. b Energy transfer
sketch of Er**-doped glass
when pumped at 980 nm

Intensity (a.u.)

1400 1450 1500 1550

- (b) 14
4
| _ 124 |9/2
<
1
1 4
ng 10 I11/2
o . 2740 nm
X
~ 4
> 6 |13/2
o
L £
[} c
C 4 2
w @ 550 nm
21 %
()
<
J 4
0 |15/2

1600 1650 1700

Wavelength (nm)

Table 1 Fluorescence lifetimes

Bt Er’*-doped Fluorescence
of Br"-doped Ga-La-S Ga-La-$ lifetime T (ms)
samples at different substrate samples

temperatures

Bulk glass 4.87
GE1 (25 °C) 1.82
GE2 (450°C) 0.59
GE3 (660 °C) 0.46

transmission measurements and Tauc optical band gap relation
[43, 44]:

ahv = B(hv — Eg)”, 3)

where a is the absorption coefficient, Av is the energy of
incident photons, E, is the optical band gap, B is the band
tailing forbidden. n symbolises the transition process which
could take values 1/2, 1, 3/2, or 2 for direct allowed, indirect
allowed, direct forbidden, and indirect forbidden transitions

Fig.6 a Tauc plot as a function
of photon energy and b optical
band gap versus deposition
temperature of Er’*-doped
Ga-La-S glass thin films on a

depending on the electronic transitions responsible for the
absorption.

The optical band gap is calculated by using n=1/2 for
direct allowed from the absorption spectra, which exhib-
its a perfect fit for all the thin film samples. Figure 6a
shows the plots of (ahv)? as a function of hv (eV). Sample
GEl1 prepared at low temperature has a strong absorption
with E, around ~2.15 eV, and then decreases gradually
with increase in deposition temperature to E, values of
1.90 eV and 1.75 eV for sample GE2 and GE3 thin films,
as depicted in Fig. 6b. As discussed before, when the
temperature of the film increased from room temperature
to 660 °C, the films were found to be more crystalline.
This is confirmed by the average crystallite size estimated
from the XRD data for samples GE2 and GE3. Henceforth,
the change in optical band gap is inversely dependent on
the diameter of the crystalline size [32, 45, 46], which
explains the decrease in the observed band gap E, with
increase in deposition temperature [46, 47]. Similar results
have been reported previously for optical absorption of

silicon substrate
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Ga—La-S thin film [12] samples fabricated by employing
different deposited energy densities.

4 Conclusions

In summary, Er**-doped Ga-La-S glass thin films were
successfully deposited on the pure silicon substrate at vari-
ous temperatures by using the fs-PLD technique. The effect
of deposition temperature on the thickness and crystalline
structure of the deposited films has been systematically
investigated, which clearly show that an increase in deposi-
tion temperature corresponds to increase in film thickness
and crystalline phases. The structural characteristics of the
target chalcogenide glass changes from amorphous to crys-
talline phase as well. However, no intermixing and interdif-
fusion behaviour is observed between the silicon substrate
and the deposited layer, which could link to the quality of
the chalcogenide target glass, since fs-PLD-assisted induced
intermixing is actually dependent on the target and sub-
strate materials. The PL spectra of as-deposited Er**-doped
Ga-La-S chalcogenide thin films at various temperatures
exhibit very intense emission signal at 1534 nm under a
pump wavelength of 980 nm with FWHM at ~ 50 nm. On
the other hand, the PL lifetime at *I,5, transition decreases
with increase in deposition temperature as discussed; clear
temperature dependences of the lifetime could be associ-
ated with increasing Er** ion concentration in the thin films
and non-radiative decay or change in the local crystal field.
Finally, a large optical band gap was observed from the film
prepared at the low deposition temperature. The decrease in
band gap with the increase in deposition temperature is asso-
ciated with increase in film thickness, as well as structural
modification of the thin films. The structural and optical
properties of these films show their promising use in devices
such as lasers and optical amplifiers opportunities.
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