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ARTICLE INFO ABSTRACT

We report numerical investigation of mid-infrared supercontinuum (SC) generation in all-normal dispersion
(ANDi) As3oSes; chalcogenide photonic crystal fiber (PCF). Numerical results, obtained by using the Finite-
Difference Frequency-Domain (FDFD) method, indicate that desirable dispersion properties can be achieved by
adjusting the air holes diameter and ANDi regime is obtained over the entire wavelength range with a PCF pitch
and air holes diameter of 1.8 um and 0.7 pm, respectively. Besides, the optimized design has a nearly zero
dispersion wavelength of 3.45um and exhibits high Kerr nonlinearity of 5.89w™'m™'. By pumping 50 fs
duration laser pulses at 3.45 um, we demonstrate the generation of a broad, ultraflat-top and highly coherent SC
spectrum extending from 2.43 um to 4.85 um at 4 dB spectral flatness and from 1.95 um to 6.58 um at 8 dB, by
employing very low energy pulses of 50 pJ and 250 pJ, respectively. Owing to its remarkable optical char-
acteristics, the proposed SC source based on AszgSes; chalcogenide glass PCF is found to be suitable for various
potential mid-infrared applications such as optical coherence tomography, mid-infrared spectroscopy and me-

Keywords:

Nonlinear fiber optics
Supercontinuum generation
AszoSes; chalcogenide glass
Photonic crystal fiber

trology.

1. Introduction

Broadband light sources spanning the near and mid-infrared spec-
tral region based on Supercontinuum (SC) generation process has been
an attractive research topic during the last two decades [1]. As a fun-
damental feature of nonlinear optics, SC generation is defined as the
substantial spectral broadening of laser pulses, occurred during its
passing through nonlinear medium such as planar waveguides, optical
fibers and Photonic Crystal Fibers (PCFs) [1]. Since the first experi-
mental demonstration of continuum generation in bulk glass reported
by R.R. Alfano et al. [2], SC has been increasingly involved in various
photonic applications covering the visible and infrared wavelength
ranges such as pulse compression, Coherent Anti-Stokes Raman Spec-
troscopy (CARS), telecommunications and atmosphere pollutants sen-
sing [3]. Specifically, in broadband spectral imaging, mid-infrared SC
sources are required to cover the molecular fingerprint spectral region
where distinctive vibrational absorption features are exploited to
identify the different molecules [4]. Moreover, ultra-flat and broadband
SC sources are employed in mid-infrared Optical Coherence Tomo-
graphy (OCT) systems for the analysis of polymers, ceramics and some

* Corresponding author.
E-mail address: medjouri-abdelkader@univ-eloued.dz (A. Medjouri).
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biochemical elements including phosphate, carbonate and collagen
amide [5]. Compared to other mid-infrared light sources such as syn-
chrotron radiation sources, quantum cascade lasers and thermal emit-
ters, SC sources are preferred due to their suitable characteristics such
as high coherence, high brightness, compactness and portability [6,7].

SC generation in optical waveguides usually requires pumping short
(femtosecond) and high peak power laser pulses, where the drastic
spectral broadening, occurring even over short propagation distances, is
achieved through the contribution of several linear and nonlinear op-
tical effects [8]. For waveguides with anomalous chromatic dispersion
regime, the soliton dynamics including soliton fission, dispersive wave
generation and Raman soliton self-frequency shifting are the main
contributors to the SC formation and evolution [9]. Furthermore, SC
generated by pumping in the normal regime of dispersion is achieved
through the Self-Phase Modulation (SPM) and Optical Wave Breaking
(OWB) mechanisms [10]. The main difference between the two regimes
of pumping is the pulse-preserving aspect, high coherence and the
spectral flat-top feature, which are substantially improved in the
normal regime. This is explained by the fact that SPM and OWB are
nonlinear self-seeded processes that preserve the optical pulses integrity
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and the smoothness of their phase distribution [11]. Therefore, rea-
lizing SC sources with high brightness, high spectral flatness and high
coherence requires a careful design of the optical waveguide to achieve
both All Normal Dispersion (ANDi) and high nonlinearity and opti-
mizing the initial laser pulses properties such as the pumping wave-
length, the pulse duration and peak power [12]. Among various kinds
of optical waveguides, PCFs have drawn a tremendous attention and are
extensively used for the design of broadband light SC sources [13]. The
main advantage of PCFs, compared to other optical waveguides, con-
sists of their design flexibility through the adjustment of the cladding
air holes lattice configuration, air holes diameters, photonic crystal
pitch and the background glass [14]. Consequently, the chromatic
dispersion properties can be easily engineered and high optical Kerr
nonlinearity can be attained by controlling the PCFs opto-geometrical
parameters [15]. Moreover, PCFs made of optical glasses with high
nonlinear refractive index, such as chalcogenides and tellurite, are
widely used to realize various nonlinear photonic applications [16-21].

Chalcogenide (ChG) glasses are non-oxide materials composed from
the addition of metalloid elements such as Ge, As, Sb or Ga to one of the
chalcogen elements S, Se, and Te [22,23]. ChG glasses have acquired an
increasing interest because of the possibility of achieving glass systems
with wide composition space and excellent resistance to crystallization,
enabling to achieve suitable optical properties such as wide transpar-
ency window, spanning near-infrared and mid-infrared regions, high
optical Kerr nonlinearities and high linear refractive indices [24]. Ac-
cordingly, ChG glasses have been recognized as an excellent candidate
for the design of near and mid-infrared PCFs based SC light sources
[1,22]. Recently, numerous theoretical and experimental works on the
generation of coherent SC in the mid-infrared region employing ChG
glass based ANDi PCFs have been reported [25-33]. P. Yan et al re-
ported numerical investigation of coherent 2-5 pm bandwidth SC gen-
erated in As,S; flat-top ANDi PCF achieved by pumping 610 W peak
power 50 fs duration pulses in 2 cm length of the fiber [25]. M. R. Karim
et al theoretically studied a dispersion engineered Ge;;s5AS24S€sss
based PCF for mid-infrared SC generation [26]. Ultraflat and coherent
SC spanning 1.5 octaves is obtained by injecting 5Kw peak power
pulses at 3.1 um in only 1 cm length of the optimized PCF design. Lai
et al experimentally demonstrated coherent mid-infrared SC generated
in four holes ChG AsSe,-As,Ss multi-material optical fiber with ANDi
profile [27]. The authors have shown that SC spectrum spanning the
region from 2.2 um to 3.3 um is achieved in 2 cm long fiber pumped
with 2.7 um pulses obtained from an optical parametric oscillator.
Furthermore, B. Siwicki et al presented a nano-structured graded index
core fiber made of AssoSego-GeioAsaz4Sesss glasses with flat and
normal dispersion in the mid-infrared region [28]. They have numeri-
cally demonstrated that using 1nJ pulses with a duration of 200 fs
pumped at 6.3 um, enable the generation of more than one octave
spanning SC at 20 dB spectral flatness. Multi-material Triangular Core
microstructured optical Fiber (TCF) wusing Gej1.5AS24S€gq.5-
Geq1.5A824S64.5 ChG glass has been, also, investigated [29]. The ANDi
regime is optimized by adjusting the core side length and SC extending
up to 7 um has been realized using 3 kW peak power 100 fs duration
pulses launched at 4 um into 10 mm of the TCF length. S. Xing et al
experimentally studied linearly chirped mid-infrared SC generated in
ANDi PCF made of AsSe-GeAsSe ChG system [30]. The authors have
shown that launching at 2.070-2.080 pm, 2.9 Kw peak power and 79 fs
duration optical pulses generates mid-infrared SC spanning a wave-
length range with a bandwidth of 27.6 THz at 3dB and 75.5 THz at
20 dB. Moreover, introducing a small defect into the PCF core has been
used in the aim to control its chromatic dispersion profile and achieve
ANDi regime [31]. In this respect, E. Wang et al theoretically studied
ANDiI As,Se; based defected core PCF for flattened and broadband mid-
infrared SC [32]. By injecting at 4.375 um, 50 fs width and 4.25Kw
peak power pulses into 6 mm long PCF, flat and broadband SC ex-
tending from 3.866 pm to 5.958 pm at the spectral level of 3dB is
successfully generated. A more simple way to control the PCF
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dispersion profile is through an appropriate adjusting of the cladding
air holes radius. By employing this method, we have reported the de-
sign of a GagSb3,Se¢0 ChG glass based PCF, exhibiting ANDi profile for
mid-infrared SC generation [33]. We have numerically shown that
pumping at 4.5 um, 50 fs width and 20 kW peak power into a 1 cm of
the PCF length, generates coherent and broadband SC spectrum span-
ning the wavelength region from 1.65um to 9.24 um at the 20dB
spectral flatness.

Recently, E.A. Anashkina et al. reported the design and the fabri-
cation of tapered suspended core fibers made of AszoSeg; ChG glass for
mid-infrared wavelength conversion of ultra-short signals [34]. The As-
Se glass system has excellent optical properties such as wide trans-
parent window extending from 0.85 to 17.5 um with an ultra-low op-
tical loss in the range of 4-7 um, high linear refractive index in the
range of 2.75-2.81, high third-order nonlinear refractive index of
2.2 X 10—17 um, high resistance to atmospheric moisture and ex-
cellent chemical stability [34]. The authors have experimentally de-
monstrated that wavelength conversion can be achieved for ultra-short
optical pulses at the wavelength 1.57 um. Moreover, numerical simu-
lations on SC generation have been performed and broadband spectrum
spanning the region from 1 pm to 10 pm has been achieved by pumping
100 pJ pulses at 2 um. However, the generated SC spectrum is not
smooth because of the anomalous dispersion regime exhibited by the
proposed fibers. Besides, the proposed suspended core fiber in multi-
mode, therefore, the output SC power is reduced due to an intermodal
energy transfer caused by Four Wave Mixing (FWM) nonlinear coupling
process between the different guided modes [35]. With simultaneously
taking advantage of the excellent optical properties of the AszoSeg; ChG
glass and the design flexibility of PCFs, flat-top, broadband and highly
coherent mid-infrared SC generation can be achieved by suitably en-
gineering the PCF chromatic dispersion profile to exhibit ANDi regime.

In this paper, we theoretically investigate As3oSes; ChG glass based
single mode triangular lattice PCF with a chromatic dispersion profile,
engineered in order to generate broadband, coherent and ultraflat-top
mid-infrared SC spectra. Aiming to achieve ANDi regime, the PCF cross
section is specifically designed and optimized by suitably controlling
the radius of the cladding air holes. Accordingly, the PCF linear and
nonlinear optical parameters such as effective index, chromatic dis-
persion, effective mode area and Kerr nonlinear coefficient are com-
puted by using the Finite-Difference Frequency-Domain (FDFD) method
associated with the Perfectly Matched Layer (PML) absorbing boundary
condition. Furthermore, nonlinear propagation of laser femtosecond
pulses and spectral broadening inside the proposed AszoSeg; PCF core is
accurately modelled by numerically solving the Generalized Nonlinear
Schrodinger Equation (GNLSE) and employing the fourth-order Runge-
Kutta in the interaction picture method. Moreover, we analyze the
impact of pulses initial characteristics (duration and peak power) and
the seeded noise on the generated supercontinuum bandwidth and co-
herence, respectively.

2. Theory
2.1. Linear and nonlinear properties of the As3oSes; PCF

Aiming to numerically calculate the effective refractive index and
the optical field distribution of the fundamental mode, we have em-
ployed the FDFD method [36]. By applying the PML boundary condi-
tion, the Maxwell's equations for both the electric E and the magnetic H
fields, respectively, are expressed as following:

ikose,E =V X H

{— ikospu,H =V X E 6))
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SySx (2)
where s, = 1 — 0,/(iwgp) and s, = 1 — g,/(iwe).

k, is the free space number, ¢, is the medium relative permittivity, u,
is the medium relative permeability, o represents the conductivity
profile and w is the angular frequency. Using a suitable meshing scheme
for the PCF structure, the system of equations given above is trans-
formed into a matrix eigenvalue problem. For a given excitation wa-
velength, a sparse matrix approach is applied to calculate the effective
refractive index n.; and find the mode optical field distribution [37].
The refractive index of As3gSeg; ChG glass is approximated to that of
As3gSego [34]. The wavelength dependence of the AszgSego ChG glass
refractive index has been measured in the wavelength range from
1.5 pm to 12 um, as reported by [38]. The refractive index values of the
AszsSeso ChG glass are fitted and approximated by using a two-term
Sellmeier model given by:

n:\/a0+

With aq = 3.7464, a; = 3.9057, b; = 0.4073 um, a, = 0.9466 and
b, = 40.082 um [39]. Fig. 1 shows the evolution of the AssgSego glass
refractive index obtained from experimental measurements and the
Sellmeier model. As it can be seen, an excellent agreement is found
between the measured and the calculated values of the refractive index
where the values of the summed squares of residuals and the root mean
squared error are found to be 5.87 X 1077 and 2.31 X 107*, respectively
[39]. The chromatic dispersion, which include both the material dis-
persion and the waveguide dispersion, can be calculated from n,; using
the following equation:

aqA?
2 - b}

azﬂ.z
22— b?

3

i dzneﬁ
c dr?

by =- @)

where 1 and c are the wavelength and the speed of light, respectively.
The Kerr nonlinearity coefficient y is expressed as [12]:

_ My

CAeff (5)

With n, = 2.2 X 1077 m?/W, is the nonlinear refractive index for
As3gSeq; ChG glass [34] and A,y represents the effective mode area
given by [35]:
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Fig. 1. Measured and calculated refractive index versus
AszgSego ChG glass.
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where Erepresents the amplitude of the transverse electric field.

A,
i ®)

2.2. Modelling of SC generation

Nonlinear pulse propagation and SC spectral evolution inside op-
tical fibers can be modeled by using the GNLSE. It describes the pulse
evolution during its propagation within the PCF core, taking into ac-
count the different linear effects (optical loss and chromatic dispersion)
and nonlinear effects (Kerr effect, Stimulated Raman Scattering and
Self-steepening) [40]:

o

5%

a inl gn . 10
+ Ell) + [n;z ﬁnTaTn]Zp = l}/(l + w—OE) X ((1 —fR)lp |¢|2

b [T @B - ordr) o

With 9 (z, t) the complex envelope of the optical pulse field, z is the
propagation distance and ¢ is the retarded time. The left side of the
GNLSE encompasses linear effects where « is the optical loss coefficient,
B, = (d"B/dw"),=,, are the dispersion coefficients calculated by a
Taylor series expansion of the propagation constant and w, is the pump
pulses carrier frequency. The right side includes the nonlinear effects
where pulse self-steepening effect is characterized by the shock term
Tshock = wio, y is the Kerr nonlinearity coefficient, hg(t) is the Raman
response function and f represents the Raman fractional contribution
to the overall nonlinear response and it is equal to 0.1 for the As3gSeg;
ChG glass [34]. The Raman response function is described by a function
representing two decaying harmonic oscillators with fractional con-
tributions of f, and f, respectively [34,41]:
—t

hr(@®) =fa@?+ rz‘z)exp(—)sin(i)

] T

+ @2+ r[z)exp(;—t)sin(L)

4 (5}

®

With f, = 0.7, f, = 0.3, = 23fs, , = 230 fs, 5 = 20.5fs and 7, = 260 fs.

Aiming to accurately solve the GNLSE, we have employed the
fourth-order Runge-Kutta in the interaction picture method (RK4IP)
[40]. This algorithm has been successfully implemented to study the
Bose-Einstein condensates and is found suitable to describe optical
pulses propagation due to the similarity between the GNLSE and the
Gross-Pitaevskii equation [42]. Besides, the RK4IP method has shown
high computational efficiency compared to other split-step schemes
such as simple split-step, symmetric split-step RK2, and symmetric split-
step RK4 [40,43]. The RK4IP method is based on the separation of the
dispersion effects from the nonlinear effects by transforming the GNLSE
into an interaction picture. This approach allow to use explicit techni-
ques to find the solution and achieve high numerical accuracy [44,45].

The coherence properties of the SC generated in the proposed
As3oSeq; PCF are numerically evaluated through the calculation of the
modulus of the complex degree of first-order coherence as follow [46]:

<E;(M)><E,(1)>

&) _
B D= | ars <m > 172

)]

where the angle brackets represents an average over an ensemble of SC
electric fields pairs, generated independently. For each of the SC gen-
eration simulation, we consider the addition of a quantum noise, gen-
erated based on the one photon per mode model [47]. Accordingly, we
add a photon with a random phase to each frequency bin, where the
amplitude of the noise seed is given in the frequency domain by the
following expression [48]:

Bom (@) = || 1o exp (279 ) a0
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Table 1
B, coefficients computed at 3.45um for AssoSeq; PCF with d = 0.7 pm and
d = 0.8 um, respectively.

Coefficient d=07 d=028

8, 148.4 ps*/km —71.6 ps*>/km

Bs —1.2ps®/km 0.324 ps®/km

By 3.98 x 102 ps*/km 2.82 x 10~ 2 ps*/km

Bs —5.64 x 10~ 4 ps®/km —5.03 x 10~ *ps®/km
Bs 6.75 X 107 ° ps®/km 8.59 x 10~ ° ps®/km
8, —8.12 x 10~ 8 ps”/km —1.57 x 10~ 7 ps’/km
Bs 1.94 x 10~ ° ps®/km 2.65 x 10~ ° ps®/km
By —4.68 x 107 ps®/km —2.36 x 10~ " ps®/km

Here # is the reduced Planck constant, @ denotes the pulsation, AQ is
the spectral bin size used for the simulations and ¢(w) is a random
phase, uniformly distributed over the interval given by [0, 27].

3. Numerical results
3.1. PCF design and chromatic dispersion engineering

The proposed PCF cross section is depicted in Fig. 2. The structure is
composed of eight rings of air holes arranged in a hexagonal config-
uration in AszoSes; based background glass. The solid core is obtained
by the elimination of one air hole in the center of the structure. The
pitch and the diameter of air holes are A andd, respectively. As men-
tioned previously, we aim to design AssoSeg; glass based triangular
lattice PCF with negative chromatic dispersion, allowing to generate
flat-top and coherent supercontinua over a wide band of wavelengths.
To that end, the PCF structure is optimized by carefully adjusting the air
holes diameter and the pitch. Actually, the dispersion engineering of
PCFs is fundamentally limited by the material dispersion of the PCF
background glass [49]. Fig. 3 depicts the AszoSeq; glass material dis-
persion obtained by deriving Eq. (3). It is clear to observe that the glass
exhibits both negative and positive dispersion with a zero dispersion
value at 7.55 pm. Sight to achieve ANDIi regime over a wide band of
wavelengths, the proposed Ass;gSes; PCF structure parameters are

Optical Fiber Technology 50 (2019) 154-164

carefully adjusted to engineer the waveguide dispersion and compen-
sate the material dispersion. The structure optimization process is
performed by considering different values of the cladding air-filling
fraction. Fig. 4 gives the variation of the fundamental mode effective
index with wavelengths for A = 1.8 um and d varying from 0.6 um to
1 um with a step of 0.1 um. Subsequently, the chromatic dispersion is
calculated and its evolution with wavelengths is illustrated in Fig. 5. As
it can be noticed, the chromatic dispersion depends strongly on the
value of the air-filling fraction. From the figure, we observe that dis-
persion curve increases when d/A increases too with a peak value ob-
tained around the wavelength 3.45 pm. Besides, ANDi regime with a
peak close to the zero dispersion can be achieved for d = 0.7 pm. The
nonlinear properties of the proposed PCF are then investigated. We
have computed both the effective field mode area and the corre-
sponding Kerr nonlinearity coefficient, where their variations versus
wavelengths are shown in Figs. 6 and 7, respectively. Simulations re-
sults show that the proposed PCF exhibits high nonlinearity over the
whole spectral range. Moreover, for the AszgSeg; PCF with d = 0.7 um,
the effective mode area and Kerr nonlinear coefficient for the wave-
length 3.45pum, have been found to be 6.8 ym?® and 5.89w 'm™?!,
respectively.

3.2. SC generation in the AszoSes; PCF

Aiming to study femtosecond pulse propagation and SC formation in
the proposed AssgSeq; PCF, we have employed the GNLSE given by Eq.
(7); which is implemented and solved using the RK4IP method. The
laser pulses used in the simulations are modelled by a hyperbolic secant
pulse centered at the pumping wavelength and are expressed as
¥(t) = JPysech(t/Ty) where, P, is the peak power and T, is the pulse
duration given by Ty = Trwpun/1.76 where Tryy is the Full Width at
Half Maximum (FWHM) duration of the laser pulse. In order to ensure
high numerical accuracy, pulse propagation simulations are performed
by considering an integrator error of 0.001, temporal disctrization
points of 2 x 10'2? and the PCF length over which pulses propagate is
segmented into 100 steps. Firstly, and sight to show the performance of
pumping in the ANDi regime to generate high flatness SC spectra, we
have considered SC generation in 1 cm length of the As3gSes; PCF with
d = 0.7 um (ANDi regime) and d = 0.8 um (anomalous regime). For
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Fig. 8. SC spectrum after propagation over 2 mm (a), 6 mm (b) and 10 mm (c) of the As3oSeg; PCF length with d = 0.7 um (top) and d = 0.8 um (bottom), respectively,

for an input pulse with a total energy of 150 pJ.
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Fig. 10. Pulse spectrograms at the PCF input and after 2 mm, 4 mm, 6 mm, 8 mm and 10 mm of propagation, respectively, for an initially pumped pulse with a total

energy of 150 pJ.

both two cases, we launch the pulse close to the zero dispersion wa-
velength at 3.45 um. These optical pulses can be obtained by employing
mid-infrared femtosecond laser fiber system, as reported in [50]. The
light source, which is composed of a conventional femtosecond near-
infrared laser and especially designed suspended core tungstate-tell-
uride fiber, can be used to generate 100 fs duration optical pulses in the
mid-infrared wavelengths range extending from 2 to 5 pm. The impact
of the chromatic dispersion is accurately modelled through the Taylor
series expansion coefficients of the propagation constant, expressed, up
to the 9th order, at the pumping pulse frequency. Their values for both
d = 0.7 pm and d = 0.8 um designs, respectively, are given by Table 1.

We consider initial pumping at 3.45 pm of a laser pulse with a total
energy of 150 pJ, corresponding to a peak power and Trw, duration of
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0.88 kw and 150 fs, respectively. Fig. 8 depicts the output SC spectrum
after propagation over 2mm, 6 mm and 10 mm of the As3gSes; PCF
length with d = 0.7 pm and d = 0.8 um, respectively. Notwithstanding
that SC generation achieved inside the PCF design with d = 0.8 um is
broader compared to that obtained with d = 0.7 um, the output spec-
trum exhibits strong fluctuations among the generated spectral com-
ponents even with small propagation lengths. By pumping in the ANDi
regime, the output pulse SC spectrum shows smooth profile with small
fluctuations within a spectral level of less than 10 dB. These spectral
fluctuations are substantially reduced and SC extension to the mid-in-
frared region is achieved through the SPM and OWB mechanisms.
Moreover, the output SC spectra, generated using the proposed AszgSes;
PCF with d = 0.7 um, are realized with high degree of coherence. Fig. 9
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Fig. 11. Frequency chirp acquired by the pulse at different positions of the PCF

length for an initially pumped pulse with a total energy of 150 pJ.

shows the pulse spectral evolution with the propagation distance and
the corresponding coherence, calculated with 30 independent realiza-
tions at each distance point, of a 150 pJ laser pulse. Owing to the de-
terministic nature of the SPM and OWB mechanisms, the SC spectrum,
achieved at each step of propagation length, is of high degree of co-
herence over the entire spectral band. The nonlinear optical process,
namely SPM and OWB, which contribute to the pulses spectral broad-
ening in the As3gSes; PCF with ANDi regime, can be effectively, in-
vestigated and confirmed, by employing a time-frequency representa-
tion of optical pulses, through the calculation of their spectrograms.
Optical pulses spectrograms are calculated by applying Fourier trans-
form to time gated parts of their electric component E (¢t) as following:

S(w, T) = V:: E(D)g(t — t)e-eide| an
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where g(t — 7) is the gate function. This way of representation can be
experimentally achieved by employing the cross correlation Frequency
Resolved Optical Gating (XFROG) technique. Fig. 10 depicts the pulse
spectrograms at the PCF input and after 2 mm, 4 mm, 6 mm, 8 mm and
10 mm of propagation, respectively, for an initially pumped pulse with
a total energy and Ty duration of 150 pJ and 150 fs, respectively. In
the first stage of propagation, the pulse spectrum starts to broaden in a
symmetrical fashion due to the SPM. The generated SC exhibits some
spectral ripples on its top, as shown by the oscillatory structure in
Fig. 9. The SPM induced frequency chirp acquired by the pulse during
its propagation in the As3oSeq; PCF is given by the following expression

[51]:
(M + l]tanh(i)sech2 (i)
B, T To

With z is the propagation distance. Fig. 11 depicts the frequency chirp
in the propagating pulse for different values of z. The pulse leading
edge (front part) experiences red shifting due to the negative frequency
chirp from the center, while the trailing edge (back part) experiences
blue shifting due to the positive frequency chirp. Moreover, the induced
frequency chirp increases with propagation distance, leading to a sub-
stantial spectral broadening [3]. After few millimeters of propagation,
the pulse undergoes OWB process, which occurs on the pulse leading
and trailing edges. OWB associated with FWM are responsible for the
creation of new frequencies through the overlapping of different pulse
spectral components and the inducing of a sinusoidal beating between
them [52]. The distance at which the OWB is first observed can be
calculated by using the following formula [53,54]:

36, Ty
28, + 2y T8 B,

2B,z
T

we(z, t) =
(12)

Lows =
(13)

For this simulation where B, = 148.4 ps®/km, y = 589 w=! m~},
P, = 0.88 kW and T;=85 22 fs, the OWB distance is found to be 3.75 mm.
Fig. 12 shows the pulse temporal evolution along the PCF length, with
the dashed line indicating the onset of the OWB process, and the pulse
spectrogram computed at the distance point of 3.75mm. The pulse
spectrum continues to extend toward short and long wavelengths,
where new generated spectral wavelengths gain energy from the pulse

5 —
4 800
45
1700
. - 600
£ 4
2
£
o
: >
k)
¢
©
2 35
3
25
-1 0.5 0 05 1
Time (ps)

Fig. 12. Pulse temporal evolution along the PCF length and the pulse spectrogram computed at the distance point of 3.75 mm. The dashed line indicates the onset of

the OWB process.
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Fig. 14. Pulse spectral and temporal evolution with propagation distance and the output pulse spectrum after propagation over PCF length of 10 mm for pulse peak

power of 0.88 kW and Ty of 200 fs, 150 fs, 100 fs and 50 fs, respectively.

spectrum central part. Although we have employed the GNLSE to si-
mulate SC generation, we have found that both Raman stimulated
scattering and pulse self-steepening have no significant impact on the
spectral broadening process. Fig. 13 shows the pulse spectral evolution
with PCF length with all nonlinear effects included (13.a) and without
including both the Raman stimulated scattering and pulse self-stee-
pening (13.b). In order to optimize the spectral bandwidth of the gen-
erated SC, we have studied the impact of the initial parameters of the
pumped laser pulses. We have performed a series of numerical simu-
lations with various values of the pulse energy and duration. Firstly, the
influence of the pulse duration Tryzy is considered. Simulations are
conducted with a pulse peak power of 0.88 kW and Trwyy, of 200 fs,
150 fs, 100 fs and 50 fs, respectively. Fig. 14 depicts the pulse spectral
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and temporal evolution with propagation distance and the output pulse
spectrum after propagation over PCF length of 10 mm. As can be seen,
the decreasing of the input pulse duration has a beneficial impact on the
spectrum width and flatness of the output pulse. In fact, the OWB length
given by (13) is proportional to the pulse duration. Accordingly, when
Trwrm is reduced, the combined effect of OWB and FWM is shortly in-
duced, which lead to substantially extend the generated SC bandwidth
and enhance its flatness. Moreover, for a pulse duration of 50 fs (pulse
energy of 50 pJ), broad SC spectra spanning the mid-infrared region
and extending from 2.43 um to 4.85 um at the spectral level of 4 dB is
achieved, along with smooth spectral profile. Furthermore, we have
examined the impact of pulse peak power on the SC characteristics.
Fig. 15 gives generated SC with a PCF length of 10mm and the
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respectively.

corresponding pulse spectral and temporal evolution with propagation
distance. The pumped laser pulse has a Try of 50 fs and a peak power
of 1.76 kW, 2.64 kW, 3.52 kW and 4.4 kW, which corresponds to pulse
total energy of 100 pJ, 150 pJ, 200 pJ and 250 pJ, respectively. It is
clearly to observe that the output pulse spectrum increases when the
pulse peak power increases too and ultraflat-top broadband SC span-
ning the mid-infrared range from 1.95um to 6.58 um at the spectral
level of 8 dB is obtained with pulse energy of 250 pJ. Besides, and as is
shown by Fig. 16, the generated SC in the ANDi As3gSes; based PCF
exhibits high degree of coherence over the entire spectral range for both
50 pJ and 250 pJ pulses. The SC generated in our proposed ANDi
As39Seq; ChG PCF by pumping 50 fs duration pulses with a total energy
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of 50 pJ and 250 pJ, respectively, is compared to other obtained by
various ChG based PCF designs. As presented in Table 2, the proposed
As3oSeq; PCF shows high potential to generate broadband and ultraflat-
top mid-infrared SC using very low energy laser pulses.

4. Conclusion

In summary, we have studied an all-normal dispersion and highly
nonlinear chalcogenide based PCF for coherent, broadband and ultra-
flat-top mid-infrared SC generation. The proposed PCF consists of solid
core made of As3gSes; ChG glass surrounded by eight rings of air holes
arranged in hexagonal lattice. Numerical results indicate that targeted



A. Medjouri and D. Abed

Table 2
SC bandwidth and flatness generated in the proposed AszoSes; ChG PCF com-
pared to selected PCF designs made of various types of ChG glass.

Reference  ChG glass Pumping Spectral SC bandwidth
wavelength (um)  flatness level ~ (um)

[25] As,S3 3 10dB 2-4.55

[26] AsSe-AsySs 2.7 - 2.2-3.3

[53] As,Ss- 2.5 8dB 1.05-5.05
Borosilicate

[53] As,Ss- 2.5 20dB 0.9-5.25
Borosilicate

[55] AsyS3 2.8 20dB 2.41-3.15

[56] As3g gS€61.2 3.7 3dB 2.9-4.57

[32] As,Ses 4.37 3dB 3.86-5.95

This work ~ AszoSes1 3.45 4dB 2.43-4.85

This work  AsgoSesr 3.45 8dB 1.95-6.58

dispersion properties can be achieved simply by adjusting the air hole
filling ratio in the cladding region and ANDI profile is obtained over the
entire computational domain with a nearly zero dispersion wavelength

of 3.45um. Besides, the proposed structure exhibits small effective

mode area and high Kerr nonlinearity of 6.8 ym? and 5.89w ™ 'm™?,

respectively, at the pumping wavelength (i.e. 3.45 pm). Furthermore,
SC generation at 3.45 um in the optimized design has been modelled
through the GNLSE and using the RK4IP method. The impact of the
input pulse peak power and duration on the output spectral bandwidth
has been investigated. Simulations results have shown that broad and
ultraflat-top SC spectrum extending from 2.43 um to 4.85pum at the
4 dB spectral level is successfully generated by using a 0.88 kW peak
power 50 fs duration input pulse (corresponding to pulse energy of
50 pJ) in only 1 cm PCF length. Moreover, by increasing the pulse peak
power to reach 4.4 kW (pulse energy of 250 pJ), perfectly coherent and
ultraflat-top SC spectrum spanning the wavelength range from 1.95 um
to 6.58 um at the 8 dB spectral level is successfully generated. Owing to
its interesting properties, the proposed AszoSes; ChG glass PCF is found
to be suitable for various potential mid-infrared applications such as
optical coherence tomography, spectroscopy, material characterization
and metrology.
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ARTICLE INFO ABSTRACT
Article history: We numerically demonstrate mid-infrared supercontinuum generation in dispersion-
Received 10 August 2017 engineered chalcogenide glass channel waveguide. The proposed ridge waveguide consists
Accepted 25 October 2017 of arsenic pentasulfide (As,Ss) strip deposited on magnesium fluoride (MgF, ) substrate and
air acting as an upper cladding. The structure parameters are calculated and optimized by
Keywords: ) ) using the fully vectorial finite-difference in the frequency-domain (FDFD) method Results
Supercontinuum generation indicates that the proposed waveguide exhibits an all normal dispersion (ANDi) profile over
gﬂj{‘cr(‘)egle"r‘l';":gg‘fse awide spectral range with a zero dispersion wavelength (ZDW) around 2 um. By solving the
FDED method generalized nonlinear Schrodinger equation, we demonstrate supercontinuum generation

extending from the near infrared to the mid infrared region. Indeed, a broad and perfectly
coherent ultra-flat supercontinuum spectrum spanning the region from 700 to 5200 nm is
successfully generated by using a 25 kW peak power 100 fs input pulse pumped at 2.5 pum,
in a waveguide of 5 mm length.

Nonlinear optics

© 2017 Elsevier GmbH. All rights reserved.

1. Introduction

Supercontinuum (SC) generation refers to the considerable spectral broadening through the interaction of intense and
short optical pulses with nonlinear materials such as solids, liquids and gases [1]. Since its discovery for the first time in
the beginning of the 1970s [2], SC has attracted tremendous attentions due to its wide applications to metrology, pulse
compression, optical communications, coherence tomography, spectroscopy and tunable multi-wavelength laser sources
[3]. SC arises from a series of nonlinear processes depending on the waveguide chromatic dispersion regime where the
femtoseconde pulses are injected. In the anomalous regime, SC generation is dominated by soliton-related propagation
dynamics [4]. The generated spectra are broad, mainly due to the creation of new pulses resulting from the fundamental
Soliton Fission (SF) process. However, these spectra are partially coherent due to their sensitivity to the noise-related pump
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pulse intensity fluctuations [5]. In the normal regime, Self Phase Modulation (SPM) and Wave Breaking (WB) are responsible
for the spectral broadening. The generated spectra are relatively narrower than in the anomalous dispersion regime, but
highly coherent and smooth [6].

The nonlinear dynamics of spectral broadening results from the interplay between chromatic dispersion and nonlinearity
[4]. These properties can be easily tailored in guiding medium rather than bulk. Thus, optical fiber based SC generation
sources has been the target of many researchers, in particular due to the invention of photonic crystal fibers (PCF) [ 7]. Owing
to their design flexibility, PCFs transverse structures can be optimized to tailor the chromatic dispersion and achieve high
nonlinearity [8]. Recently, planar waveguides have gained much attention for on-chip SC sources due to their low cost,
reduced size and high nonlinear parameter [9]. These waveguide based SC sources are of growing importance for photonic
integrated circuits [10].

Chalcogenide (ChG) glasses are based on the chalcogen elements S, Se, and Te covalently bounded with glass forming
materials such as As, Ge and Ga [11,12]. Thanks to their suitable optical properties, they have been widely used to design
waveguide based mid-infrared SC sources [11]. Compared to silica, ChG exhibits higher optical Kerr nonlinearities, high
refractive indices and wide transparency window covering near-infrared and mid-infrared [13]. Many ChG based waveguide
structures have been reported aiming the generation of broad mid-infrared Zhang et al. reported mid-infrared SC generation
from 1 wm to 7 wm in tapered As;S3; on MgF; rib waveguide pumped with 50 fs duration pulses at 1.55 pwm with a pulse
peak power of around 2 kW [14]. By using the same ChG glass, Lamont et al. reported SC spectrum spanning 750 nm in
dispersion-engineered highly nonlinear chalcogenide planar waveguide by using 610fs pulses with peak power of 68 W
[15]. AsySes ChG glass based waveguide has been, also, considered. Saini et al. reported SC generation form 2 wm to 15 pum
through a dispersion-engineered As,Se3 chalcogenide glass rib waveguide pumped with 50fs pulses at a wavelength of
2.5 wm with a pulse peak power of around 1.1 kW [16]. Moreover, Alizadeh et al. reported SC spectrum extending from
1.5 wm to 12 wm over highly nonlinear rib waveguide employing a 100 W peak power 85 fs pulses pumped at 2.4 um [17].
Furthermore, Karim et al. reported ultra-flat SC generation in 1 cm long all normal dispersion (ANDi) channel waveguide
made using Gei15As4Seg45 ChG glass with various materials in the lower cladding [18]. In particular, when MgF, glass
is used as a lower cladding, the authors have found that SC spectrum spanning from 1.6 um to 6 pwm can be produced by
employing 3 kW peak power 85 fs width pulses pumped at 3.1 wm. Recently, SC generation in As2Ss ChG glass PCF has
been demonstrated numerically and experimentally. Compared to As,Ss, the As,Ss glass exhibits higher transmission in the
wavelength range extending from 0.5 wm to 9 pm combined with a shorter cut-off wavelength in the visible domain [19].
Gao et al. reported mid-infrared SC generation in a four-hole As,Ss ChG microstructured optical fiber [20]. A wide spectrum
spanning from 1.37 pm to 5.65 pwm has been achieved in a 4.8-cm-long fiber pumped at 2300 nm. In order to generate ultra-
flat and coherent SC, Salem et al. studied a kind of hybrid As,Ss-borosilicate PCF with ANDi regime [21]. A broadband and
flat SC spectrum extending from 1 wm to 5 pm has been realized by pumping 28.16 kw peak power 50 fs pulses at 2.5 wm
in only 4 mm fiber length. Nevertheless, and to the best of our knowledge, analyzing mid-infrared SC in As,Ss based planar
geometries has been not achieved.

In this paper, we numerically investigate mid-infrared SC generation in a ridge waveguide consisting of As,Ss ChG glass
strip deposited on MgF, substrate and air acting as an upper cladding. The propagation characteristics of the fundamental
guided mode such as chromatic dispersion, effective mode area and nonlinearity are calculated by using a finite-difference
in the frequency-domain (FDFD) method. The waveguide structure is optimized to exhibit an ANDi profile over the entire
computational domain by properly adjusting its high and width. Furthermore, we demonstrate spectral broadening of an
intense femtoseconde pulse pumped at 2.5 pm, by solving the Generalized Nonlinear Schrédinger Equation (GNLSE). The
impact of pulse peak power on the generated spectra bandwidth is then examined. Additionally, we analyze the statistical
properties of the SC source by calculating its first order spectral coherence in the aim to investigate its sensitivity to input
pump noise.

2. Theoretical background
2.1. Structure of the proposed As,Ss ridge waveguide

The cross sectional view of the proposed ridge waveguide is given by Fig. 1. As mentioned in the previous section, the
proposed ridge waveguide consists of As,Ss5 strip deposited on MgF, substrate, and air acting as an upper cladding. The

parameters W and H are the core width and high, respectively. The wavelength dependent refractive index of the core and
the cladding are given via the Sellmeier equation:

(1)

Were the coefficients are given in Table 1 [19,22].

The variation of the refractive index with wavelength for both As,;Ss and MgF, is depicted in Fig. 2. The large index
contrast between the core and the cladding permits a strong light confinement inside the core whatever its wavelength. The
inset Fig. 2 shows the optical field distribution at the excitation wavelength 1 wm and 4 p.m respectively.
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Fig. 1. Cross sectional view of the proposed As,Ss ridge waveguide where the width and the high of the channel are W and H, respectively. Inset simulated
fundamental field profile at 2 pm.

Table 1

Sellmeier coefficients of As,Ss and MgF, glasses.
As,Ss Mng
Aj Aj Aj Aj
2.1361 0.3089 0.48755708 0.0433840
0.0693 15 0.39875031 0.09461442
1.7637 4,66 x 104 2.3120353 23.793604
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Fig. 2. Material refractive

2.2. Numerical method
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index versus wavelength of the As,Ss chalcogenide and MgF, glass.

In order to determine the fundamental guided mode and its optical properties, we have used the finite-difference
frequency-domain (FDFD) method. Compared to the finite element method (FEM), the FDFD approach is easier and simpler
to implement with a comparable accuracy [23].

The Maxwell’s equations for the electric and magnetic field can be formulated as follow:

jkoserE=V x H

—jkoserH =V x E

Sy/sx
Sx/Sy

st_y

(3)

Where: sy = 1 — %/jws, and sy = 1 — Wjesy. 0, @, E and H are the conductivity, the pulsation, the electric and the magnetic
components of the propagating field, respectively.

Once an appropriate meshing is applied to the structure, the equations system given by (2) is transformed into a matrix
eigenvalue problem and solved by employing a sparse matrix approach in order to obtain the effective refractive index ngq
and the optical field distribution of the fundamental mode.
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As mentioned previously, the chromatic dispersion plays a critical role in the SC generation process. Since the material
dispersion is directly included during the calculations by using formula (1), the total dispersion is calculated by taking the
2nd-order derivative of the mode effective index with respect to the wavelength:

A dzneﬁr
Dy =—= 2 (4)
Where A and c are the wavelength and the speed of light, respectively.
The waveguide nonlinear coefficient (Kerr effect) is given by:
2w ny
=5 @ (5)

Where n, =3 x 1018 m2/W is the nonlinear refractive index of As,Ss [19]. Aeyr is the mode effective area, given by:

~ (ff|E2\dxdy)2
M ey ©

2.3. SC generation modeling

Aiming to simulate the SC generation in the proposed As,Ss waveguide, the Generalized Nonlinear Schrédinger Equation
(GNLSE) is numerically solved by using the Split Step Fourier Method (SSFM) [4]. This propagation equation governs the pulse
evolution inside an optical waveguide with the contributions of the linear dispersion and the various nonlinear processes
that lead to spectral broadening:

i a y 7 7 2 !
Hwoar> A(z,t)/R(T)x|A(z,T—T)|dT 9)

3z 20T 2 P =
k>2

n_ a, 1 gk (

—00

A(z, t) is the temporal and longitudinal envelope of the pulse, « is the linear loss coefficient, By is the k" coefficient of the
Taylor expansion of the propagation constant S(w) centered around the carrier frequency wy, y is the nonlinearity coefficient,
R(t) is the response function, which includes both instantaneous electronic and delayed Raman contributions. Its expression
is given by [24]:

R(t) = (1 = fr)8(t) + frhr(t) (10)

The Dirac delta function é (t) represents the instantaneous electronic response, hg (t) is the Raman response function and
fr represents the fractional contribution of the delayed Raman response set to fg =0.11[21,25]. The Raman response function
is described by using the single Lorentzian model as follows:

72 4 72 -
hy(6) = T2 exp(— ) sin( ) (1n)
T, Ty T2 3

71 and 15 are two adjustable parameters which are chosen to provide a good fit to the actual Raman gain spectrum [26]. 7,
is related to the phonon frequency and 7, is related to the attenuation of the network of vibrating atoms [27]. Their values
are set to be 15.2 fs and 230.5 fs, respectively [21].

3. Results and discussions
3.1. Structure optimization

As mentioned previously, we aim to optimize the waveguide structure exhibiting negative dispersion so that the gen-
erated SC is relatively coherent and noise insensitive over the entire bandwidth. In order to achieve all normal dispersion
(B2 >0) over a wide wavelength range, the structural parameters of the proposed ridge waveguide are suitably adjusted.
The impact of both the width (W) and the high (H) is carefully investigated through several numerical simulations. First, we
analyzed the effect of W on the dispersion parameter. Fig. 3 shows the evolution of the chromatic dispersion with wavelength
for the fundamental TE mode with W =2 pm and H varying from 0.6 pm to 0.8 um with step of 0.05 pwm. From the figure we
observe that dispersion curve increases when H increases too with a peak moving toward long wavelengths. Hence, ANDi
regime with a peak close to the zero can be achieved for H laying between 0.6 pm and 0.65 wm. For this respect, we investi-
gated the impact of changing W when H is set to 0.625 wm. Fig. 4 depicts the evolution of dispersion parameter for different
values of W ranging from 1.8 pum to 2.4 wm with a step of 0.2 um. As we can see, the curves shift upward, with an invariant
peak, when W decreases. Moreover, the ANDi regime with a peak close to the zero can be obtained for H laying between
2.2 pm and 2.4 pm. Therefore, and from the above results, one can optimize the design of the proposed waveguide in order
to achieve the desired ANDi profile over a wide range of wavelengths. For this purpose, we have calculated the chromatic
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Fig. 3. Variation of the chromatic dispersion with wavelengths for W=2 pwm and H varying from 0.6 um to 0.8 pm.
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Fig. 4. Variation of the chromatic dispersion with wavelengths for H=0.625 wm and W varying from 1.8 um to 2.4 pm.
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Fig. 5. Variation of the chromatic dispersion with wavelengths for H=0.625 wm and W=2.25 pm.

dispersion for the waveguide parameters W=2.25 um and H=0.625 pm. As plotted in Fig. 5, the optimized design exhibits a
negative dispersion over the whole wavelength range with a zero dispersion around 2 pm. Finally, we have computed both
the effective mode area and the Kerr nonlinear coefficient. Their evolution against wavelength is depicted in Fig. 6 where
we, clearly, observe that the waveguide exhibits high nonlinearity up to 22,500 w—! km~1 at 3.5 wm. This is due to, jointly,
the small effective mode area and the high nonlinear refractive index.

3.2. SC generation in the optimized design

SC generation was, then, carried out in the proposed chalcogenide waveguide with the optimized parameters. We consider
the injection of a chirpless Gaussian pulse given by A(0, t) = \/pg exp (—t2/2T§) where, Py is the peak power and Ty is the
pulse duration related to the pulse Full Width Half Maximum (FWHM) as To = FWHM/1.763. In order to generate broad SC,
the pulse is pumped close to the zero dispersion at 2.5 wm. The chromatic dispersion and the nonlinear coefficient at the
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Fig. 6. Variation of the effective mode area and the corresponding nonlinear coefficient with wavelength for H=0.625 wm and W=2.25 pm.

Table 2

Terms of the Taylor series expansion of the propagation constant.
Coefficient Valeur
B2 0.0791 ps?/km
B3 —0.0012 ps?/km
Ba 1.5202 x 10> ps*/km
Bs —1.4895 x 10~7 ps®/km
Bs 1.4122 x 1072 ps®/km
B —1.1137 x 10~ ps’/km
Bs 6.4771 x 10~ ps8/km
Bo —2.4170 x 10-'¢ ps?/km
Bio 4.3176 x 101 ps'®/km

Distance (m)

0 0
1000 2000 3000 4000 -1 0 1 2
Wavelength (nm) Time {ps)

Fig. 7. Spectral and temporal evolution over 5 mm waveguide length of a Gaussian pulse with a peak power and FWHM of 10 kW and 100 fs, respectively.

pump wavelength are —18 ps/nm.km and 5W~! m~!, respectively. The Taylor series expansion coefficients, up to the 10th
order, of the propagation constant have been calculated around the carrier frequency and their values are given in Table 2.

Firstly, and in the aim to provide a simple physical interpretation of pulse spectral broadening in our proposed design, we
simulate the propagation of a Gaussian pulse with a peak power and FWHM of 10 kW and 100 fs, respectively. Therefore, the
dispersion length Lp, the nonlinear length Ly; and the soliton order N can be calculated as following: Lp = Tg /1821 = 0.0405 m,

Ly =1/(yPo)=2x10>mand N = +//4y, = 45, respectively. For a waveguide length of 5 mm, Fig. 7 shows the spectral and
temporal evolution of the SC generation process over the propagation distance. As we can see from the pulse spectral
evolution, the initial stage of SC evolution is dominated by the SPM induced broadening. This can be, clearly, observed from
the oscillatory structure that accompanies the generated spectra in the first few millimeters [28]. Furthermore, the SC spectra
start to broaden asymmetrically due to the effect of WB. The distance where the WB is first observed is given by [29]:

Lp

2= (12)
\/4e-3/2N2 —1
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Fig. 8. (a) Pulse profiles at the input and after z=0.95 mm of propagation. (b) Spectrogram of the initial pulse. (c) Spectrogram of the pulse at the onset of
optical WB (z=0.95 mm). (d) Spectrogram of the pulse after 5 mm propagation distance.

For this simulation, the distance is found to be 0.95 mm. Fig. 8(a) shows the pulse at the input as well as after 0.95 mm of
propagation. Moreover, an overlap of two pulse components with different instantaneous frequencies results in sinusoidal
beats between those frequencies [28]. These oscillations indicate the occurrence of WB [30]. With further propagation, WB
fully develops by transferring energy from the pulse center wavelengths to the new frequency band around 3700 nm. The
dynamics evolution of the propagating pulse can be clearly visualized by using a time-frequency analysis. Fig. 8(b)-(d) shows
the calculated spectrograms of the initial pulse, at a propagation distance of 0.95 mm and of the output pulse, respectively. As
we can see, after 0.95 mm propagation, the effect of WB on spectral broadening becomes important through the generation
of sidelobes on both sides of the generated spectra. Furthermore, the effect of the initial pulse peak power on the output
spectrum width is investigated. Simulations are performed with a pulse with a FWHM of 100 fs and a peak power of 10 kW,
15kW, 20kW and 25 kW, respectively. Fig. 9(a)-(d) shows the spectral evolution of the SC generation process over the
propagation distance with different values of the peak power. As it can be seen, by increasing the initial peak power, the
output spectrum width increases too, where the both sides of the pump wavelength are amplified stronger than the mid-
section of the generated spectrum. Moreover, for a peak power of 25 kW, SC spectra extending to the mid infrared region
and spanning 4500 nm in the range from 700 nm to 5200 nm is successfully obtained, along with smooth spectral profile.
Finally, the coherence properties of SC spectra generated in our proposed waveguide has been investigated. Coherence of
SC sources is of great interest for characterization of ultrafast or rarely occurring phenomena [31]. The coherence of the SC
generated has been studied through a simple form of the first-order degree of coherence given by [32]:

|(E (@)
(IE (@) )
The angular brackets stand for an ensemble average over separately generated SC spectra obtained from a large number of
simulations. Each simulation is performed with different realization of input pulse shot noise modeled through the addition

of a noise seed of one photon per mode with random phase on each spectral discretization bin [33]. The amplitude of the
input noise is given by [34]:

A (@) = \/"Vispan €xp (12770 (@) (14)

Where h is the reduced Planck constant, w is the pulsation, Tsyan is the temporal window used for the simulations and
¢ (w) is a uniformly distributed random phase in the interval [0,277]. Besides, |g12 (@) | is a positive number which lies in the
interval [0-1], with a value of 1 denoting perfect coherence [4]. Fig. 10 shows the SC generated over 5 mm of the waveguide

1812 (W) | = (13)
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Fig. 10. (a) Generated SC spectrum with an input pulse with a peak power and FWHM of 25 kW and 100fs, respectively. (b) Corresponding degree of
coherence.

length employing a pulse with a peak power and FWHM of 10 kW and 100 fs, respectively and the corresponding first-order
degree of coherence calculated from 50 independent realizations. As expected, the spectrum is perfectly coherent over the
entire spectral range. This high spectral coherence is attained due to the elimination of soliton effects by pumping in the
normal dispersion regime. Thereby, spectral broadening is mainly achieved through SPM which is a deterministic process
that maintains the input pulses coherence [35].

Considering now the manufacturing process of the proposed As,S5 ChG waveguide. In order to fabricate ChG glass based
planar waveguides, several methods have been employed to produce the ChG glass films and pattern them into micron-size
low loss optical waveguides [36]. Among these techniques, the dry etching process has been, successfully, used to fabricate
and characterize low loss rib waveguide with various ChG glasses [11,36]. By using this technique, we believe that our
proposed As;Ss ChG ridge waveguide can be fabricated with the optimized design.
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4. Conclusion

In conclusion, we have numerically demonstrated broadband and coherent SC generation in ANDi ridge waveguide. The
proposed dispersion engineered waveguide consists of As,Ss ChG strip deposited on MgF;, substrate and air acting as an
upper cladding. The linear and nonlinear optical properties have been calculated and optimized by using a fully vectorial
finite-difference in the frequency-domain (FDFD) method. The numerical results indicate that ANDi profile is obtained
over the entire computational domain with a zero dispersion around 2 wm. Besides, the proposed structure exhibits high
nonlinearity up to 22500 w~"' km~" at 3.5 wm. Such high nonlinear coefficient is obtained due to the small effective mode
area and the high nonlinear refractive index. Furthermore, the SC generation at 2.5 wm is simulated by solving the Non Linear
Schrédinger Equation (GNLSE) and using the Split Step Fourier Method (SSFM). Since pumping is achieved in the normal
regime of dispersion, simulations have shown that spectral broadening is realized due to SPM and WB. A broad and perfectly
coherent ultra-flat SC spectrum extending from 700 to 5200 nm is successfully generated by using a 25 kW peak power 100 fs
input pulse in only 5 mm waveguide length. Owing to its interesting properties, the proposed As;Ss ChG based waveguide
is found to be suitable as an on-chip SC source for various applications such as gas sensing, frequency comb generation and
ultrafast optical switching.
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Abstract

In this paper, we present and numerically investigate Supercontinuum
Generation (SCG) in ZBLAN circular lattice photonic crystal fiber with nearly zero
ultra-flattened chromatic dispersion. The fiber dispersion properties are controlled by
selectively liquid-filled and reduced air holes. The structure parameters have been
optimized by using the fully vectorial finite-difference frequency-domain (FDFD)
method combined with the perfectly matched layers (PML) boundary condition.
Results indicates that a nearly zero ultra-flattened chromatic dispersion is obtained
over a broad band of 300 nm centered around 1.55 pm with high nonlinearity and low
confinement loss. Furthermore, SCG at 1.55 pum is demonstrated with the optimized
design. By using a 3.2 Kw peak power 100 fs input secant-hyperbolic pulse, a
symmetrical and relatively flat supercontinuum spectrum spanning 700 nm in the

range 1200-1900 nm is successfully generated.
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key words: ZBLAN; photonic crystal fiber; chromatic dispersion; supercontinuum
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1. Introduction

Supercontinuum Generation (SCG) is a well known nonlinear process that

consists of the production of broadband light through the interaction of intense and

short pulses, delivered by narrowband sources, with nonlinear materials [1, 2]. SCG,

as an inherent aspect of nonlinear optics, has many applications such as metrology,

pulse compression, optical communications, coherence tomography, spectroscopy and

designing tunable ultrafast femto-second laser sources [1]. SC arises from a series of

nonlinear processes such as self phase modulation (SPM), self-steepening, stimulated

Raman scattering (SRS) and four wave mixing (FWM) [1]. In order to generate a

smooth and broadband SC in optical fibers, a nearly zero chromatic dispersion around

the targeted wavelength is required [3].

Photonic crystal fibers (PCFs) [4], also known as microstructured optical

fibers or holey fibers are a class of optical fibers which enables the propagation of

light in a way that it is not possible with conventional fibers. PCFs consist of a

cladding formed by a morphological micrometer sized and periodic structure of air

holes running along the longitudinal axis and a defect region in the center which acts

as a solid core. Owing to their several and unique optical properties, PCFs have

attracted widespread interest throughout the scientific community. Compared to
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conventional optical fibers, PCFs can be designed with single mode behavior over a

wide range of wavelengths [5], high birefringence [6], tailorable chromatic dispersion

[7, 8], high nonlinearity [9] and so on. Due to these properties, many potential

applications can be achieved, such as: dispersion compensating fibers [10, 11],

polarization maintaining fibers [12], SCG [13], fiber based lasers [14], interferometry

[15] and sensors [16].

PCFs with flattened chromatic dispersion have been the target of many

researchers in the last few years. In order to achieve this property, many designs have

been proposed and analysed. PCFs with different cladding geometries such as

triangular, circular, octagonal and equiangular spiral have been widely studied [17-

22]. Moreover, to improve the flatness of the aforementioned optical property over a

wide range of wavelengths, two different ways are, in general, adopted: the first

consists on using additional materials, either by doping the core with high index

material such as germanium [23] and fluorine [24], or by infiltrating low index

optofluids into selected air holes [3, 25].

Since its discovery in 1975 [26], ZBLAN (ZrF4-BaF,-LaFs-AlF;-NaF) heavy

metal fluoride glass has been considered as an excellent alternative of the fused silica.

In fact, the ZBLAN glass has a broadband transmission window extending from the

ultra-violet to the mid infrared with a lower absorbing loss beyond 2 um compared to

the fused silica and a lower nonlinear coefficient compared to other soft glasses such

Page 3 of 29



O©CoO~NOOOITA~AWNPE

as tellurite or chalcogenide [26, 27]. Besides, ZBLAN based optical fibers can be
easily drawn with high stability and high resistance to crystallization compared to
other heavy metal fluoride glasses [28]. Furthermore, SC generation in ZBLAN
optical fibers has been reported extensively with conventional step index fibers [29].
Recently, ZBLAN based PCFs have attracted more interest among the
scientific community. A highly birefringent and low loss ZBLAN photonic quasi-
crystal fiber has been proposed and numerically analyzed by W. Su el al. [27]. By
introducing a rectangular array of four relatively small circular air holes in the core
region, high birefringence up to 2.88x107 at 2 um has been achieved. Moreover, the
numerical modelling of the fundamental characteristics of ZBLAN-PCF have been
reported for the 2-3 um mid-infrared region [33]. Besides, the authors have shown the
controllability of the chromatic dispersion by employing non-uniform air hole size.
Furthermore, the investigation of SCG in ZBLAN based PCF has been considered.
Xin Jiang et al. reported the first successful fabrication of solid core ZBLAN based
PCF with hexagonal lattice [31]. By using a 4 cm length of the PCF, a supercontinua,
spanning more than three octaves, has been demonstrated. More recently, Xin Jiang et
al. reported the generation of broadband supercontinua, extending into the ultraviolet
and mid-infrared regions, in a ZBLAN based PCF with six nanobore cores [32]. The
SCG is experimentally demonstrated by exciting both the fundamental and the first

higher order modes with long pulses at 1042 um.
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In this article, a ZBLAN based circular lattice photonic crystal fiber with a
nearly zero ultra-flattened chromatic dispersion is proposed and numerically analyzed.
To adjust the dispersion properties, the first inner air holes ring is filled with low
index liquid and their radius is properly reduced. The propagation characteristics such
as chromatic dispersion, confinement loss, effective mode area and nonlinearity are
investigated by using a fully vectorial finite-difference frequency-domain (FV-FDFD)
method combined with the perfectly matched layer (PML) as a boundary condition.
SCG in the proposed ZBALN based PCF is then demonstrated through numerical
simulations. The spectral broadening of a short and intense secant-hyperbolic pulse is
investigated by solving the Generalized Nonlinear Schrodinger Equation (GNLSE)
and using the Split Step Fourier Method (SSFM).

2. Theoretical background
2.1 Numerical method

The finite-difference frequency-domain (FDFD) method is a widely used
approach for solving electromagnetic problems. Compared to the finite element
method (FEM), the FDFD approach is easier and simpler to implement with a
comparable accuracy [33]. Also, the FDFD method is based on a very general
approach and it can be used to describe arbitrary structures whatever their design
complexity. After introducing the PML boundary condition, the Maxwell's equations

for the electric and magnetic field are given by [33]:
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jk,se,E=VxH

1)
— jk,se,H =V xE

5./5, (2)

5,8,
where: s, :1—6*%@50 and s, :1—0-%0)80 .o, o, E, H are the
conductivity, the pulsation, the electric and the magnetic components of the
propagating field, respectively.
Once the meshing is applied to the structure, the equations system given by (1)
is transformed into a matrix eigenvalue problem and solved by employing a sparse

matrix approach to obtain the effective refractive index n, and the optical field

distribution of the fundamental mode [34].
2.2 Confinement loss

Theoretically, the light beam is totally confined into the PCF core due to the
infinite periodic structure (infinite cladding) around the centre. Practically, only a few
number of air holes rings form the cladding. Thereby, a fraction of the optical power
leaks out of the structure. This kind of losses is called the confinement loss and its
value can be calculated by using the formula [13]:

o =8.686k, Im|n | 3)

Page 6 of 29



O©CoO~NOOOITA~AWNPE

In decibel per meter, where Im[neffjis the imaginary part of the effective refractive

index and Kk, is the free space wave number.

2.3 Chromatic dispersion

The control of chromatic dispersion in PCFs is a very important issue for
practical applications in dispersion compensation of optical communication systems
and nonlinear optics. As for standard fibre, the chromatic dispersion of a PCF is the

sum of the material dispersion D, and the waveguide dispersion D,,:
D=D, +D, (4)

The material dispersion D,, is derived from the following equation:

2

2 f A
n;BLAN (A) =1+ Z ﬁ (5)
k=1 -

Where f, =1.22514, f, =1.52898, 4, = 0.08969 pum and A, = 21.3825 um [35].
The waveguide dispersion is given by [10]:

A d 2neff
P ToTaE ©)

Where , and c are the wavelength and the speed of light, respectively.

2.4 Effective mode area
The effective mode area is a key factor in designing PCFs. It provides a
quantitative measurement of how much the mode field is confined within the PCF

core. It can be calculated using [13]:
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(o

ff 4 7
H|E| dxdy 0

Where E denotes the amplitude of the transverse electric field propagating inside the
PCF.

An important parameter related to the effective mode area is the nonlinearity
(Kerr effect). Its parameter is given by [36]:

27 n,
Y= (8)

A A\eff
Where n, =5.4x107°m? /W is the nonlinear refractive index of the ZBLAN glass

[37].
3. Results and discussion
3.1 Structure optimization

The cross section of the proposed ZBLAN based PCF is given by Fig. 1. The
structure is formed by five circular rings of air holes surrounding a solid core. The
pitch and the diameters of the first inner ring and the cladding air holes are A,
d,andd,, respectively. Also, the core-neighbouring air holes ring is selectively filled
with appropriate liquids of refractive indices n. = 1.33, 1.34, 1.35, 1.36, 1.37. By
solving the Maxwell's equation in the frequency domain, the optical field distribution

of the fundamental mode and the correspondent effective index are obtained for a
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given wavelength. For A=25um, d; =1.1 ym, d,=0.76 and n_. = 1.35, Fig. 2
shows the fundamental mode optical field distribution of the proposed PCF at 1.55
pm.

As it is mentioned in the introduction, to generate a relatively smooth and flat
supercontinuum at 1.55 pm in high nonlinear PCF, the chromatic dispersion must be
engineered through the optimization of the design to achieve a nearly zero value
around the targeted wavelength. For this respect, the chromatic dispersion in our
proposed PCF is firstly analyzed. Fig. 3 depicts its variation versus wavelength. The
geometrical parameters of the structure are A =2.5pym, d,/A=0.88, d,/A=0.56
(Fig. 3a) and d,/A =0.64 (Fig. 3b). As it can be observed, the chromatic dispersion
can be tailored in the proposed PCF by modifying the value of the liquid index and
the diameter of the inner air holes ring. Although, for a given wavelength, the
chromatic dispersion decreases when the liquid refractive index increases. For the
case where d,/A =0.56, the chromatic dispersion at 1.55 is 4.14 ps/nm.km for n_ =
1.33 and it decreases to -3.96 ps/nm.km for n. = 1.37. For the case where
d,/A =0.64, the chromatic dispersion at 1.55 is 6.95 ps/nm.km for n_ = 1.33 and it
decreases to -4.79 ps/nm.km for n. = 1.37. Besides, the closest value to the zero
dispersion is obtained with n_ = 1.35. Moreover, the profile the chromatic dispersion
can be adjusted by varying the liquid filled air holes radius. As it can be observed,

chromatic dispersion with flattened shape can be achieved by slightly tuning the value
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of d,. For that purpose, we have calculated the chromatic dispersion for different
values of d, /A laying from 0.56 to 0.64. Fig. 4 shows the evolution of the chromatic
dispersion with wavelength for n. = 1.35, A=25um, d,/A=0.88 and d,/A
varying from 0.56 to 0.64 with a step of 0.016. As we can see, chromatic dispersion
with the most flattened profile and the nearest value to zero was obtained for
d,/A =0.608. Although, the chromatic dispersion fluctuation AD is approximately
1.05 ps/nm.km over a broad range of wavelengths varying from 1.39 um to 1.71 pm.

The nonlinear properties of the proposed PCF is then investigated. The
effective mode area is calculated as a first step where its variation with wavelength is
depicted in Fig. 5. Due to the high fraction of air in the cladding region, the field is
found to be highly confined in the core, which decrease the effective mode area. For
d,/ A =0.608 a very small effective mode area of about 10.14 um? is obtained at 1.55
pum. Also, the proposed PCF exhibits high nonlinear coefficient over the wavelength
bands that corresponds to the minimum dispersion. Around the wavelength 1.55 pm, a
Kerr nonlinear coefficient of 21.6 W™ Km™ is obtained For d,/A =0.608.

Finally, the confinement loss is computed. The evolution of its factor with
wavelength is plotted in Fig. 7 for n. = 1.35, A=2.5um, d,/A=0.88 and d,/A
varying from 0.56 to 0.64. As it can be seen, the structure exhibits an ultra low loss
over the computational wavelength range. In fact, the light beam is well confined

within the core due the high air fraction presented in the cladding region
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(d,/A =0.88). This explains the very small values of the confinement loss whatever

the value of the inner holes ring radius.
3.2 Supercontinuum generation

Until now, numerical investigations have shown that our proposed ZBLAN
based PCF with A =2.5um, d,/A=0.88, d,/A=0.608 and n_ = 1.35 has a nearly

zero chromatic dispersion around 1.55 pum combined with high nonlinearity up to 21.6
wtkm™ and an ultra low confinement. Therefore, SCG at 1.55 pm can be numerically
conducted. To simulate this nonlinear mechanism, the Generalized Nonlinear
Schradinger Equation (GNLSE) is numerically solved by using the Split Step Fourier

Method (SSFM) where a short and intense pulse is initially launched [1]:

8A a ik+1 akA . . a 2 , 2 N 9
LA ;k!ﬁka_l_k:|7/(1+|rshoka_l_j[A(z,t)J;R(T)xA(z,T -TY) de )

A(z,t)is the temporal and longitudinal envelope of the pulse, «is the linear loss
coefficient, S is the k" coefficient of the Taylor expansion of the propagation
constant fS(w)centered around @,, » is the nonlinearity coefficient, R(t)is the

response function, which includes both instantaneous electronic and delayed Raman

contributions. Its expression is given by [29]:
R(t) =(1— fo)S(t) + fohe (1) (10)
where f; =0.24 is the Raman fraction, o(t)is the Dirac function and h(t) is the

Raman response function of the ZBLAN material. In order to model h,(t), the single
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Lorentzian approximation has been widely used [38]. However, and through
experimental measurements, an intermediate-broadening model, which results from
the convolution of the Lorentzians and the Gaussians models has been recently
proposed in the aim to give a better fit with the Raman gain spectrum [37]. Its

mathematical expression is given by:
8
he (1) = A exp(— y;t)exp(- T2/ 4)sin (a, t) (11)
1

where, A, o,;, y;and T jare related to the peak intensity, Gaussian component

position, Lorentzian and Gaussian full-width of half-maximum give by [37]:

I A o,; (cm™) 7, em™ | T, cm™)
1 8.48 54.43 58.67 23.46
2 17.12 102.91 82.40 32.96
3 51.78 169.95 115.27 46.11
4 155.69 275.91 160.76 64.30
5 62.12 377.35 137.90 55.16
6 107.05 504.77 184.62 73.85
7 27.69 576.43 38.50 15.40
8 17.83 648.44 135.84 54.34

Table. 1: Parameters used for the intermediate-broadening model [37].

The reason beyond using this complex model instead of the simple damping

oscillation model is that the ZBLAN glass exhibits two major spectral peaks where

the silica exhibits only one peak [37].

The input pulse is modeled using a secant-hyperbolic function given by :

A(0,t) = VP sec h(

10 ey
TO

2T/
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Where, P is the peak power, T, is the width of the input pulse, t, is the center

of the pulse and c¢ is the chirp parameter. Modeling the input pulse as a secant-
hyperbolic is widely used when simulating the SCG in optical fibers. However,
simulations have shown that by using a Gaussian function, the same output spectrum
can be obtained.

Since the pump wavelength is 1.55 pm, the Taylor coefficients of the

propagation constant have been calculated at this pump wavelength, where, g,, f;,
Bir Psy Bsy Bay Py and p,are found to be, -4.9245x10™ ps?/km, -4.0503x10°

ps’/km, 1.8093x107 ps*km, -2.9811x10%° ps’’/km, -4.6814x10"2 ps®/km,

7.1503x10™* ps’/km, -6.6098x10¢ ps®/km and 4.3340x10™® ps®/km, respectively.
In order to simulate the propagation of the launched pulse, the well known Split Step
Fourier Method (SSFM) has been employed. The peak power and the Full Width at
Half Maximum (FWHM) of the chirpless pulse (c=0) are 3.2 Kw and 100 fs,
respectively. A possible laser source for such pump can be a commercially available
Ti:Saphire femto-second oscillator combined with an Optical Parametric Amplifier
(OPA) to reach the required input peak power. Fig. 8 gives the evolution of the pulse
spectrum with distance for a fiber length of 30 cm. As we can see, the spectrum of the
secant-hyperbolic pulse broadens with the distance and a flat spectrum with a FWHM

as high as 700 nm is successfully obtained around the pumping wavelength 1.55 pm.
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The symmetrical shape of the spectral broadening is explained by the dominance of

the Self Phase Modulation (SPM) nonlinear effect.

Considering now the manufacturing process of the proposed ZBLAN based

PCF. Due to its physical and chemical properties such as the temperature range

required to ensure both a suitable viscosity and stability against devitrivication, heat

transfer efficiency and the thermal conductivity [31, 39, 40], drawing optical fibers

made of ZBLAN has been exclusively done with step index fibers. However, an

improved stack-and-draw technique has been recently used to fabricate

microstructured optical fibers with ZBLAN [31, 32]. By using this technique, we

believe that our proposed ZBLAN based PCF can be easily fabricated with the

optimized design.

4. Conclusion

A ZBLAN based circular lattice photonic crystal fiber with a nearly zero ultra-

flattened chromatic dispersion is proposed and its optical properties are numerically

investigated by using a finite-difference frequency-method (FDFD) combined with

the perfectly matched layer (PML). The near zero chromatic dispersion is achieved by

selectively infiltrating a liquid with an appropriate refractive index into the first core-

neighboring air holes ring and the flatness is obtained by appropriately reducing their

radii. The numerical results indicate that a flattened chromatic dispersion with a

fluctuation as small as 1.05 ps/nm km is obtained over a broad range of wavelengths
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varying from 1.39 um to 1.71 um. Besides, the proposed structure exhibits high

nonlinearity and ultra low confinement loss over a broad band of wavelengths.

Furthermore, the supercontinuum generation at 1.55 pm is simulated by solving the

Non Linear Schrodinger Equation (GNLSE) and using the Split Step Fourier Method

(SSFM). By using 30 cm of fiber length, a supercontinuum spectra spanning 700 nm

in the range 1200 nm to 1900 nm is successfully obtained by employing a 3.2 Kw

peak power 100 fs input secant-hyperbolic pulse. Owing to its interesting properties,

the proposed ZBLAN based PCF is found to be suitable for many applications such as

spectroscopy, pulse compression, Dense Wavelength Division Multiplexing (DWDM)

based telecommunication systems, ...etc.
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Figures captions

Fig. 1: Cross sectional view of the proposed ZBLAN based PCF where the pitch and the diameters of
the first inner ring and the cladding air holes are A, d1 and d2 , respectively.

Fig. 2: Field distribution of the fundamental mode at 1.55 pm.

Fig. 3: Variation of the chromatic dispersion with wavelengths for A = 2.5um, d,/A =0.88,
(@:d,/A=0.56, (b): d,/A=0.64 and n_varying from 1.33 to 1.37.

Fig. 4: Variation of the chromatic dispersion with wavelength for n. = 1.35, A =2.5um,

d,/A=0.88 and d,/ A varying from 0.56 to 0.64.
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Fig. 5: Variation of the effective mode area with wavelength for n_ 135, A =25um,
d,/A=0.88 and d,/A varying from 0.56 to 0.64.

1.35, A =2.5um,

Fig. 6: Variation of the nonlinear coefficient with wavelength for n_
d,/A=0.88 and d,/ A varying from 0.56 to 0.64.

Fig. 7: Variation of the confinement loss with wavelength for n. = 1.35, A =2.5um,
d,/A=0.88 and d,/A varying from 0.56 to 0.64.

Fig. 8: Evolution of a secant-hyperbolic pulse spectrum centered around 1.55 um with a FWHM of 100

fs over a fiber length of 30 cm where A = 2.5um ,d, /A =0.88, d,/ A =0.608 and n_ = 1.35.

19

Page 19 of 29



Fig.1
Click here to download high resolution image

N
N

Page 20 of 29




67 10 TZ abed

abewl uonnjosal ybiy peojumop 01 a1ay 21D
AL



6¢ Jo gz abed

(wrl) ybusjanepn

8L L ¥ 9l Gl vl ¢l
| M | | M | M | |
LE1="U—@—
9g'L="U A ®  gI-
| |58 1="u—y— A |
pEL=U —@— A
_\ - 0L~

(wy wiu/sd) uoisiadsip anewolayd

abewl uonnjosal ybiy peojumop 01 a1ay 21D
ebi4



6¢ Jo £ abed

(wrl) ybusjanepn

8l Ll 9l G’ vl €l ¢l
1 . 1 : 1 . 1 . 1 A ] . 1
-0l- O
=
=
; @)
3
N
-G- O
Q.
3=
i ©
()
%
-0 &
-
.
D
=
rlm .w
-
- (w\
1 1 2 1 1 1 1 1 1 OP

abewl uonnjosal ybiy peojumop 01 a1ay 21D
ebi4



6¢ J0 172 abed

8l Ll

(wrl) ybusjanepn
o'l Gl

vl
I

0F9°0=V/'P —p—
$29'0= V/'P —9—
809°0= V/'p —A—
265°0= V/'P —w—
9LS°0=V/'P —@

i

09§°0= V/' P —m—

(wy wiu/sd) uoisiadsip onewolyd

abewl uonnjosal ybiy peojumop 01 a1ay 21D
614



6¢ JO Gz abed

(wrl) ybusjanepn

8l A 9L Gl Al €'l Z'l
| M | M | M | M | M | M |
-8
[ O
- m m
L
Q]
Lol 3
Q.
o
089°0= V/'P —»— m
pzo0=v/p—e—| [ o
809°0=V/'P A - .m
650=V/P—w—| |5~
9L50= V/'P —8—
09S°0= V/'P —m—
1 M 1 4 1 M 1 " 1 i i L m”_‘

abewl uonnjosal ybiy peojumop 01 a1ay 21D
G'6i4



6¢ 40 9z abed

(wrl) yBusjanepp
1 1

I
o
N

0v9°0= V/'P —p—
$29'0= V/'P —&—
809°0= V/'P —&—
76S°0=V/'p —w—
9LS’0= V/'P —@-
09$°0= V/'p —m—

o ©
™ N
(,.wy M) AuesuljuoN

- GE

1 A 1 2 1 1 1 2 1 x 1 ¥ 1

abewl uonnjosal ybiy peojumop 01 a1ay 21D
9614



6¢ J0 /Z abed

(wrl) ybusjanepn
Gl vl

(.

0v9°0= V/'P —»—
v29°0= V/'P —o—
809°0= V/'P —A—
76S°0= V/'P —w—
9LS'0= V/'P —&—
09$°0= V/'p —m—

¢l
L10-300°G-
—000+300°0
— 210-300°G m
33
, =1
—9L0-300°L @
A =
@
-910-30S°L 2
r 2
- 910-300C @
| g
-9L0-305¢C
. 2
—-910-300°€
- 910-30G°€
1

abewl uonnjosal ybiy peojumop 01 a1ay 21D
LB



67 10 7 abed

(Lu) yibuajaaepp

oog1 001

0ol

0091 0051
w m

|
i &

y

.
..............................

----------------

W E'Q =7 e |:
HWZo0=7 ........................................................ ~
TTI B o c—
1 1 I 1 ! 09

0l

&

&

(gp) Ausuaju|

-
-T

abewl uonnjosal ybiy peojumop 01 a1ay 21D
8614



67 10 67 abed
(W) yibuajarean
O0el 008L 00ZL  O009L  00%L 0OFL OOEL  00C)

0
SO0
. I 0
O
o
R g0 9
3
Ui Z0
\ S0
L | W P

abewl uonnjosal ybiy peojumop 01 a1ay 21D
8614



Accepted Manuscript

Title: Growth study of CdS thin films deposited by chemical
bath

Author: A. Beggas B. Benhaoua A. Attaf M.S. Aida

PII: S0030-4026(16)30652-0
DOI: http://dx.doi.org/doi:10.1016/j.ijle0.2016.06.030
Reference: IJLEO 57816

To appear in:

Received date: 16-4-2016
Accepted date: 6-6-2016

Please cite this article as: A.Beggas, B.Benhaoua, A.Attaf, M.S.Aida, Growth study of
CdS thin films deposited by chemical bath, Optik - International Journal for Light and
Electron Optics http://dx.doi.org/10.1016/j.ijle0.2016.06.030

This is a PDF file of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.



Growth study of CdS thin films deposited by chemical bath
A. Beggas*” B.Benhaoua®, A. Attaf® and M. S. Aida®"

Lab. VTRS, Faculty of Science & Technology, Univ. EI-Oued, El oued 39000, Algeria
PFaculty of Science, Univ. Biskra, Biskra 07000, Algeria

“Thin Films & Pasma Lab., Physics Dept., fréres Mentouri University, 2500 Constantine,
Algeria

Keywords: chalcogenides; thin films; chemical synthesis; FTIR; optical properties.

Abstract

CdS thin films were prepared by chemical bath deposition (CBD) technique. The bath
solution is a mixture of Cadmium carbonate CdCOj3 and thioureaas source of Cadmium
and Sulfur respectively, ammonia was used as complexing agent. In order to investigate
the deposition time; films were prepared with two deposition times 45 and 90 min.X-
raydiffraction, UV visible spectrophotometry and Fourier transform infrared techniques
are used to investigate CdS thin films and the different steps of reactions leading to CdS
product. Hexagonal CdS thin films were obtained with (002) preferred orientation and
having crystallite size average in the range of 14.3 to 30.4 nmfor the two deposition
times. CdS thin films transmittance is above 70% in visible region. Band gap energy was
2.46 and 2.42eV for both samples.Studies of different solutions and steps leading to the
formation of CdS products were carried. The formation mechanism of CdS thin films was

proposed based on FTIR results.
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1. Introduction

Cadmium Sulphide (CdS) is an important binary (11-V1) semiconductor material, widely
used as an efficient window layer in thin films basedsolar cell structures due to its high
transitivity and low resistivity [1]. CdS thin films are prepared by several methods such
as: spray pyrolysis [2], sputtering [3], electro deposition [4], vacuum evaporation [5] and
chemical bath deposition (CBD) [6]. Chemical bath deposition is simple, low temperature
and low cost.It has been used in the deposition of CdS thin films since the 1960 [7]. Due
to its high transitivityand low resistivity as mentioned above; today, the most important
application of CdSthin films isin photovoltaic cells [8]. The chemical process of CBD to
elaborate CdS thin films consists of the slow release of Cd*? from cadmium saltand S™
ions from thioureain chemical alkaline solution [9].A survey in the literature shows that
during the years, different Cadmium sources have been used in this process to obtain
Cd*? from cadmium salt, such as Cadmium acetate [10], cadmium sulphate [11],
cadmium chloride [12], cadmium nitrate [13] and cadmium iodide [14].While, thiourea is
the most commonly used sulphur precursor [8]. Ammonia is used as complexing agent
for the cadmium ions in the reaction solution. A large number of works were carried with
the aim to prepare CdS thin films with good optoelectronic properties suitable for

photovoltaic applications.

The aim of this work is firstly, to study the use of another saltsource of Cd*? such
as cadmium carbonate which, to our best knowledge, was not used until now. Secondly,
to monitor all reactions steps leading to CdS thin films formation. In this study, XRD,
UV-visible and FTIR techniques were used to investigate the structural and optical
properties of CdS thin films and to identify the chemical reactions leading to CdS

formation.



2. Experimental details
2. 1. CdS thin films elaboration

CdS thin films were grown on microscope glass slides (ref 217102) having dimension
(75mm x 25 mm x 1.1mm). Before deposition, glass substrates were cleaned in acetone
and deionized water, respectively. 50 ml ofsolution was prepared at room temperature,
which was composed of 0.0015 M Cadmium carbonate (CdCO3), 0.005 M thiourea
(CS(NH,)2), 0.5 ml ammonium hydroxide 27% (NHs, H,O)as complexing agent and

distilled water,for better dissolution of CdCO3 a few drops of sulphuric acid were added.

The mixture was stirred during 30 minutes to obtain a homogeneous solution. Just after
immersing the substratein the bath, thesolution temperature was fixed at55°C. CdS thin
films were deposited with two deposition times of45 and 90 min. Structural properties of
CdS thin films were carried out using X-ray diffractometer (XPERT-PRO X-ray
diffractometer system), withCu Ka(A=1.54060A and energy incidence 40kv, 40 mA).
Angle scanning (20) value wasbetween (20-70°). Optical transmittance spectra were
obtained using UV-visible spectrophotometer (Shimadzu, model 1800) working in the

range 200-900 nm.
2. 2. Chemical reactions and solution preparation

In order to have an insight on thechemical reactions leading to CdS thin films formation,
two solutions were prepared separately, (i) solution A (0.0015 M Cadmium carbonate
(CdCOsg), a few drops of sulphuric acid and distilled water) and (ii) solution B (A+ 0.5 ml
ammonium hydroxide 27%). In conical flask the two solutions were constantly stirred for
30 mints, and then the precipitates were filtered out and calcinedunder air condition.(iii)
C solution is prepared by mixing ammonia with thiourea. To investigate the calcined

product, rest of both A and Bsolutions,and C solution,Fourier transform infrared (FT-IR)

3



measurements were carried out using (Shimadzu, model IR Affinity-1) working in the

range (400-4000 cm™).
3. Results and discussion
3. 1. CdS thin films

Fig.1 shows X-ray diffraction patterns of CdS thin films, deposited with 45 and 90 min
and named in the following as (CdSss) and (CdSgg) respactively. As can be seen both
films diffraction patterns exhibit peaks at 26.7°, assigned to the (002) of CdS hexagonal
structure and much well with spatial group P63mc (186) having Joint Committee Powder
Diffraction System card (JCPDS No: 77-2306). Two peaks appear at 24.9° and 28.4°
corresponding to plans (100) and (101)respectively in the case of (CdSgy) whereas
diffraction peak intensity increases with deposition time; this is a consequence of
thickness increasing which leads to better crystallinity of CdS thin films. It is worth
noting that CdS may crystallise in cubic or in hexagonal structure. However, for solar cell

applications, hexagonal structured is preferred due to its thermodynamic stability [10].

The inter-planar spacing dnq can be calculated from the X-ray diffraction profiles using

the Bragg condition:
ni :Zdhk|sin0 (1)

wheren is the order of diffraction, 4 is the wavelength of the X-ray, @ is the diffraction
angle. The calculated value of dpg-spacing are recapitulated in table 1 andmatched well
with those of the JCPDS 77-2306 data for hexagonal CdS. Lattice constants can be

determined using the relation for hexagonal systems:

1 4(hP+hk+k?) P

= + )
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where a and c are the lattice constants, hkl are the miller indices, the obtained values of a
and c are0.4126 nm and0.6672nm respectively which are closely equal to standard ones
of (JCPDS No: 77-2306 where ap= 0.4136nm and co, = 0.6713nm).these values are

illustrated in table 1

The crystallite size (D) can be found using the Scherer formula:

_ ka
- PcosO

(3)

where k is a constant nearly equal to 0.9,4 is the wavelength of the X-ray, @ is the
diffraction angle and £ is the width full at half maximum (FWHM) usually measured in
radian. The crystallite size is enhanced with deposition time; the estimated values were

equal to 14.3 nm and 30.5 nm for CdS4s and CdSgo respectively.
3. 2 Optical properties

Fig.2. shows the optical transmittance spectra of CdSss and CdSgo thin films.As can be
seen, both films exhibit a high transmittancein the visible range; it is in order of 70% to
88% for CdSgp and 75% to 90% for CdSyss. The later has higher transmittance which may
be due to its lower thickness. The band gap energy of thin films is one of the most
important parameters for optical window applications. According to Tauc’s relation [15],
optical band gap (Eg)can be obtained by extrapolating the straight line portion,as shown
in Fig.3, of the plot (zhv)? versus hv to the energy axis (ahv)’= 0 (where « is the
absorption coefficient and /v is the photon energy). Eg4 values are found to be 2.46eV and
2.42eV for CdS4s and CdSgo respectively. Those values are agreed with ones reported in

literature [6, 10, 14].

3. 3. Reactions leading to CdS product



In order to investigate and toidentify the chemical reactions leading to the formation of
the CdS product, different solutions A, B and C, as described in experimental details,

were used for this purpose.
3. 3. 1. Fourier Transform Infra-Red Spectroscopy (FTIR)

Fourier transforms infrared spectra (FTIR) is a technique which is used to obtain
information about the chemical bonding in a material by producing an infrared absorption
spectrum.lt can be used to determine the nature and the structure of compounds. In this
work it is used to identify the chemical reactions leading to the formation of the CdS thin
film. FTIR spectra, in 400-4000cm™ range, of residual products and solutions by using

KBr as support were released.
3. 3. 2. FTIR spectrum of cadmium carbonates (CdCO3)

Fig.4. shows the FTIR spectrum in the wavenumber range (400-4000 cm™) of Cadmium
Carbonate (CdCOg3) powder which was used as precursor in the present study.A broad
absorption band centred at 3440 cm * and a small band, around 1620 cm™, are due to the
-OH groups stretching vibration[16]. As mentioned in the figure,a strong broad
absorption centred at about 1448 cm™ is connected with the asymmetric stretching
vibration which is attributed to the vibrations in CO5anion. Two absorption bands,strong
sharp band at 852 cm™and at 718 cm™ are assigned to the bending out plane vibrations of
this anion [17].FTIR spectrum contains also peaks at1795cm™ and 2472cm™which are

expected for CdCO; [18].
3. 3. 3. FTIR spectrum of calcined products from A and B

The infrared spectrum for fine calcined powdered samples of A and B were obtained

from FTIR in KBr as support in the range 400-4000cm™ and compared with carbonate



cadmium one which are represented in Fig.5. It was noticed that all the three spectra are
similar in shape. Nuance at around 3400 cm™ maybe is due to the presence of different
amount of humidity in the products. From this similarity one can inferredthat the

precipitates in both A and B are only an amount of no dissociated carbonate cadmium.

FTIR spectrum of obtained solution after filtration from A (CdCO; with water and
H,SO,) is represented in Fig.6. Peaks at 1054, 1080 and 1180 cm™ indicate the presence
of the coordinated SO, ion [19, 20], whereas peaks at1633 and 3443 cm™are due to -OH
groups stretching vibration [21, 22]. The spectra show a peak around 2360 cm™ is
assigned to the antisymmetric stretching mode of CO, [23]. Peak at around 2083 cm™
indicated the presence of CO [24] which may be formed from CO,.From such
observations a possible chemical reaction,to describe what has happened in the solution A

to lead to free Cd*?, can be written as follows:
CdCO; + H,S0, — Cd?** + S02~ + H,0 + CO,+ CdCO5(nodissociated) 4)

FTIR spectrum of the obtained solution after filtration from B (CdCO3; with water, H,SO4
and NHs) is represented in Fig.7. Peaks at 617, 670 and 3267 cm™ confirm the presence
of NH3[25], peak at 462cm™is correlated to the Cd-Nbond [26], Peaks at 981 and 1103
cm™ are attributed to SO42[27]. The presence of NH," is confirmed by the two peaks at
3046and 1400 cm™[28, 29], peaks at 3434 and 1633 cm™are due to the -OH groups
stretching vibration[22, 23]. From all above resulting peaks evidence, the structure of the
compound products are: SO,%, NH;* and cadmium tetramin [Cd(NHs)s]** complex ion,
which reduces the overall speed of reaction. It is worth noting the absence of such peaks
at 3531, 3588and 3607 cm™[19, 23], which are related to the presence of Cd(OH),,

confirming its non-existence in the final state.



From such observations a possible chemical reaction to describe what has happened in

the solution B can be written as follows:

CdCO; + H,SO, + 5NH;
- [Cd(NH3)4)** + S02~

+ CO,+NH] + +OH™ + CdCOs(nodissociated)  (5)
3. 3. 4. Effect of ammonia on B solution

In other hand, the FTIR of the products of the reaction between ammonia and thiourea CS
(NH,); is given in Fig.8. The peaks obtained at 2065 cm™ and 1083 cm™ are assigned to
N=C and N-C respectively[30, 31], while peaks at 1627 and 3376cm™ are assigned to
NH[32],which means the formation of (NCNH,). Peaks at 1400 and 1476 cm™ indicate
the presence of NH,*[28, 29], peaks around 1633 and 3434 cm™which overlap with NH,
peak completely. The two peaks are assigned to H,O[22, 23]. Then, it may be concluded
that the reaction of thiourea and ammonia can be written leading to free S ions as

follows:
CS(NH,), + 2(NHf + OH™) - NCNH, + S~% + 2NH;} + 2H,0 (6)
The overall reaction can be written as follow:

CdCO; + H,SO, + 6NH; + CS(NH,),
- CdS + S0~ + H,0 + NCNH,
+ CO,+2NH] + 4NH,

+ CdCOs(nodissociated) (7)

From the global equation, it’s clear that the quantity of ammonia (NHs) should be more

sufficiently to ensure the transformation of Cd*" into cadmium tetramin [Cd(NH3)s]**

(eg:5) and showing up (NH,", OH™ as if they formed from equilibrium of ammonia in
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water: NHz + H,O = NH4+ OHY) to make basic solution which is necessary for
occurring reaction (6). The later combined with reaction (5) lead to CdS thin film
formation as shown in schematic illustration (8) where chain of chemical and mechanism

reaction may be proposed as follow:

CdCO;

Cd+2
Release slowly Cd*?

Cd(NHs),*?

— | CdS
S—Z
NH: + H,0 = NHs* + OH-
1111(8)

S
|

!
H.N —C— NH> +2(NHs* + OH) - H;N —C = N +2NH," + 2H,0

Schematic illustration of the formation process of CdS.
4. Conclusion

In this work CdS thin films were deposited by CBD method on glass substrate at 55°C
heated solution containing cadmium carbonate as source of Cd*? and ammonia as
complexing agent and thiourea as source of S X-raysdiffraction results confirm that
CdS thin films growth under hexagonal structure with (002) orientation with crystallite
size average in 14.3-30.4 nm for both films. From optical studies elaborated CdS thin
films exhibit transmittance over than 70% in visible range and band gap energy lies in
therange of 2.46 to 2.42 eV with increasing films thickness.Composition analysis of
different solutions leading to the formation of CdS products using FTIR analysis
indicatesthat, for calcined precipitate and different steps solution, Cd*? released from
cadmium carbonate by the activation of sulphuric acid then complexes with NH3 to form

cadmium tetramin [Cd(NH3)s]*%, while the S*released from thiourea by (NH4*+OH)




action on it.Chain of chemical and mechanism reaction leading to CdS thin film

formation were proposed.
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Figure captions

Fig. 1. XRD spectra of CdS thin films deposited with different times.

Fig. 2. Optical transmission spectra of CdS thin films deposited with different times.

Fig. 3.Tauc’s plot used for determination of optical band gap of CdS thin films.

Fig. 4.FTIR spectrum of Carbonate cadmium salt.

Fig. 5.FTIR spectrum of Carbonate cadmium and calcined powder samples obtained

from A and B solutions (see text).

Fig. 6. FTIR spectrum of residual solution obtained from A.

Fig. 7. FTIR spectrum of residual solution obtained from B.

Fig. 8. FTIR of the products obtained from the reaction between ammonia and

thiourea (solution C).

Table captions

Table. 1: Lattice parameters recapitulation
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Table 1

Lattice constants (nm)

d(ny(nm) of plane

Grain size(nm)

Material
a Aa= a-a c Ac=c-Cq (100) (002)  (101)
H-CdS JCPDS 0.4136 0.6713 0.3583 0.3357 0.3160
card No: 77-2306
0.4081  -0.0055 0.6624 -0.0089 0.3336 14.3
CdSys
CdlSe, 0.4126  -0.0010 0.6672 -0.0041 0.3573 0.3336 0.3140 30.5
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To improve TEMgo-mode solar-pumped laser output power stability, a monolithic fused silica twisted
light guide was firstly produced and then combined with both a 2D-CPC (Compound Parabolic
Concentrator) and a 2 V-shaped cavity to achieve uniform pumping along a 3 mm diameter, 50 mm
length, 1.0 at.% Nd3>*:YAG rod through an heliostat-parabolic mirror system. Based on both refractive
and total internal reflection principles, the light guide provided an effective solution to both guiding
and redistributing highly concentrated solar radiations. A near-Gaussian profile focal spot was trans-

IT?]C?; E_rgfo de formed into a uniform rectangular-shaped light column, facilitating further pump light coupling into
Solar-pumped laser the long and thin laser rod within the 2 V-shaped pump cavity. Optimum pumping parameters and solar
Fused silica laser output powers were found through both ZEMAX®© non-sequential ray-tracing and LASCAD®© laser
Light guide cavity analysis codes. The light guide reduced considerably the thermal lensing effects of the solar laser.

2.7 W continuous-wave TEMgg-mode (M, < 1.05) 1064 nm solar laser emission with 2.3 W/m? collection
efficiency and, more importantly, with 1.7% stability was finally achieved, being significantly more stable

than the previous TEMgo-mode solar lasers.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Shortly after the invention of laser, the idea of directly convert-
ing free broad-band solar radiation into coherent narrow-band
laser radiation appeared (Young, 1966). If lasers are needed in
remote locations where sunlight is abundant and the other forms
of energy are scarce, a solar laser would seem to be a natural
choice. Broadband, temporally constant, sunlight can be converted
into laser light, which can be a source of narrowband, collimated,
rapidly pulsed, radiation with the possibility of obtaining extre-
mely high brightness and intensity. Compared to other electrically
powered lasers, solar lasers are much more simple and reliable due
to the complete elimination of artificial pump sources and their
associated electrical power generation and power conditioning
equipment. Thus, direct excitation of large lasers by sunlight offers
the prospect of a drastic reduction in the cost of coherent optical
radiation for high average power applications, leading to numerous

* Corresponding author.
E-mail address: dl@fct.unl.pt (D. Liang).

http://dx.doi.org/10.1016/j.solener.2017.07.048
0038-092X/© 2017 Elsevier Ltd. All rights reserved.

environmental and economic benefits. The solar laser technology
has therefore great potentials for various space applications, such
as Earth, ocean, and atmospheric sensing, laser power beaming,
free space communications (Guan et al., 2017). Powered by abun-
dant solar energy, solar laser are also suitable for many terrestrial
applications such as high temperature materials processing, mag-
nesium-hydrogen energy cycle (Yabe et al., 2006). Many applica-
tions listed above can only be feasible with lasers of high-beam-
quality, most preferably, in TEMgo-mode since it produces the
smallest beam divergence, the highest power density and, hence,
the highest brightness (Overton, 2013).

The growing importance of solar-pumped lasers has attracted
considerable attention. Many studies have already been carried
out to improve solar laser efficiencies (Young, 1966; Arashi et al.,
1984; Weksler and Shwartz, 1988; Lando et al., 2003; Yabe et al,,
2007; Ohkubo et al., 2009; Liang and Almeida (2011), Liang et al.,
2013, 2016a,b, 2017; Payziyev et al, 2011; Payziyev and
Makhmudov, 2016; Dinh et al., 2012; Almeida et al., 2012, 2013,
2015; Xu et al,, 2014; Guan et al., 2017). Since the sunlight does
not provide enough flux to initiate laser emission, additional
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focusing optics are needed to both collect and concentrate the solar
radiation to excite laser medium. Parabolic mirrors have long been
explored to achieve tight focusing of incoming solar radiation
(Young, 1966; Arashi et al., 1984; Weksler and Shwartz, 1988;
Lando et al, 2003; Payziyev et al, 2011; Payziyev and
Makhmudov, 2016; Almeida et al., 2012, 2013, 2015; Liang et al.,
2013, 2015, 2016a,b, 2017). To maximize the solar radiation that
impinges on the laser crystal, the 3D-CPC, the 2D-CPC and the V-
shaped pump cavity are usually used as secondary and tertiary
concentrators in solar lasers because they can either compress or
wrap the concentrated solar radiations from their input aperture
to the laser rod and give an additional concentration. Nevertheless,
significant progresses in solar laser efficiency have been made in
the last decade after the adoption of Fresnel lenses as primary solar
concentrators (Yabe et al., 2007; Ohkubo et al., 2009; Liang and
Almeida, 2011; Dinh et al., 2012; Xu et al.,, 2014; Guan et al.,
2017). 30.0 W/m? collection efficiency, defined by the ratio
between laser output power and primary concentrator area
(Lando et al., 1995), was attained by pumping a 6 mm diameter,
100 mm 4 m? area large Fresnel lens (Dinh et al., 2012). However,
very large M,2(=Mf,= 137 factors have been associated with this
approach, resulting in very poor beam quality, only 0.0064 W value
of the beam brightness figure of merit - defined as the ratio between
laser power and the product of Mz and Mz. Most recently, 31.5 W/m?
multimode, 7.9 W/m? TEMgo-mode solar laser collection efficiencies
were achieved (Liang et al., 2017) by using the heliostat-parabolic
mirror system in the PROMES - CNRS (Procedes, Materiaux et Ener-
gie Solaire - Centre National de la Recherche Scientifique) in France,
surpassing the previous record (Dinh et al., 2012) by the 4 m? Fresnel
lens installed on a solar tracker. Even though Fresnel lenses have
been preferred due to their simplicity, easy availability, and low cost,
there still exist practical inconveniences, regarding to their use in
solar lasers. The laser head pumped by the Fresnel lens solar concen-
tration system moved together with the whole solar tracking struc-
ture (Yabe et al., 2007; Liang and Almeida, 2013), an optical fiber
thus became necessary for the transportation of solar laser radiation
to a fixed target position. This in turn affected negatively the effi-
ciency of the whole solar laser system due to optical fiber transmis-
sion loss. The advantage of having an indoor laser head at the focus
of a heliostat primary concentrator system has become much more
obvious for applications such as material processing where a vac-
uum chamber should usually be installed nearby. Moreover, Fresnel
lenses also cause a significant dispersion of solar radiation spectrum
along its focal zone, hindering further efficient solar pump light con-
centration into the thin laser rod by both secondary and tertiary
concentrators.

Because of its smooth intensity profile, low divergence and abil-
ity to be focused to a diffraction-limited spot, it is highly desirable
to operate a solar-pumped laser in the lowest mode possible:
TEMgpo-mode. To achieve this, several pumping schemes have been
built. TEMgo-mode solar lasers can have either side-pumping or
end-pumping configurations (Arashi et al., 1984; Brauch et al,,
1991). Although the most efficient laser systems have end-
pumping approaches, the thermal lensing effects caused by non-
uniform distribution of pump light in these pumping configura-
tions affect negatively their efficiencies. Side-pumping configura-
tion can present higher brightness as it allows a uniform
absorption distribution along the rod axis and spreads the
absorbed power within the laser medium, reducing the associated
thermal loading problems. Besides, the free access to both rod ends
permits the optimization of more laser resonator parameters,
improving largely the laser beam quality and enabling the efficient
extraction of solar laser in fundamental mode. Minimizing a laser
rod volume reduces cost, and reducing the diameter makes the
rod more resistant to thermal stress. Also, as the rod acts as an
aperture, by pumping a small diameter laser rod, high-order res-

onator modes can be suppressed by large diffraction losses, and
beam quality improves (Lando et al., 2003). For these reasons, we
have been insisting on improving the TEMgy-mode solar laser
power and beam profile by side-pumping small diameter rod
(Liang and Almeida, 2013; Liang et al., 2015).

In order to clearly understand all the previous TEMgo-mode
solar laser performances, research details are summarized in
Table 1. Some literatures (Geraldes and Liang, 2008; Pereira and
Liang, 2009; Liang and Pereira, 2009; Almeida and Liang, 2012)
are merely numerical simulations for the improvement of funda-
mental mode solar laser output performance, while others already
include experimental results (Liang and Almeida, 2013; Vistas
et al, 2015; Almeida et al., 2015; Liang et al., 2015, 2016, 2017).
Direct solar laser pumping configuration was firstly tested (Liang
and Almeida, 2013; Vistas et al., 2015; Liang et al., 2015, 2017),
where the concentrated solar radiation at the focus was efficiently
coupled within the laser rod, through either a fused silica aspheric
lens, or a semi-cylindrical lens or an ellipsoidal-shaped lens, allow-
ing the efficient generation of fundamental mode laser power,
resulting also, unfortunately, in stronger thermal lensing and a
non-uniform distribution along the laser rod. Fused silica light
guide with large rectangular cross section can be used in indirect
pumping configuration, uniform pump light distribution was
attained, but efficient light coupling from the light guide to the
laser rod was affected (Almeida et al., 2015; Liang et al., 2015).
5.5 W continuous-wave TEMgy-mode 1064 nm laser power was
registered (Almeida et al., 2015), however, serious laser beam sta-
bility problem was found with further increase in pump power,
laser output power approached to a peak value and then dropped
abruptly, meaning that the laser resonator operation had moved
out of stability zone as the thermal lensing effect got stronger
and finally the laser stopped oscillating. A more stable
continuous-wave TEMgg-mode 1064 nm solar laser power of
4.4 W was also measured (Liang et al., 2015), but at the cost of rel-
atively low collection efficiency of 1.91 W/m? (Liang et al., 2015).
Most recently, 9.3 W continuous-wave TEMgg-mode 1064 nm solar
laser power was measured, corresponding to 7.9 W/m? TEMgo-
mode solar laser collection efficiency. However, most efficient
end-side-pumping of a 4 mm diameter 35 mm length Nd>*:YAG
rod through a large aspheric lens has introduced a non-uniform
absorbed pump light distribution, resulting in the TEMgo — mode
beam with only M? < 1.2. The beam stability was sensible to the
variation of the thermal focal length of the rod. Also most recently,
a non-symmetric fused silica twisted light-guide was used to
achieve nearly uniform pumping along a 3 mm diameter and 50
mm length Nd:YAG single-crystal rod (Bouadjemine et al., 2017).
2.3 W continuous-wave fundamental mode 1064 nm solar laser
power was measured, corresponding to 1.96 W/m? TEMg, mode
solar laser collection efficiency and 2.2 W laser beam brightness
figure of merit. The non-symmetric twisted light guide in Table 1
provided a nearly uniform pump profile along the rod and further
enhancements in both light guide architecture and solar laser col-
lection efficiency are possible.

To improvement of the fundamental mode solar laser perfor-
mance, the monolithic fused silica twisted light guide will be intro-
duce in this paper. Based on the refractive and total internal
reflection principles, the light guide, by serving also as a beam
homogenizer, transformed the near Gaussian profile of the concen-
trated light spot at its large square input face into a uniform pump
light distribution at its rectangular output end, facilitating further
efficient light coupling into a long and thin laser rod. Fused silica
was an ideal optical material for transmitting highly concentrated
solar energy, it had a low coefficient of thermal expansion, and was
resistant to scratching and thermal shock and it had a high optical
purity 99.999%. To provide the desired form of the twisted light
guide, two techniques were possible, shaping the light guide in
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either high-temperature environment or directly sculpturing from
a fused silica slab at room temperature. For the first technique,
high-temperature environment (hydrogen flame, more than
1500 °C) and pure graphite moulds were needed for controlling
the bending curvatures of the light guide for lamp-pumped lasers
(Bernardes and Liang, 2006).

High temperature light guide shaping technique would be effec-
tive if each single curved light guide were produced separately, but
the problem of water leakage would appear if several curved light
guides were joined together. For cold production, direct glass
sculpturing technique was chosen because it allowed the fabrica-
tion of the monolithic light guide at room temperature and hence
avoiding water leakage problem. To the best of our knowledge, this
is the first report of the successful sculpturing of a monolithic fused
silica twisted light guide for solar laser research.

The radiation transmission and homogenization capacity of the
monolithic light guide was combined with the light focusing prop-
erties of both the 2D-CPC concentrator and the 2 V-shaped cavity
to provide efficient side-pumping to the 3mm diameter, 50 mm
length Nd3*:YAG rod. 2.7 W continuous-wave 1064 nm TEMgo-
mode solar laser power with 2.3 W/m? collection efficiency was
measured. More importantly, an excellent TEMgo-mode
(M? < 1.05) beam profile with the beam stability of less than
1.7% were achieved simultaneously. The TEMgo-mode solar laser
system composed of the heliostat-parabolic mirror system, the
monolithic light guide, the solar laser head with both 2D-CPC con-
centrator and the 2 V-shaped pump cavity will be explained in Sec-
tion 2. Numerical optimization of the solar laser design parameters
and solar laser output performances by both ZEMAX© and LAS-
CAD© numerical analysis codes will be explained in Section 3.
The final test of the TEMyo-mode solar laser output performance,
carried out in the PROMES-CNRS (Procedes, Materiaux et Energie
Solaire — Centre National de la Recherche Scientifique) in France
will be given in Section 4, followed by both discussions and
conclusions.

2. Solar-pumped TEMy, mode Nd3*:YAG laser by the heliostat-
parabolic mirror system

2.1. Solar energy collection and concentration by the PROMES-CNRS
heliostat-parabolic system

A large plane mirror (3.0m x 3.0 m) with 36 small flat
segments (0.5 m x 0.5 m each), mounted on a two-axis heliostat,

Primary
conceontrator

Positioning system

redirected incoming solar radiation towards the horizontal pri-
mary parabolic mirror. The reflected parallel solar rays illuminated
everything in their way, including the shutter, the 2 m diameter,
850 mm focal length parabolic mirror, the doors and even the
external walls of the laboratory. We actually used only the 1.4 m
diameter central area of this mirror, as illustrated in Fig. 1. After
discounting the shading effects of a shutter, an X-Y-Z axes posi-
tioning system, a multi-angle vise, a 0.3 m diameter central open-
ing of the parabolic mirror and an asymmetrical solar laser cavity,
as shown in Figs. 1 and 2, 1.18 m? effective collection area was cal-
culated. All the mirrors were back-surface coated with silver, so
only 59% of incoming solar radiation was effectively focused to
the focal zone. There were several reasons contributing to such a
low total reflectivity: (1) High iron contents glass substrate mate-
rials (10 mm thick for the parabolic mirror and 5 mm for the plane
mirror) were used to build the mirrors. Considerable absorption
loss can therefore occur, (2) there were no anti-reflection coatings
on the front surfaces of these mirrors. For an average solar irradi-
ance of 1000 W/m? in Odeillo, July 2016, more than 600 W solar
power was focused into a near-Gaussian pump light spot with 11
mm full width at half maximum (FWHM).

2.2. Nd:YAG solar laser head with the monolithic fused silica twisted
light guide

The solar laser head, composed by the fused-silica twisted light
guide, the solar laser head with the secondary 2D-CPC concentra-
tor, the tertiary 2 V-shaped pump cavity and the long and thin
rod, was mechanically mounted to the laser resonant cavity, which
was fixed on an X-Y-Z axis positioning system by using the multi-
angle vice, as shown in Figs. 1 and 2. An accurate optical alignment
in the focal zone was hence ensured. The thin Nd:YAG rod was
actively cooled by water at 6 L/min flow rate.

2.3. Fused silica twisted light guide with tracking error compensation
capacity

The concentrated solar radiation was firstly collected by the
twisted fused silica light guide with 16 mm x 16 mm input face.
It was then transmitted along 110 mm length, observing both
refraction and total internal reflection principles, to its rectangular
output end with 8 mm x 32 mm, as illustrated in Figs. 2 and 3. The
twisted light guide provided a good solution for both transmitting
and redistributing efficiently the concentrated solar radiation at

Solar radiation

/-lcliostal

Fig. 1. Solar laser pumping scheme by the PROMES-CNRS solar energy collection and concentration system.
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the focus. The near-Gaussian profile of the concentrated light spot
incident on the input face of the light guide assembly was there-
fore transformed into a rectangular pump light column at the
assembly output end. This ensured a homogenous pump light dis-
tribution along the output end of the guide. To produce the mono-
lithic fused silica twisted light guide, composed of a lower straight
part with rectangular cross section and two upper twisted parts
with square cross-sections, as observed in Figs. 2 and 3. A fused sil-
ica slab of 99.999% optical purity, 35 mm x 35 mm square Cross-
section and 115 mm length, was cut, ground and polished to its
final dimensions. The production of the twisted fused silica light-
guide was a both time consuming and delicate job. The process
was subdivided into three steps. The fused silica slab was firstly
cut and sculpted by diamond tools and gradually ground into the
shape of the twisted light-guide as optimized by both ZEMAX®©

Laser head

\
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and LASCAD© numerical analysis codes. Secondly, the twisted
light-guide was further dimensioned by coarse grinding paper.
Finally, optically transparent input and output faces and side sur-
faces of the fused silica light guide, as shown in Fig. 2, was achieved
by the final polishing

Heliostat orientation errors moved the center of the absorption
distribution within the laser rod, resulting in less laser output
power and a non-uniform beam profile, degrading the performance
and quality of the laser output. The light guide with large input
face was therefore essential to overcoming this problem, serving
as a beam homogenizer by transforming the near-Gaussian profile
of the concentrated light spot at its input face into a uniform pump
light distribution at its output end, as shown in Fig. 3. By using a
light guide with 16 mm x 16 mm square input face and 8
mm x 32 mm rectangular output end, the long and thin rod could

-

Laser emission

Power meter
PR mirror

Twisted fused
silica light guide

Fig. 2. Solar-pumped Nd:YAG laser head composed of the monolithic light guide, the solar laser head and the laser resonant cavity.

Concentrated
+« solar radiation

Twisted fused

X silica light guide

Upper twisted part

Lower straight part

1

Input light distribution

Output light distribution

1 2D-CPC

concentrator

/

./A Water in
Nd:YAG rod

Water V-shaped
out cavity

[

Absorbed pump distribution

Fig. 3. 3D design of the solar laser head, composed of the monolithic twisted light guide, the 2D-CPC concentrator and 2 V-shaped pump cavity and the 3 mm diameter,

50 mm length Nd:YAG rod.
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be pumped efficiently. The rod diameter was also a key parameter
for achieving high transfer efficiency and reducing the heliostat
orientation error dependent losses. For the focal distance of 0.85
m, a typical 0.2° orientation error corresponded to approximately
2.55 mm displacement in both X and Y axes. Fig. 4 gave pump light
distribution at different sections along the light guide, the pump
distribution along the laser rod and the output laser beam
profile. Zero-orientation error corresponded to the optimum
alignment between the heliostat and the primary parabolic
concentrator.

Heliostat orientation error displaced the circular light spot away
from the central point at the input face of the light guide. Zero ori-
entation error occurred when the optimum alignment between the
heliostat and the primary parabolic concentrator was achieved.
Pump light in this case was efficiently transmitted and uniformly
redistributed along the rod through the twisted light guide,
resulting in 3.14 W numerically calculated TEMgo-mode solar laser

output power and an excellent Gaussian fundamental mode beam
profile (detailed descriptions in Section 3). If the focal spot moved
in the X-axis direction parallel to the laser rod axis, then the strong
pump absorption distribution was shifted correspondingly along
the rod in the axial direction, causing only a minor variation in both
output laser power and beam profile. However, if the focal spot
moved in the Y-axis direction perpendicular to the rod axis (the
transversal shift), then the strong absorption distribution within
the rod was shifted laterally in the direction perpendicular to the
rod axis. For the displacement of the focal spot along either
X-axis or Y-axis, more pump light coupling could be achieved
through the lower straight part of the light guide, as shown in
Fig. 4b and c, the output laser power was increased respectively
to 3.19 W and 3.22 W in the LASCAD® analysis in Section 3. For
the combined tracking errors of 2.55 mm in both X and Y axes,
the focal spot was shifted obliquely from the center of the input face
of the lower straight part of the light guide, then the homogeny of

Twisted fused silica light guide

Input face

2D-CPC
concentrator

Output end '

V-shaped
pump cavity

-
o 2

-

X

I | , ;
‘ I ! I | |
| : | | [ | ) ; Cooling |
| | : | | | | | | Wwater |
v v v v v A4 ¥ v v v
Light Light Light Light . . . Pump
Tracki ) distribu- | distribu- | distribu- | distribu | ight | Light o Light = Light Output light
racking | Input light tion at tion at tion at _tion at distribu- | distribu-tion | distribu-tion | distribu-tion light distribu- TEMoo-mode output laser beam
errors distribution section section section section tion at at section at section at section distribu ion alolzlg 2D and 3D profiles
o1 02 03 section 05 07 tion the rod
Fig. 4a L)
Ax=Ay=0

— 1

Laser power =3.14W

L}

08
. F
Fig. 4b
Ax=2.55
mm
Ay=0
Laser power = 3.19W
.
Fig. 4c
Ax=0 |
Ay=2.55
mm g
Laser power = 3.22W
A
Fig. 4d
Ax=2.55
mm
Ay=2.55
mm

Laser power =3.09W

Fig. 4. Pump light distribution at different sections along the light guide, for the cases of (a) zero orientation error, (b) X-axis with 2.55 mm displacement, (c) Y-axis with
2.55 mm displacement and (d) combined X-Y axes with 2.55 mm displacement on both axes.
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the pump light distribution within the rod was affected, causing a
slight reduction in laser output power to 3.09 W and a little modi-
fication of the fundamental mode beam profile as shown in Fig. 4d
and Section 3.

2.4. 2D-CPC secondary concentrator and the 2V-shaped pump cavity

The 2D-CPC concentrator had 11 mm x 36 mm rectangular
large input aperture, 7 mm x 36 mm small output aperture and
was 10 mm in height, as shown in Fig. 5. The 2D-CPC was used
to convert the radiation from a large-area homogenous source
emitting uniformly into a small angle, to a small-area homogenous
output emitting uniformly into a large angle, thus the source éten-
due was preserved (Liang et al., 2013). This preservation implied
that irradiance was higher at the output surface than at the
entrance aperture, leading to a net concentration of the pump
radiation.

The two-dimensional 2 V-shaped cavity had an entrance aper-
ture of 7 mm x 36 mm and 5 mm depth. The 2 V-shaped cavity
was composed of V-shaped reflectors, V; with 47.5° half-angle
and V, with 14° half-angle relatively to V;. This combination was
much more effective in coupling highly concentrated light rays
with different incidence angles into the laser rod as compared to
using only a single V-shaped reflector. The inner walls of both V;
and V, were bonded with a protected silver-coated aluminum foil
with 94% reflectivity. Water material also ensured an efficient light

coupling, while partially preventing both UV solarization and IR
heating to the laser rod. By combining the light concentration
capacity of both the 2D-CPC concentrator and the 2 V-shaped
pump cavity with the light homogenization capacity of the twisted
light guide, uniform pump power deposition within the laser rod
was achieved. All the above optimized design parameters of the
whole laser system were found by both non-sequential ray-
tracing ZEMAX®© and laser cavity design and analysis LASCAD©
codes.

3. Numerical optimization for extracting the maximum TEMg,-
mode laser power

3.1. Optical design parameters of the solar laser system by ZEMAX©
analysis

The aforementioned optical design parameters in Section 2
were optimized through ZEMAX®© non-sequential ray tracing soft-
ware to obtain the most favorable absorbed pump flux distribution
within the Nd3>*:YAG rod. The standard solar spectrum for one-
and-a-half air mass (AM1.5) (ASTM Standard G173-03, 2012) was
used as the reference data for consulting the spectral irradiance
(W/m?/nm) at each wavelength. The terrestrial solar irradiance of
1000 W/m? in Odeillo, France, was considered in ZEMAX® soft-
ware. The effective pump power of the light source took into

v Cooling water
Light guide
output end

2D-CPC
concentrator

Nd:YAG rod

V-shaped cavity

Fig. 5. (a) 2D-CPC concentrator and 2 V-shaped pump cavity, within which the 3 mm diameter, 50 mm length rod was efficiently pumped. (b) Photo of the pump cavity with

the Nd®>":YAG laser rod.
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account the 16% overlap between the absorption spectrum of the
Nd>*:YAG medium and the solar spectrum (Zhao et al., 2007).
The half-angle of 0.27° subtended by the Sun was also considered
in the analysis. The absorption spectrum of fused silica and water
materials were included in ZEMAX®© numerical data to account for
absorption losses. For 1.0% Nd*":YAG laser medium, 22 peak
absorption wave lengths were defined in ZEMAX®© numerical data.
All the peak wavelengths and their respective absorption coeffi-
cients were added to the glass catalogue for Nd*>*:YAG material
in ZEMAX®© software. Solar irradiance values for the 22 absorption
peaks could be consulted from the standard solar spectra for AM1.5
and saved as source wavelength data. In raytracing, the laser rod
was divided into a total of 18,000 zones. The path length in each
zone was found. With this value and the effective absorption coef-
ficient of 1.0% Nd3*:YAG material, the absorbed power within the
laser medium was calculated by summing up the absorbed pump
radiation of all zones. The 1.0 at.% Nd:YAG rod (inset of Fig. 3),
was supplied by Chengdu Dong-Jun Laser Co., Ltd. Both end faces
of the rod are antireflection (AR) coated for the laser emission
wavelength (R < 0.2% @ 1064 nm).

3.2. Numerical analysis of TEMyo - Mode solar laser operation by
LASCAD® software

The absorbed pump flux data from the ZEMAX®© analysis in Sec-
tion 3.1 was then processed by LASCAD®© software to study the
laser beam parameters of Nd>*:YAG rod. The stimulated emission
cross-section of 2.8 x 107'® cm™!, the fluorescence life time of
230 ps (Koechner, 1999) and a typical absorption and scattering
loss «=0.003cm™! for the 1.0at% Nd>:YAG medium were
adopted. An averaged solar pump wavelength of 660 nm was also
considered (Weksler and Shwartz, 1988). In LASCAD® analysis, the
optical resonator was comprised of two opposing parallel mirrors
at right angles to the axis of the laser medium, as shown in
Fig. 5. The end mirror was high reflection coated (HR, 99.98%).
The output coupler was partial reflection coated (PR) with the
reflectivity variable between 85% and 99%, according to different
laser rod diameter. L; and L, represent the separation length of
the HR and PR mirrors to their nearest end face of the laser rod,
respectively. The sum of absorption, scattering, and diffraction
losses for laser emission wavelength within the active medium
constituted the most important part of round-trip resonant cavity
losses. Imperfect HR and AR coating losses of both laser medium
and resonator cavity mirrors were also an important portion of
the round-trip losses. For the laser rod of length Lz =50 mm
(Fig. 3). The amount of absorption and scattering losses was 2a
Lg = 3.0%. Assuming 0.4% of imperfect HR and AR coating loss, the
round-trip losses increased to 3.4 %. The diffraction losses
depended on rod diameter, resonator length and radius of curva-
ture (ROC) of the resonator mirrors. Conventionally, lasers were
designed to operate at the middle of thermally stable zones, where

HR mirror

the fundamental mode size was insensitive to thermal perturba-
tion. The adoption of the asymmetric resonator configuration with
concave end mirrors of large radius of curvature (ROC) has shown
to provide a large spatial overlap between the fundamental mode
and pump mode volume (Liang et al., 2015; Vistas et al., 2015).
L; was a key parameter for achieving the optimum mode overlap.
If L; increased, the fundamental mode size grown up, especially for
high input power level. Thus, if we aimed to obtain efficient extrac-
tion of TEMgo-mode laser, the laser should operate close to the
edge of the optically stable region, where the fundamental mode
size was more sensitive to thermal focus fluctuations. With further
increase in pump power, the fundamental mode size would grow
up automatically to a value suitable for TEMgo-mode operation
and very good beam quality was expected. An asymmetric optical
resonator was an excellent configuration for achieving large spatial
overlap between the fundamental mode volume and pump vol-
ume, improving thus the laser beam quality (Vistas et al., 2015).
For efficient extraction of TEMgo-mode solar laser power from
the absorbed solar pump power within the rod, large ROC = -5 m
end mirrors were adopted. L, was fixed at 60 mm while L, varied
between 500 mm and 515 mm Fig. 6. Nd*>*:YAG rods with several
diameter were studied to find the optimum TEMgg-mode laser
beam parameters. The laser rod diameter played a crucial role on
the beam quality factors and, consequently, on the extraction of
TEMgo-mode solar laser power. Since the laser rod acted as an
aperture, high order resonator modes was easily suppressed with
small diameter rod due to large diffraction losses, improving thus
the beam quality. The 3 mm diameter rod, pumped within the
asymmetric resonator with L; = 506.6 mm, presented the beam
quality factors, MZ = 1.1 M = 1.1. In this case, LASCAD® analysis
gave a diffraction loss of 0.42%. The total round-trip loss
of 3.4% +0.42% = 3.82% was hence calculated, resulting in 3.14 W
TEMgo-mode solar laser power, corresponding to 2.66 W/m?
TEMgo-mode collection efficiency. Other TEMgp-mode solar laser
powers with 2.5 mm displacement errors in X, or Y axis, or in both
X and Y axes were also calculated correspondingly, as given in
Fig. 4 in Section 2.

The TEMgo-mode laser beam profile attained with the 3 mm
diameter rod, within the asymmetric resonator with L; = 506.6
mm and L, = 60 mm, are shown in Fig. 7. It has a near diffraction
limited Gaussian distribution, leading to MZ = 1.1 M7 = 1.1 laser
beam quality in the LASCAD®© analysis.

3.3. Numerical analysis of input solar power dependent TEMgo — Mode
solar laser power and its beam profile by LASCAD®© software

Both ZEMAX®© and LASCAD®© softwares were used to study the
input solar power dependent TEM,,-mode laser powers and beam
profiles of both the conical-shaped end-side-pumped laser (Liang
et al., 2017, Fig. 8a) and the side-pumped laser by the twisted light
guide (Fig. 8b). In Fig. 8a, low-order mode solar laser beam profiles

Nd:YAGrod PR mirror

L L1

506.6 mm

Fig. 6. Asymmetric laser resonant cavity for the efficient production of fundamental mode solar laser power. L; and L, represent the separation length of the high reflection
(HR) mirror and partial reflection (PR) mirror, respectively, to the end face of the laser rod with length Lg.
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Fig. 8. Input solar power dependent TEM,,-mode solar laser powers and beam profiles from both the conical-shaped end-side-pumped laser (Liang et al., 2017, Fig. 8a) and

the side-pumped laser by the twisted light guide (Fig. 8b).

were changed to a Gaussian TEMge-mode profile when input solar
power at the focus approached 700 W, when the shutter was
removed. 9.6 W fundamental mode laser power was numerically
calculated. The TEMgo-mode solar power was found to be very sen-
sitive to the variation of input solar power at the focus. Slight
increase in input solar power above 700 W led to a shorter thermal
length, causing the extinction of solar laser output power. Reduc-
tion in solar power alleviated considerably the thermal lensing
effect, permitting either two-mode, or other low-order mode laser
operation within the laser cavity, as shown in Fig. 8. Significant
reduction in fundamental mode power, from 9.6 W to 3.3 W were
numerically calculated when solar power at the focus was reduced
from 700 W to 630 W, as indicated by Fig. 8a, corresponding to 2.9
times reduction. For Fig. 8b, however, the Gaussian TEMgy-mode
profile remained nearly stable when the input solar power at the
focus was increased from 550 W to 612 W by controlling the shut-
ter, demonstrating a remarkable laser beam profile stability until
the input solar power level exceeded 612 W after which solar laser
stopped lasing due to the thermal lensing effect. When the input
solar power was reduced gradually from 612 W to 550 W, the
numerically calculated TEMgo-mode laser power was gradually
reduced from 3.14 W to 1.6 W, corresponding to 1.96 times reduc-
tion. From both Fig. 8a and b, it was clear that change in input solar
power could cause much less variation in TEMgg-mode laser power

and its profile by the twisted light guide solution than by the
conical-shaped end-side-pumped laser.

4. TEMyo-mode continuous-wave 1064 nm solar laser
experiments

4.1. TEMyo-mode continuous-wave 1064 nm solar laser oscillation
experiment

Based on the ZEMAX© and LASCAD© numerically optimized
design parameters of the solar laser system, a prototype solar laser
was built in Lisbon and tested in the PROMES - CNRS during the
month of July 2016. The 3 mm diameter, 50 mm length Nd>*:
YAG was supplied by Altechna Co., Ltd. It had 1.0 % Nd>* concentra-
tion. Both ends of the rod were anti-reflection (AR) coated (R < 0.2%
@ 1064 nm). The resonator mechanics was designed to allow the
displacement of the HR mirror, while maintaining the PR mirror
at fixed L, = 60 mm, Lg = 50 mm positions as shown in Fig. 9.

Direct solar irradiance was measured simultaneously during
laser experiments with a Kipp & Zonen CH1 pyrheliometer on a
Kipp & Zonen 2AP solar tracker. It varied between 970 and
1000 W/m? during the experiments. A CINOGY UV-NIR beam pro-
filer - Cin Cam CMOS was used for monitoring the laser beam pro-
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Fig. 9. The asymmetric laser resonant cavity for extraction of TEMgo-mode laser power.

file. To measure the beam diameters at 1/e? width under high
1064 nm laser intensity, a PR1064 nm (95%), ROC = co output mir-
ror was added before the CMOS detector, acting as an extra laser
beam attenuator and reducing the 1064 nm laser power to mW
level for the detector. Laser power was measured simultaneously
with a Thorlabs PM1100D power meter. The correspondingly input
solar power at the focus was measured by a Molectron Power Max
500D power meter. The PROMES-CNRS heliostat parabolic mirror
system collected about 610 W solar powers to its focal zone. By
varying the rotation angle of the shutter, as indicated in Figs. 1
and 9, different inputs solar power levels at the focus and output
TEMgo-mode laser power were respectively measured with Molec-
tron Power Max 500D and Thorlabs PM1100D laser power meters,
as shown in Fig. 10. The threshold solar power of 285 W was mea-
sured in the focal zone. For 1000 W/m? solar irradiance and
1.18 m? effective collection area (with the shutter totally opened),
the asymmetric resonator with RoC = —5 m PR (94%) mirror fixed
at L = 85 mm and RoC=-5m HR mirror placed at L; =
506.6 mm, offered the maximum TEMgy-mode solar laser power
of 2.7 W. TEMgo-mode solar laser collection efficiency of 2.3 W/
m? was hence calculated.
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Solar power at the focus (W)

Fig. 10. TEMpo-mode laser output power versus solar input power at the focus of
the parabolic mirror for L; = 506.6 mm.

The thermal lens effect was a serious issue in solar laser sys-
tems, small diameter rods can minimize considerably this problem.
The combination of both monolithic twisted light guide and small
diameter Nd3>*:YAG rod have considerably overcome these thermal
lensing problems, providing a uniform pumping distribution along
the thin laser rod, which allows the generation of much more
stable continuous-wave TEMgo-mode solar laser power with
2.3 W/m? collection efficiency. Since no aperture was used in the
laser resonator besides the rod itself, oscillation of more than one
mode occurred at low output powers due to the relatively small
overlap between the fundamental mode volume and the pumped
region. With the increase of pump power, and thus diffraction loss,
only one mode of higher intensity become possible to oscillate. The
twisted light-guide ensured more uniform pumping to the long
and thin rod. This in turn, led to significantly reduced solar pump-
ing intensity, and consequently less heat load, less thermal stress
and working temperature, as compared to all the previous schemes
(Liang et al., 2015, 2017; Almeida et al., 2015). Strong thermal lens-
ing effects, which affected largely the TEMgg-mode laser power sta-
bility of previous solar lasers were not observed in our
measurement. Therefore, the present prototype laser with twisted
light-guide offered very good output power stability of 1.7% during
the laser operation, considerably less than the previous prototype
TEMgo-mode lasers with usually more than 10% laser beam stabil-
ity. By improving polishing accuracy of the dimension of the
twisted light guide, enhanced TEMgo-mode solar laser efficiency
and stability can be achieved.

The slight discrepancy in laser beam diameters at 1/e? along X
and Y axis Fig. 11 can be justified by the slight pump profile
misalignment due to the heliostat orientation error. Taking this
factor into account, M2 ~ M§ < 1.05 were considered as adequate
measured values for quantifying the laser beam quality. It was also
interesting to note that the experimentally measured laser beam
profile in Fig. 11 was slightly better than the numerically calcu-
lated profiles in Fig. 7. Due to the non-symmetry in the twisted
light guide design, composed of the lower straight part and upper
twisted parts as shown in Figs. 2 and 3, zero heliostat orientation
error, and hence zero displacement on the input face of the twisted
light guide meant neither the maximum TEMgo-mode solar laser
power nor the most perfect profile, as explained in Section 2.3
and Fig. 4, the TEMgo-mode output laser beam 2D and 3D profiles
in Fig. 11 represented most possibly the best one we measured
with heliostat orientation errors.
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4.2. TEMgo-mode continuous-wave 1064 nm solar laser power stability
experiment

Time dependent TEM,,-mode solar laser power variations of
both the end-side-pumped laser (Liang et al., 2017, Fig. 12) and
the side-pumped laser by the twisted light guide (Fig. 12) were
measured by the PROMES-CNRS heliostat-parabolic mirror facility
during the first two weeks of July in 2017.

For the side-pumped laser by the twisted light guide at
970 W/m? solar irradiance and 1.18 m? effective collection area,
the asymmetric resonator with ROC = —5 m PR (94%) mirror fixed
at L, = 85 mm and ROC = —5 m HR mirror placed at L; = 500 mm,
similar to that shown in Fig. 9, 2.5 W TEMge-mode solar laser
power were measured during 240 s, with the maximum output
power variation being less than 1.7%. The Gaussian fundamental
mode profile was also found stable during the measurement. For
the conical-shaped end-side-pumped laser (Liang et al., 2017) at
950 W/m? solar irradiance and 1.18 m? effective collection area, a
- 5m ROC output mirror with 94% reflectivity at L; = 430 mm
similar to (Fig. 5 of Liang et al.,, 2017), provided the maximum
TEMgo-mode laser output power of 8.9 W. Strong oscillation of
12% were observed during the measurement process of 240 s.
The conical end-side-pumped configuration offered the maximum
TEMgo-mode solar laser collection efficiency, but also suffered from
a very strong thermal lensing effect. Much more than the 1.7% of
the twisted light guide laser. Fig. 12 represented a favorable result
in fundamental mode laser beam stability of less than 12% for the

conical-shaped end-side-pumped laser. During the measurement
process, however, we found it not easy to maintain a perfect Gaus-
sian mode profile due to the strong thermal lensing effect of this
type of laser. Solar irradiance variation of less than 0.5%, cooling
water temperature oscillation of less than 2 degree during the
measurement were found sufficient to change a solar laser beam
with Gaussian profile into a low-order mode beam with a two-
mode, sometimes a four-mode or even a doughnut-shaped profiles.

5. Discussions

The main problem preventing wide spreading of solar lasers
today is its low efficiency. Therefore, collection efficiency is gener-
ally regarded as a primary figure of merit for solar lasers. The sec-
ond is thermal problem worsening the efficiency as well as the
beam quality. Lasers for space missions generally require
diffraction-limited beam quality. This is not easy to achieve when
the heat load of the laser crystal is high. The heat load under direct
solar pumping is very similar to that for pumping by arc lamps that
were used before the advent of semiconductor lasers. The high heat
load usually leads to very low efficiency, stability, and output
power for diffraction-limited TEMgo-mode laser beams from both
lamp-pumped and solar-pumped lasers.

The twisted fused silica light guide used in this work undoubt-
edly will be useful in further studies and developments in the field
of solar-pumped lasers not only in TEMgyg-mode operation but also
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in increasing its overall efficiency by the use of solar-pumped laser
acting as an amplifier. Improved pumping profile can be main-
tained by means of techniques like the twisted fused silica light
guide. Since the twisted light guide is effective for transmitting,
spreading and homogenizing the highly concentrated solar radia-
tions from the focus of the primary concentrator to along a long
and thin laser rod, high gain in pulse amplification can be achieved.
The twisted fused silica light guide may provide an alternative
solution to the Nd/Cr:YAG ceramic multi-amplifier active-mirror
pulsed solar-pumped laser approach as reported by Saiki et al.
(2017).

Finally, it is very important to notice that the results for multi-
mode regime would be more important than the single mode col-
lection efficiency reported here, which is just to confirm the high
quality (uniformity) of pumping profile as a technique to character-
ize the twisted light guide. Besides, a low quality multimode solar
laser can be used to pump another laser rod to obtain high quality
TEMgo-mode solar laser output (Wittroch, 2013), offering a good
solution for reaching high TEMyo mode laser collection efficiency.

6. Conclusions

The 2.7W continuous-wave TEMgg-mode 1064 nm solar-
pumped laser was pumped by the PROMES heliostat-parabolic
mirror solar energy collection and concentration system. It was
composed of the monolithic fused silica twisted light guide, the
2D-CPC concentrator and the 2 V-shaped pumping cavity, within
which a 3 mm diameter, 50 mm length 1.0 at.% Nd:YAG rod was
efficiently pumped. The adoption of the side-pumping configura-
tion by employing the twisted light guide with square input face
and rectangular output end enabled a uniform pumping profile
along the rod. The present solar laser pumping approach also sig-
nificantly enhanced its heliostat orientation error compensation
capacity, as compared to that of the previous solar pumping
approaches. The efficient extraction of TEMgg-mode solar laser
was obtained by adopting an asymmetric laser resonator, since it
offered a good overlap between the fundamental mode and the
pumped region of the active medium. 2.7 W continuous-wave
TEMgg-mode (M, < 1.05) 1064 nm solar laser emission with
2.3 W/m? collection efficiency and, more importantly, with 1.7%
laser power stability was finally produced, being significantly more
stable than the previous TEMgg-mode solar lasers.
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ARTICLE INFO ABSTRACT

In this paper, we numerically demonstrate broadband, ultraflat-top and highly coherent mid-infrared
Supercontinuum (SC) generation in an all-normal dispersion (ANDi) Ge;5Sb;5Se;( chalcogenide Circular Lattice
Photonic Crystal Fiber (CL-PCF). The propagation properties of the fundamental mode are computed with the
Finite Difference Method (FDM). Numerical results show that ANDi regime is obtained over the entire mid-
infrared wavelength range with a cladding pitch and air holes diameter of A= 2 pm and d= 0.8 pm, respectively.
Besides, the proposed CL-PCF exhibits small effective mode area and high Kerr nonlinearity up to 1.96 W™ 'm ™!
at 3um. Ultrashort pulse propagation inside the CL-PCF core is modelled by using the Generalized Non-Linear
Schrodinger Equation (GNLSE). Simulation results show that by pumping at 3 um laser pulses with a total energy
of 0.6 nJ and duration of 50 fs, into 10 mm long of the CL-PCF, generates an ultrabroadband and highly coherent
SC spanning the wavelength region from 1.86 um to 5.35um within less than 3 dB spectral dynamics. By in-
creasing the initial pulse energy to attain 1 nJ, the generated SC bandwidth increases too and reaches 4.53 pm in
the spectral range extending from 1.67 um to 6.2 um at 4 dB spectral level. Moreover, the proposed CL-PCF based
SC source is found promising for application in Optical Coherence Tomography (OCT) with an axial resolution of
0.87 um, achieved when pumping 1 nJ energy and 50 fs duration optical pulses.
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1. Introduction

Over the past few years, high brightness laser sources based on
Supercontinuum (SC) generation, covering the middle infrared spectral
region extending from 2 pum to 20 um, have been the subject of huge
research interest across various fields of both fundamental and applied
sciences such as generation of few optical cycle pulses, metrology,
biosensing, non-destructive testing and so on [1]. Particularly, the at-
mospheric transparent (3-5 um and 8-12 pm) and the functional group
(3-5um) regions have drawn much attention for mid-infrared mole-
cular absorption spectroscopy applications such as atmospheric pollu-
tants monitoring, exhaled breath analysis, coherent anti-stokes Raman
scattering imaging and mid-infrared optical biopsy for early cancers
diagnostics [2-4]. This account for the fact that the fundamental rota-
tional-vibrational absorption bands of various gases molecules are in-
cluded in this spectral range [5,6]. Furthermore, high quality imaging
of samples obtained by Optical Coherence Tomography (OCT) can be
achieved when operating in the mid-infrared region [7]. Actually, the
performance criteria of OCT systems, namely the penetration depth and
the axial resolution, are limited by the light scattering losses occurred
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when employing visible and near-infrared light sources [8]. In order to
enhance its efficiency and achieve accurate results, OCT measurements
can be performed by using broadband light sources operating at longer
wavelengths located in the mid-infrared range [9].

The generation of broadband SC is achieved through the interaction
of short and intense optical pulses with high nonlinear materials in-
cluding solids, liquids and gases [10-12]. Moreover, the spectral
broadening process can be realized by pumping femtosecond pulses in
bulk structures, through the femtosecond filamentation nonlinear pro-
cess, as well as in optical fibers, where the generation of new fre-
quencies involves several linear and non-linear optical properties such
as group velocity dispersion, Kerr nonlinearity and Stimulated Raman
Scattering (SRS) [11,13]. The main advantage of optical fibers, com-
pared to bulk structures, is the interaction length, which is several or-
ders of magnitude larger than the confocal length of the focusing lens
needed for beam coupling into bulk medium [9]. Besides, optical fibers
enables a perfect control over the different nonlinear processes that
contribute to the SC generation due to the suppression of filamentation
and self-focusing, which are critical for SC generation in bulk geome-
tries [14-18]. Nowadays, significant efforts are devoted to the design
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and optimization of mid-infrared SC sources based on microstructured
and Photonic Crystal Fibers (PCFs) [19]. The wavelength scale of the
cladding microstructure combined with broad range of mid-infrared
background materials, such as fluorides, tellurides and chalcogenides
allow PCFs to exhibit unique laser pulses guiding features [20-23].
Particularly, all normal dispersion (ANDi) guiding regime can be
achieved in optical waveguides by compensating the material disper-
sion with waveguide dispersion and this can be easily realized in PCFs
through a suitable adjusting of the microstructure pitch and air holes
diameters [20]. SC generated by pumping femtosecond laser pulses in
PCFs exhibiting ANDi profile is highly beneficial for numerous appli-
cations such as OCT and optical metrology, since it allows to generate
broadband, flat-top and coherent SC through the elimination of noisy
processes such as modulation instability, soliton collisions and SRS
[24]. Therefore, pulses spectral broadening in ANDi PCFs results from
the contribution of Self-Phase Modulation (SPM), in the initial stage,
followed by the generation of new frequencies via the Optical Wave
Breaking (OWB) mechanism [25,26].

In the last few years, chalcogenide (ChG) glasses have attracted a
widespread interest for the design of waveguide and fiber based mid-
infrared SC sources [27]. ChG glasses are multicomponent inorganic
materials that are mainly composed of chalcogen elements from group
XVI, including Sulphur (S), Selenium (Se), Tellurium (Te) with the
addition of other elements from group XV such as Arsenic (As) and
Antimony (Sb) and group XIV such as Germanium (Ge) and Silicon (Si)
[28]. The key advantages of ChG rely to their several attractive optical
properties such as high linear refractive index, high nonlinear refractive
index, low phonon energy and large optical transparency extending
from the visible to 20 um [29]. These beneficial features of ChG glass
combined with the high flexibility of PCFs design have been, recently,
exploited and several numerical and experimental demonstrations of
efficient mid-infrared and coherent SC sources, realized by pumping
femtosecond laser pulses, have been reported [20,30-36]. E. Wang
et al. investigated, via numerical simulations, the SC generation in
holey PCF made of As,Sez ChG glass [30]. The PCF total chromatic
dispersion is adjusted by introducing a small defect into the solid core
and ANDi regime is obtained over the entire spectral range. Moreover,
the authors have shown that pumping 4.25kW peak power and 50 fs
duration optical pulses at 4.37 pm generates broadband and flat-top SC
spanning the region from 3.86 um to 5.95pum at the spectral level of
3dB. H. P. T. Nguyen et al. reported numerical study of coherent and
mid-infrared SC generation, achieved by using cascaded ANDi tellurite
and ChG fibers [31,32]. The authors have demonstrated that pumping
200 fs duration and 100 kW peak power pulses at 2 um, corresponding
to total energy of 22.7nJ, generates broadband SC extending from
0.78 um to 8.3 um at 10 dB. Furthermore, SC generation in all-solid ChG
glass PCFs exhibiting ANDi regime has been, also, investigated. Lai
et al. reported experimental demonstration of highly coherent SC in the
mid-infrared region, obtained by using a hybrid four holes PCF com-
posed of AsSe, and As,Ss ChG materials [33]. By pumping 200 fs laser
pulses at 2.7 um in 2cm of the PCF length, broadband SC extending
from 2.2 um to 3.3 um has been generated. S. Xing et al. demonstrated
linearly chirped SC generation by pumping at 2.07-2.08 um 79 fs width
and 2.9 kW peak power pulses in all-solid ANDi AsSe-GeAsSe PCF [34].
Their results show that broadband and perfectly coherent SC having a
bandwidth of 27.6 THz and 75.5 THz is realized at the spectral flatness
of 3dB and 20 dB, respectively. Moreover, M. R. Karim et al. reported
numerical simulations of mid-infrared SC generation in a kind of dis-
persion engineered multi-material ChG triangular core PCF [35]. The
proposed structure is composed of Gej;sAs>sSegss ChG core sur-
rounded by Ge;; 5A524S64.5 ChG cladding running along the PCF length.
The authors have shown that pumping optical pulses with 100 fs
duration and 3 kW peak power at 4 um into 10 mm of the PCF length
generates a 7 um bandwidth coherent SC. T. S. Saini et al. reported
numerical investigation of mid-infrared SC generation in As,Se; ChG
glass ANDi Triangular-Core Graded-Index (TCGI) PCF [36]. The ANDi
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regime is achieved by gradually reducing the air holes diameter of the
different cladding rings. The authors have shown that pumping 50 fs
duration and 3.5 kW peak power laser pulses at 4.1 pm into 5 mm of the
PCF length, generates a coherent and broadband SC spanning the region
from 2 um to 15 um. A simple and straightforward method to engineer
the chromatic dispersion profile of PCFs and ensure ANDi regime,
through a careful adjustment of the cladding air hole fraction, has been
reported in [20,37]. We have studied a hexagonal lattice PCF made of
GagSb3,Se0 and AszgSeg; ChG glass, respectively. In the first design, we
have shown, via numerical simulations, that pumping 1.06 nJ pulses at
4.5 um into 1 cm of the PCF length, generates a broadband SC spanning
the spectral region from 1.65 pm to 9.24 um with a spectral flatness of
20 dB. In the second design, numerical results indicate that coherent SC
extending from 2.43pum to 4.85pmat 4dB and from 1.95um to
6.58 um at 8 dB can be achieved by pumping at 3.45 pum optical pulses
with a total energy of 50 pJ and 250 pJ, respectively.

Among various compositions of ChG glasses, the Ge;sSbisSeyq
system is found to be an excellent candidate for mid-infrared nonlinear
optics. A growing interest is paid to this ChG glass due to its numerous
advantageous characteristics including broad spectral transmittance
spanning the region from 2 pm to 12 pm, large third order nonlinearity,
high laser damage threshold of about 3674 GW/cm? and suitability for
fiber drawing thanks to its excellent thermal stability against crystal-
lization [38,39]. Besides, the Ge;sSbisSe;o glass is environment
friendly due to the absence of highly toxic elements such as Arsenide
[40]. Within this scope, B. Zhang et al. used a two-stage rode-in-tube
technique to fabricate a step index fiber with a core and cladding made
of Ge;5SbisSeyo and GeooSegy ChG glasses, respectively [38]. The au-
thors demonstrated SC generation spanning the range from 2.2 ym to
12 pm by pumping at 4.485 um 330 fs duration pulses into 11 cm of the
fiber length. Furthermore, M. A. Khamis et al. designed and optimized a
kind of W type index fiber for mid-infrared SC generation beyond 10 ym
[41]. The fiber structure consists of a core made of Ge;5Sb;5Se;q sur-
rounded by double cladding made of Ge,oSegg and Ge,oSbsSe;s glasses,
respectively. The authors have shown, via numerical modelling, that
pumping 330 fs duration and 1 kW peak power pulses at 6.3 um, gen-
erates a broadband SC extending from 3.7 um to 12 um. Recently, Y.
Yuan et al. reported the fabrication of a four holes suspended-core fiber
based on Ge;5Sb;sSe;o ChG glass for SC generation [42]. The preform
has been fabricated by employing a Computerized Numerical Control
(CNC) precision mechanical drilling technique. They experimentally
demonstrated the generation of broadband SC spanning the region from
1.5um to 12pumat the spectral flatness level of 30dB by pumping
23 mW pulses close to the zero dispersion wavelength into 14 cm fiber
length. The common feature of the studies on SC generation reported in
[38,41,42] is the anomalous regime of chromatic dispersion at which
pulses are pumped. Indeed, the realized SC spectra are broadband, due
to the soliton dynamics process, but exhibits substantial spectral fluc-
tuations and strong shot-to-shot variations. These limitations can be
suppressed by exploiting PCFs versatility and achieve ANDi regime
through a careful design of their microstructure.

The present work reports on the design and optimization of a
Circular Lattice PCF (CL-PCF) made of Ge;5Sb;sSe;o ChG glass for mid-
infrared SC generation. The CL-PCF dispersion profile is engineered and
ANDi regime is achieved by controlling the cladding photonic crystal
parameters. The propagation characteristics including the guided mode
effective index, the chromatic dispersion, the mode effective area and
the Kerr nonlinear parameter are calculated by using a Finite Difference
Method (FDM) and employing an Anisotropic Perfectly Matched Layer
(APML) scheme as boundary condition. Moreover, we perform a series
of numerical simulations to investigate SC generation in the optimized
design and analyze the impact of the laser pulse duration and peak
power and the effect of the quantum noise on the SC bandwidth and
coherence, respectively. The propagation of optical pulses inside the
CL-PCF is analyzed by solving the Generalized Non-Linear Schrodinger
Equation (GNLSE) and employing a fourth order Runge Kutta in the
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Ge-Sb-Se ChG

Air hole

Fig. 1. Cross sectional view of the proposed Ge;sSb;sSe;o ChG glass CL-PCF.

Interaction Picture (RK4IP) method.
2. Theoretical background

Fig. 1 depicts the schematic cross section of the proposed CL-PCF.
The solid core is made of Ge;sSbisSe;o ChG glass and the cladding is
formed by seven rings of air holes arranged in a circular configuration.
The air holes diameter and pitch are denoted by d and A, respectively.
CL-PCFs have been widely used for various linear and nonlinear ap-
plications such as sensing [43], optical communication [44], trans-
mission of optical angular momentum modes [45] and SC generation
[46]. The dispersive properties of optical glasses are often modelled
through the Sellmeier formula. Therefore, the frequency dependence of
the Ge;5SbysSe;o ChG glass refractive index is given by:

| A A2 + A2

NGe—Sb—Se = ,|1 +
Ge—Sb—Se V /Iz—Bl /12—32 (1)

With A; = 6.0072, A, = 1.3076, B; = 0.09138 pmz, and B, = 1718.1854
um? [38]. Fig. 2 shows the evolution against wavelengths of the
Ge;5Sby5Se;9 ChG glass refractive index and the corresponding material
chromatic dispersion, respectively. As we can see, the glass exhibits flat
anomalous dispersion curve over a wide range of wavelengths, which
can be compensated and achieve the targeted ANDi regime by meti-
culously adjusting the CL-PCF geometrical parameters.

Sight to compute the different wave-guiding properties of the
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Fig. 2. Variation of the refractive index and the material dispersion with wa-
velengths of the Ge,5Sb;s5Se;o ChG glass.
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proposed CL-PCF, we have employed a two dimensional version of the
FDM [47]. This method is fast, straightforward and provides highly
accurate results, which make it advantageous over several other com-
putational methods such as Plane Wave Expansion Method (PWEM),
Finite Element Method (FEM), Beam Propagation Method (BPM) and
Localized Function Method (LFM) [48]. Moreover, the FDM can be,
effectively implemented for solving both of the Helmholtz equation and
Maxwell's equations, where the material dispersion and loss can be
easily included during calculations [47,48]. In order to compute the
guided modes in the proposed CL-PCF, the Maxwell's equations with
APML boundaries are expressed in the frequency domain as follow:

ikose, E =V X H
- ikOS,LtrH =VXE 2

Sy/sx
s = Sylsy
sysx (3)

Where: s, = 1 — g/(iwgp) and s, = 1 — 0,/(iwe).

ko is the free space number, ¢, is the medium relative permittivity, u,
is the medium relative permeability, o is the material conductivity
parameter and w is the optical pulsation. The CL-PCF structure is dis-
cretized by employing a two dimensional Yee-cell scheme and the curl
equations given by (2) are transformed to a matrix eigenvalue problem
for both the electric and magnetic fields. Finally, sparse matrix tech-
nique is used to reduce the computation task and the different char-
acteristics of fundamental guided mode HE;; including the propagation
constant and the mode field profile are determined. Besides, the leaky
(tunneling) modes of the CL-PCF are perfectly eliminated and absorbed
in the outer APML layer.

The Kerr nonlinearity parameter is computed as follow

_ Mo
CAgp Q)

Ay is the effective mode area and n;, is the nonlinear refractive index of
the Ge;s5SbysSeyq glass. The frequency dependence of n, is calculated
using a modified form of the Miller's semi-empirical rule, which de-
scribe the relation between the linear and nonlinear susceptibilities
[49]. Fig. 3 depicts the variation of the nonlinear refractive index
against wavelengths. Thanks to its high linear refractive index, the
Ge;5SbysSeyo glass exhibits large third order nonlinearity in the mid-
infrared region, which allow the generation of broadband SC with very
low energy optical pulses.

As mentioned previously, SC generation in optical fibers involves
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Fig. 3. Variation of the nonlinear refractive index with wavelengths of the
Ge;5SbysSe7o ChG glass.
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several linear and nonlinear effects. For single-mode and single-polar-
ization propagation, we employ a scalar form of the GNLSE. It governs
the evolution of the pulse envelope function ¥(z, t) with the contribu-
tion of all the optical effects as well as the interaction between them
[50]:

oY in-1 gn 19
W__= Y+iy|1+ ——
3z ”b (Zﬁ ! aTn) ”’( Oar)

n>2

X ((1 = fRP PP +fR¢f h(0) 1P (z, t - T)lzdf)
0 (5)

Linear effects contain the optical loss coefficient @ and the chro-
matic dispersion, represented by the Taylor expansion coefficients
B, = (d"B/dw")y,=s,. Nonlinear effects include the Kerr nonlinearity
parameter y, the characteristic time scale of pulses self-steepening
T = wio and the delayed Raman response function hg(t) given by the
following expression [46-53]:

1+12 . (t
e(t) = 0t} XP(Tz)sm(ﬁ) (6)

Where 7 = 15.5fsand = 230.5 fs are the Raman oscillation period
and the decay time, respectively. The fractional contribution of the
delayed Raman response to the overall nonlinear response of the
Ge;5SbysSey glass is given by f, = 0.031 [51].

The GNLSE is commonly solved by using the Split Step Fourier
Method (SSFM) [54]. In this pseudo-spectral technique, the linear and
nonlinear terms are independently integrated and the results are com-
bined to obtain the final solution. Another alternative to solve the
GNLSE is based on the fourth order Runge Kutta in the Interaction
Picture (RK4IP) method [55]. This method has been originally proposed
to model the dynamics of Bose-Einstein condensates by solving the
Gross-Pitaevskii equation [56]. Compared to the SSFM, the RK4IP
method provides higher computational accuracy for both small and
large step size with a local error of 5th order, which make it preferable
for modelling pulses propagation in single mode, birefringent and
multimode optical fibers [57-60]. In the RK4IP method, we define the
dispersion and the nonlinear operators as follow:

N a Vl 1 ayl
D=—5¢—[Zﬁ nl aT"]w

>2 7
Qo 134 o
N = 17(1 + w—oa) X ((1 = fR)¥ [DP +fk¢{hze(f) [(z, t — 7)Pdr
€)

The pulse envelope function 3 is transformed into an interaction
picture representation ), as follow:

¥ = exp(—(z — 2)D)y ©)

7' is the separation between the normal and the interaction pictures of
1. The evolution of ¥, with distance is expressed by:

Y, e

Elhad (10)
With:

N; = exp(—(z — z')D)Nexp(—(z — z')D) an

Nj is the interaction picture representation of the nonlinear operator.
The integration over one spatial step h, which advances ¥(z, t) to
¥(z + h, t) is written as:

Y = exp( )yb(z +h,t) (12a)
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k= exp( )[hNgb(z +h, DY@+ h,t)

(12b)
ko = hN @ + k/2)[@; + k/2)] (120)
ks = hN (¥ + ka/2) [ + k/2)] 12d)
hoa
ky = hN[( )(¢, + I@)} X exp(zD)[z/)] + ks (12¢)
PN I S
z,b(z+h,t)—exp( )[¢,+6+3+3]+6 (126

At each spatial step, eight Fast Fourier Transforms (FFTs) are re-
quired to compute four times the nonlinear operator N and the ex-
ponential dispersion operator exp(%ﬁ).

Temporal coherence is a key parameter for many quantitative
techniques. It allows the characterization of shot-to-shot spectral fluc-
tuations of the generated SC [61]. The frequency dependence of co-
herence is evaluated by calculating the modulus of the complex degree
of first order coherence as follow [20]:

Ef (A, 1)E; (4, &)

gD @,
t [1E: (4, 6)?|E> (4, ]2

L=0)| =

13)

The coherence is perfect if g (1)| = 1, which indicates that the elec-
tric fields of different realizations have an equal phase. Besides, we set
t — & = 0 in order to address uniquely the wavelength dependence of
coherence. Moreover, the coherence is assessed by considering a large
number of numerical simulations with different random noise seed.
Hereof, a semi-classical quantum noise based on One Photon Per Mode
(OPPM) model is used [25]. For each numerical simulation of SC gen-
eration, the noise signal is added to the initial optical pulse in the fre-
quency domain, and its expression is given by [25]:

Norrar (@) = | 22 exp 127, () e

Where # is the reduced Planck constant, w is the optical pulsation, AQ is
the spectral bin size and ¢ (w) is a random phase uniformly distributed
in the interval [0-2t].

3. Numerical results and discussion

In this study, our goal is to design and optimize a Ge;5Sb;5Se;o ChG
glass based CL-PCF in the aim to exhibit ANDi regime over the whole
mid-infrared wavelength range. Afterwards, the SC generation is in-
vestigated and its characteristics including bandwidth, flatness and
coherence are analyzed and optimized through a judicious adjustment
of the initial optical pulse peak power and duration.

3.1. Geometrical optimization of the Ge;5Sb;5Se;o CL-PCF

Aiming to realize ANDi profile, the CL-PCF geometrical parameters
are tuned to down shift the dispersion of the Ge;5Sb;5Se;o ChG glass
[62]. Looking toward achieving this task, the design parameters of the
proposed CL-PCF are rigorously adjusted through multiple numerical
simulations considering different values of the air-filling fraction d/A.
We consider a pitch with a fixed value of 2 pm and air holes diameter
varying from 0.8 um to 1.4pum with a step of 0.2um. Accordingly,
Maxwell's equations given by (2) are solved at each excitation wave-
length from the range of 1 um-8 um and the fundamental guided mode
characteristics are determined. Fig. 4 shows the variation of the mode
effective index with wavelengths for different values of d. As seen from
the figure, changing the air-filling fraction in the cladding has a strong
impact on the fundamental mode guiding properties. The evolution of
the calculated chromatic dispersion against wavelengths, for different
air holes sizes is depicted in Fig. 5. The results clearly show the
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Fig. 4. Variation of the fundamental mode effective index with wavelengths for
A= 2 pm and d varying from 0.8 um to 1.4 um with a step of 0.2 um.
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influence of the variation of the value of d on the dispersion profile of
the proposed CL-PCF. Besides, when d is reduced, the dispersion profile
is down shifted and ANDi regime is successfully obtained for d = 0.8 um
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(corresponding to air-filling fraction of d/ A = 0.4) with a peak value of
— 35 ps/nm.km at the wavelength 3 um. Furthermore, the fundamental
mode effective area and the corresponding Kerr nonlinearity are cal-
culated for A=2 pm and d = 0.8, and their evolution versus wave-
lengths is depicted in Fig. 6. The CL-PCF shows high nonlinear para-
meter due to the reduced field mode area and the high nonlinear
refractive index of the Ge;5Sb;s5Se;o ChG glass, and a Kerr coefficient of
1.96 W~ 'm™! is obtained at the pump wavelength 3 um.

3.2. SC generation in the Ge;5Sb;5Sey CL-PCF

Once the CL-PCF structure is optimized and ANDi regime is
achieved, we have investigated SC generation by employing very low
energy femtosecond laser pulses. The temporal shape of pulses is
mathematically modelled through a hyperbolic secant function ex-
pressed as ¥ (t) = \/Fosech(t/ Ty) where, P, is the peak power and Ty is
the pulse duration given by Ty = Trwum/1.76 where Tpwyy is the Full
Width at Half Maximum (FWHM) temporal width of the optical pulse.
The pulse energy is related to its peak power and FWHM as follow:
E = 0.88Py Trwuym-We consider the pumping at the wavelength 3 pm
where the chromatic dispersion is close to the zero value. Such optical
pulses can be generated using a degenerate sync-pumped subharmonic
Optical Parametric Amplifier (OPA) as reported in Ref. [63]. The ma-
terial loss is calculated from the experimental measurements of the Ga-
Sb-S glass system transmission spectra [38]. For a sample thickness of
5.65 mm, the Ge;sSbis5Se;q ChG glass exhibits a good transparency of
about 65% in the 1.5-10 um wavelength range and hence an optical
loss coefficient of 0.33 dB/mm is obtained. In order to precisely model
the contribution of chromatic dispersion on pulses spectral broadening,
we have computed its Taylor expansion coefficients 8, up to the 9th
order at the central wavelength 3 pm. The calculated values of 8, to 8,
are 170.5 ps®/km, 0.1363 ps®/km, 1.4268 x 10~ 2 ps*/km, —2.1377 X
10" *ps®/km, 3.5763 x 10~ ®ps®/km,  —3.2604 x 10~ 8 ps”/km,
—1.3991 x 10~ ° ps®/km, 1.8872 x 10~ ' ps®/km, respectively. Sight
to accurately model pulses propagation inside the CL-PCF core, we have
carefully adjusted the different parameters of numerical simulations.
The GNLSE is solved by considering a local error of 103, which is
required to ensure stable numerical results and allow studying the
different physical processes that contribute to the SC generation [55].
The CL-PCF length, over which pulses propagate, is segmented into 100
steps. Nevertheless, the implemented RK4IP algorithm employs an ef-
ficient adaptive step size method, which is required to, effectively, track
the balance between the linear and nonlinear optical effects and
achieve high computational accuracy [64,65]. Finally, the simulation
temporal window is set to be 10 ps and both of the time and frequency
windows are discretized into 2'? bins. Firstly, and in order to identify
the different mechanisms that are involved in the extreme spectral
broadening of laser pulses, we have carried out a first simulation with
an input pulse with a total energy of 800 pJ, corresponding to peak
power and duration of 4.7 kW and 150 fs, respectively. Therefore, the
corresponding dispersion length Lp, the nonlinear length Ly; and the
soliton order N are computed as follow [37]: Lp = T¢/ I8,| = 0.0425m,
Ly = 1/(yR) = 1.08 x 10* m and N = /Lp/Lyy = 20, respectively.
Fig. 7 depicts pulse temporal and spectral evolution over 1 cm of the CL-
PCF length and the input and the output pulse profiles in the time and
frequency domains, respectively. In the initial stage of the spectral
broadening, the SPM plays the major role by generating, simulta-
neously, red-shift and blue-shift wavelength components near the
leading and trailing pulse spectrum edges, respectively [66]. The gen-
erated SC is symmetric and shows an oscillatory structure in its top
where the most intense peaks are located in its both wings. The in-
stantaneous frequency shift (chirp) experienced by optical pulses due to
SPM can be calculated as follow [20,67]:

2, 2
w2, 1) = ﬁzgz Ty tanh(i)sechz(i)
T B, To Tp

(15)
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Fig. 8. Pulse spectrograms and the calculated frequency chirp after 2 mm, 4 mm, 6 mm, 8 mm and 10 mm of propagation, respectively, for an initially pumped pulse

with a duration and total energy of 150 fs and 800 pJ.

Where z is the propagation distance. Fig. 8 gives the computed pulse
spectrogram and the SPM induced chirp after the propagation over
2mm, 4 mm, 6 mm, 8 mm and 10 mm of the fiber length, respectively.
As it can be seen, SPM introduces a linear variation with time to the
pulse instantaneous frequency, which lead to the typical S-shape of
pulse spectrogram and preserve its integrity (no fission is occurred)
[68]. Soon afterwards, OWB mechanism arises due to the self-stee-
pening and third order dispersion [66]. It results from the overlapping
of the optical pulse chirped middle section with the unchirped section,
which trigger the generation of new wavelength components through
the Four Wave Mixing (FWM) process [69,70]. Moreover, OWB starts to
appear at the distance Zoyp given by Ref. [71]:

6 I

Lows = || —F——=—
262 + ZVPO TO2 Bz

(16)

In our simulation we have §, = 170.5 ps*/km, y = 1.96wlm! ,
Py = 4.7 kW and T,=85.22 fs, hence, the OWB distance is found to be
2.63 mm. Besides the occurrence of OWB has a beneficial impact since
it enhances the flatness of the generated SC central part, obtained as a
result of a nearly linear dissemination of the instantaneous frequency
over the output pulse [66]. Furthermore, the coherence properties of
the generated SC are evaluated. Fig. 9 shows the evolution of |g1(21>\ with
propagation distance, calculated from an ensemble of 20 independent
numerical realizations. Both of the deterministic nature and noise
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insensitivity of SPM and OWB allow the generation of highly coherent
SC across the entire wavelength range. According to the obtained re-
sults, intrapulse Raman scattering has no determining impact on the SC
generation process. To endorse this assumption, we have simulated SC
generation and suppressing the Raman contribution from the GNLSE.
Fig. 10 depicts the pulse spectral and temporal evolution with distance
and the output pulse spectral and temporal profiles with and without
taking into account the Raman term. During the SC formation, the in-
trapulse Raman scattering is suppressed by SPM and OWB due to the
short pulse duration and the short propagation distance [72]. The im-
pact of the initial pulse parameters on the generated SC bandwidth and
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flatness is investigated. The influence of pulse duration is firstly studied.
Fig. 11 gives the output pulse spectrogram, the generated SC and the
calculated coherence for an initial pulse with a total energy of 800 pJ
and duration of 150 fs, 100 fs and 50 fs, respectively. As shown in the
figure, when the pulse duration is decreased, the ripples on the top of
the output spectrum are vanished and the generated SC broadens to
reach a bandwidth of 4.05pum spanning the region from 1.75pum to
5.8 um at the spectral flatness of 3.5dB. Furthermore, the effect of
varying the pulse energy is examined. Fig. 12 shows the output pulse
spectrogram, the generated SC and the calculated coherence for an
initial pulse with duration of 50 fs and total energy of 600 pJ, 800 pJ
and 1nJ, respectively. By increasing the input pulse energy, the gen-
erated SC bandwidth increases too with a negative impact on the
spectrum flatness. Hence, a SC bandwidth of 3.49 um extending from
1.86 um to 5.35 pum at a spectral flatness less than 3 dB is achieved with
a pulse energy of 600 pJ. When the pulse energy is increased to reach
1 nJ, the SC spectrum is extended to a wider range spanning the region
from 1.67 um to 6.2 pm (4.53 um) at 4 dB spectral dynamics.

A comparison of the achieved SC performance with respect to other
SC sources realized with various designs of ChG based ANDi PCFs, is
summarized in Table 1. It is clear that our proposed Ge;sSbisSe;o CL-
PCF shows high potentiality to generate broadband and ultraflat-top
mid-infrared SC, realized by pumping very low energy laser pulses.

Owing to its remarkable properties, the SC laser source based on the
proposed Ge;sSbisSe;o ChG glass CL-PCF is found suitable for nu-
merous applications, notably for OCT imaging systems [78]. OCT is an
interferometric non-destructive probing technique that has been widely
used in various medical fields for early disease diagnosis in cardiology,
ophthalmology and dermatology [79,80]. A key factor for character-
izing an OCT system performances is the axial resolution, which is re-
lated to the coherence length of the SC source as follow [79]:

A2
- (4
L. = 0441 a”

Where A, and A4 are the central wavelength and spectral bandwidth of
the light source, respectively. Accordingly, high axial resolution is
realized by employing ultrabroadband SC source operating at short
wavelengths. Fig. 13 depicts the evolution of the generated SC
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bandwidth and the corresponding coherence length with pumping pulse
energy, for an input pulse duration of 50 fs. We clearly observe that the
coherence length decreases when the spectral bandwidth of the SC
source increases. Moreover, ultrahigh resolution depth is achieved with
a coherence length of 0.87 um for an input pulse energy of 1 nJ. Besides,
the flattened shape of the optimized SC source ensures high image
contrast through the suppression of side lobes, which make it ad-
vantageous compared to other broadband sources such as multiplexed
Super-Luminescent Diodes (SLDs) [79].

4. Conclusion

In this work, we have numerically investigated mid-infrared SC

generation in normally dispersive CL-PCF made of non-toxic
Ge;sSbysSe;o ChG glass. The chromatic dispersion is engineered
through a fine adjustment of the cladding air-filling fraction and ANDi
regime over the mid-infrared region is obtained with a cladding pitch
and air holes diameter of A= 2 pym and d= 0.8 um, respectively. Besides,
the proposed CL-PCF exhibits low effective mode area and high Kerr
nonlinearity coefficient up to 1.96 W~ ' m ™' at 3 um. The SC generation
has been simulated in the optimized design by solving the GNLSE and
employing the RK4IP method. We have identified the SPM and OWB as
the main contributors to the SC generation process. Moreover, numer-
ical results show that pumping 0.6 nJ energy and 50 fs duration laser
pulses at 3 um, generates highly coherent, ultraflat and broadband SC
spanning the region from 1.86 um to 5.35um with spectral level less
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Table 1
Comparison of the SC generated in the proposed Ge;sSb;sSe;o ANDi CL-PCF
against other recent ChG PCF designs.

Reference Chalcogenide Pump Spectral ¢
material wavelength flatness bandwidth
(um) (um)
[30] As,Ses 4.37 3dB 3.86-5.95
[20] As3gSest 3.45 4dB 2.43-4.85
[34] GeAsSe-AsSe 2.08 3dB 1.92-2.34
[73] Gep1.5A8245€64.5 3.1 10dB 255
[74] As,Ss-Borosilicate 2.5 8dB 1.05-5.05
[75] As3g sSec1.2 3.7 3dB 2.9-4.57
[76] As,Ses 4.357 20dB 3.89-4.92
[77] As,S3- 2.8 20dB 2.41-3.15
Borosilicate
The present Ge;5Sb;sSerq 3 < 3dB 1.86-5.35
work
The present Ge;5Sby5Seyq 3 4dB 1.67-6.2
work
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13. Evolution of the generated SC bandwidth and coherence length with
input pulse enrgy.

than 3 dB. By increasing the initial energy to reach 1 nJ, the generated
SC bandwidth increases too and reach 4.53 pm in the wavelength range
extending from 1.67um to 6.2umat the spectral level 4dB.
Furthermore, we have shown that our proposed SC source has a po-
tential application for OCT imaging systems. We have theoretically
demonstrated that our broadband SC source design with the spectral
bandwidth of 4.53 um achieves high-resolution depth with a coherence
length as low as 0.87 pum.
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All normal dispersion (ANDi) and highly nonlinear chalcogenide glass photonic crystal fiber (PCF) is
proposed and numerically investigated for a broad, coherent and ultra-flat mid-infrared supercontinuum
generation. The proposed PCF consists of a solid core made of GagSbs;Seo glass surrounded by seven rings
of air holes arranged in a triangular lattice. We show by employing the finite difference frequency domain
(FDFD) method that the GagSbs,Seo PCF dispersion properties can be engineered by carefully adjusting
the air holes diameter in the cladding region and ANDi regime is achieved over the entire range of
wavelengths with a zero chromatic dispersion around 4.5 wm. Moreover, we demonstrate that injecting
50fs width and 20 kW peak power laser pulses (corresponding to a pulse energy of 1.06 n]) at a pump
wavelength of 4.5 um into a 1 cm long ANDi GagSbs;Seo PCF generates a broad, flat-top and perfectly
coherent SC spectrum extending from 1.65 um to 9.24 wm at the 20 dB spectral flatness. These results
make the proposed GagSbs3;Seo PCF an excellent candidate for various important mid-infrared region
applications including mid-infrared spectroscopy, medical imaging, optical coherence tomography and
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1. Introduction

Supercontinuum (SC) generation refers to the substantial spec-
tral broadening obtained by using ultrafast laser pulses propagating
in nonlinear medium [1]. Since the first experimental observa-
tion of the white light continuum in a borosilicate glass sample
in the beginning of the 1970s [2], SC has become a significant
scientific success and has found numerous applications including
ultrafast laser spectroscopy, frequency comb generation, optical
communications, optical coherence tomography (OCT), metrology
and nonlinear optical pulse compression [3]. Under femtosecond
pumping, the generation of spectrally continuous radiation results
from the contribution of several linear and nonlinear processes and
is strongly related to the dispersion profile exhibited by the optical
waveguide [4]. When pumping in the anomalous regime of dis-
persion, soliton dynamics, dispersive wave generation and Raman
self-frequency shifting are responsible for the SC process [5]. The
generated spectra are ultra-wide, as a result of appearing of new
optical pulses created from the fission of the fundamental Soliton.
Nevertheless, the SC spectra are not completely coherent because

* Corresponding author.
E-mail address: medjouri-abdelkader@univ-eloued.dz (A. Medjouri).

https://doi.org/10.1016/j.opelre.2019.01.003

of their sensitivity to the noise amplification and, hence, shot-to-
shot fluctuations [6]. On the other hand, achieving SC generation
by pumping optical pulses at the normal dispersion regime can be
triggered by self phase modulation (SPM) and the pulse spectrum
extends toward longer wavelengths because of the optical wave
breaking (OWB) mechanism. The generated SC spectra are narrow
compared to that produced with the anomalous dispersion regime,
but exhibit smooth profile and high degree of coherence [7].
Dynamics of a supercontinuum formation results from the inter-
play between a plethora of linear and nonlinear optical effects
which come together to produce the spectral broadening of laser
pulses, commonly over short propagation lengths [8]. Even though
bulk media provide some interesting features related to the strong
spatiotemporal coupling, guiding medium such as optical fibers is
much more interesting as their optical properties can be adjusted,
notably with the invention of photonic crystal fibers (PCFs) [9]. The
main advantage of PCF resides in its versatility in terms of morphol-
ogy, application and glass used for its fabrication [10]. Therefore,
PCFs geometries can be optimized to, simultaneously, engineer the
dispersion properties and increase the Kerr nonlinearity [11].
Chalcogenide (ChG) glasses are compound that contain at least
one of the chalcogen elements S, Se, and Te combined with the other
elements such as Sb, Ge, As, Ga, etc. [12,13]. ChG glasses are of great
interest due to the possibility of producing glass systems with large

1230-3402/© 2019 Association of Polish Electrical Engineers (SEP). Published by Elsevier B.V. All rights reserved.
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composition space and good resistance to crystallization which
yield to achieve excellent optical properties such as high refractive
indices, high Kerr nonlinearities, and broad transparency window
extending from near-infrared to mid-infrared wavelengths [14,15].
Owing to these excellent optical properties, ChG glasses have been
extensively employed to design mid-infrared SClaser sources based
on PCF exhibiting all-normal chromatic dispersion (ANDi) profile
[12]. Yan et al. numerically investigated coherent SC generation
extending from 2 to 5 wm by pumping 50 fs duration 1kW peak
power laser pulses in As;S3 ChG glass PCF [16]. The authors have
optimized the PCF dispersion profile by controlling the air hole
diameters of inner layers. By using a similar approach, T.S. Saini
et al. reported SC spectra spanning 1.9-10 wm by pumping at
4.5 pm, 50 fs width 0.7 kW peak power laser pulses in As,Se3 ChG
glass triangular-core PCF [17]. Furthermore, Diouf et al. reported
a coherent super-flat SC source in hexagonal lattice PCF made of
As3ggSegr2 ChG [18]. Dispersion and nonlinear parameters of the
proposed PCF are engineered by adjusting the air holes diameter in
the aim to achieve both ANDi regime and high Kerr nonlinearities.
They have numerically shown that coherent SC spectrum extend-
ing from 2.9 to 4.575 um at a 3dB spectral flatness level can be
achieved by launching a 0.05nJ energy laser pulses pumped at a
central wavelength of 3.7 wm into a 5cm ANDi PCF length. A. Ben
Salemetal.reported SC generation in a kind of hybrid PCF composed
of As,Ss ChG glass and borosilicate [19]. The authors have shown
that coherent and ultra-flat SC spectra spanning from 1 to 5 um can
be obtained by injecting at 2.5 pm, 50 fs pulses with 28.16 kW peak
power through 4 mm PCF length. Mid-infrared SC extending from
1.5 to 12.2 pm has been, also, reported in AsSe, ChG based PCF by
Dioufetal. [20]. The authors have shown that such broadband spec-
tra can be obtained by pumping 100 fs pulses with a peak power
of 11.44kW at 3.5 um. Karim et al. used a hexagonal lattice PCF
made using Geq1 5As24Seg4 5 glass in the aim to generate super-flat
and broadband SC in ANDi regime [21]. The results, obtained via
numerical simulations, indicate that by pumping at 3.1 um laser
pulses with a 50 fs width and a 5 kW peak power, a SC extended up
to 6 um can be obtained. Moreover, Karim et al. reported a coherent
SCgeneration spanning beyond 15 pm witha 1 cm all-chalcogenide
dispersion-engineered triangular core fiber (TCF) by using a pump
at 4 wm with a peak power of 5 kW [22]. The proposed TCF is com-
posed of a solid core of Ge115As4Segs5 ChG glass surrounded by a
cladding made of Geq1.5As24S645 ChG glass.

Recently, a novel Ga-Sb-S ChG glass system has been proposed
for mid-infrared applications [23]. The Ga-Sb-S based ChG glass
has excellent optical properties such as broad transparency wave-
length range extending from 0.8 to 14 wm, high linear refractive
index laying in the range of 2.62-2.70, high third-order nonlinear
refractive index up to 12.4 x 10”4 cm?2/W at the wavelength of
1.55 pm, large solubility and low phonon energy when doping with
rare earth [23]. Besides, Ga-based glasses combined with heavy
metals exhibit smaller multi-photon spectra which is suitable for
the design of lasers and other photonic applications [24]. Boruah
et al. proposed and numerically investigated optical properties of
low bend loss PCF based on GagSbs,Sgg ChG glass for mid-infrared
nonlinear applications [25]. The proposed structure is found to be
highly nonlinear and insensitive to microbending which makes it
an excellent candidate for nonlinear applications such as SC gen-
eration. Ga-Sb-S ChG glass system has been, also, considered to
design a rib waveguide for an on-chip mid-infrared SC generation
[24]. The waveguide geometry consists of a GagSb3,Sgp ChG glass
core surrounded by a layer of MgF, glass which act as an upper
and lower cladding material. By pumping at 2.8 wm optical pulses
with a 497 fs duration and a 6.4 kW peak power, mid-infrared SC
spanning the spectral band extending from 1 to 9.7 um can be, suc-
cessfully, achieved [24]. However, the generated spectra are not
smooth because of the anomalous dispersion regime exhibited by

GazShs;Ss

00000000
000000000

Fig. 1. Cross sectional view of the proposed GagSbs,Seo ChG glass PCF.

the proposed rib waveguide. To overcome this critical limitation,
ANDi regime can be achieved in PCF through a proper adjustment
of its air holes diameter.

In this work, we report on a numerical modelling of a mid-
infrared SC generation in a dispersion engineered hexagonal lattice
PCF with a background material made of GagSbs;Sgg ChG glass. To
achieve a broadband, coherent and flat-top SC in the mid-infrared
region, the proposed GagSbs,Sgg PCF is specifically designed with
ANDi profile and nearly-zero chromatic dispersion wavelength in
the mid-infrared region. This characteristics can be fulfilled with
appropriately controlling the cladding air holes diameter. For that
purpose, the finite-difference frequency-domain (FDFD) method is
employed to compute the PCF linear and nonlinear properties such
as chromatic dispersion, field mode area and Kerr nonlinear coeffi-
cient. The spectral broadening occurring due to the propagation of
high peak power and femtosecond laser pulses inside the proposed
PCF is simulated by solving the generalized nonlinear schrodinger
equation (GNLSE). Furthermore, the influence of pulses’ character-
istics and the seeded noise on the generated SC bandwidth and
coherence is, respectively, investigated.

2. Theory
2.1. Design and parameters computation of the GagSb3,Sgo PCF

Figure 1 depicts the cross section of our proposed PCF. The
structure is formed by a solid core made of GagSbs,Sgg ChG glass
surrounded by seven rings of air holes arranged in a triangular lat-
tice and running along the PCF length. The number of rings has
been chosen to prevent the confinement loss which arises due to
the optical tunnel effect. The air holes pitch and diameter are A
and d, respectively. The refractive index of GagSb3,Sgg ChG glass is
calculated by using the Sellmeier dispersive model as [25]:

_ Cl])\.2 02)\.2
n_\/1+k2—b%+)\2—b§' (1)
Where: a; = 6.2563, by = 0.3425 pm, a, = 2.9444 and b, = 34.28
pm.

In order to compute the fundamental mode effective index
and find the corresponding optical field distribution, the finite-
difference frequency-domain (FDFD) method has been used. After
applying the PML boundary condition, the Maxwell’s equations for
the electric field E and magnetic field H are given by [26]:

ikoSé‘rE =V xH
—ikosuurH =V x E

(2)
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Sy/sx 0 0
s=1|0 sx/sy 0 |. (3)
0 0 SySx

Where: sy = 1 — ox/ (iwgg) and sy = 1 — 6y / (iweop).

ko is the free space number, ¢, is the medium relative permit-
tivity, wr is the medium relative permeability, o is the conductivity
profile and w is the angular frequency. Once an adequate meshing
is introduced to the structure, the Maxwell’s equations system is
converted into a matrix eigenvalue problem. For a given excitation
wavelength, a sparse matrix method is used to compute the mode
effective refractive index ney and its optical field profile [27].

The chromatic dispersion is a key parameter in the propagation
of short optical pulses and their nonlinear interactions in optical
fibers [4]. The PCF chromatic dispersion coefficient is evaluated
from the fundamental mode effective index as follows:

) Pngy
Ccoda? “@

Where A and c are the wavelength and the speed of light, respec-
tively.

The field effective area of the propagating mode plays a crucial
role in designing PCFs. It gives a measurement of the light transmit-
ting area regarding the PCF nonlinear response. It can be calculated
using [28]:

(JJ |F?| dxdy)®

Agp =~ (5)
I |E|4dxdy

Where E denotes now the amplitude of the transverse electric field
that propagates within the PCF.
The PCF Kerr nonlinearity coefficient is defined as [5]:

_ o
CAeff ’

Where ny = 12.4 x 1071 cm2/W at 1.55 um for GagShs»Sgy ChG
glass [23].

D(A) =

(6)

2.2. Modelling of nonlinear pulse propagation in PCFs

Ultra-court pulse propagation and SC generation in PCFs can
be modelled by the generalized nonlinear schrédinger equation
(GNLSE) [5]. This propagation’s equation describes the pulse evo-
lution inside an optical fiber with the mutually combined effects
of chromatic dispersion and the various nonlinear processes. Its
expression is given by:

A « k1 ofa i 9
&—FEA_szﬁkW:ly l+a)705

(A(z, T) /.OOR (1) x |A(2.T-T) 2dT’>. 7

A(z,T) is the temporal envelope of the pulse electric field, « is
the propagation loss coefficient, B, is the k" Taylor series expan-
sion coefficient of the propagation constant 8 (w) computed at the
center carrier frequency wg of the pumping pulse, y is the Kerr non-
linearity coefficient, R(T) is the nonlinear response function, that
contains both instantaneous electronic (Kerr effect) and delayed
(Raman scattering) contributions. Its expression is given by Ref. 5:

R(t)=(1—fr)8(t) +frhr(t). (8)

4(t) is the Dirac delta function that represents the instantaneous
electronic response, hg (t) is the Raman response function and fg
represents the Raman fractional contribution to the overall nonlin-
ear response. Given that, the GagSb3,Sgg ChG glass Raman response

and fractional contribution are unknown, we have employed those
of the As;Ses ChG glass [24]. Accordingly, the value of f; is set to be
0.115 and the Raman response is given by the following expression
[17]:

2, 2
hg (t) = hi +2tz exp (_—t) sin (i) O(t). (9)
Ty T2 T1
This single Lorentzian model is characterized by two parameters
77 and 1, which are appropriately adjusted to provide an excel-
lent fit to the real Raman gain spectrum [29]. t; is related to the
phonon frequency and 7 is related to the network attenuation of
vibrating atoms [30]. Their values are set to be of 23.1 fs and 195fs,
respectively [17].

Finally, the statistical properties of the generated SC are investi-
gated. Aiming to analyze their sensitivity to the input noise present
on the pump pulses. Coherence of SC sources refers to a mea-
sure of correlations among their spectral intensities and is required
to characterize ultrafast or rarely occurring phenomena [31]. The
analysis can be performed by calculating the modulus of the first-
order degree of coherence described as the ratio of the mean
spectral field squared to the mean spectral intensity as following
[32]:

| < E(w)> |

. 10
< |E(a))|2 > (10)

1g12(w)l =
Where E () is the output pulse spectrum. The degree of coherence
is calculated considering an ensemble average over a large number
of independent realizations of the generated SC spectra. The input
pulse noise is seeded into each of these simulations based on the
one photon per mode model [33]. The spectral amplitude of the
input noise A (w) can be expressed as [34]:

Alw) =4/ Tf::n exp (2@ (). (11)

Where # is the reduced Planck constant, w is the angular pulsa-
tion, Tspan is the temporal window employed for the numerical
simulations and ¢ (w) is a randomly generated phase, uniformly
distributed in the interval [0, 27T]. Besides, |g]2 (a))| is lying in the
interval [0-1], with a value of 1 indicating perfect coherence [5].

3. Numerical results
3.1. Dispersion engineering of the proposed PCF

As stated previously, our target is to design GagSbs,Sgg ChG glass
based hexagonal lattice PCF exhibiting ANDi regime so that the
resulting SC is flat and coherent over a broad spectral range. For
this purpose, the geometrical parameters of the proposed PCF are
suitably adjusted. In fact, the material dispersion of the background
glass is a fundamental limit when engineering the PCF chromatic
[35]. Figure 2 depicts the material dispersion of GagSb3;Sgo ChG
glass derived from Eq. (1). As it can be seen, the glass exhibits both
normal and anomalous dispersion with a zero dispersion wave-
length at 5.25 wm. Through a careful adjusting of the lattice pitch
and the air holes diameter, the material dispersion can be adjusted
by waveguide dispersion and ANDi regime can be, then, achieved.
We optimize the proposed PCF structure considering a constant
pitch A and different values of air holes diameter. Figure 3 depicts
the evolution of the fundamental mode chromatic dispersion with
wavelengths for A = 2.5 um and d varying from 0.6 pm to 1.2 pm
with step of 0.2 wm. As it can be observed, the total chromatic dis-
persion profile is strongly affected by the value of the air filling
fraction. When d/ A increases, the dispersion curve increases too
and a maximum value obtained around the wavelength of 4.5 pm.
Besides, ANDi regime can be achieved with a peak close to the zero
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Fig. 4. Variation of the chromatic dispersion with wavelengths for d/ A = 0.352.

for d/ A laying between 0.32 and 0.40. Further numerical inves-
tigations have shown that such required dispersion profile can
be ensured with d/ A =0.352, corresponding to an air hole diam-
eter of d =0.88 um. As depicted in Fig. 4, the PCF design with
optimized air holes diameter exhibits a negative dispersion over
the entire spectral range with zero dispersion wavelength around
4.5 pm. Finally, we have calculated the effective field mode area
and the corresponding Kerr nonlinearity and their variations with
wavelengths are depicted in Fig. 5. By using the Miller’ rule, the
nonlinear refractive index of the GagSbs3;Sgp ChG glass has been
reduced to n, = 10.6 x 10~1% cm2 /W, corresponding to the central
wavelength 4.5 wm [36]. Simulations results show that the pro-
posed GagSb3,Sgo PCF exhibits extreme high nonlinearity over the
whole spectral range. Moreover, the effective field mode area and
the corresponding Kerr nonlinear coefficient for the wavelength of
4.5 wm have been found to be of 15.23 wm? and 970w~ km~!,
respectively.
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Fig. 5. Variation of the effective mode area and the corresponding nonlinear coef-
ficient with wavelength for d/ A = 0.352.

Table 1

Taylor series expansion coefficients of the propagation constant.
Coefficient Value
B2 0.2121 ps?/km
B3 —0.0027 ps?[km
Ba 3.5188 x 1079 ps*/km
Bs —1.8685 x 10°%7 ps® /km
Bs 5.7195 x 1010 psé/km
B7 —7.8881 x 1073 ps’ /km

3.2. Simulation of mid-infrared SC in the proposed PCF

For studying SC generation in our proposed PCF with the opti-
mized design, we numerically solve the GNLSE equation given
by Eq. (7). Optical pulses propagating within the GagSbs,Sgp PCF
core are modelled by a chirpless Gaussian pulse given by A (0, t) =

Poexp (—t2/2T2) where, Ty is the pulse duration and Py is
the peak power. Aiming to generate broad SC, laser pulses are
pumped at 4.5 pm, corresponding to the zero chromatic disper-
sion wavelength. A possible light source for these pulses is based
on phase-matched difference-frequency mixing (DFM) in Gallium
Selenide (GaSe) crystal of near-infrared signal and idler pulses
obtained from a parametric system [37]. The light source is capa-
ble of providing optical pulses with w-joule energy level in the
mid-infrared wavelengths range extending from 3 to 20 wm with
very short durations of 50fs at the wavelength of 5 wm. In order
to accurately model the dispersion variation over a large spectral
bandwidth, the Taylor series expansion coefficients up to the 7th
order of the propagation constant have been computed around the
center carrier frequency and their corresponding values are given
inTable 1. The propagation loss is neglected from Eq. (7) since pulse
propagation is considered in only few millimeters PCF length piece.

Firstly, and aiming to give a simple explanation of SC forma-
tion mechanisms in the proposed GagSbs;Sgg PCF, we consider
the injection of a Gaussian pulse with a total energy of 0.53 nj,
corresponding to FWHM and a peak power of 100fs and 5kW,
respectively. Accordingly, the dispersion length Lp, the nonlinear
length Ly; and the soliton order N can be computed as follow-
ing: Lp = T3/ |B2|=0.047m, Ly, = 1/ (yPo) = 20.60 x 10~> m and

N = /Lp/Ln. =15, respectively. Figure 6 depicts the pulse tem-
poral and spectral evolution over the propagation distance. In
the first few millimeters, the SC process is initiated by the SPM
and the pulse spectrum extends symmetrically toward shorter
and longer wavelengths. Furthermore, the SC spectrum begin to
broaden asymmetrically because of the OWB effect. It arises on the
pulse leading and trailing edges where the spectrum sidebands are
obtained from mixing the overlapping frequency components gen-
erated by the SPM [38]. Consequently, OWB is responsible for the
creation of the extreme frequencies on both sides of the pulse spec-
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trum and for the uniform spectral and temporal profiles of the pulse
spectrum at the PCF output [1]. Figure 7 shows the pulse temporal
and spectral profiles at the PCF input and after 1 cm of propagation
length. The propagation length where the OWB arises is given by
[39]:

Lp

—F (12)

4e-15N2 — 1

Accordingly, the OWB starts to occur at the distance of 3.3 mm.
Figure 8 shows the pulse temporal profile at the input and after
3.3mm of propagation and the spectrogram of the output pulse.
Upon further propagation, the pulse spectrum extends on both
sides by transferring energy from its center wavelengths to the new
generated frequency band. Sight to enhance the generated SC band-
width, we have studied the impact of the pumped pulses initial
conditions. Firstly, the impact of the pulse peak power is inves-
tigated. Numerical simulations are conducted with a 100 fs pulse
duration with a peak power of 5kW, 10kW, 15kW and 20kWw,
respectively. As it can be seen from Fig. 9, the output pulse spectrum
width increases with the initial peak power. Besides, smooth SC
spectra extending to the mid infrared region and spanning 6.9 pm
in the range from 1.7 um to 8.6 m at 20 dB is successfully obtained
for a peak power of 20 kW. The effect of the initial pulse duration
on the output spectrum bandwidth is, then, studied. We consider
an initially injected pulse with a peak power of 20 kW and vari-
ous FWHM durations. Figure 10 depicts the output pulse spectrum

after propagation over PCF length of 1 cm where the FWHM is set
to be 100fs, 75fs and 50fs, respectively. When the pulse FWHM
is reduced, the generated SC spectrum extends toward the mid-
infrared region and large bandwidth spanning of 7.59 pm from
1.65 wm to 9.24 pm at 20 dB is successfully achieved when pump-
ing with 50 fs FWHM pulses. The SC sensitivity to the input noise
is, then, analyzed. The coherence of SC spectra generated in our
proposed PCF is investigated by considering the optimized param-
eters of the input pulse. Figure 11 shows the SC generated after
1 cm of propagation in the PCF using a pulse with a peak power
and FWHM of 20 kW and 50 fs, respectively and the corresponding
first-order degree of coherence calculated from 100 independent
realizations. As it can be seen, the generated spectrum exhibits
smooth profile with perfect spectral coherence over the entire spec-
tral range. In fact, the spectral broadening is achieved mainly due to
SPM which is a deterministic process that preserves the coherence
of input optical pulses [40]. Finally, the influence of the material
loss on the SC spectral bandwidth is examined. Figure 12 depicts
the output SC spectrum for a laser pulse with a peak power and
FWHM of 20 kW and 50 fs, respectively, without loss and after intro-
ducing an optical attenuation with a coefficient of 1.24dB/mm,
calculated from the transmission spectra of the Ga-Sb-S glass sys-
tem [23]. Compared to the case where the loss is neglected, the
generated SC spectrum bandwidth at the spectral flatness level
of 20dB is reduced only by 0.29 wm. Besides, this spectral nar-
rowing can be compensated by increasing the input pulses peak
power.



6 A. Medjouri et al. / Opto-Electronics Review 27 (2019) 1-9

80
(a)
70
60
50
Onset of
2 the OWB
g 40
=
30
20
10

04 0.2 0

Time (ps)

02

50

45

40

35

0

Wavelength (pm)

25

20

03

025 015 0 0.15

Time (ps)

025 03 03 025

Fig. 8. (a) Pulse profiles at the input and after z=3.3 mm of propagation. (b) Spectrogram of the output pulse.

ol T . , . . . . . T T .
SkwW
1 1 1 1 1 1 1 1 1 1 1
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000
— : . . . . . . : . , .
=0 10 kW
g (’
=
2 1 1 1 1 1 1 1 1 1 1 1
g 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000
Q
g : | ; ; . . . : : . ,
= s ISkW ]
1 1 1 1 1 1 1 1 1 1
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000
ol ‘ : . . : : . . . ‘ .
{r 20 kW
‘ s s s s . . s s s ‘
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000

Fig. 9. Generated SC spectrum in 1 cm PCF length with an input pulse FWHM of 50 fs and various values of the peak power.

Wavelength (nm)

60 T T T T T T T T T T T
100 fs
40 - =
20 =
I I I I I I I I I I I
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000
~ 60 T T T T T T T T T T T
3 s
= 751
> 40 - 1
2
S 20 b
i
I I I I I I I I I I
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000
60 T T T T T T T T T T T
50 fs
w0k 50 fs i
20 T
1 1 L 1 L L L L L 1
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000

Wavelength nm)

Fig. 10. Generated SC spectrum in 1 cm PCF length with an input pulse peak power of 20 kW and various values of FWHM.

The numerical results presented in this paper are compared to
recently published works reporting mid-infrared SC generation in
ANDi ChG based PCFs (Table 2). Although the comparison is per-
formed by considering a spectral flatness of 20 dB level, it reveals
the potential of our proposed GagSbs;Sgg ChG glass based PCF to
generate coherent, broadband and ultra-flat SC spectra.

Also, it is worth noting that the SC is generated in our
PCF with a simple design compared to more complex struc-
tures such as multi-material PCFs [19,22], PCF with different

air holes diameters [17] or nanostructured graded-index fiber
[43].

The broadband SC generated in our proposed GagSbs,Sgg glass
PCF makes it a promising candidate for multiple nonlinear appli-
cations, especially in OCT [44]. Visible and near-infrared OCT has
been widely used as non-invasive and non-contact cross-sectional
imaging technique for biological tissues, material characterization,
dimensional measurement etc. [45]. Recently, mid-infrared OCT
systems have been reported for the analysis of ceramics, polymers
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Table 2

Comparison of the SC bandwidth at 20 dB generated with the proposed GagSbs,Sgp based PCF with that reported in selected ANDi ChG based PCF designs.’.

Reference ChG glass Pump wavelength (um) SC bandwidth (pum)
[17] As;Ses 4.5 2-8

[18] As3g.35€61.2 3.7 28-48

[19] As,Ss - borosilicate 2.5 0.9-5.25

[21] Ge11.5As245€645 3.1 2-55

[22] Ge115A5245€645 - Ge115AS245645 4 25-7

[41] As,S3 - borosilicate 2.8 24-31

[42] As>S; 25 1-7.5

[43] AsgoSeso - Ge1oAS23.45€66.6 6.3 35-85

Proposed PCF GagSbs2Seo 45 1.65-9.24

and some biochemical species such as collagen amide, carbonate
and phosphate [46,47]. For an OCT system, an axial resolution is a
key specification. Its value is determined by the coherence length
of the light source given by [48]:

_2In2 A5

<= AN (13)

Where Ag and A) are the source center wavelength and spectral
bandwidth, respectively. As it can be noticed from Eq. (13), the
coherence length is inversely proportional to the optical source
spectral bandwidth and, therefore, broadband optical sources are
needed to design OCT systems with improved axial resolution [48].
In our simulations, we have found that pumping 1.06 nJ pulses at a
central wavelength of 4.5 pminto a 1 cm long PCF generates a broad
SC with the spectral width AA =7.59 wm. Therefore, the coherence
length is 1.18 wm and, hence, high resolution OCT imaging system
can be ensured for the mid-infrared fingerprint region. Besides, the
ultra-flatness of the generated SC prevents the creation of side lobes

in the interferogram and ensures the required high quality of axial
resolution [47].

Considering now the fabrication possibilities of the proposed
PCF. A key factor for fiber manufacturing is related to the ther-
mal stability of the host glass. Thermal stability is defined as the
difference AT between the crystallization temperature T, and the
glass transition temperature Tz which has to be higher than 100° C
[49,50]. According to the experimental results reported in [23], the
glass transition and crystallization temperatures of the GagSbs;Sgo
glass are found to be Ty =240° Cand Tc =357° C, leading to a thermal
stability of AT = Ty — T =117° C. For that reason, the GagSb3»Sgo
chalcogenide glass system is found suited for fibers fabrication.

4. Conclusions

In summary, we have studied ANDi and highly nonlinear chalco-
genide glass based PCF for coherent, broadband and flat-top
mid-infrared SC generation. The proposed PCF consists of a solid
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core made of GagSbs,Sgg ChG glass surrounded by seven rings of
air holes arranged in a hexagonal lattice. Numerical results indi-
cate that targeted dispersion properties can be achieved simply
by controlling the air hole diameters in the cladding and ANDi
profile is achieved over a wide range of wavelengths with a zero
dispersion wavelength located around 4.5 pm. Moreover, the pro-
posed PCF exhibits Kerr nonlinearity as high as 970 w—'km~"! at
the pumping wavelength (i.e., 4.5 wm). Furthermore, SC genera-
tion at 4.5 um in the optimized design has been analyzed. The
impact of input pulse peak power and duration on output spec-
tral bandwidth have been investigated. Simulations’ results have
shown that broadband and perfectly coherent flat-top SC spectrum
spanning the wavelength range from 1.65 pum to 9.24 um at the
20dB spectral level is successfully generated by using a 50 fs dura-
tion 20 kW peak power laser pulse (corresponding to pulse energy
of 1.06 nJ) in only 1 cm PCF length. Owing to its interesting prop-
erties, the proposed GagSbs;Sgo glass PCF is found to be suitable
for potential mid-infrared applications such as optical coherence
tomography, mid-infrared spectroscopy, metrology and material
characterization.
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In the present paper, we report an experimental study on a special glass developed for Ag*-Na* ion-
exchange. The glass composition and the influence of each element of the composition on the diffusion
parameters were studied. Some parameters of exchange are determined, as well as the diffusion coeffi-
cient, refractive index variation, propagation and coupling losses. Such parameters can determine the fab-
rication conditions of integrated devices. The obtained waveguides have low coupling and propagation
losses. The behavior of the fabricated waveguides at low temperatures is tested. It observed that, at these
temperatures the diffusion is not negligible, which can affect the life time of the components. In order to
improve this parameter, a modification of the amount of some elements of the glass composition is nec-
essary, specially the alumina.
© 2018 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Ion exchange in glass is a suitable technique which is widely
applied to modify the surface composition and properties of the
glass surface without changing the bulk glass properties
(Guldiren et al., 2016). This technique is usually used to fabricate
glass waveguide owing to their benefits compared with other fab-
rication techniques (Wang et al., 2015). Waveguides made by ion-
exchange on glass substrates are good candidates for passive inte-
grated optics applications (Ramaswamy and Srivastava, 1988;
Opilski et al., 2000). In addition, the integrated waveguide fabri-
cated by this technology is a process well suited to industrial pro-
duction. The quality and the performances of such waveguides
depend strongly on the glass composition and on the type of the
dopant ions (Ag*, K*, TI*, Cs* etc.), which determine the diffusion
parameters of the exchange (Rehouma and Aiadi, 2008). Some con-
ditions are required on glass to use it in this technology. It must
contains enough of alkaline oxides in order to create an important
variation of refractive index, low intrinsic losses, the refractive
index of the material is close to that of the silicon, chemical
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durability, no bubbles and high degree of homogeneity, easy diffu-
sion of the ions, simple production, the fusion temperature is
higher than the diffusion temperature and finally a low Haven
ratio.

In this work, we report an experimental study on a special glass
developed for Ag*-Na* ion-exchange. The study includes the glass
composition, and the influence of each element of the composition
on the diffusion parameters. The fabrication parameters, the char-
acterization of the fabricated waveguides on this glass and its per-
formances are presented. The results are discussed in order to
improve this composition.

2. Experimental
2.1. Glass’s composition and characteristics

The glass used in this study contains SiO, as network former
oxide with quantity in weight (%) of 61-64%. This amount gives
the glass strength and high transparency in the visible and near
infrared ranges. The alumina (ALOs) is introduced as network
intermediate oxide with 11-13%. The intermediate oxide, con-
tribute to the glass strength, causes an elevation of refractive
index. The existence of this quantity in the glass permits to
increase the electrical conductivity, the chemical durability of glass
and the diffusion efficiency in the material. As network modifier
oxides, Na,O, Li,O, MgO and CaO are introduced with 12-14,
0.5-1, 3-4 and 3-5% respectively. The addition of alkaline oxides
(Nay0 and Li;O) permits to reduce the elaboration temperature,
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the viscosity and the chemical durability of glass. Moreover, the
presence of alkaline oxides increases the dilatation coefficient,
the electrical conductivity and the refractive index. The MgO and
CaO improve also the chemical resistance of glass and reduce the
electrical conductivity. The introduction of B,Os, in this case
(4-6%), increases the chemical resistance and decreases the dilata-
tion coefficient. It should be noted, that the composition do not
contains FeO, As,03 or Sh,03 since these elements cause the reduc-
tion of silver ions leading to excessive losses in the substrate. The
glass samples, with size of 6 cm, were prepared starting from high
purity powders according the weight (%) composition mentioned
above by melt-quenching method. This method includes a series
of classical steps: mixing of starting materials, melting, fining, cast-
ing and annealing (Murugasen et al., 2015). The refractive index of
this glass is nearly of 1.51 (A=0.8 um) and the temperature of
fusion (Tg) is in order of 560 °C.

2.2. lon-exchanged waveguide’s parameters

In order to design optical waveguides made by ion-exchange in
this glass, it is important to characterize the diffusion properties of
cations in the substrate. The kinetic of diffusion is obtained by
analysis of the refractive index profile of planar waveguides calcu-
lated by the inverse WKB method from the effective index of mul-
timode structures (Hocker and Burns, 1975; Kaul and Thyagarajan,
1984; Ding et al., 2004).

The diffusion coefficient and ionic mobility are deduced from
this experiment by fitting numerically the index profiles by finite
difference program. Such program simulates the differential equa-
tion (Fick’s law) which governs the diffusion kinetic of the two
cations. The diffusion coefficient D (um?/min) is determined
experimentally for two different concentrations (2% and 10% Molar
fraction) of silver in a molten bath of Sodium Nitrate (NaNOs). The
measurements of D were performed for different temperatures
varying from 250 to 350 °C (Table 1). The time of diffusion is a
few seconds for each operation.

The refractive index variation (An) after the thermal exchange
depends also on the silver concentration in the molten bath. The
experimental results are given in the table 2.

We assume that D (T) has temperature dependence given by the
following law:

D(T) = Dpe #f (1)

Where Dy is the frequency factor, 4E is the activation energy and R
is the gas constant.

The Fig. 1 illustrates the variation of D as a function of temper-
ature (°C).

A glass waveguide elaborated with a silver concentration of 10%
has a diffusion coefficient which is equal to 0.00002 ym?/min at
80 °C, which is not negligible. That is to say that it takes about

9 days for Ag” ion move over a distance of 1 pm (x = 2+/Dt) into

Table 1

The variation of D as function of silver concentration and temperature.
Temperature (°C) 250 300 350
D(pm?/min), Cag = 2% 0.037 0.15 0.6
D(pm?/min), Cag = 10% 0.08 0.35 1.2

Table 2

variation of refractive index as function of AgNOs; concentration in molten bath.

Concentration of AgNO5 0.2 0.4 05 1 5 10 14
(molar fraction%)

An at the glass surface (x1072)  1.02 191 2.1

29 585 695 733

13+
1,2
1,14
1,0
0,9
0,8
0,7
0,6
0,5
0,4
0,3
0,2
0,1
0,0

D(um?/min ),

T T T T T T T T i 1
240 260 280 300 320 340 360
Temperature (°C)

Fig. 1. The variation of D as function of silver concentration and temperature.

the glass. This aspect is confirmed by heating the fabricated plan-
ner waveguides in a furnace, at low temperature (100 °C), for sev-
eral days (until 750 h). It observed that the variation of refractive
index of the fundamental mode, decrease from 0.055 to 0.047.

The diffusion of K* is also tested, by immersing the glass sub-
strate in a molten bath of KNOs. The temperature of the exchange
is more than 400 °C, for a time of diffusion more than four hours.
From the obtained planner waveguides, the diffusion coefficient
D and 4n are determined experimentally. D depends on the tem-
perature of diffusion. For T varies from 390 to 460 °C, D changes
from 0.012 to 0.065 um?/min. The refractive index variation
depends only on the kind of the dopant. In this case, it is about
0.0125. This glass is not well-suited for K" exchange due to the
qualities of the obtained buried waveguides (Tervonen et al., 2011).

A channel-waveguides are made by two-step exchange process
(Rehouma et al., 1995). During the first step, a surface channel-
waveguide is fabricated by purely thermal exchange between the
Ag” cations of the bath and the Na* cations present in the glass,
through a mask previously deposited on the glass surface. This
mask is then removed; the waveguide is buried below the surface
by application of an external electric field across the substrate, dur-
ing the second step. The obtained waveguides, 3 cm of length, are
well compatible with optical fiber. The insertion losses (input, out-
put coupling and propagation losses) of such waveguides are less
than 0.8 dB. These losses were divided as follow: 0.4 dB in input
and output coupling losses (Rehouma et al., 2007), less than 0.39
dB (0.13dB/cm) in propagation losses (at A= 0.785 um)
(Rehouma and Aiadi, 2008). The propagation losses are measured
by the Cut back method (Cai et al, 2013; Kaminow and Stulz,
1978).

3. Discussions

We can draw several remarks from the results. Firstly, the
important quantity of Na,O in the studied glass is responsible of
the considerable variation of the refractive index of the exchanged
waveguides (Inacio et al., 2013; Rehouma, 1994). The diffusion
coefficient (D) of the external cations into glass depends on the
concentration of Al,Os; and Na,O of the glass in the one hand
(Mendez and Morse, 2007), on the other hand, it depends on the
concentration of silver in the molten bath and its temperature
(Rehouma and Aiadi, 2008). D is important, in spite of the existence
of B,0s in the glass. This parameter remains important even at low
temperature (60-100 °C), which affects on the lifetime of the fab-
ricated integrated devices. It will be preferable to have a value of
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activation energy 23 kcal/mol in order to extend the stability of the
components over 20 years. To improve this factor, a reduction of
Al,O3; and replace it by an alkaline oxide like K;O is necessary
(Tomozawa, 1993). A saturation of 4n is obtained for a silver con-
centration about 10% in the bath. It means economically, is not
advised to use more than this concentration in order to obtain a
maximum of An. The temperature of the exchange (300-400 °C)
is largely less than the T, of the glass, then the fabrication condition
has no affect on the substrate. The transparency and the homo-
geneity of the material are demonstrated by the obtained low
losses propagation. Its refractive index (1.51) is nearly close to that
of optical fiber (1.46), but the addition of small quantity of fluoride
(less than 4%) can reduce significantly this parameter (Garcia-
Bellés et al., 2017; Rabinovich, 1983).

4. Conclusions

This study shows that this composition of glass is well adapted
for silver-sodium ion-exchange. A good qualities and performances
of the fabricated waveguides were obtained in terms of propaga-
tion and coupling losses. The factor of stability of the components
must be taken in consideration for a future evolution of this
composition.
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To improve the output beam stability of a TEMgy-mode solar-pumped laser, a twisted fused silica
light-guide was used to achieve uniform pumping along a 3 mm diameter and 50 mm length Nd:YAG
rod. The concentrated solar power at the focal spot of a primary parabolic mirror with 1.18 m? effective

collection area was efficiently coupled to the entrance aperture of a 2D-CPC/2V-shaped pump cavity,

Keywords:
TEMgo-mode
Homogenizer
Solar-pumped laser
Fused silica

Light guide

within which the thin laser rod was pumped. Optimum solar laser design parameters were found through
ZEMAX®© non-sequential ray-tracing and LASCAD®© laser cavity analysis codes. 2.3 W continuous-wave
TEMgo-mode 1064 nm laser power was measured, corresponding to 1.96 W/m? collection efficiency
and 2.2W laser beam brightness figure of merit. Excellent TEMgy-mode laser beam profile at
M? < 1.05 and very good output power stability of less than 1.6% were achieved. Heliostat orientation
error dependent laser power variation was considerably less than previous solar laser pumping schemes.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The idea of solar-pumped lasers appeared [1] no long after the
invention of laser. The conversion of free sunlight into laser light by
direct solar pumping is of increasing importance because broad-
band, temporally constant, sunlight is converted into laser light,
which can be a source of narrowband, collimated, rapidly pulsed,
radiation with the possibility of obtaining extremely high bright-
ness and intensity. This type of renewable laser is unique since it
does not require any artificial pumping source along with its asso-
ciated electrical power generation and conditioning equipment.
Solar-pumped lasers are hence very useful for space applications
[2] such as atmospheric and ocean sensing; laser power beaming;
deep space communications; orbital space debris removal. Pow-
ered by abundant solar energy, solar laser has also large potentials
for terrestrial applications such as high temperature materials pro-
cessing and magnesium-hydrogen energy cycle [3-5], where high
brightness solar laser beam can play an important role. Brightness
is the most significant parameters for a laser beam. It is given by
the laser power divided by the product of the beam spot area
and its solid angle divergence. This product is proportional to the

* Corresponding author.
E-mail address: dl@fct.unl.pt (D. Liang).
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square of beam quality factor M2, Brightness figure of merit is thus
defined as the ratio between laser power and the product of M2
and M2. Many applications require operation of a solar laser at
its fundamental mode: e.g. TEMgo-mode, since this mode produces
the smallest beam divergence, the highest power density, the high-
est brightness [6] and also the highest stability [7]. Furthermore,
the radial profile of TEMgo-mode is smooth. This property is impor-
tant at high power levels, since multimode operation leads to the
random occurrence of local maxima in intensity, which might
exceed the damage threshold of the optical components in a res-
onator [6].

Since the first demonstration of 1-W solar-pumped laser by
Young in 1966 [1], researchers have exploited both parabolic mir-
rors and Fresnel lenses to attain enough solar flux at the focal
point. Many pumping schemes have been proposed to improve
solar laser output performance [8-28]. Even though parabolic mir-
rors have long been explored to achieve tight focusing of incoming
solar radiation, the adoption of a Fresnel lens as a primary solar
concentrator in the last decade has boosted significantly solar laser
efficiency. Considerable solar laser collection efficiency - defined
as the ratio between laser output power and primary concentrator
area - have been achieved, reaching 30 W/m? when pumped
through a 4 m? area Fresnel lens in 2012 [14]. The thermal lensing
effects caused by non-uniform distribution of pump light have,
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however, contributed to low laser beam brightness when the laser
rod was end-side-pumped by the Fresnel lens [13,14]. Even though
Fresnel lenses have been preferred due to its simplicity, easy avail-
ability and low-cost [11-15], there are still a few inconveniences
regarding to their use in solar laser research. Fresnel lenses cause
the dispersion of the solar radiation spectrum along its focal zone,
impairing the most efficient pump light concentration to laser rod.
The solar laser head pumped by a Fresnel lens [11-15] moved
together with the whole solar tracking structure; thus, an optical
fiber was required for the transportation of solar laser radiation
to a fixed target position, diminishing therefore the efficiency of
the whole laser system due to the transmission loss of the optical
fiber. The advantage of having a stationary laser head at the focus
of a primary collector is more pronounced for applications like
material processing where a vacuum chamber should be conve-
niently installed near the laser head. We have, therefore, insisted
on improving solar laser efficiency and beam brightness by
heliostat-parabolic mirror systems in recent years [16-20,25,27].
Most recently, we have achieved 31.5W/m? multimode,
7.9 W/m? TEMgo-mode solar laser collection efficiency by using
the heliostat-parabolic mirror system in the PROMES - CNRS
(Procedes, Materiaux et Energie Solaire — Centre National de la
Recherche Scientifique) [28], surpassing the previous records by
Fresnel lens [14,15].

The utilization of two-dimensional compound parabolic sec-
ondary concentrator (2D-CPC) and three-dimensional compound
parabolic concentrator (3D-CPC) tertiary pumping cavity further
boosted up the solar laser power level [13-17,25]. Despite the
small overlap between Nd:YAG absorption spectrum and solar
emission spectrum, Nd:YAG single-crystal material has been
demonstrated as an excellent material under solar pumping
because of its superior thermal conductivity, high quantum effi-
ciency and mechanical strength characteristics compared to other
host materials [7-29]. Side-pumping configuration presents high
brightness since it allows the uniform distribution of absorbed
solar pump power along the rod axis and spreads the power within
the laser medium, reducing the associated thermal loading prob-
lems [18,25]. Besides, the free access to both rod ends permits
the optimization of more laser resonator parameters, improving
largely the laser beam quality and enabling the efficient extraction
of solar laser in fundamental mode. Also importantly, as the rod
acts as an aperture within a laser resonator, by pumping a small
diameter laser rod, high-order resonator modes can be suppressed
by large diffraction losses, and beam quality improves. For these
reasons, we have concentrated our efforts on side-pumping small
diameter rods through heliostat-parabolic mirror system in recent
years [15,17,25].

Heliostat orientation error is a critical factor influencing the res-
onator stability of a solar laser. It moves the center of the absorp-
tion distribution inside the crystal, resulting in both less output
power and a non-uniform beam profile. To minimize this problem,
a single fused silica light-guide with large square input/output
ends was proposed [16,17,20]. Pump light uniformity at the output
end of the square light-guide was achieved. The transfer efficiency
from the focal spot to the laser rod was, however, reduced due to
the inefficient light coupling between the large output end of the
light guide and the laser rod. Besides, in solar lasers, thermal focus-
ing of a laser rod greatly modifies the modes, and the pump-
induced fluctuations of the focal length may strongly perturb the
laser output, even preventing any practical or reliable use of the
laser [19,20]. Efficient exploitation of the rod volume of a solar
laser operating in the fundamental mode requires the solution of
following problems: the TEMgo-mode volume in the rod has to
be maximized, but the resonator should remain as insensitive as
possible to focal length and alignment perturbations. Early solu-
tions proposed the compensation of the thermal lens by a convex

mirror, or by negative lenses ground at the ends of the rod, that
exactly eliminate the focusing effect of the rod. With these meth-
ods, high power in a single-mode beam was obtained [6]. This
compensation technique, however, was effective only for one par-
ticular value of the focal length.

Since 2008, many solar laser pumping schemes [21-24| were
proposed and prototypes [15,17,19,20,25,28] built to generate
TEMgo-mode laser emission, as listed in Table 1. The most efficient
method was related to the direct pumping of a laser rod in the focal
zone through either an aspheric lens [15,28], or a cylindrical lens
[19] or an ellipsoidal lens [25]. For the PROMES heliostat-
parabolic mirror system, a fused silica semi-cylindrical lens was
combined with a 2V-shaped pumping cavity to provide efficient
side-pumping along a grooved Nd:YAG rod. 4.0 W continuous-
wave TEMgg-mode (Mx? =1.2 and My? = 1.1) 1064 nm solar laser
power at 3.6 W/m? collection efficiency were obtained [19]. An
ellipsoid-shaped fused silica lens was also combined with a
2V-shaped pumping cavity to provide efficient side-pumping along
the same grooved rod. 4.5W continuous-wave TEMgp-mode
(M? < 1.1) 1064 nm solar laser power was achieved at collection
efficiency of 4.0 W/m? [25]. However, poor laser beam stability
was found due to the strong thermal lensing effect in both cases
[19,25]. Most recently, 9.3 W continuous-wave TEMgo-mode
1064 nm solar laser power was measured, corresponding to
7.9 W/m? TEMgo-mode solar laser collection efficiency [28]. How-
ever, most efficient end-side-pumping of a 4 mm diameter 35 mm
length Nd:YAG rod through a large aspheric lens has inevitably
resulted in non-uniform absorbed pump light distribution, result-
ing in the TEMgo-mode laser beam with reduced quality of
M? < 1.2. The laser beam stability was also sensible to the thermal
lensing conditions, which depends heavily on the orientation accu-
racy of the heliostat. Indirect solar laser pumping through a single
or a twisted fused silica light-guide [16,17,20-24] was considered
to be an effective solution to solar laser beam stability problem.
Even though optimum light-guide solar laser pumping parameters
were found through ZEMAX© and LASCAD© numerical analysis
codes, no prototypes lasers were built to validate these proposals
until 2012 [21-24]. A rectangular fused silica light-guide and a
2D-CPC concentrator were combined to further compress the con-
centrated solar radiation from the focal spot of the PROMES para-
bolic mirror into a thin laser rod within a V-shaped pumping
cavity. 4.4 W continuous-wave TEMgo-mode (M2 < 1.05) 1064 nm
solar laser power was finally produced, attaining 4.0 W laser beam
brightness figure of merit [17]. The output laser beam stability was
also improved. However, only 1.9 W/m? TEMgo-mode solar laser
collection efficiency was attained. Another rectangular fused silica
light-guide was used to couple the concentrated solar power at
the focus of the PROMES parabolic mirror into a thin laser rod
within a 2V-shaped pumping cavity. 5.5W continuous-wave
TEMgo-mode solar laser power and 2.86% W/m? collection effi-
ciency were obtained [20]. However, both output laser beam qual-
ity at M2 < 1.25 and its stability was quite limited, as shown in
Table 1. It is also interesting to note that the prototype with the
2D-CPC/V-shaped pump cavity gave better TEMgo-mode laser beam
stability than that with only single 2V-shaped pump cavity.

To improve the laser beam stability of the solar-pumped laser
by the heliostat-parabolic mirror system, a twisted fused silica
light guide side-pumping scheme is proposed here. Based on the
refractive and total internal reflection principles, the twisted
light-guide transformed the concentrated light spot with near-
Gaussian profile at its input face into a uniform rectangular pump
light distribution at its output end, facilitating further pump light
coupling to the entrance aperture of the 2D-CPC/2V-shaped pump
cavity, where the long and thin Nd:YAG rod was efficiently
pumped. The prototype solar laser was built in Lisbon and tested
in the PROMES during the month of July, 2016. By pumping the
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3 mm diameter, 50 mm length rod within the 2D-CPC/2V-shaped
cavity, 2.3 W continuous-wave TEMyo-mode (M2 < 1.05) 1064 nm
stable laser emission was achieved, corresponding to 1.96 W/m?
collection efficiency. The TEMgo-mode laser output power was sig-
nificantly more stable than other solar pumping approaches as
listed in Table 1.

2. Stable solar-pumped TEM00-mode Nd:YAG laser system

2.1. Solar energy collection and concentration by the PROMES-CNRS
heliostat - parabolic mirror system and the solar-pumped Nd:YAG
laser with the twisted light guide

A large plane mirror with 36 small flat segments (0.5 m x 0.5 m
each), mounted on a two-axis heliostat, redirected the incoming
solar radiation towards the horizontal axis primary parabolic mir-
ror with 2 m diameter, 60° rim angle and 850 mm focal length, as
shown in Fig. 1. All the mirrors were back-surface silver coated.
Due to iron impurities within the glass substrates of both plane
and parabolic mirrors (with 5 mm and 10 mm thickness respec-
tively), only 59% of incoming solar radiation was effectively
focused to the focal zone. A shutter with motorized blades regu-
lated the incoming solar power from the heliostat. After consider-
ing all the shading effects such as the spaces between the heliostat
plane mirrors, the shutter blades, the X-Y-Z axis positioning
system, the laser resonant cavity and its mechanical fixture, an
effective collection area of 2.65m? was calculated when the
shutter was totally opened. On high solar insolation days, more
than 1400 W solar power could be focused into a near-Gaussian
light spot with 11 mm full width at half maximum (FWHM). We
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Fig. 1. Solar laser pumping scheme by the PROMES heliostat - parabolic mirror
system.

mirror

actually limited the maximum solar power at the focus by masking
the external annular area of the 2.0 m diameter parabolic mirror as
explained in Section 4.2.

The TEMgo-mode solar laser system, composed by the twisted
fused silica light guide, the 2D-CPC/2V-shaped pump cavity with
the long and thin Nd:YAG rod, were mechanically mounted to
the laser resonant cavity, which was then fixed on the X-Y-Z axis
positioning system, as shown in Fig. 1, through a multi-angle vice,
as shown in Fig. 2. Accurate optical alignment of the laser head in
the focal zone was ensured by adjusting the X-Y-Z axes of the posi-
tioning system. Both the Nd:YAG rod and pump cavity were
actively cooled by water at 6 L min~' flow rate.

2.2. Description of the twisted fused silica light-guide and 2D-CPC/2V-
shaped pump cavity

The concentrated solar radiation from the PROMES parabolic
mirror was firstly collected by the twisted fused silica light-guide
with 19.4mm x 16.6 mm input face, 119.3 mm length and
8.3 mm x 38.6 mm rectangular output end, as illustrated in Figs. 3
and 6 (see more details in Section 4). The 2D-CPC/2V-shaped cavity
had an entrance aperture of 11 mm x 35 mm and was 10 mm in
depth. The hollow 2D-CPC had 11 mm input aperture, 7 mm
output aperture, 6.5 mm height and 45° acceptance angle. The
2V-shaped cavity was composed of two plane reflectors V; + V5,
where the reflector V; was mounted at o, = 107° full-angle and
the reflector V, at o, =48° half-angle, as shown in Fig. 3. In
ZEMAX®© analysis, the 2D-CPC/2V-shaped cavity combination
was found more efficient for coupling the light rays of different
angles from the twisted light-guide to the laser rod, as compared
to the single V-shaped reflector. The inner walls of both 2D-CPC
and 2V-shaped reflectors were bonded with a protected silver-
coated aluminum foil with 94% reflectivity. Cooling water also
ensured an efficient light coupling from the light guide to the laser
cavity and partially prevented both UV solarization and IR heating
to the laser rod. By combining the light concentration features of
the 2D-CPC/2V-shaped pump cavity with the homogenization
capacity of the twisted light-guide, relatively uniform pump power
deposition within the laser rod was achieved.

In ZEMAX® analysis, eight detectors were used along the light
guide to exam the light distribution at different sections along
the light guide. The numerically calculated transfer efficiency, the
absorbed pump power by the laser rod, and finally the calculated
TEMgo-mode laser powers and profiles by LASCAD®© analysis, with
or without heliostat orientation errors, are given in Table 2.

Heliostat orientation errors moved the center of the absorption
distribution within a laser rod, resulting in less laser output power
and a non-uniform laser beam profile. The twisted light-guide was
therefore essential to overcoming this problem, serving as a beam

Laser™,

emission

Fig. 2. Solar laser system with the twisted fused silica light-guide and asymmetric laser resonant cavity for the extraction of TEMgo-mode laser power.
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Fig. 3. Design of twisted light guide solar-pumped Nd:YAG laser head.

homogenizer by transforming the near-Gaussian profile of the con-
centrated light spot at its input face into a uniform pump light dis-
tribution at its output end. The light distributions along the twisted
light-guide, the absorbed pumped light distribution along the laser
rod and consequently the output laser beam profiles were all listed
in both Fig. 3 and Table 2. By ZEMAX® ray tracing code, 73.4%
transfer efficiency was calculated for zero orientation error. A
typical 2 mrad heliostat orientation error could cause 2.55 mm dis-
placement of focal spot, shifting it away from the center of the
input face. The displacement of the focal spot along X-axis caused
a slight improvement in transfer efficiency to 73.7%, since more
light could be coupled to the output end by the curved part of
the light-guide. Also, for the 2.55 mm displacement in Y-axis,
73.7% transfer efficiency was attained. With 2.55 mm orientation
errors in both X and Y-axes, the transfer efficiency was finally
reduced to 73.3%. For zero orientation error, 41.7 W absorbed
pump power was calculated by the ZEMAX® code. For 2.55 mm
displacement in either X or Y axis, 39.9 W and 41.3 W was also cal-
culated respectively. For 2.55 mm displacement in both X and Y
axis, 39.7 W absorbed pump power was finally calculated. It was
interesting to note that high transfer efficiency did not necessarily
mean high absorption efficiency by the laser rod, since the angles
of the exiting light rays from the light guide output end also
influenced strongly the final absorption efficiency of the laser
rod. Orientation error dependent TEMgo-mode laser beam profiles
and output powers in Table 2 will be discussed in Section 3.

3. Numerical optimization of the laser system and TEMgo-mode
power by ZEAMAX© and LASCAD© codes

3.1. ZEAMAX© optimization of the optical parameters of the laser
system

ZEMAX®© non-sequential ray-tracing code was used to optimize
all the design parameters of the twisted light-guide solar laser. The
standard solar spectrum for one-and-a-half air mass (AM1.5) [30]
was used as the reference data for consulting the spectral
irradiance (W/m?/nm) at each wavelength. The terrestrial solar irra-

diance of 1000 W/m? was considered in the ZEMAX® analysis. The
half-angle of 0.27° subtended by the Sun was also considered. The
effective pump power of the light source was 189 W for the para-
bolic mirror with 1.4 m diameter. It took into account of parameters
such as the 16% overlap between the Nd:YAG absorption spectrum
and the solar spectrum, the reflection and absorption losses of both
the heliostat and the parabolic mirror, the shading effects of the
shutter, the mechanical support unit and the laser head. The absorp-
tion spectrum of fused silica and water were also included in the
ZEMAX®© numerical data to account for absorption losses. For a
1.1 at.% Nd3'-doped YAG single-crystal medium, 22 absorption
peaks were defined in the ZEMAX®© numerical data. All the peak
wavelengths and their respective absorption coefficients were
added to the glass catalog in the ZEMAX software [18]. Solar
irradiance values for the above-mentioned 22 peak absorption
wavelengths were consulted from the standard solar spectra for
AM1.5 and saved as source wavelength data. During ray-tracing,
the active medium was divided into a total of 18,000 zones. The path
length in each zone was found. With this value and the effective
absorption coefficient, the absorbed power within the laser medium
was calculated by summing up the absorbed pump radiation of all
zones. The absorbed pump flux data from the ZEMAX© numerical
analysis was then processed by LASCAD software to study the laser
beam parameters of the Nd:YAG single-crystal rod.

3.2. Extracting the maximum TEMyo-mode solar laser power by
LASCAD® code

In LASCADO®© analysis, the optical resonator as given in Fig. 4 was
comprised of two opposing parallel mirrors at right angles to the
axis of the active medium. One end mirror R; was high-reflection
coated with 99.8% reflectivity (HR1064 nm). The other output mir-
ror R, was partial reflection coated (PR1064 nm). The amount of
feedback was determined by the reflectivity of the PR mirror. The
asymmetric optical resonator was already found to be a good con-
figuration for achieving fundamental mode laser operation [17,20],
as shown in Fig. 4. The absorbed pump-flux data from the ZEMAX©
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Table 2
Orientation error dependent transfer efficiency of the twisted light-guide and TEMgo-mode laser power.

Output end 38.6 mm x 8.3 mm

Input face Length of light-guide L = 119.3 mm
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Fig. 4. Asymmetric laser resonant cavity for extracting the maximum TEMgo-mode solar laser power.

Fig. 5. Numerically calculated 2D, and 3D TEMgo-mode laser beam profiles on the output mirror of the asymmetric laser resonator without orientation error.

analysis in Section 3.1 was processed by LASCAD®© software. By
considering 3.88% diffraction loss calculated from the LASCAD®©
analysis, 2.6 W TEMgy-mode solar laser power was numerically
attained. The resonant cavity with —5m RoC end mirror R,
(HR 99.8%) positioned at L; = 518.3 mm, another —5 m RoC output
mirror R, (with 94% reflectivity) positioned at L, = 60 mm, and total
resonant cavity length Ly =L, + L, + L;oq = 628.3 mm extracted the
maximum TEMge-mode laser power from the 3 mm diameter,
50 mm length rod.

The numerically calculated 2D and 3D TEMgo-mode laser beam
profiles on the output mirror of the asymmetric laser resonator
with RoC = -5 m without tracking error is given in Fig. 5. Using
LASCAD® analysis, 2.64 W TEMgg-mode continuous-wave laser
power was achieved, as indicated in Table 2. The numerical simu-
lation of laser beam pattern with orientation error was slightly
shifted from the center, as shown in Table. 2. 2.7 W TEMyo, mode
continuous-wave laser power was obtained for the 2.55 mm shift
in X-axis. Also, 2.67 W continuous-wave TEMgg-mode laser power
was obtained for the 2.55 mm shift in Y-axis. For orientation errors
in both X and Y-axes, the worst TEMgg-mode laser power of 2.57 W
was numerically obtained. 2% laser beam stability was therefore
calculated for 2.55 mm shift along either X or Y axis. For the worst
case, 5% beam stability was numerically calculated when there
were 2.55 mm shifts in both X and Y axis.

4. TEMgo-mode continuous-wave solar laser oscillation
experiments

4.1. Production of both the twisted fused silica light-guide and the
solar laser head

Fused silica was an ideal optical material for solar laser pump-
ing since it was transparent over the Nd:YAG absorption spectrum.

It had a low coefficient of thermal expansion and it was resistant to
scratching and thermal shock. The twisted fused silica light-guide
with 19.4mm x 16.6 mm input face, 119.3 mm Ilength and
8.3 mm x 38.6 mm rectangular output face, as shown in Fig. 6d,
was produced directly from the fused silica slab of 99.999% optical
purity and 40 mm x 17 mm x 120 mm dimensions, as shown in
Fig. 6a. The production of the twisted light-guide was both time
consuming and delicate. The process was subdivided into three
steps. The fused silica slab in Fig. 6a was firstly sculpted by dia-
mond tools and ground into the shape of twisted light-guide, as
shown in Fig. 6b. Secondly, the twisted light-guide was then pol-
ished by coarse grinding paper, and finally to transparent surfaces,
as shown in both Fig. 6¢c and d, by fine polishing paper and suspen-
sion liquid.

After the successful production of the light-guide, another
important step was to manufacture the laser head according to
the final dimension of output end of the twisted light-guide, as
optimized by both ZEMAX®© and LASCAD®© analysis in the previous
section. All mechanicals pieces of laser head were designed with
Solid Works software, as shown in Fig. 7.

4.2. Experimental results of TEMgo-mode solar laser oscillation

Based on the numerically optimized design parameters of the
solar laser system by both ZEMAX®© and LASCAD® codes, the pro-
totype solar laser was built in Lisbon and tested in PROMES - CNRS
during July, 2016. The 3 mm diameter, 50 mm length thin Nd:YAG
rod was supplied by Altechna Co., Ltd. It had 1.1% Nd>* concentra-
tion. Both ends of the rod were anti-reflection (AR) coated
(R<0.2% @ 1064 nm). The resonator mechanics were designed to
allow the displacement of the HR mirror, while maintaining the
PR mirror at fixed L, = 60 mm position, as shown in Fig. 2. Direct
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Sculpturing

Fig. 6. Photos of different production steps of the fused silica twisted light-guide. (a) Fused silica slab. (b) Sculpturing the twisted light-guide from the slab. (¢) Grinding and
polishing of the twisted light-guide. (d) Twisted fused silica light guide with final dimensions.
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Fig. 7. 3D Design of laser head: (a) assembled view, (b) side view, (c¢) manufactured laser head in copper, laser cavity in aluminum, inner wall of reflector bonded with a

protected silver-coated aluminum and the thin laser rod.

solar irradiance was measured simultaneously during laser exper-
iments with a Kipp & Zonen CH1 pyrheliometer on a Kipp & Zonen
AP solar tracker. It varied between 970 and 1000 W/m? during the
experiments. A CINOGY UV-NIR beam profiler - CinCam CMOS was
used for monitoring the laser beam profile.

To measure the beam diameters at 1/e? width under high
1064 nm laser intensity, a PR1064 nm (95%), ROC = co output mir-
ror was added before the CMOS detector, acting as an extra laser
beam attenuator to reduce the 1064 nm laser power to mW level
for the detector. Laser power was measured simultaneously with
a Thorlabs PM1100D power meter. The input solar power at the
focus was measured by a Molectron PowerMax 500D power meter.

To reduce the maximum input solar power at the focus, we
limited the input solar power at focus by masking the external
annular area of the 2.0 m diameter parabolic mirror so that only
its 1.4m diameter central circular area was utilized. After
discounting the shading effects of the heliostat solar mirror, the
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Fig. 8. TEMgo-mode continuous-wave 1064 nm solar laser power output versus
solar input power at the focus.



10 R. Bouadjemine et al./Optics and Laser Technology 97 (2017) 1-11

2D

X axis (mm)

0

Y axis (mm)

° |

Fig. 9. TEMgo-mode output laser beam 2D and 3D profiles.

shutter, the X-Y-Z axes positioning system, the multi-angle vise
and the 0.3 m diameter central opening on the parabolic mirror
and the solar laser head, 1.18 m? effective solar energy collection
area was calculated. For 1000 W/m? solar irradiance and 1.18 m?
effective collection areas, 600 W was measured at the focal spot
with the shutter totally opened. The asymmetric resonator with
RoC=-5m PR (94%) output mirror R, was fixed at L, =60 mm
and RoC = —5 m HR mirror R; placed at L; = 518.3 mm. Laser started
to oscillate at an input power of 276 W, corresponding to approxi-
mately 46% of the total solar power of focal spot. The maximum
TEMgo-mode continuous-wave 1064 nm laser power of 2.3 W was
measured, as shown in Fig. 8, corresponding to the collection effi-
ciency of 1.94 W/m?. Since no aperture was used in the laser res-
onator besides the rod itself, oscillation of more than one mode
occurs at low output powers due to the relatively small overlap
between the fundamental mode volume and the pumped region.
With the increase of pump power and also diffraction loss, only
one mode of higher intensity become possible to oscillate. The pre-
vious TEMgo-mode laser schemes demonstrated poor stability
[19,25]. The single light-guide/2D-CPC/V-shaped pump cavity [27]
offered better TEMgo-mode laser beam stability than that with
single light-guide/2V-shaped pump cavity [20]. Our twisted light-
guide ensured more uniform pumping to the long and thin Nd:
YAG rod. This in turn, led to significantly reduced solar pumping
intensity, and consequently less heat load, less thermal stress and
working temperature, as compared to all the previous schemes
[19,20,25,27,28]. Strong thermal lensing effects, which affected lar-
gely the TEMgo-mode laser power stability of previous solar lasers
were not observed in our measurement. Therefore, the present pro-
totype laser with twisted light-guide offered better output stability
of 1.6% during the laser operation, considerably than the previous
prototype TEMgo-mode lasers with usually more than 10% laser
beam stability. In future, by improving polishing accuracy of the
dimension of the twisted light guide, enhanced TEMgg-mode solar
laser efficiency and stability can hopefully be achieved.

The slight discrepancy in laser beam diameters at 1/e? along X
and Y-axis in Fig. 9 could be justified by the slight pump profile
misalignment due to heliostat orientation error. Taking this factor
into account, Mx? ~ My? < 1.05 were considered as adequate mea-
sured values for quantifying the laser beam quality. Relatively good
solar laser beam figure of merit of 2.2 W was therefore calculated.

5. Conclusion

The twisted light-guide acted as a beam homogenizer by trans-
forming the Gaussian profile of the concentrated light spot at its

input end into a rectangular uniform pump light distribution at
its output end, suitable for pump light coupling to the entrance
aperture of the 2D-CPC/2V-shaped pump cavity, where the long
and thin Nd:YAG rod was efficiently pumped. The twisted fused
silica light-guide was firstly optimized by both ZEMAX® non-
sequential ray-tracing and LASCAD®© laser cavity analysis, this
side-pumping solar laser with the twisted light-guide was firstly
built in Lisbon, and then tested in the PROMES - CNRS heliostat-
parabolic solar energy collection and concentration system. 2.3 W
continuous-wave TEMgo 1064 nm laser power (M? < 1.05) was
achieved, corresponding to 1.96 W/m? collection efficiency and
2.2 W laser beam brightness figure of merit. Very good laser power
stability of 1.6% was achieved, significantly better than that of the
previous prototypes. By improving polishing accuracy of the
twisted light-guide dimensions, more uniform pump light absorp-
tion along the laser rod and consequently higher solar laser effi-
ciency and stability can be expected.
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Holmium/Ytterbium co-doped fluorophosphate glasses with compositions (80-x-y) NaPOs-10SrF,-
10ZnF,- xHoFs- yYbF; (x =1 and y = 0.5, 1, 1.5 and 2 mol%) were prepared by melt-quenching technique.
The stability criteria indicate that these glasses exhibit a good resistance against devitrification. Densities
of glasses were determined and showed an almost linear variation with increase of YbF; content.
Spectroscopic parameters of Ho>" such as radiative transition probability, branching ratio, spectroscopic
quality factor, integrated emission cross section and radiative lifetime, were calculated on the basis of
Judd-Ofelt analysis. The results showed that these glasses could be proposed as suitable lasing materials.
© 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Rare earth ions doped glasses have a potential application in
different fields as a solid state lasers, optical fiber amplifiers and
waveguide lasers. Rare earth ions are used as doping agents
because of their various transitions in the visible and infrared
regions and their insensitivity to the matrix in which are intro-
duced. Up to now, a variety of glassy materials such as silicate
(Bai et al., 2011), phosphate (Rivera-Lopez et al., 2011; Hraiech
et al., 2013), fluoride (Mortier et al., 2007; Reichert et al., 2015),
chalcogenide (Li et al., 2016; Ari et al., 2017), tellurite (Meruva
et al.,, 2014; Costa et al., 2015; Sajna et al., 2016), germanate (Fan
et al., 2011, 2015) and halogeno-phosphates glasses (Babu and
Ratnakaram, 2016; Galleani et al., 2017) have been investigated
as host materials for rare earth ions in the aim to developing of
optical devices. Among different glassy host materials, halogeno-
phosphates glasses offer significant advantages. They are easily
prepared by introducing selected metal halides (fluoride in our
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case) into polyphosphate glasses. These glasses exhibit low phonon
energy than that of phosphate glasses and a less complex fabrica-
tion route than that of fluoride glasses and can accept a high con-
centration of rare earth ions which can improve or induce new
optical properties (Poulain et al., 1992; Kenyon, 2002; Dwivedi
et al.,, 2010; Polishchuk et al., 2011; Galleani et al., 2017).

Solid state lasers operating at 2 um wavelength has attracted so
much attention in recent years owing to their potential applica-
tions in several fields such as eye safe laser radars, remote sensing,
military, atmospheric pollution detection, medical surgery, etc
(Tian et al., 2010; Wu et al., 2012; Ryabochkina et al., 2017). Effi-
cient 2 um emission required an appropriate rare earth ions and
host materials. 2 um laser emission can be achieved in some rare
earth ions such as Ho>* with the transition °I; - °Ig (Fan et al.,
2015) However, Ho*" ions have no corresponding absorption
energy levels to be pumped directly by the commercial 800 nm
or 980 nm laser diode (LD). Thus, Co-doping with other rare earth
ions such as Tm>3* (Seshadri et al., 2014; Chen et al., 2016) and Yb>*

(Zmojda et al., 2012; Pandey et al., 2016) ions can sensitize effi-
ciently Ho** to achieve 2 um emission. Yb>* is frequently chosen
as a sensitizer because this ion has a strong absorption band
around 980 nm, and the Yb3*: ?Fs;, level is close to the Ho**: 5l
level which can provide an efficient energy transfer from Yb>* to
Ho>* ions.

A several number of recent studies reporting the spectroscopic
properties of Ho>* doped glasses and Ho>* doped glasses sensitized
with either Tm*",Yb** or Er®* are available in the literature

1018-3647/© 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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(Babu and Ratnakaram, 2016; Bai et al., 2011; Chen et al., 2016;
Gandhi et al, 2010; Hemming et al., 2014; Rai et al.,, 2003;
Satyanarayana et al., 2010). Furthermore, to our knowledge, there
are few number of investigations on Ho>*/Yb3* co-doped fluo-
rophosphate glasses (Gamez et al., 2009; Tian et al., 2010; Wang
et al, 2011). In this work we report thermal and spectroscopic
studies of a new composition of fluorophosphate glasses co-
doped Ho*'/Yb3*" with doping concentration of Yb*" varied from
0.5 mol% up to 2 mol% while the doping concentration of Ho** is
kept constant at 1 mol%.

2. Experimental
2.1. Glass preparation

Samples of fluorophosphate glasses with general formula (in
mol%): (80-x-y) NaPO3-10SrF,-10ZnF,- xHoF3- yYbF; (x=1 and
y=0.5 1, 1.5 and 2 mol%) were prepared using high-purity of
NaPOs, SrF;, ZnF,, HoF; and YbF; powder. The doping concentra-
tion of the rare earth was set at 1 mol% for Ho>" ions and varying
from 0.5 to 2 mol% for Yb3* ions. A stoichiometric mixture of the
starting materials (about 10 g) is placed in a platinum crucible
and melted at 900 °C for 15 min. The melts were cast on preheated
brass molds at a temperature 10 °C below the glass transition
temperature. Thermal annealing of the samples is performed for
several hours, in order to eliminate the internal stresses of
mechanical or thermal origins created during quenching, following
by a slow cooling to room temperature. After annealing, the glass
samples were cut and polished. The samples obtained after polish-
ing have parallel faces allowing the optical characterization. In the
other hand, some local defects, such as scratches and unevenness,
are difficult to avoid.

2.2. Measurements

The characteristic temperatures (temperature of glass transition
T and temperature of onset crystallization Ty) were determined by
differential scanning calorimetry (DSC) using DSC TA Instrument
with a programmed heating rate of 10 °C/min. The accuracy on
the temperature is about +2 °C. Density was measured by Archime-
dean method with an accuracy of +0.001. Refractive index was
measured by an Abbe refractometer with a mean error +0.001.
Absorption spectra were recorded at room temperature using a
double beam spectrophotometer UV-Vis — Near IR CARY 5G brand
operating between 200 and 3000 nm with a spectral resolution of
0.1 nm.

3. Results
3.1. Glass samples
Fig. 1 shows all the samples: non-doped, doped with Ho>* only

and co-doped H3*/Yb3'. Compositions of glass samples were
presented in Table 1.

3.2. Thermal properties, density and refractive index

Fig. 2 represents the DSC curves of the samples:j without any
doping ions (dash-dotted line), doped with Ho** only (dotted line)
and Ho>*/Yb>* co-doped (with 1 mol%YbFs, solid line). Glass transi-
tion temperature T, for NPSZ_HYy series still situated around
250 °C and the crystallization onset T around 450 °C.

The values of refractive index and the density of glass samples
were presented in Table 2. The results show a small almost linear
variation of refractive index and density with the variation of YbF;
content.

3.3. Absorption spectra and Judd-Ofelt analysis

The absorption spectra are shown in Fig. 3. We can count ten
absorption bands centered at 1957, 1155, 642, 538, 486, 472,
448, 418, 386 and 360 nm corresponding to the optical transitions
of the Ho>" ion from its ground state °Ig to the different excited
states: 5]7, 5[5, 5F5, 5F4, 5F3, (SFz, 3K8), SGG, 5G5, 5G4 and 3H5 respec-
tively. We can also observe an absorption band at 980 nm corre-
spond to the transition *F;, to ?Fsj, of the Yb®* ion in the four
co-doped samples.

The different spectroscopic parameters of the trivalent rare-
earth ions in various hosts can be calculated by the application
of the theory proposed by Judd (Judd, 1962) and Ofelt (Ofelt,
1962). The detailed assumptions of the theory have been described
in original articles. A brief summary of the theory will present
below taking into account only the formulas necessary to deter-
mine the different spectroscopic parameters.

The intensities of intraconfigurational f-f transitions of trivalent
rare earths observed in the absorption spectra can be described by
the oscillator strengths fy,.s of each J — J' transition. The majority of
these transitions are induced electric dipole transitions, although a
few magnetic dipole transitions are also present. From the absorp-
tion spectra, we can calculate the oscillator strength fi;,es, which is
proportional to the band absorption intensity, from the value of the
absorption coefficient o) at a particular wavelength A according
to the formula:

_mc* [oa(A)di
fmes - m }vz (1)

where m is the electron mass, c is the celerity of the light in the vac-
uum and e is the electron charge.

On the other side, the oscillator strength can be given in term of
the electric dipole line strength Seq:

[ 8m’mc  (n?+2)
@~ 3h2j+1)2 9n

Sw=e> &|(J

k=2.4,6

Sed )

y®

il ®)

where Q; (k = 2, 4 and 6) are known as Judd-Ofelt parameters. These
parameters are dependent on both the chemical environment and
the lanthanide ion (de Sa et al., 2000). The factor (n® + 2)/9n takes
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Fig. 1. Fluorophosphates glass Samples.
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Table 1
Compositions of glass samples.

Name of the sample Glass compositions (mol%)

NaPO3 SrF; ZnF, HoF; YbF3
NPZS 80 10 10 0 0
NPZS_H1 79 10 10 1 0
NPZS_HYO0.5 79.5 10 10 1 0.5
NPZS_HY1 78 10 10 1 1
NPZS_HY1.5 77.5 10 10 1 1.5
NPZS_HY2 77 10 10 1 2

3+ 3+
NPZS_HY1(codoped Ho™ /Yb™ )

-« « NPZS_H1 (doped Ho " only)
— = =NPZS (non doped)

Heat Flow

100 200 300 400
Temperature (°C)

Fig. 2. DSC Curves of the non-doped, Ho** doped and Ho>*/Yb** co-doped glass
samples.

Table 2
Refractive index and density of glass samples.

Samples Refractive index Density (g/cm?)
+0.001 +0.001
NPZS 1.494 2.772
NPZS_H1 1.495 2.803
NPZS_HY0.5 1.493 2.820
NPZS_HY1 1.494 2.859
NPZS_HY1.5 1.495 2.883
NPZS_HY2 1.496 2.904

into account the fact that the rare earth ion is not in a vacuum, but
in a dielectric medium, n being the refractive index of this medium.
U™ are the components of the reduced tensorial operator which are
independent of ligand field. The values of U® are usually considered
to be host invariant and they are tabulated (Carnall et al., 1968,
1965). h is the Planck’s constant and A is the average wavelength
of the transition.

The values of the Q, are empirically determined by comparing
the computed values starting from the formula (2) with the values
obtained from the absorption spectra at ambient temperature of
the oscillator strengths (formula (1)). If g is the number of the
absorption bands considered in experiments, the resolution of a
system of g equation to 3 unknown factors, by a least square
approximation, makes it possible to obtain the values of the
parameters Q. These parameters are expressed in cm?. A measure
of the accuracy of the fit is given by the root mean square deviation
(RMS):

Z (fcal 7fmes)2

RMS = q-3

(4)

Optical Density (A.U)
L DR S

1 " | L 1 L 1 L

500 1000 1500 2000

Wavelength (nm)

Fig. 3. Absorption spectra of NPZS_HY samples.

The values of Judd-Ofelt parameters obtained are used to calcu-
late the line strength of the transitions between the initial state |
and the final state J’ using the Eq. (3). The probabilities of the radia-
tive transitions are given by the equation:

n(n? +2)°
9

647t
@/+1)2

Arad(]z.]/) = 3h Sed (5)

The branching ratios can be to obtain from the probabilities of
radiative transitions A,,q by the equation:

Arad(]’]/)
= e 6
ﬁ Zj’Amd(]a.]) ( )
The radiative lifetime of the level J is given by:
1
Trdd = <737 7+ 7
¢ Z]’Arad(]u]) ( )
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Transition: A(nm) Oscillator strength f (x1079)
5 —

s NPZS_H1 NPZS_HYO0.5 NPZS_HY1 NPZS_HY1.5 NPZS_HY2

fmes fcal fmes fcul fmes fcul fmes fcul fmes fcul

51, 1957 1.1951 1.30792 1.2529 1.5595 1.2983 1.5987 1.3064 1.8003 1.2161 1.4308
5ls 1155 0.5946 0.96128 0.6883 1.1498 0.6651 1.1765 0.6861 1.3338 0.6485 1.051
5Fs 642 2.3739 2.57079 2.6415 3.0311 2.6752 3.1015 2.6738 3.3458 2.6391 2.8484
5F4 538 3.3668 2.79476 4.5804 3.3199 4.8053 3.4026 5.6358 3.7506 3.9579 3.0808
5F3 486 0.8187 1.04389 0.3176 1.2556 0.4405 1.2903 0.3395 14719 0.6037 1.1409

F, 3Kg 474 0.5251 0.64620 0.6064 0.7773 0.1951 0.7987 0.3039 09112 0.4084 0.7063
5Ge 448 12.4917 12.70179 13.331 13.625 12.587 12.869 13.473 13.743 13.006 13.292
5Gs 418 2.3285 2.42021 2.5453 2.7951 2.5716 2.8468 2.5617 2.8813 2.5005 2.719
5Gy 386 0.3533 0.32203 0.7069 0.3781 0.6512 0.3865 0.8467 04116 0.7537 0.3579
3Hg 362 3.4714 2.37699 4.0711 2.5256 3.8578 2.3779 3.9563 2.5319 3.9731 2.484
RMS (x1076) +0.511 +0.8946 +0.9261 +1.1160 +0.7466

Table 4
Judd-Ofelt parameters (€, x1072°cm?) of Ho** doped NPSZ_HY samples and other glasses.

Sample Q, Q4 Q¢ Q4/Q6 Trend
NPZS_H1 (present work) 3.03 2.26 1.72 1.31 Q,> Q4> Qp
NPZS_HYO0.5 (present work) 3.13 2.62 2.07 1,26 Q) >Q4> Q6
NPZS_HY1(present work) 2.83 2.66 2.12 1,25 Qy;>0Q4>Q4
NPZS_HY1.5(present work) 3.09 2.69 242 1,11 Q> Q4> Qg
NPZS_HY2(present work) 3.07 2.54 1.88 1,35 Q;>Q4> Q6
Halogeno-phosphate (Bentouila et al., 2013) 2.44 1.40 1.31 1.07 Q;> 04> Qp
Phosphate (Reisfeld and Hormadaly, 1976) 5.20 2.72 1.87 1.45 Qy;>0Q4>Q4
Germanate (Fan et al., 2015) 4.70 1.63 0.81 2.01 Q> Q> Qp
Fluoride (Florez et al., 2006) 1.56 3.72 2.86 1,30 Q< Q< QY
Tellurite (Rai et al., 2003) 498 0.99 2.96 0.33 Q< Q< Qy

Table 5

Predicted radiative transition probability, integrated emission cross-section and radiative lifetimes for °I; — °Ig transition of Ho®" ions in NPSZ_HY samples and other glasses.
Sample Arad(s) B(%) % (x1072°m) Trad (MS)
NPZS_H1 (present work) 57,357 1000 1519 17,435
NPZS_HYO.5 (present work) 68.47 100 1.56 14.60
NPZS_HY1 (present work) 70.21 100 1.60 14.24
NPZS_HY1.5 (present work) 79.25 100 1.80 12.61
NPZS_HY2 (present work) 63.00 100 143 15.87
Fluorophosphate (Tian et al., 2010) 73.55 100 - 13.60
Germanate (Fan et al., 2011) 97.84 100 - 10.22
Fluoride (Florez et al., 2006) 109.93 100 - 9.09

Another important term, integrated emission cross-section (in
m), which is particularly useful to determine the possibility of las-
ing in glass, is defined as:

~ 8mcen?

Araa(.]) (8)

When the value of the integrated emission cross-section is close
to or greater than ~1072° m, there is a possibility of lasing
(Watekar et al., 2008).

The results obtained from the Judd-Ofelt analysis are reported
in Tables 3-5.

4. Discussions
4.1. Thermal stability
Determination of glass transition temperature (Tg) and onset

crystallization (Ty) is interesting for many reasons: in practical
terms, T, is a measure of approximate upper use temperature for

a given composition, and annealing of glass samples is carried
out somewhat below Tg. In addition, Ty is an important factor for
laser glass. It is reported that a glass with high T, has a good ther-
mal stability to resist thermal damage at high pumping power (Xu
et al., 2011a,b). T defines a safe upper limit for processing the melt
if crystallization is to be avoided. From the DSC curves, one can
observe that there is no crystallization peak till T =450 * 2°C for
all samples, T, is about 247 +2 °C and Ty is about 460 + 2 °C for
the glass sample without any doping ions and for glasses contain-
ing HoF3 and YbFs;, the vitreous transition still situated around 250
°C and crystallization onset around 450 °C. One can notice that the
glass transition temperature is shifted upwards high temperatures
and the onset crystallization is shifted downwards low tempera-
tures by addition of HoFs and YbFs, results in agreement with
previous works (Imanieh et al.,, 2014). As the changes of Ty and
Ty is largely depending on the major mixing elements, because
the temperature is closely related to the bonding force among
the constituent elements, one can explain the shifting of T,
and Ty by structure arrangement of glass due to participation of
Yb3* and Ho*' ions and enhanced glassy network structure
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(Chen et al., 2014). However, it has been observed that with high
concentration of rare-earth, the glass became impossible to pour
due to its high instability and during the pouring it could be crys-
tallize to become opaque (Dantelle et al., 2005). Thus, an optimiza-
tion of rare earth content is necessary to obtain a transparent glass.

The quantity AT=T, —Tg, known as the supercooled liquid
region, defined as the temperature gap between Ty and Ty. It has
been used as a rough measure of the glass forming ability of a melt,
i.e., of resistance against crystallization during casting (Wang,
2008). Large AT means strong inhibition to processes of nucleation
and crystallization (Park et al., 2010; Xu et al., 2011a,b). For this
reason, it is frequently used as an assessment criterion to deter-
mine the stability of glass. To achieve a large working range during
operations such as fiber fabrication or the preparation of bulk glass
articles, it is desirable to have AT as large as possible. We find that
all glass samples have relatively a large value of AT (~200 °C) close
to the value obtained for fluorophosphate glasses (Tian et al., 2010;
Chen et al., 2014), which is significantly higher than that of other
kinds of rare earth doped fluorophosphate glasses such as Tm>*
(Liao et al., 2007). This result means that all our glass samples
are stable against crystallization.

From the analysis of DSC curve, we can conclude that thermal
properties of our glass samples are good for fiber drawing.

4.2. Absorption spectra and Judd-Ofelt analysis

Absorption spectra of the Ho*>" and Ho®'/Yb3* co-doped glass
samples are shown in Fig. 3. The spectroscopic properties of our
glass samples were determined using the Judd-Ofelt model. The
f~f transitions are considered to be electric dipole in nature,
because the magnetic dipole oscillator strength (f;,4) will be rela-
tively small (Sooraj Hussain et al., 2006). For that reason in the pre-
sent work, these magnetic dipole line strengths have not been
considered. Measured and calculated oscillator strength for Ho>*
ions in NPSZ_HY samples were presented in Table 3.The low RMS
values suggest the good agreement between calculated and exper-
imental oscillator strengths of Ho>* ions in our glasses samples
which indicates the validity of the Judd-Ofelt model for predicting
the spectroscopic properties of Ho>*,

The Judd-Ofelt parameters Q; (k = 2, 4, 6) are mainly depend on
the host glass composition. These parameters can provide versatile
information regarding the rare earth in glass structure. Some
empirical correlations of the Judd-Ofelt parameters and the local
structure of the rare earth ions have been reported in literature
(Jacobs and Weber, 1976; Ebendorff-Heidepriem et al., 1998;
Malta and Carlos, 2003). Generally, Q, is an indicator of the cova-
lency of the rare earth-ligand bonds (short-range effect), and it is
hypersensitive to the compositional changes in the host materials.
Q, is also related with the symmetry of ligand field in the glass
host. According to previous studies (Ebendorff-Heidepriem and
Ehrt, 1999), Q, increase with the increasing of covalency and asym-
metry at the rare earth sites. The values for Q4 and Qg provide some
information of the rigidity of the host materials (Wang, 2008). They
depend on bulk properties such as viscosity and dielectric constant
of the media (long-range effects). They are also affected by the
vibronic transitions of the rare earth ions bound to the ligand
atoms. In the present work, the Judd-Ofelt parameters 2, are cal-
culated and compared with those of various Ho>* doped glasses,
the results were presented in Table 4. One can observe, from the
values of Q, of our samples, that the covalent environment for
Ho®" is slightly decreased with increasing of Yb®>* amount in
glasses. The observed Q, values of our samples are located between
the higher side to the values reported for ionic glasses (for fluoride
glasses, Q, ~ 2 x 1072° cm?) and those of the covalent glasses (for
phosphates Q, ~ 5 x 1072° cm?). Theoretically, the polarizability of
oxide ions is higher than that of fluorine ions, resulting in the

increasing covalence of the bonds between rare earth ions and sur-
rounding ligand from fluoride to phosphate glasses due to substi-
tution of fluorine ions by oxygen ions. As fluorophosphate glasses
has both 02~ and F~ ions, the value of Q, is larger than that of flu-
oride glass and smaller than that of phosphate glass (Tian et al.,
2010). However, the observed lower values of Q, parameter for
Ho>*/Yb?* co-doped NPSZ_HY glasses compared by those of phos-
phate glasses indicates that the ligand asymmetry around the rare
earth ions in Ho>*/Yb>* co-doped NPSZ_HY glasses is weaker than
those in phosphate glasses. Additionally, a larger modifier ion in
phosphate glass gives rise to a larger average between P-O-P chains
causing the increasing average Ho-O distance to increase. Such
increase in the bond lengths produces weaker local field near rare
earth ions and lead to lower value of Q, (Rao et al., 2012).

According to the theory of Jacobs and Weber (Jacobs and Weber,
1976), the rare earth emission intensity can be characterized
uniquely by Q4 and Qg parameters. Thus, we used the so-called
spectroscopic quality factor (Q4/Qs). This factor is important in
predicting the behavior of various lasing transitions in a given
matrix. Based on this factor, it is found that the NPZS_HYy glasses
appear to be better optical glasses. Moreover, it is noticed that the
values of Judd-Ofelt parameters of our sample glasses follows the
trend Q,>Q,> Qg in consistent with that one observed for
halogeno-phosphate, phosphate and germanate glasses; neverthe-
less, it differs from those of fluoride and tellurite glasses.

Table 5 presents the predicted radiative transition probability
A, branching ratios B, integrated emission cross-section and radia-
tive lifetimes T,.q for °I; — °lg transition of Ho>* ions in NPSZ_HY
samples. The results show that the values A;.q of the °I; level of
Ho** were 68.4, 70.2, 79.2 and 63.0 s~!, which are similar to the
value found for fluorophosphates glass and smaller than that of
germanate and fluoride glasses. It is reasonable to obtain such
result because the radiative transition probability is proportional
to n(n® +2)?/9 (Eq. (5) in Section 3.3) and the refractive index of
fluorophosphates glasses is usually less then germanate and fluo-
ride glasses. It is evident to find also that the radiative lifetimes
of the °I, level of Ho** for NPZS_HYy glasses are greater than those
of germanate and fluoride glasses. Further, the radiative lifetimes
values for Ho**/Yb** co-doped NPZS_HYy glasses are found to be
smaller than that for individually Ho** doped NPZS_H1 glass. This
result, which may be explained by the crucial contribution of pho-
non subsystem, is in agreement with those found by Gandhi et al.
(2010) for the measured lifetime of blue, green and red transitions.

The values of the integrated emission cross-sections obtained
are greater than ~1072° m, which indicates a possibility of lasing
with these glasses. But it must be mentioned that lasing can be
specifically determined only if emission cross-section and fluores-
cence lifetime are taken into account.

5. Conclusions

A series of Ho>*/Yb>* co-doped new fluorophosphate glasses
have been investigated and characterized. All the prepared
samples exhibit a high thermal stability against crystallization
compared with other kinds of rare earth doped fluorophosphate
glasses. From the absorption spectra, Judd-Ofelt parameters are
obtained and discussed. The spectroscopic properties of Ho>* in
these glasses, such as radiative transition probabilities,
integrated emission cross-sections and radiative lifetimes, were
calculated and compared with other glasses. Spectroscopic quality
factor (Q4/Q¢) and the integrated emission cross-section were
found greater than 1 and about 1072°m respectively, which
indicates better properties of these glasses as lasing materials.
Ho®**|/Yb>* co-doped fluorophosphate glasses have predicted
radiative lifetimes smaller than that for individually Ho*" doped
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fluorophosphate glass which may be explained by the crucial
contribution of phonon subsystem. Consequently, these results
indicate these glasses appear as a potential lasing materials and
offer prospects for photonics applications.
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Nickel oxide was deposited on highly cleaned glass substrates using spray pneumatic technique. The effect of
precursor molarity on structural, optical and electrical properties has been studied. The XRD lines of the deposit-
ed NiO were enhanced with increasing precursor molarity due to the improvement of the films crystallinity. It
was shown that the average of the crystalline size of the deposited thin films was calculated using Debye—
Scherer formula and found 46.62 for as-deposited sample and 119.89 nm for the annealed one. The optical prop-
erties have been discussed in this work. The absorbance (A), the transmittance (7) and the reflectance (R) were
measured and calculated. Band gap energy is considered one of the most important optical parameter, therefore
measured and found ranging ranging 3.64 for as-deposited sample and 2.98 eV for the annealed one. The NiO
thin film reduces the light reflection for visible range light. The increase of the electrical conductivity to maxi-
mum value of 0.09241 (2 cm)~! can be explained by the increase in carrier concentration of the films. A good elec-
trical conductivity of the NiO thin film is obtained due to the electrically low sheet resistance. NiO can be applied
in different electronic and optoelectronic applications due to its high band gap, high transparency and good elec-
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trical conductivity.
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1. INTRODUCTION

Nickel oxide (NiO) is the most investigated metal
oxide and it has attracted considerable attention be-
cause of its low cost material, and also for its applica-
tions in several fields such as a catalyst, transparent
conducting oxide, photodetectors, electrochromic, gas
sensors, photovoltaic devices, electrochemical superca-
pacitors, heat reflectors, photo-electrochemical cell,
solar cells and many opto- electronic devices [1-11].
NiO is an IV group and it can be used as a transparent
p-type semi-conductor layers, it has a band gap energy
ranging from 3.45 eV to 3.85 eV [12]. Band gap energy
is significant to adjust the energy level state of NiO.

The reduction in particle size to nanometer scale re-
sults more interesting prosperities in compared with
their bulk properties [13]. Therefore, there are several
techniques have been used for synthesis and manipula-
tion of nanostructures NiO such as the thermal evapo-
ration, sputtering, pulse laser ablation, thermal de-
composition, electrochemical deposition and spray
methods etc. Among of these techniques, spray has
some advantages such as high purity of raw materials
and a homogeneous solution hence easy control over
the composition of the deposited films.

In this work, a low cost spray pneumatic technique
was used to prepare pure NiO nanoparticles thin films
with 0.15 mol L-1 precursor molarity. The structural
properties of the produced nickel oxide thin films have
been examined. The absorption, transmittance and
reflectance spectra of the produced thin films for the
NiO are also measured in range between 300-900 nm.
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Moreover, the optical band gap is determined as a func-
tion of the precursor concentrations.

2. EXPERIMENTAL DETAILS
2.1 Preparation of Samples

NiO thin films were prepared onto a highly cleaned
glass substrates using sol-gel spay pneumatic tech-
nique. Nickel nitrate was dissolved in 50 ml of water as
a solvent and chloride acid was used as a stabilizer for
the all samples in this work. The produced mixture was
stirred at 60 °C for 2 h in order to obtain a clear and
homogenous solution then the mixture was cooled down
at room temperature and placed at dark environment
for 48 h. The glass substrates were cleaned by deter-
gent and by alcohol mixed with deionized water.

2.2 Deposition of Thin Films

The coating was dropped into glass substrates at
480 °C that sprayed during 2 min by pneumatic nebu-
lizer system which transforms the liquid to a stream
formed with uniform and fine droplets, followed by the
films dried on hot plate at 120 °C for 10 min in order to
evaporate the solvent.

2.3 Devices and Measurements

The X-ray diffraction (XRD) spectra of the NiO were
measured to verify the structure. (XRD) was measured
by using BRUKER-AXS-8D diffractometer with Cu Ka
radiation (1= 1.5406 A) operated at 40 KV and 40 mA

© 2017 Sumy State University
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in the scanning range of (26) between 20° and 80°. The
spectral dependence of the NiO transmittance (7) and
the absorbance (A), on the wavelength ranging 300-
1100 nm are measured using an ultraviolet-visible
spectrophotometer (Perkin-Elmer Lambda 25). The
reflectance (R) was calculated by the well-known equa-
tion as (T'+ R+ A =1). Whereas the electrical conduc-
tivity of the films was measured in a coplanar structure
of four golden stripes on the deposited film surface; the
measurements were performed with Keithley model
2400 low voltage source meter instrument.

3. RESULTS AND DISCUSSIONS
3.1 Structural Properties

Fig. 1 shows the spectra of the grown NiO nanopar-
ticles with 2 XRD lines, showing the broadening of the
peak which is a characteristic of the formation of nano-
particles. The X-ray diffraction was used in this work
in order to understand the structure of the as-deposited
and the annealed NiO thin.
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Fig. 1 - XRD patterns of the as-deposited and annealed NiO
thin films

The indexed peak (111) at 26=37.1° correspond to
the cubic structure of NiO nanoparticles which are
consistent with the JCPDS (No0.47-1049). Fig. 1 shows
that the diffraction intensity increased for annealed
sample; it shows that the best crystalline quality of the
film is achieved for this annealed sample. The crystal-
line size was calculated using the well-known Debye—
Scherrer for(1)

D= 0.9
pcosb

where 4 is the wavelength of the X-rays used
(1.5406 A), B is the full width at half maximum
(FWHM) and @is the diffraction angle.

The increasing of the diffraction peaks may indicate
to the resulted of the NiO in good crystallinity [15]. The
crystalline size is found in the range of 46.62 nm for as-
deposited sample and 119.89 nm for annealed one. The
changing in the crystallites size leads to the changes in
optical properties i.e. band gap energy increased with
decreasing crystallites size as shown in Fig. 2.

3.2 Optical Properties

Fig. 2 shows the optical absorption spectra of NiO

JJ. NANO- ELECTRON. PHYS. 9, 03043 (2017)

nanoparticles. The absorption spectra of as-deposited
sample show that the absorption edge is slightly shift-
ed towards shorter wavelength when compared to the
annealed one. The absorption edge of annealed sample
is shifted to longer wave-lengths. This shift predicts
that there is a decrease in band gap value
(Eg = 2.98 eV), which is due to an enlargement in parti-
cle size (D =119.89 nm). The fundamental absorption,
which corresponds to the electron transition from the
valance band to the conduction band, can be used to
determine the nature and value of the optical band gap.
The optical absorption study was used to determine the
optical band gap of the nanoparticles, which is the most
familiar and simplest method.

354 —— As-deposited
— Annealed

Absorbance (%)

K

T T T T T T T
300 400 500 600 700 800 900

Wavelength (nm)
Fig. 2 — Absorbance spectra of the as-deposited and annealed
NiO thin films D = 0.9
Pcosd

The absorption coefficient (@) and the incident pho-
ton energy (hv) are related by the expression [16]:

(ahv)=C(hv-E,)’ 2

where « is the absorption coefficient, C is a constant,
hv is the photon energy, v is the frequency of the inci-
dent radiation, A is the Planck's constant, exponent n is
0.5 for direct band allowed transition
(hv =1239/A(nm)(eV)) and E; the band gap energy of
the semiconductor.

As it was shown in Fig. 3a typical variation of
(ahV)? as a function of photon energy (2v) of NiO nano-
particles Eq. (2), used for deducing optical band gap E.
The optical band gap values have been determined by
extrapolating the linear portion of the curve to meet
the energy axis (hv) [17]. The band gap values were
given in Table 1.

For a transmittance study (Fig. 4), the as-deposed
NiO showed high transmittance, averaged in the wave-
length (1) of 300-900 nm. Suppression of light reflection
at a surface is an important factor to absorb more pho-
tons in semiconductor materials.

The reflectance profiles of NiO coated as deposited
and annealed are shown in Fig. 5. The averaged reflec-
tance values were significantly lower than 0.203 %.
Moreover, NiO coating drives a substantially sup-
pressed reflectance under 0.20 % in 400 nm < A < 900
nm. This notifies that the NiO coating is an efficient
design scheme to intro-duce the incident light into
substrate.
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3.3 Electrical Properties

The elecrtical properties of the NiO films are
summarized in Table. 1. The as-deposited films have
good conductivity 0.04125 (Q-cm)-1, after annealing
the conductivity increase at 0.09241 (Qcm)-1. The
increase

Table 1 — Structural, optical and electrical parameters of
as-deposited and annealed NiO thin film

JJ. NANO- ELECTRON. PHYS. 9, 03043 (2017)

of the electrical comductivity can be explained by the
increase in the carrier concentration. Patil et. al. [18]
have reported that the increase of the electrical
conductivity is due to the increase in activation energy.
This was explained by the crystal structure of the film
which 1s increased, leading to a reduced concentration
of structural defects such as dislocations and grain
boundaries. Thus, the decrease of the concentration of
crystal defects leads in the increase of free carrier
concentration. The improvement of crystal quality

reduces the| carrier scattdring from structural defects
leading to higher mobility.

4. CONCLUSION

Sample Crystallite Band gap | Conductivity
size (nm) energy (eV) (Q cm)!
As-deposed 46.62 3.64 0.04125
Annealed 119.89 2.98 0.09241
—— As-deposited
U Py — Annealed
a\i 60 4
8 ]
[
S 40
.é 30
172}
S 2
&
= 10
o]
-10 T T T o
Wavelength (nm)
Fig. 3 — Transmission spectra of the as-deposited and

annealed NiO thin films
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Fig. 4 — Reflectance profiles of the as-deposited and annealed
NiO thin films
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Nickel-iron oxide was deposited on highly cleaned glass substrates using spray pneumatic technique.
The effect of iron percentage on structural, optical and electrical properties has been studied. The crystal-
line size of the deposited thin films was calculated using Debye-Scherer formula and found in the range be-
tween 8.8 and 27.6 nm. The optical properties have been discussed in this work. The absorbance (A), the
transmittance (7) and the reflectance (R) were measured and calculated. Band gap energy is considered
one of the most important optical parameter, therefore measured and found ranging between 3.81 and
3.98 eV. The NiO:Fe thin film reduces the light reflection for visible range light. The increase of the electri-
cal conductivity to maximum value of 0.470 10-4(Q cm)-! for 6 % Fe can be explained by the increase in
carrier concentration of the films. A good electrical conductivity of the NiO:Fe thin film is obtained due to
the electrically low sheet resistance. NiO:Fe can be applied in different electronic and optoelectronic appli-
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cations due to its high band gap, high transparency and good electrical conductivity.

Keywords: NiO thin films, XRD, Optical constants, Electrical conductivity.

DOT: 10.21272/nep.10(2).02039

1. INTRODUCTION

Nickel oxide (NiO) is the most investigated metal ox-
ide and it has attracted considerable attention because
of its low cost material, and also for its applications in
several fields such as a catalyst, transparent conducting
oxide, photodetectors, electrochromic, gas sensors, pho-
tovoltaic devices, electrochemical supercapacitors, heat
reflectors, photo-electrochemical cell, solar cells and
many opto- electronic devices [1-9]. NiO is an IV group
and it can be used as a transparent p-type semiconduc-
tor layers, it has a band gap energy ranging from
3.45 eV to 3.85 eV [10]. Band gap energy is significant
to adjust the energy level state of NiO.

Several techniques have been used for synthesis and
manipulation of nanostructures NiO:Fe such as the
thermal evaporation, sputtering, pulse laser ablation,
thermal decomposition, electrochemical deposition and
sol-gel methods etc. Among of these techniques, sol-gel
has some advantages such as high purity of raw materi-
als and a homogeneous solution hence easy control over

In this work, a low cost spray pneumatic technique
was used to prepare pure NiO:Fe nanoparticles thin
films with various iron percentages. The structural
properties of the produced nickel oxide doped iron thin
films have been examined. The absorption, transmit-
tance and reflectance spectra of the produced thin films
for the NiO:Fe are also measured in range between 300-
1100 nm. Moreover, the optical band gap is determined
as a function of the iron percentages.

2. EXPERIMENTAL DETAILS
2.1 Preparation of Samples

NiO:Fe thin films were prepared onto a highly
cleaned glass substrates using spay pneumatic tech-

* belahssenokba@gmai.com

2077-6772/2018/10(2)02039(4)

02039-1

PACS numbers: 73.61.Jc, 78.66.Bz

nique. Nickel nitrate was dissolved in 50 ml of water as
a solvent, iron nitrate was dissolved in 50 ml of water
too and chloride acid was used as a stabilizer for the all
samples in this work. The precursor molarity and iron
nitrate concentration are 0.20 mol L-1. The produced
mixture was stirred at 60 °C for 2 h in order to obtain a
clear and homogenous solution then the mixture was
cooled down at room temperature and placed at dark
environment for 48 h. The glass substrates were
cleaned by detergent and by alcohol mixed with deion-
ized water.

2.2 Deposition of Thin Films

The coating was dropped into glass substrates at
480 °C that sprayed during 2 min by pneumatic nebu-
lizer system which transforms the liquid to a stream
formed with uniform and fine droplets.

2.3 Devices and Measurements

The X-ray diffraction (XRD) spectra of the NiO:Fe
were measured to verify the structure. X-ray diffraction
(XRD) was measured by using BRUKER-AXS-8D diffrac-
tometer with Cu Ka radiation (A =1, 5406 A) operated at
40 kV and 40 mA in the scanning range of (26) between
20° and 80°. The spectral dependence of the NiO:Fe
transmittance (7) and the absorbance (A4), on the wave-
length ranging 300-1100 nm are measured using an ul-
traviolet-visible spectrophotometer (Perkin-Elmer Lamb-
da 25). The reflectance (R) was calculated by the well-
known equation as (T'+ R + A = 1). Whereas the electrical
conductivity of the films was measured in a coplanar
structure of four golden stripes on the deposited film sur-
face; the measurements were performed with Keithley
model 2400 low voltage source meter instrument.

© 2018 Sumy State University
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3. RESULTS AND DISCUSSIONS
3.1 Structural Properties

The X-ray diffraction was used in this work in order
to understand the structure of the deposited NiO:Fe
thin films with different iron percentages. XRD pat-
terns of all the deposited samples of Nickel-Iron Oxide
thin films are shown in figure 1. From the figure, it can
be noticed that all the patterns exhibit diffraction
peaks around 26 ~ 37°, referred to (111) favorite direc-
tion which is in agreement with the Joint Committee of
Powder Diffraction Standards (JCPDS) card number
47-1049. The position of the peaks leads to the conclu-
sion that the films are, in nature, with a cubic crystal-
line structure, which is in agreement with other reports
[11, 12].
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Fig. 1 - XRD patterns of the deposited NiO:Fe thin films on
glass substrate at different iron percentages

The lattice constant a of Fe doped NiO thin films, is
calculated using equation (1):

a
iy = —mn—or 1)
(k) ,
(h2 iy lz)

where (h, k, ) is the Miller indices of the planes and
dnk is the interplanar spacing.

It can be observed that no peaks correspond to the
Fe doping exist in the XRD patterns. In fact, doping
with low concentration impurities does not result in the
appearance of new XRD peaks, but instead leads to a
shift in the lattice parameters of the host material.
This shift may arise from the strain induced when the
dopant is incorporated into the crystal lattice [13]. The
strain £ values in the films were estimated from the
observed shift, in the diffraction peak between their
positions in the XRD spectra via the formula (2):

e=2"% 100 2
Qg

where ¢is the mean strain in NiO:Fe thin films (Table 1),
a is the lattice constant of NiO:Fe thin films and ao the
lattice constant of bulk (standard ao = 0, 4177 nm).
The crystalline size was calculated using Debye-
Scherer formula [14]:
092

pcosb @
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where g is the full width at half maximum (FWHM)
and 6 is the diffraction angle.

The crystallite size of the NiO:Fe thin films were
calculated using the well-known Deby-Scherer’s formu-
la Eq. (3), the average of the NiO:Fe thin films ranging
between 8.8 and 27.6 nm. The changing in the crystal-
lites size leads to the changes in optical properties.

Fig. 2 shows the variation of the crystallite size and
mean strain as a function of percentage of Fe. The crys-
tallite size increases when the stain decreases and
inversely.

The changing in the crystallites size leads to the
changes in optical properties i.e. band gap energy in-
creases with decreasing crystallites size as shown in
Fig. 3.
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Fig. 2 — The variation of crystallite size and mean strain of Fe
doped NiO thin films as a function of the percentage of Fe
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Fig. 3 — The variation of crystallite size and band gap energy
of NiO:Fe thin films as a function of the percentage of Fe

3.2 Optical Properties

Fig. 4 shows the optical absorption spectra of
NiO:Fe nanoparticles. The absorption spectra of 6 % Fe
show that the absorption edge is slightly shifted to-
wards shorter wavelength when compared to other
absorption spectra. The absorption edge of a degenerate
semiconductor is shifted to shorter wavelengths with
increasing carrier concentration. This shift predicts
that there i1s an increase in band gap value
(Eg=3.965¢eV). The fundamental absorption, which
corresponds to the electron transition from the valance
band to the conduction band, can be used to determine
the nature and value of the optical band gap. The optical
absorption study was used to determine the optical band
gap of the nanoparticles, which is the most familiar and
simplest method.

02039-2



EFrFECT OF IRON DOPING ON PHYSICAL PROPERTIES...

J. NANO- ELECTRON. PHYS. 10, 02039 (2018)

Table 1 — Structural, optical and electrical parameters of NiO:Fe thin film at different iron percentages

Crystallite size Strain ¢ (%) Band gap ener- Conductivity

0,

Percentage Fe (%) (nm) ay (eV) 10-4(Q em)-!
0 13.5 0.854 3.980 0.366
3 8.8 1.304 3.970 0.295
6 22.0 0.553 3.965 0.470
9 27.6 0.452 3.960 0.303
12 18.5 0.647 3.940 0.283
15 27.6 0.450 3.810 0.279
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Fig. 4 — Absorbance spectra of NiO samples for different
percentage of Fe

The absorption coefficient (@) and the incident pho-
ton energy (hv) are related by the expression 2 [12]:

(ahv) = C(hu—Eg )n (2

where «a is the absorption coefficient, C is a constant, hv
is the photon energy, v is the frequency of the incident
radiation, A is the Planck's constant, exponent n is 0.5
for direct band allowed transition (hv = 1239/A(nm) (eV))
and E; the band gap energy of the semiconductor.
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Fig. 5 — Plot of (ahv)? versus incident photon energy (hv) of
NiO:Fe nanoparticles for different percentage of Fe

As it was shown in (Fig. 5) a typical variation of
(chv)? as a function of photon energy (hv) of NiO:Fe
nanoparticles Eq. (2), used for deducing optical band
gap E; The optical band gap values have been deter-
mined by extrapolating the linear portion of the curve
to meet the energy axis (hv) [15]. The band gap values
were given in Table 1.

Fig. 6 — Transmission spectra of NiO:Fe samples for different
percentage of Fe

For a transmittance study (Fig. 6), the NiO:Fe layer
showed very high transmittance of 80 % for 6 % iron con-
centration, averaged in the wavelength (1) of 300-
1100 nm. Suppression of light reflection at a surface is an
important factor to absorb more photons in semi-
conductor materials. We obtained the reflectance profiles
of NiO:Fe coated (Fig. 7). The averaged reflectance values
(300-1100 nm) were significantly lower than 20 %. Moreo-
ver, NiO:Fe coating drives a substantially suppressed
reflectance under 20% in 500 nm < A< 1100 nm. This
notifies that the NiO:Fe coating is an efficient design
scheme to introduce the incident light into substrate.
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Fig. 7 — Reflectance profiles of NiO;Fe thin film for different
percentage of Fe

3.3 Electrical Properties

The electrical properties of the NiO:Fe films are
summarized in Table I. Fig. 8 shows the variation of the
electrical conductivity o of NiO:Fe thin films as a func-
tion as percentage of Fe. As can be seen, deposited films
have good conductivity. The maximum recorded value
was 0.470 10-4(Q2 cm) ~ ! for the NiO:Fe thin film depos-
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ited using 6 % iron concentration. The increase of the
electrical conductivity can be explained by the increase
in the carrier concentration. Patil et al. [16] have report-
ed that the increase of the electrical conductivity is due
to the increase in activation energy with increasing film
thickness. This was explained by difference in the exper-
imental conditions of spraying solution, spray rate and
cooling of the substrates during decomposition. However,
with 0.20 mol L-1! precursor molarity, the crystal struc-
ture of the film is significantly improved and the grain
size is increased, leading to a reduced concentration of
structural defects such as dislocations and grain bound-
aries. Thus, the decrease of the concentration of crystal
defects leads in the increase of free carrier concentra-
tion. The improvement of crystal quality reduces the
carrier scattering from structural defects, leading to
higher mobility.

0,50 4
0,45 4 / \
0,40 4 !

035 \ /.“" I\I“'\.
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Conductivity 10 (Q cm)”
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Fig. 8 — Variation of the electrical conductivity of NiO:Fe thin
films as a function of the percentage of Fe
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4. CONCLUSION

The spray pneumatic technique has been success-
fully employed to deposit NiO:Fe thin films with differ-
ent iron concentrations on glass substrates. All the
films showed cubic crystal structure with preferential
orientation according to the direction (111). The maxi-
mum crystallite size was found (27.06 nm). We have
observed an improvement in the films crystallinity at
0.10 mol L-! precursor molarity where the peak at
position 37.1° corresponding to the (111) plans is very
sharp, the film obtain at this concentration has higher
and sharper diffraction peak indicating an improve-
ment in peak intensity compared to other films. The
band gap value of NiO:Fe films was found from
3.810 eV to 3.980 eV. The high transmittance (80 %),
low reflectance under 20 %, widened band gap and good
conductivity (0.470 10-4 (& cm) —1) obtained for NiO:Fe
thin films make them promising candidate for optoelec-
tronic devices as well as window layer in solar cell
applications.
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In the title compound, [Fe(CsHs)(C4H4NO)], the asymmetric unit comprises
two unique molecules. The two cyclopentadienyl (Cp) rings of each ferrocene
residue are nearly parallel to one another. In each substituted Cp ring, the CH,
group carries an N-phenylacetamide residue. In the crystal, C—H- - -O hydrogen
bonds stack molecules along a.

3D view Chemical scheme

Structure description

Ferrocene and its derivatives are known to be of considerable interest, because of their
use in organic synthesis (Khand et al., 1989), catalysis (Szarka et al., 2004), materials
science (Uno & Dixneuf, 1998), asymmetric synthesis (Torres et al., 2002), medicinal
chemistry (Chavain et al., 2009) and electrochemistry (Ahmedi & Lanez, 2011; Khelef &
Lanez, 2015). As a continuation of our research related to ferrocene derivatives (Khelef
et al.,2012; Rahim et al., 2012), we report the synthesis and structural characterization of
the title compound.

The asymmetric unit of title compound comprises two crystallographically indepen-
dent molecules, A and B (Fig. 1). The two cyclopentadienyl (Cp) rings of each ferrocene
residue are nearly parallel to one another, the dihedral angle between the mean planes of
Cp1/Cp2 is 3.2 (2)° and Cp3/Cp4 is 2.6 (2)° (Cpl = C1A-C5A, Cp2 = C6A-C10A, Cp2 =
C1B-C5B and Cp4 = C6B-C10B). The Cp rings are essentially parallel and the
Fe- - -centroid distances are 1.648 (3) (Cpl), 1.640 (3) (Cp2), 1.652 (3) (Cp3) and
1.645 (3) A (Cp4). The [Cgl- - -Fel---Cg2] angle is 178.16 (2)° and [Cg3- - -Fe2- - -Cg4]
angle is 179.21 (2)° [Cgl, Cg2, Cg3 and Cg4 are the centroids of the Cpl, Cp2, Cp3 and
Cp4 rings, respectively].

In each molecule one of the Cp rings is substituted by an amide group which is
essentially perpendicular to the substituted cyclopentadienyl ring [torsion angles C14A4 —
N1—C11A—C10A and C14B—N2—C11B—C10B are 93.3 (4) and —93.3 (4)°, respec-
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Figure 1
The molecular structure of the title compound, showing the atomic
numbering scheme and 50% probability displacement ellipsoids.

tively]. In the methanoyl group, the N and O atoms are
coplanar [the Cl11A—N1—C12A—0O1 torsion angle is
—0.6 (5)° and the C11B—N2—C12B—02 torsion angle is
—2.9 (6)°]. In the crystal, C—H- - -O hydrogen bonds, Table 1,
combine to stack the molecules along the a axis, Fig. 2.

Synthesis and crystallization

N-ferrocenylmethylaniline was obtained as described in the
literature (Osgerby & Pauson, 1961). To a 250 ml round-
bottom flask equipped with a reflux condenser and a magnetic

Figure 2
The crystal packing of the title compound, viewed along the b axis, with
hydrogen bonds drawn as dashed lines.

Table 1 .

Hydrogen-bond geometry (A, °).

D—H---A D—H H A DA D—H---A
CISA—HI15A- - -Ol_i_ 0.93 2.56 3.456 (5) 162
C19B—H19B---02" 0.93 2.55 3.421(5) 157
CI5SA—HI15A4---01' 0.93 2.56 3.456 (5) 162
C19B—H19B---02" 0.93 2.55 3.421(5) 157

Symmetry codes: (i) —x — 1, =y +2, —z 4+ 1; (ii) —x, =y + 1, —z + 2.

stirrer a suspension of N-ferrocenylmethylaniline (6 g,
20 mmol) in 50 ml of dry toluene was added under a nitrogen
atmosphere. The resulting suspension was heated at 50°C until
all the solid materials had dissolved completely. 50 ml of
anhydride acetic acid was then added and the resulting
mixture was vigorously stirred under reflux for 20 min. The
reaction mixture was then poured into water; the organic layer
was separated, washed twice with water, dried over MgSO,
and evaporated. The residue was recrystallized from a mixture
of ethanol-water to yield N-ferrocenymethyl-N-phenyl-
acetamide as orange needles (yield: 5.6 g, 81.5%; m.p. 116—
117°C). The compounds gave clean 'H and '*C NMR spectra
in CDCl;. NMR 'H (300 MHz, CDCl3) 1.75 (s, 3H, CH3), 4.03
(s,4H, CsH,), 4.08 (s, SH, CsH;), 4.61 (s, 2H, CH,), 6.99 (d, 2H,
ortho-C¢Hs), 7.28-7.35 (m, 3H, meta- and para-CsHs). NMR
3C (75 MHz, CDCl;) 22.83 (1C, CH3), 48.40 (1C, CH,), 68.13,
69.89 and 83.13 (5C, C5SH4), 68.55 (5C, CsHs), 127.87, 128.55,
129.43, 142.84 (6C, C¢Hs), 169.74 (1C, CO).

Table 2
Experimental details.

Crystal data

Chemical formula

M,

Crystal system, space group
Temperature (K)

a, b, c(A)

o B,y (%)

V(A%

V4

Radiation type

f (mm™)
Crystal size (mm)

Data collection

Diffractometer

No. of measured, independent and
observed [ > 20()] reflections

Rim

(sin O/0)max (A™")

Refinement

R[F? > 20(F%)], wR(F?), S
No. of reflections

No. of parameters

H-atom treatment

APmaxs Apmin (€ AT)

[Fe(CsHs)(C14H14NO)]

3332

Triclinic, PT

298

7.344 (1), 14.831 (1), 15.267 (1)

79.094 (10), 79.627 (10),
87.508 (10)

1606.1 (3)

4

Mo Ko

0.94

0.3 x 0.1 x 0.1

Nonius KappaCCD
8635, 5157, 3765

0.039
0.588

0.042, 0.115, 1.02

5157

398

H-atom parameters constrained
0.37, —0.28

Computer programs: COLLECT (Nonius, 1998), SIR92 (Altomare et al., 1993),
SHELXL2014 (Sheldrick, 2015), ORTEP-3 for Windows (Farrugia, 2012), Mercury
(Macrae et al., 2008), WinGX (Farrugia, 2012).

2 0f 3
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Refinement

Crystal data, data collection and structure refinement details
are summarized in Table 2.
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full crystallographic data

IUCrData (2016). 1,x160203  [doi:10.1107/S2414314616002030]
N-Ferrocenymethyl-N-phenylacetamide

Abdelhamid Khelef, Mohammed Sadok Mahboub and Touhami Lanez

N-Ferrocenymethyl-N-phenylacetamide

Crystal data
[Fe(C5H5)(C14H14NO)] Z=4
M,=3332 F(000) = 696

Triclinic, P1

Hall symbol: -P 1
a=7344(1)A
b=14.831 (1) A
c=15267 (1) A
a=179.094 (10)°
£=79.627 (10)°
y=87.508 (10)°
V=1606.1(3) A3

Data collection

Nonius KappaCCD
diffractometer
Radiation source: fine-focus sealed tube
CCD scans
8635 measured reflections
5157 independent reflections

Refinement

Refinement on F?
Least-squares matrix: full
R[F?>20(F*)] = 0.042
WR(F?)=0.115

§=1.02

5157 reflections

398 parameters

0 restraints

0 constraints

Special details

Dy=1378 Mg m™

Mo Ko radiation, 2 = 0.71073 A

Cell parameters from 5157 reflections
0=12.8-24.77°

#=0.94 mm™!

T=298 K

Needle, orange

0.3 x0.1 x0.1 mm

3765 reflections with 1> 2a([)
Ry =0.039

Omax = 24.7°, Opnin = 2.8°
h=-8-8

k=-17-17

[=-15-17

Hydrogen site location: inferred from
neighbouring sites

H-atom parameters constrained

w = 1/[6%(F,?) + (0.0489P)> + 0.6059P]
where P = (F,2 +2F2)/3

(A/0)max = 0.001

Aprx =037 A

Apmin=—0.28 ¢ A

Extinction correction: SHELXL2014 (Sheldrick,
2015), F¢*=kFc[1+0.001xFc?23/sin(26)]

Extinction coefficient: 0.0049 (12)

Geometry. All e.s.d.'s (except the e.s.d. in the dihedral angle between two L.s. planes) are estimated using the full
covariance matrix. The cell e.s.d.'s are taken into account individually in the estimation of e.s.d.'s in distances, angles and
torsion angles; correlations between e.s.d.'s in cell parameters are only used when they are defined by crystal symmetry.
An approximate (isotropic) treatment of cell e.s.d.'s is used for estimating e.s.d.'s involving l.s. planes.
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Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (42)

X y z Uiso™/Ueq
Fe2 0.46219 (6) 0.43859 (3) 0.69245 (3) 0.04595 (17)
Fel 0.06009 (6) 0.92687 (3) 0.17945 (3) 0.04206 (17)
Ol —0.5391 (4) 0.9627 (2) 0.3939 (2) 0.0854 (10)
Cl4A —0.2433 (5) 0.8074 (2) 0.5143 (2) 0.0462 (8)
N2 0.1143 (4) 0.6002 (2) 0.8775 (2) 0.0570 (8)
C10B 0.2785 (5) 0.5231 (2) 0.7548 (2) 0.0473 (8)
N1 -0.3111 (4) 0.8744 (2) 0.44649 (18) 0.0524 (7)
02 —0.1384 (5) 0.5145 (2) 0.8928 (2) 0.0918 (10)
C3A 0.2181 (5) 0.9949 (3) 0.0637 (3) 0.0555 (9)
H3A 0.2196 0.9852 0.0051 0.067*
C10A —0.1303 (4) 0.8808 (2) 0.2910 (2) 0.0445 (8)
C7A —0.1331 (5) 0.8472 (3) 0.1509 (3) 0.0578 (10)
H7A -0.1637 0.8476 0.0943 0.069*
C1B 0.7309 (6) 0.4029 (3) 0.6688 (5) 0.0860 (16)
HIB 0.8239 0.4413 0.6337 0.103*
C14B 0.2045 (5) 0.6821 (2) 0.8845 (2) 0.0510 (9)
Cl1A -0.1712 (6) 0.9246 (3) 0.3737 (2) 0.0610 (10)
HI1A -0.0575 0.9277 0.3969 0.073*
HIIB -0.215 0.987 0.3565 0.073*
C5A 0.2862 (6) 0.9844 (3) 0.2041 (3) 0.0702 (12)
H5A 0.3401 0.9666 0.2554 0.084*
C9B 0.1873 (5) 0.4692 (3) 0.7081 (3) 0.0560 (10)
H10B 0.0918 0.4282 0.7341 0.067*
C6B 0.4137 (5) 0.5750 (2) 0.6887 (3) 0.0600 (10)
H8B 0.4938 0.6167 0.7 0.072*
C8B 0.2676 (6) 0.4892 (3) 0.6154 (3) 0.0670 (12)
H6B 0.2336 0.4638 0.5695 0.08*
C15B 0.2566 (6) 0.7485 (3) 0.8087 (3) 0.0630 (10)
HI15B 0.2272 0.7424 0.7534 0.076*
CI19A —0.1770 (6) 0.7239 (3) 0.4957 (3) 0.0623 (10)
H19A -0.1825 0.7092 0.4397 0.075*
Cl6A -0.1674 (7) 0.7642 (3) 0.6620 (3) 0.0860 (15)
HI6A —0.1669 0.7775 0.7191 0.103*
CI15A -0.2392 (6) 0.8279 (3) 0.5980 (3) 0.0701 (12)
HI5A —0.2843 0.8842 0.6116 0.084*
C11B 0.2372 (6) 0.5234 (3) 0.8542 (3) 0.0638 (10)
H11C 0.1794 0.4658 0.8854 0.077*
HIID 0.3526 0.5274 0.8757 0.077*
C19B 0.2455 (5) 0.6916 (3) 0.9662 (3) 0.0593 (10)
H19B 0.2109 0.6467 1.0174 0.071*
Cl16B 0.3528 (6) 0.8243 (3) 0.8152 (3) 0.0693 (12)
H16B 0.3899 0.8686 0.7639 0.083*
C7B 0.4077 (6) 0.5539 (3) 0.6044 (3) 0.0683 (12)
H7B 0.4833 0.5783 0.5502 0.082*
C17B 0.3936 (5) 0.8344 (3) 0.8966 (3) 0.0687 (11)
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H17B 0.458 0.8855 0.901 0.082*
CI3B —0.1921 (6) 0.6659 (3) 0.9251 (3) 0.0840 (14)
H13D —0.1149 0.7167 0.9247 0.126*
HI13E —0.2758 0.6843 0.8833 0.126*
HI13F -0.2614 0.6468 0.985 0.126*
CI8B 0.3386 (6) 0.7683 (3) 0.9719 (3) 0.0715 (12)
H18B 0.3646 0.7755 1.0276 0.086*
CI8A —0.1024 (6) 0.6619 (3) 0.5591 (3) 0.0678 (11)
H18A —0.0554 0.606 0.5452 0.081%*
CI2B —0.0721 (6) 0.5868 (3) 0.8974 (3) 0.0661 (11)
CI3A —0.6325 (5) 0.8459 (3) 0.5234 (3) 0.0755 (12)
HI13A —0.5703 0.7993 0.5603 0.113*
H13B —0.6982 0.8867 0.5602 0.113%*
H13C —0.7184 0.8176 0.4966 0.113*
C5B 0.6691 (9) 0.3963 (4) 0.7606 (5) 0.108 (2)
H5B 0.7128 0.4286 0.7991 0.13*
CI2A —0.4920 (6) 0.8994 (3) 0.4496 (3) 0.0603 (10)
C3B 0.5097 (7) 0.3011 (3) 0.7083 (5) 0.0904 (17)
H3B 0.4254 0.2576 0.7046 0.108*
C17A —0.0971 (6) 0.6820 (3) 0.6423 (3) 0.0712 (12)
H17A —0.0463 0.6403 0.6851 0.085*
C2B 0.6325 (7) 0.3434 (4) 0.6386 (4) 0.0820 (14)
H2B 0.6478 0.3336 0.5793 0.098*
C4B 0.5260 (8) 0.3308 (5) 0.7846 (4) 0.104 (2)
H4B 0.4566 03118 0.842 0.125%
C6A —0.2156 (4) 0.9027 (2) 0.2139 (2) 0.0473 (8)
H6A —0.3095 0.946 0.2058 0.057*
C9A 0.0048 (5) 0.8118 (2) 0.2743 (3) 0.0565 (10)
H9A 0.0823 0.7844 0.3139 0.068*
C2A 0.1019 (5) 1.0569 (3) 0.1067 (3) 0.0598 (10)
H2A 0.0129 1.0951 0.0821 0.072*
C8A 0.0022 (6) 0.7917 (3) 0.1888 (3) 0.0643 (11)
H8A 0.0774 0.7489 0.1617 0.077*
C4A 0.3312 (5) 0.9501 (3) 0.1231 (3) 0.0606 (10)
H4A 0.4205 0.9056 0.1111 0.073*
CIlA 0.1441 (6) 1.0510 (3) 0.1936 (3) 0.0699 (12)
H1A 0.0884 1.0849 0.2368 0.084*
Atomic displacement parameters (42)
U]] (]22 U33 UIZ U13 U23
Fe2 0.0372 (3) 0.0402 (3) 0.0616 (3) 0.0043 (2) —0.0144 (2) —0.0080 (2)
Fel 0.0369 (3) 0.0396 (3) 0.0473 (3) —0.00241 (19) —0.0069 (2) —0.0021 (2)
01 0.109 (2) 0.079 (2) 0.0712 (19) 0.0397 (18) —0.0356 (17) —0.0112 (17)
Cl4A 0.0495 (19) 0.043 (2) 0.0428 (19) 0.0045 (15) —0.0064 (14) —0.0025 (16)
N2 0.071 (2) 0.0462 (18) 0.0552 (19) 0.0011 (15) —0.0074 (15) —0.0164 (15)
C10B 0.047 (2) 0.041 (2) 0.058 (2) 0.0054 (15) —0.0164 (16) —0.0133 (17)
N1 0.0625 (19) 0.0486 (18) 0.0406 (16) 0.0073 (14) —0.0026 (13) —0.0021 (14)
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02 0.107 (3) 0.076 (2) 0.091 (2) —0.0400 (19) —0.0019 (18) —0.0184 (18)
C3A 0.053 (2) 0.058 (2) 0.055 (2) —0.0172 (18) —0.0041 (17) —0.0073 (19)
C10A 0.0441 (19) 0.0402 (19) 0.0457 (19) —0.0021 (14) —0.0062 (14) —0.0005 (15)
C7A 0.063 (2) 0.058 (2) 0.049 (2) —0.0259 (19) —0.0017 (17) —0.0067 (19)
C1B 0.049 (3) 0.053 (3) 0.140 (5) 0.005 (2) —0.009 (3) 0.014 (3)
C14B 0.056 (2) 0.045 (2) 0.051 (2) 0.0004 (16) —0.0041 (16) —0.0131 (17)
Cl1A 0.077 (3) 0.051 (2) 0.051 (2) —0.0078 (19) —0.0100 (19) —0.0004 (18)
C5A 0.059 (3) 0.090 (3) 0.065 (3) —0.030 (2) —-0.021 (2) —0.005 (2)
C9B 0.0389 (19) 0.056 (2) 0.078 (3) 0.0079 (16) —0.0175 (18) —0.021 (2)
C6B 0.053 (2) 0.040 (2) 0.084 (3) 0.0015 (16) —0.0076 (19) —0.009 (2)
C8B 0.069 (3) 0.079 (3) 0.064 (3) 0.036 (2) —0.031 (2) —0.032 (2)
C15B 0.081 (3) 0.052 (2) 0.052 (2) 0.002 (2) —0.0035 (19) —0.0068 (19)
C19A 0.087 (3) 0.048 (2) 0.050 (2) 0.006 (2) —0.0067 (19) —0.0074 (18)
CI16A 0.139 (4) 0.065 (3) 0.070 (3) 0.020 (3) —0.061 (3) —0.017 (2)
CI5A 0.101 (3) 0.050 (2) 0.066 (3) 0.019 (2) —0.031 (2) —0.019 (2)
Cl11B 0.086 (3) 0.047 (2) 0.062 (2) 0.008 (2) —0.022 (2) —0.0129 (19)
C19B 0.071 (3) 0.055 (2) 0.051 (2) —0.0111 (19) —0.0023 (18) —0.0106 (19)
Cl16B 0.081 (3) 0.048 (2) 0.068 (3) —0.001 (2) 0.010 (2) —0.004 (2)
C7B 0.071 (3) 0.061 (3) 0.062 (3) 0.026 (2) —0.001 (2) —0.002 (2)
C17B 0.061 (3) 0.056 (3) 0.087 (3) —0.0099 (19) 0.006 (2) —-0.023 (2)
C13B 0.070 (3) 0.075 (3) 0.095 (4) —0.001 (2) 0.009 (2) —0.009 (3)
C18B 0.081 (3) 0.074 (3) 0.061 (3) —0.012 (2) —0.006 (2) —0.020 (2)
C18A 0.084 (3) 0.045 (2) 0.068 (3) 0.013 (2) —0.008 (2) —0.004 (2)
C12B 0.078 (3) 0.062 (3) 0.054 (2) —0.012 (2) 0.0000 (19) —0.007 (2)
CI3A 0.057 (3) 0.089 (3) 0.079 (3) 0.010 (2) —0.006 (2) —0.021 (3)
C5B 0.113 (5) 0.096 (4) 0.160 (6) 0.060 (4) —0.102 (5) —0.075 (4)
CI2A 0.078 (3) 0.056 (2) 0.051 (2) 0.019 (2) —0.0197 (19) —-0.019 (2)
C3B 0.065 (3) 0.046 (3) 0.155 (6) 0.001 (2) —0.034 (3) 0.008 (3)
C17A 0.087 (3) 0.054 (3) 0.076 (3) 0.006 (2) —0.038 (2) 0.000 (2)
C2B 0.088 (4) 0.076 (3) 0.090 (4) 0.046 (3) —0.035 (3) —0.030 (3)
C4B 0.092 (4) 0.126 (5) 0.067 (3) 0.054 (4) —0.003 (3) 0.024 (3)
C6A 0.0379 (18) 0.048 (2) 0.051 (2) —0.0018 (15) —0.0074 (14) 0.0028 (17)
C9A 0.053 (2) 0.047 (2) 0.061 (2) 0.0054 (16) —0.0079 (17) 0.0093 (18)
C2A 0.058 (2) 0.045 (2) 0.070 (3) —0.0051 (17) —0.0093 (19) 0.0036 (19)
C8A 0.070 (3) 0.043 (2) 0.071 (3) —0.0047 (18) 0.013 (2) —0.011 (2)
C4A 0.038 (2) 0.059 (2) 0.080 (3) —0.0057 (16) —0.0078 (18) —0.003 (2)
ClA 0.071 (3) 0.061 (3) 0.075 (3) —0.027 (2) 0.011 (2) —0.021 (2)
Geometric parameters (4, °)

Fe2—C5B 2.006 (4) C5A—HS5SA 0.93

Fe2—CI1B 2.008 (4) C9B—CS8B 1.413 (5)
Fe2—C4B 2.019 (5) C9B—HI10B 0.93

Fe2—C3B 2.030 (4) C6B—C7B 1.389 (6)
Fe2—Co6B 2.031 (4) C6B—HEB 0.93

Fe2—C9B 2.031 (3) C8B—C7B 1.403 (6)
Fe2—C10B 2.034 (3) C8B—H6B 0.93

Fe2—C2B 2.037 (4) C15B—C16B 1.381 (6)
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Fe2—C7B 2.038 (4)
Fe2—CSB 2.041 (4)
Fel—C9A 2.022 (3)
Fel—C5A 2.024 (4)
Fel—C10A 2.026 (3)
Fel—CIA 2.028 (4)
Fel—C6A 2.028 (3)
Fel—C4A 2.038 (3)
Fel—C8A 2.040 (4)
Fel—C2A 2.040 (4)
Fel—C7A 2.041 (4)
Fel—C3A 2.044 (4)
01—CI2A 1.224 (4)
Cl14A—CI19A 1.372 (5)
Cl14A—CI5A 1.374 (5)
Cl4A—NI1 1.435 (4)
N2—C12B 1.363 (5)
N2—C14B 1.439 (4)
N2—C11B 1.478 (4)
C10B—C6B 1.417 (5)
C10B—C9B 1.423 (5)
C10B—C11B 1.495 (5)
N1—CI2A 1.359 (5)
N1—CI11A 1.478 (4)
02— CI12B 1.216 (5)
C3A—C4A 1.396 (5)
C3A—C2A 1.402 (5)
C3A—H3A 0.93
C10A—C6A 1.409 (5)
C10A—C9A 1.420 (5)
C10A—CI11A 1.506 (5)
C7A—C8A 1.398 (5)
C7A—C6A 1.421 (5)
C7A—H7A 0.93
CIB—C2B 1.357 (7)
CIB—C5B 1.379 (8)
CIB—HIB 0.93
C14B—C19B 1.369 (5)
C14B—C15B 1.377 (5)
ClIA—HIIA 0.97
Cl1IA—HIIB 0.97
C5A—C4A 1.406 (6)
C5A—CIA 1.414 (6)
C5B—Fe2—CIB 40.2 (2)
C5B—Fe2—C4B 41.1(2)
C1B—Fe2—C4B 67.4 (2)
C5B—Fe2—C3B 66.6 (2)

C15B—HI15B
CI9A—CI8A
C19A—HI9%A
Cl16A—CI17A
C16A—CI5A
Cl16A—HI16A
CI5SA—HI15A
Cl11B—HI11C
C11B—HI11D
C19B—C18B
C19B—HI19B
C16B—C17B
Cl16B—HI16B
C7B—H7B
C17B—C18B
C17B—HI17B
C13B—CI12B
CI3B—HI3D
CI13B—HI3E
CI3B—HI3F
C18B—HI8B
CI18A—CI17A
CI8A—HI18A
CI3A—CI2A
CI3A—HI13A
CI3A—H13B
CI3A—H13C
C5B—C4B
C5B—HS5B
C3B—C2B
C3B—C4B
C3B—H3B
C17TA—HI17A
C2B—H2B
C4B—H4B
C6A—HO6A
C9A—CBA
C9A—HOA
C2A—C1A
C2A—H2A
C8A—HSA
C4A—HA4A
CIA—HIA

C4A—C5A—H5A
CIA—C5A—H5A
Fel —C5A—HS5A

C8B—C9B—C10B

0.93
1.376 (5)
0.93
1.368 (6)
1.385 (5)
0.93
0.93
0.97
0.97
1.377 (5)
0.93
1.366 (6)
0.93
0.93
1.373 (6)
0.93
1.515 (6)
0.96
0.96
0.96
0.93
1.366 (6)
0.93
1.510 (5)
0.96
0.96
0.96
1.413 (8)
0.93
1.337 (7)
1.347 (8)
0.93
0.93
0.93
0.93
0.93
1.397 (5)
0.93
1.401 (6)
0.93
0.93
0.93
0.93

126.2
126.2
125.4
107.8 (4)
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C1B—Fe2—C3B
C4B—Fe2—C3B
C5B—Fe2—C6B
C1B—Fe2—C6B
C4B—Fe2—C6B
C3B—Fe2—C6B
C5B—Fe2—C9B
C1B—Fe2—C9B
C4B—Fe2—C9B
C3B—Fe2—C9B
C6B—Fe2—C9B
C5B—Fe2—C10B
C1B—Fe2—C10B
C4B—Fe2—CI10B
C3B—Fe2—C10B
C6B—Fe2—C10B
C9B—Fe2—C10B
C5B—Fe2—C2B
C1B—Fe2—C2B
C4B—Fe2—C2B
C3B—Fe2—C2B
C6B—Fe2—C2B
C9B—Fe2—C2B
C10B—Fe2—C2B
C5B—Fe2—C7B
C1B—Fe2—C7B
C4B—Fe2—C7B
C3B—Fe2—C7B
C6B—Fe2—C7B
C9B—Fe2—C7B
C10B—Fe2—C7B
C2B—Fe2—C7B
C5B—Fe2—C8B
C1B—Fe2—C8B
C4B—Fe2—C8B
C3B—Fe2—C8B
C6B—Fe2—C8B
C9B—Fe2—C8B
C10B—Fe2—C8B
C2B—Fe2—C8B
C7B—Fe2—C8B
C9A—Fel—C5A
C9A—Fel—C10A
C5A—Fel—C10A
C9A—Fel—CIA
C5A—Fel—Cl1A
Cl10A—Fel—CI1A
C9A—Fel—C6A

65.69 (19)
38.9(2)
110.1 (2)
114.67 (18)
136.1 (3)
174.9 (2)
143.4 (3)
175.3 (2)
113.4 (2)
111.81 (18)
68.21 (15)
112.9 (2)
143.6 (2)
109.84 (19)
135.9(2)
40.81 (14)
41.00 (13)
66.5 (2)
39.2(2)
65.7 (2)
38.4 (2)
144.9 (2)
136.39 (19)
174.3 (2)
135.2 (3)
111.34 (18)
175.5 3)
145.2 (2)
39.93 (16)
68.19 (16)
68.36 (15)
11637 (19)
175.0 3)
136.1 (2)
143.6 (3)
116.1 (2)
67.48 (17)
40.60 (15)
68.47 (14)
112.73 (17)
40.24 (17)
107.14 (17)
41.06 (13)
114.86 (16)
128.96 (18)
40.85 (17)
106.73 (15)
68.28 (14)

C8B—C9B—Fe2
C10B—C9B—Fe2
C8B—C9B—HI10B
C10B—C9B—H10B
Fe2—C9B—HI10B
C7B—C6B—C10B
C7B—C6B—Fe2
C10B—C6B—Fe2
C7B—C6B—HS8B
C10B—C6B—HS8B
Fe2—C6B—HSB
C7B—C8B—C9B
C7B—C8B—Fe2
C9B—C8B—Fe2
C7B—C8B—H6B
C9B—C8B—H6B
Fe2—C8B—H6B
C14B—C15B—C16B
C14B—C15B—HI15B
C16B—C15B—H15B
Cl14A—CI19A—CI18A
C14A—C19A—HI19A
C18A—C19A—HI9%A
C17TA—C16A—CI5A
C17A—C16A—H16A
C15A—C16A—H16A
CI4A—CI15A—CI16A
CI4A—CI5A—HI15A
Cl16A—CI5A—HI15A
N2—C11B—C10B
N2—C11B—H11C
C10B—C11B—HI11C
N2—CI11B—HI11D
C10B—C11B—HI11D
HI11C—C11B—HI1D
C14B—C19B—C18B
C14B—C19B—H19B
C18B—C19B—H19B
C17B—C16B—C15B
C17B—C16B—H16B
C15B—C16B—H16B
C6B—C7B—C8B
C6B—C7B—Fe2
C8B—C7B—Fe2
C6B—C7B—H7B
C8B—C7B—H7B
Fe2—C7B—H7B
C16B—C17B—C18B

70.1 (2)
69.58 (19)
126.1
126.1
125.8
109.2 (4)
70.3 (2)
69.7 (2)
125.4
125.4
126.2
108.2 (4)
69.8 (2)
69.3 (2)
125.9
125.9
126.6
119.8 (4)
120.1
120.1
120.7 (4)
119.7
119.7
120.9 (4)
119.6
119.6
119.5 (4)
120.2
120.2
113.1 3)
109

109

109

109
107.8
119.3 (4)
120.3
120.3
120.3 (4)
119.8
119.8
108.2 (4)
69.8 (2)
70.0 (2)
125.9
125.9
125.9
119.3 (4)
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C5A—Fel—C6A
C10A—Fel—C6A
ClA—Fel—C6A
C9A—Fel—C4A
C5A—Fel—C4A
Cl10A—Fel—C4A
ClA—Fel—C4A
C6A—Fel—C4A
CI9A—Fel—C8A
C5A—Fel—C8A
C10A—Fel—C8A
Cl1A—Fel—C8A
C6A—Fel—C8A
C4A—Fel—C8A
C9A—Fel—C2A
C5A—Fel—C2A
Cl10A—Fel—C2A
ClA—Fel—C2A
C6A—Fel—C2A
C4A—Fel—C2A
C8A—Fel—C2A
C9A—Fel—C7A
C5A—Fel—C7A
Cl10A—Fel—C7A
ClA—Fel—C7A
C6A—Fel—C7A
C4A—Fel—C7A
C8A—Fel—C7A
C2A—Fel—C7A
C9A—Fel—C3A
C5A—Fel—C3A
C10A—Fel—C3A
ClA—Fel—C3A
C6A—Fel—C3A
C4A—Fel—C3A
C8A—Fel—C3A
C2A—Fel—C3A
C7A—Fel—C3A
C19A—C14A—CI15A
C19A—C14A—N1
CI5A—C14A—NI1
C12B—N2—C14B
C12B—N2—CI11B
C14B—N2—CIl11B
C6B—C10B—C9B
C6B—C10B—C11B
C9B—C10B—C11B
C6B—C10B—Fe2

148.24 (17)
40.66 (13)
116.23 (16)
116.56 (15)
40.48 (16)
148.34 (15)
68.09 (16)
170.28 (15)
40.21 (15)
129.55 (19)
68.57 (14)
167.65 (19)
68.23 (15)
109.49 (16)
167.78 (16)
68.18 (17)
129.41 (14)
40.30 (16)
109.33 (15)
67.81 (15)
151.25 (17)
67.68 (16)
168.53 (18)
68.54 (14)
150.29 (18)
40.89 (14)
131.44 (16)
40.06 (16)
118.96 (16)
149.96 (15)
67.63 (16)
168.82 (14)
67.51 (16)
132.00 (14)
40.00 (14)
119.04 (16)
40.14 (14)
111.33 (15)
119.4 (3)
120.8 (3)
119.8 (3)
124.7 3)
118.9 (3)
116.2 (3)
106.6 (3)
127.5 (3)
125.8 (3)
69.5 (2)

Cl16B—C17B—H17B
C18B—C17B—H17B
C12B—C13B—H13D
C12B—C13B—HI13E
HI13D—CI3B—HI13E
C12B—C13B—HI13F
H13D—CI13B—HI13F
H13E—C13B—HI13F
C17B—C18B—C19B
C17B—C18B—H18B
C19B—C18B—H18B
C17A—CI18A—C19A
C17A—CI18A—HI18A
CI9A—CI8A—HI18A
02—C12B—N2
02—C12B—C13B
N2—C12B—C13B
CI2A—CI3A—HI13A
C12A—CI3A—H13B
H13A—C13A—HI13B
C12A—C13A—HI13C
HI3A—C13A—HI13C
H13B—C13A—HI13C
C1B—C5B—C4B
C1B—C5B—Fe2
C4B—C5B—Fe2
CIB—C5B—HS5B
C4B—C5B—HS5B
Fe2—C5B—H5B
01—C12A—NI1
O01—C12A—C13A
N1—C12A—C13A
C2B—C3B—C4B
C2B—C3B—Fe2
C4B—C3B—Fe2
C2B—C3B—H3B
C4B—C3B—H3B
Fe2—C3B—H3B
C18A—C17A—C16A
CI8A—CI17A—HI17A
C16A—C17A—HI17A
C3B—C2B—CIB
C3B—C2B—Fe2
C1B—C2B—Fe2
C3B—C2B—H2B
CIB—C2B—H2B
Fe2—C2B—H2B
C3B—C4B—C5B

120.3
120.3
109.5
109.5
109.5
109.5
109.5
109.5
121.0 (4)
119.5
119.5
120.2 (4)
119.9
119.9
121.2 (4)
121.8 (4)
117.1 (4)
109.5
109.5
109.5
109.5
109.5
109.5
106.4 (5)
70.0 (3)
69.9 (3)
126.8
126.8
124.9
121.0 (4)
121.3 (4)
117.7 3)
110.1 (5)
71.1 3)
70.1 (3)
124.9
124.9
125.4
119.3 (4)
120.3
120.3
108.7 (5)
70.5 (3)
69.2 (3)
125.6
125.6
126.2
106.7 (5)
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C9B—C10B—Fe2
C11B—C10B—Fe2
C12A—N1—CI14A
CI12A—N1—C11A
C14A—N1—CI11A
C4A—C3A—C2A
C4A—C3A—Fel
C2A—C3A—Fel
C4A—C3A—H3A
C2A—C3A—H3A
Fel —C3A—H3A
C6A—C10A—C9A
C6A—C10A—CI11A
C9A—C10A—CI11A
C6A—C10A—Fel
C9A—C10A—Fel
C11A—C10A—Fel
C8A—C7A—Co6A
C8A—C7A—Fel
C6A—CT7A—Fel
C8A—C7A—HTA
C6A—CT7A—HTA
Fel—C7A—H7A
C2B—C1B—C5B
C2B—C1B—Fe2
C5B—C1B—Fe2
C2B—C1B—HIB
C5B—C1B—HIB
Fe2—C1B—HIB
C19B—C14B—C15B
C19B—C14B—N2
C15B—C14B—N2
NI—CI11A—C10A
NI—CI1A—HIIA
C10A—CI11A—HIIA
NI—CI11A—HI11B
C10A—CI11A—HI1IB
H11A—C11A—HI11B
C4A—C5A—CI1A
C4A—C5A—Fel
ClIA—C5A—Fel

C19A—C14A—N1—CI2A
CI5A—C14A—N1—CI2A
C19A—C14A—N1—CI11A
C15A—C14A—N1—CI11A
C12B—N2—C14B—C19B
C11B—N2—C14B—C19B

69.42 (19)
125.9 (2)
124.2 (3)
118.7 (3)
116.9 (3)
108.8 (4)
69.8 (2)
69.8 (2)
125.6
125.6
126.4
107.0 (3)
126.2 (3)
126.8 (3)
69.74 (18)
69.32 (19)
124.6 (2)
108.1 (3)
70.0 (2)
69.1 (2)
126

126
126.6
108.1 (5)
71.6 (3)
69.8 (3)
126

126
124.3
120.2 (4)
119.4 (3)
120.3 (3)
113.1 3)
109

109

109

109
107.8
107.7 (4)
70.3 (2)
69.7 (2)

110.5 (4)
~71.6 (5)
~75.3 (4)
102.6 (4)
84.9 (5)

~89.9 (4)

C3B—C4B—Fe2
C5B—C4B—Fe2
C3B—C4B—H4B
C5B—C4B—H4B
Fe2—C4B—H4B
CI0A—C6A—CT7A
C10A—C6A—Fel
C7A—C6A—Fel
C10A—C6A—H6A
C7A—C6A—H6A
Fel —C6A—H6A
C8A—C9A—CI10A
C8A—C9A—Fel
CI0A—C9A—Fel
C8A—C9A—HI9A
C10A—C9A—H9A
Fel —C9A—HO9A
CIA—C2A—C3A
Cl1A—C2A—TFel
C3A—C2A—Fel
CIA—C2A—H2A
C3A—C2A—H2A
Fel —C2A—H2A
C9A—C8A—CTA
CI9A—C8A—Fel
C7A—C8A—Fel
CO9A—C8A—HSBA
C7A—C8A—HSA
Fel —C8A—HBA
C3A—C4A—C5A
C3A—C4A—Fel
C5A—C4A—Fel
C3A—C4A—H4A
C5A—C4A—H4A
Fel—C4A—H4A
C2A—C1A—CS5A
C2A—Cl1A—Fel
C5A—Cl1A—Fel
C2A—C1A—HIA
C5A—Cl1A—HIA
Fel —Cl1A—HIA

C2B—C1B—C5B—C4B
Fe2—C1B—C5B—C4B
C2B—C1B—C5B—Fe2
C14A—N1—CI12A—01
CIIA—N1—C12A—O01

CI4A—N1—C12A—C13A

71.0 3)
68.9 (3)
126.6
126.6
125
108.0 (3)
69.60 (19)
70.0 (2)
126

126

126
108.8 (3)
70.6 (2)
69.61 (19)
125.6
125.6
125.8
107.6 (3)
69.4 (2)
70.0 (2)
126.2
126.2
126
108.1 (3)
69.2 (2)
70.0 (2)
125.9
125.9
126.5
107.8 (4)
70.2 (2)
69.2 (2)
126.1
126.1
126.1
108.0 (4)
70.3 (2)
69.4 (2)
126

126
125.8

~0.8(5)
60.8 (3)
—61.7 (3)
173.5 3)
—0.6 (5)
~7.0 (5)
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C12B—N2—C14B—C15B
C11B—N2—C14B—C15B
C12A—N1—C11A—CI10A
Cl14A—N1—C11A—C10A
C6A—C10A—C11A—NI1
C9A—C10A—CI11A—NI
Fel—C10A—C11A—NI1
C6B—C10B—C9B—C8B
C11B—C10B—C9B—C8B
Fe2—C10B—C9B—C8B
C6B—C10B—C9B—Fe2
C11B—C10B—C9B—Fe2
C9B—C10B—C6B—C7B
C11B—C10B—C6B—C7B
Fe2—C10B—C6B—C7B
C9B—C10B—C6B—Fe2
C11B—C10B—C6B—Fe2
C10B—C9B—C8B—C7B
Fe2—C9B—C8B—C7B
C10B—C9B—C8B—Fe2
C19B—C14B—C15B—C16B
N2—C14B—C15B—C16B
CI15A—C14A—C19A—CI18A
NI—CI14A—CI19A—CI18A
C19A—C14A—CI15A—CI16A
NI—C14A—CI15A—CI16A
C17A—C16A—CI15A—CI14A
C12B—N2—C11B—C10B
C14B—N2—C11B—C10B
C6B—C10B—C11B—N2
C9B—C10B—C11B—N2
Fe2—C10B—C11B—N2
C15B—C14B—C19B—C18B
N2—C14B—C19B—C18B
C14B—C15B—C16B—C17B
C10B—C6B—C7B—C8B
Fe2—C6B—C7B—C8B
C10B—C6B—C7B—Fe2
C9B—C8B—C7B—C6B
Fe2—C8B—C7B—C6B
C9B—C8B—C7B—Fe2
C15B—C16B—C17B—C18B
C16B—C17B—C18B—C19B
C14B—C19B—C18B—C17B
C14A—C19A—CI18A—CI17A
C14B—N2—C12B—02
Cl11B—N2—C12B—02
C14B—N2—C12B—C13B

—98.1 (4)
87.2 (4)
~92.1 (4)
93.3 (4)
93.3 (4)
~88.7 (4)
~177.6 (2)
0.0 (4)
~180.0 (3)
-59.9 (2)
59.8 (2)
~120.1 (3)
—0.4 (4)
179.6 (3)
59.4 (3)
~59.8 (2)
120.2 (3)
0.4 (4)
~59.1 (3)
59.6 (2)
0.9 (6)
~176.2 (4)
~1.7(6)
176.3 (4)
0.3 (7)
~177.7 (4)
1.3 (8)
91.5 (4)
~93.3 (4)
82.3 (5)
~97.7 (4)
173.0 (2)
0.3 (6)
177.3 (4)
~1.1(6)
0.7 (4)
59.7 (3)
~59.0 (2)
~0.7 (4)
-59.5 (3)
58.9 (3)
0.2 (6)

0.9 (7)
~1.2(6)
1.4 (7)
~177.5 (4)
~2.9 (6)
2.5 (6)

CI1A—NI1—CI12A—CI3A
CI9A—CI18A—C17A—C16A
CI5A—C16A—C17A—CI8A
C4B—C3B—C2B—CI1B
Fe2—C3B—C2B—C1B
C4B—C3B—C2B—Fe2
C5B—C1B—C2B—C3B
Fe2—C1B—C2B—C3B
C5B—C1B—C2B—Fe2
C2B—C3B—C4B—C5B
Fe2—C3B—C4B—C5B
C2B—C3B—C4B—Fe2
CIB—C5B—C4B—C3B
Fe2—C5B—C4B—C3B
C1B—C5B—C4B—Fe2
CIA—CI10A—C6A—CTA
CI1A—C10A—C6A—C7A
Fel —C10A—C6A—CTA
CI9A—C10A—C6A—Fel
CI1A—C10A—C6A—Fel
C8A—C7A—C6A—CI10A
Fel —C7A—C6A—C10A
C8A—C7A—C6A—Fel
C6A—C10A—C9A—CBA
Cl11A—C10A—C9A—C8A
Fel —C10A—C9A—C8A
C6A—C10A—C9A—Fel
CI1A—C10A—C9A—Fel
C4A—C3A—C2A—CI1A
Fel —C3A—C2A—CI1A
C4A—C3A—C2A—Fel
CI0A—C9A—C8A—CTA
Fel —C9A—C8A—CT7A
C10A—C9A—C8A—Fel
C6A—C7TA—CBA—COA
Fel —C7A—C8A—C9A
C6A—C7A—C8A—Fel
C2A—C3A—C4A—CS5SA
Fel —C3A—C4A—C5A
C2A—C3A—C4A—Fel
CIA—C5A—C4A—C3A
Fel —C5A—C4A—C3A
ClIA—C5A—C4A—Fel
C3A—C2A—C1A—CS5A
Fel —C2A—C1A—CS5A
C3A—C2A—C1A—Fel
C4A—C5A—C1A—C2A
Fel —C5A—C1A—C2A

178.9 (3)
0.3 (7)
~1.6 (8)
—0.6 (5)
58.9 (3)
~59.5 (3)
0.9 (5)
~59.7 (3)
60.6 (3)
0.1(5)
~60.0 (3)
60.1 (3)
0.5 (5)
61.3 (3)
~60.8 (3)
0.1(4)
178.4 (3)
59.7 (2)
~59.6 (2)
118.7 (3)
~0.1 (4)
~59.4 (2)
59.3 (2)
0.0 (4)
~178.3 (3)
~59.9 (3)
59.9 (2)
~118.4 (3)
0.4 (4)
59.4 (2)
-59.1 (2)
—0.1(4)
~59.4 (3)
59.3(2)
0.1(4)
58.9 (3)
~58.8 (2)
—0.2 (4)
~59.2 (3)
59.1(2)
—0.1 (4)
59.8 (3)
~59.9 (3)
—0.4 (4)
59.4 (3)
~59.8 (2)
0.3 (4)
~60.0 (3)
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C11B—N2—C12B—C13B 177.2 (3) C4A—C5A—C1A—Fel 60.3 (3)

Hydrogen-bond geometry (4, 9

D—H-4 D—H H-A DA D—H-A
C154—H154-01! 0.93 2.56 3.456 (5) 162
C19B—H19B--02i 0.93 2.55 3.421 (5) 157
C154—H154-01 0.93 2.56 3.456 (5) 162
C19B—HI19B-02i 0.93 2.55 3.421(5) 157

Symmetry codes: (i) —x—1, —y+2, —z+1; (ii) —x, —y+1, —z+2.

IUCrData (2016). 1, x160203 data-10
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Abstract

This paper investigates the chemical and crystal structural properties of sand dunes of El-Oued region from the northeast Sahara
of Algeria. By using of Fourier-transform infrared (FT-IR) spectroscopy, X-ray fluorescence (XRF) and X-ray diffraction (XRD)
we show that El-Oued sand dunes are composed mainly of 97.6% o-quartz (SiO,) and 0.56% calcite (CaCOs). Very low
concentrations of some oxides as Al,O3, Fe,O3; MgO and trace elements impurities were also found. The calculated crystallinity
index CI=10.975 confirm the highly crystalline nature of quartz. From the X-ray diffraction data, structural parameters of quartz
and calcite minerals were determined. Quartz grains were found to have a hexagonal crystal structure with lattice parameters of
a=b=4.907 A and c=5.401 A and calcite grains have a trigonal crystal structure with a=b=4.977 A and c=17.04 A. The
calculated lattice parameters were similar to those of standard references. The crystallite sizes of quartz and calcite were estimated

to be nanometric.

Keywords Sand dunes - Quartz - Calcite - X-rays diffraction - Fourier-transform infrared - Structural parameters

1 Introduction

In recent years, the interest in raw materials has increased
due to their physico-chemical properties and also their
availability. Sand of particular interest; it is widely used in
industry and nanotechnology [1]. The sand in its raw state is
used in various fields: as building materials, thermal energy
reservoir medium, water filtering material and in bricks and
ceramic manufacture [2—4]. Sand is defined as loose gran-
ular material derived from weathering and natural disinte-
gration of rocks and other materials on the earth’s surface
and has grains ranging from 0.0625 to 2 mm in diameter [5].
The compositions and texture of sand grains are controlled
by the chemical and physical processes such as wind action,
fluvial and marine processes, weathering, precipitation, and
air temperature [6]. The sand can acquire various colors
ranging from light red to black due to the presence of certain
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chemical compounds [7]. Although the components of sand
grains depend on the local rock sources and conditions, the
main mineral constituents of sand are quartz (Si0O,), feld-
spar (KAISizOg, NaAlSizOg, CaAl,Si,Og) and carbonates.
In addition, it contains considerable concentrations of alu-
minum oxide (Al,O3) and iron oxide (Fe,03), as well as
small amounts of heavy materials [8, 9]. Furthermore, sand
represents the most promising resource of quartz (silicon
dioxide) material compared to crystalline hard rocks.
Today, high-purity quartz has become a vital mineral, with
its particular physicochemical properties being employed in
a wide range of nanotechnologies such as glass fabrication,
optics and microelectronics, semiconductors and telecom-
munications [10—-12]. Also, quartz contains Silicon (Si),
which can be exploited in various fields, including medi-
cine, sensor and biosensing, photonics, microelectronics,
energy technologies and solar silicon applications
[13-16]. Extracting quartz from sand or extracting silicon
from quartz and determining its suitability for different in-
dustrial applications require knowledge of the physical and
chemical properties of the quartz. Several investigations
have been undertaken on sand dunes from different regions
of the world. Howari et al. [17] have studied the geomor-
phology and mineralogy of different dune types in the east
Abu Dhabi using Landsat 7 ETM+ data sets. Trabelsia et al.
[18] identified the physicochemical proprieties of Douiret

@ Springer
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Fig. 1 Map of Algeria (http://
www.primap.com/wsen/Maps/
MapCollection/NationalMaps/
Algeria-Satellite-4000x3816.
html) showing El-Oued region
location and the dune from which
the analyzed samples are taken

200km

sand in order to promoted the production of silica gel. Elipe
and Lopez-Querol [19] characterized and improved acolian
sand for its potential use in construction. However, the
existance of impurities on Tihimatine Quartz, Algeria has
been characterized [20]. Also, some researchers have eval-
uated the quartz sand occurrences of the Santa Maria Eterna
formation, in northeastern Brazil, as a potential source of
raw material for silica glass production [21]. Bennefi et al.
[22] investigated the morphology, mineralogy, geochemis-
try, and provenance of sand dunes in Saudi Arabia. Adnani
et al. [23] have studied the color differences of sand dunes
and then investigated sand’s origin and transport pathways.
The heat effect on the composition of dunes sand of Ouargla
region (Algeria) using XRD and FTIR has been studied
[24]. Recently, a study has characterized the desert sand of
the United Arab Emirates which will be used as a thermal
energy storage medium in particle solar receiver technology
[25] and other researchers carried out a mineralogical anal-
ysis of sand roses and sand dunes samples from two differ-
ent regions of South Algeria [26].

Fig. 2 Micrograph of the El-Oued sand dunes

@ Springer

Several studies have characterized the Algerian sand dunes,
but a very limited number thereof addressed the microscopic
and crystallographic properties of sand dune minerals.

Algerian Sahara has enormous quantities of sand dunes
(about a quarter of its total area). Moreover, it has very large
sunny areas making it a potential reservoir of solar energy.

The El-Oued region is situated in the northeast Sahara
of Algeria and is entirely covered by sand dunes.
However, quartz in its sand dunes, which has a great eco-
nomic importance, has not been characterized up to now.
We assume that a good knowledge of the physico-
chemical properties of El-Oued sand and its components
can contribute to exploiting this natural resource, in par-
ticular for the production of solar energy.

The aim of this study is to identify the minerals of El-
Oued sand dunes, assess the presence of pure quartz in the
sand dunes of this region and determine some crystal
structural properties of sand components, by using nonde-
structive instrumentation such as Fourier-transform infra-
red spectroscopy (FT-IR), X-ray fluorescence (XRF) and
X-ray diffraction (XRD).

2 Materials and Methods
2.1 Geology Setting

El Oued region is located in northeast of Algeria Sahara has
border with Tunisia from the east (Fig. 1). Its geographical
coordinates are: latitude of 33°27'20" North, longitude of
7°11" 0" East. This region is very sunny and its southern half
is covered by the Grand Erg Oriental, a vast region of unin-
terrupted sand dunes, and the rest is a mixture of sandy desert
with scarce vegetation, scattered oases, and salt lakes. In order
to ensure the quality of the results, samples were collected
from unmodified pristine dunes and away from engineering
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Table 1 Physicochemical
properties of the EI-Oued sand

Bulk density (g/ml) pH

Porosity (%) Conductivity (uS/cm) TDS (mg/l)

sample
Sand sample 1.6

9.3 34.09 130.1 59

construction areas. About seventy-five samples were collected
from dunes located at the south of E1 Oued (33°8'54" north,
6°5'37.7 " east). Samples were picked up from different faces
of the dune, from the top to bottom and at different depths. To
homogenize the sampling protocol, equal weights well-mixed
samples were obtained.

2.2 Sample Preparation

As a first preparation step before XRD, XRF and FT-IR anal-
ysis, the sand was crushed by using a glass mortar. Before FT-
IR analysis, 2 mg of the crushed sand were mixed carefully
with 198 mg of dry potassium bromide (KBr). The mixture
was then compressed to form a pellet of 13 mm diameter and
1 mm thickness. A Shimadzu FTIR-8300 machine running
under the spectral range (400-4000 cm ') was used to identify
the constituent bonds of the sand samples. For X-ray fluores-
cence measurements, the crushed sample was compressed un-
der high pressure for few minutes to form a measurable pellet.
A Philips MagiX Pro-XRF instrument was used to carry out
the measurements. To determine the crystallographic parame-
ters of the sand samples we used X-rays powder diffraction by
an AXRD Benchtop Powder Diffractometer. At room temper-
ature, the diffractometer worked with a wavelength Acyk o1 =

1.54 A° under a voltage of 30 KeV and a current intensity of
20 mA. The data sets were collected from the scans with 20
running from 20° to 80°.

Fig. 3 FTIR absorption spectrum 100 T
of El-Oued sand dunes

80 +
60 +

40 +

Transmittance (%)

20 +

20 L

3 Results and Discussion

Our sand sample has a beige color and its grains have
shapes ranging from round to elongate to irregular as
shown in the optical microscope image (Fig. 2). Some
physicochemical properties of examined sand are present-
ed in the Table 1. The low porosity of 34.09% confirms
that the El-Oued sand belongs to the fine class. The alka-
line nature of the sample (pH > 7) suggests the accessibil-
ity of exchangeable cations as Ca®*, Mg®*, K*, Na* and a
high content of carbonate ions in sand. Also, the high
value of the conductivity and the total dissolved solids
(TDS) strongly depend on the presence of dissolved salt
(e.g. NaCl, Na,SO,4, MgS0y, ....) in the sand [27].

3.1 Analysis by Fourier-Transform Infrared(FTIR)

The infrared absorption spectrum of the El-Oued sand dune
samples is illustrated in Fig. 3. From the FT-IR spectrum we
can identify the main component of our samples. Table 2 sum-
marizes the functional groups found in the sand. In the range
of the high wavenumbers we see a high intensity absorption
band at 3429 cm™' which is due to stretching vibrations of
hydroxyl groups (OH) [28, 29], a less intense band has been
observed at 1616 cm™ !, which is due to the twisting of H-O-H
[30]. Also, three absorption bands have been observed at
wavenumbers of 2511 cm !, which are due to (CO;) 2

1427
1080
779
459

3850

3350 2850 2350 1850 1350 850 350

Wave Number (cm™?)
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Table 2 The main bands of IR

absorption and associated bond Band (cm ™) Bond (Vibration mode) Compound
vibration of El-Oued sand

3429 H-O-H (stretching vibration) Water

2924 C-H (stretching vibration) Organic Carbon

2855 C-H (stretching vibration) Organic Carbon

2511 (CO5)2 (asymmetrical stretch and symmetrical stretching) Calcite

1875 Quartz

1798 (CO3)72 (plane bending and symmetrical stretching combination mode) Calcite

1616 H-OH (stretching) Water

1427 (COy) 2 (asymmetrical stretching) Calcite

1080 Si-O-Si (symmetrical stretching) Quartz

876 (CO5) 2 (out-of-plane bending) Calcite

779 Si—O (symmetrical stretching) Quartz

694 Si—O-Si (symmetrical bending) Quartz

459 Si—O-Si (asymmetrical bending) Quartz

asymmetrical and symmetrical stretching mode vibrations [8].
The 1427 cm™ " wavenumber feature is due to doubly degen-
erate asymmetric stretching mode vibration, and the 876 cm ™"
one corresponds to the C=0 stretching mode vibration [§].
These bands confirm the presence of calcite in our samples
[31, 32]. A sharp absorption band at 1080 cm ' has been
observed and seems to fit with symmetrical stretching of Si—
O-Si bond [33]. In the spectrum range of 1080-400 cm ' a
strong band has been observed. Symmetrical bands at 795 and
779 cm™" have been observed and correspond to Si-O sym-
metrical bending vibration. These peaks confirm the presence
of quartz [33]. In addition, we observed other bands at 694 and
459 cm™!' which coincide with Si—-O-Si symmetrical and
asymmetrical bending, respectively. The presence of Si-O
and O-Si-O vibrations in our sample again confirm the pres-
ence of quartz. The 694 cm™ ' band indicates that the quartz in
our samples is crystalline [34]. Thus, FT-IR absorption spec-
trum exhibits only an absorption band characterizing quartz
(Si0,) and calcite (CaCO3) compounds in our sand samples.

We notice that the quartz of the El-Oued sand samples does
not contain other impurities suggesting a high degree of purity
for this sand quartz. In contrast, Beddiaf et al. [28] and
Maazouzi et al. [35] found that the Western Erg sand
and the Ouargla sand in the Algerian Sahara have a con-
siderable amount of Al,O; and Fe,Os;. The presence of
the double absorption at 795 and 779 cm ' is an indicator
of the presence of the quartz in «-phase [36, 37]. The
crystallinity index (CI) of quartz in our sample is calcu-
lated by measuring the ratio between the absorbance of
the bands 795 and 779 cm ' (A79s/A779), where the ab-
sorbance A, at wavenumber « is defined as [38]:

A, =-log T, (1)

where T, is the transmittance at wavenumber «.

We found that the degree of crystallinity of sand quartz is
equal to 0.975. Since the crystallinity index is inversely propor-
tional to crystallinity of materials [39, 40], the calculated ratio

Table 3 Chemical analysis of El-
Oued sand dunes sample by X-

The concentrations in (%) of oxides

The concentrations in (ppm) of trace elements

ray fluorescence

Si0, 97.63
MgO 0.613
Ca0 0.564
Na,O 0.542
ALO; 0.327
Co, 0.105
KO 0.0677
Fe,0s 0.042
SO, 0.037
P,0s 0.0138
TiO, 0.0053
MnO 0.0021

Cl 425
Zn 44.0
Ba 21.0
Sr 6.00
Nb 5.00
Bi 5.00
Ge 3.00

@ Springer
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Fig. 4 The XRD pattern of El- 4400 -
Oued sand dunes
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C: Calcite mineral (CaCO;)
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indicates that El-Oued sand quartz has a highly crystalline
nature.

3.2 Chemical Analysis by X-Ray Fluorescence (XRF)

The chemical compositions of El-Oued sand dunes obtained by
XRF measurements are summarized in Table 3. We show that

Table 4 Indexed Powder XRD Pattern for El-Oued Sand

Peaks  20(°) Intensity(a.u) ~ Mineral  (dpg)cal (A)  hkl
#1 20.89 1350 Quartz 4434 100
#2 26.69 4300 Quartz 3.335 011
#3 2949 270 Calcite 3.024 104
#4 36.59 340 Quartz 2452 110
#5 3949 460 Quartz 2279 102
#6 4029 200 Quartz 2.235 111
#7 4249 330 Quartz 2.125 200
#8 4579 290 Quartz 1.979 201
#9 48.60 120 Calcite 1.871 116
#10 50.09 590 Quartz 1.819 112
#11 5490 290 Quartz 1.670 022
#12 55.30 130 Quartz 1.659 013
#13 60.10 270 Quartz 1.548 121
#14 64.09 100 Quartz 1.451 113
#15 6559 80 Calcite 1.421 0012
#16 67.79 410 Quartz 1.381 122
#17 68.29 450 Quartz 1372 203
#18 7349 90 Quartz 1.287 104
#19 75.69 110 Quartz 1.255 302
#20 77.69 120 Quartz 1.228 220
#21 79.89 210 Quartz 1.199 213

30 35 40 45 50 55 60 65 70 75 80

our sample has a high concentration (97.63%) of silica, low
concentration of calcium oxide (0.56%) and very low percentage
of aluminum oxide and iron oxide. A small amounts of MgO
(0.61%) and Na,O (0.54%) have been noticed. Also, very low
levels for others oxides were found in the sand dunes sample.
Furthermore, as shown in Table 3, the El-Oued sand contain
insignificant amount of other trace elements, such as bromine
(Br), germanium (Ge), bismuth (Bi), niobium (Nb), strontium
(Sr), zinc (Zn), barium (Ba) and chlorine (CI). These results
confirm that El-Oued sand dunes consist mainly of quartz with
minor calcite and very low quantities of Fe,Os, Al,O3, Na,O,
SO;, MgO and TiO,. The very low concentrations of these ox-
ides suggest the purity of the El-Oued sand quartz. The light
color of the sample results from the concentrations relatively
considerable of magnesium (Mg) and sulfur (S) in the ElI-Oued
sand dunes [34]. As well as the presence of Mg, Ca and K cations
contributed to increase the pH and the conductivity of sand.

3.3 Analysis by X-Ray Diffraction (XRD)

The XRD pattern of the sand samples is shown in Fig. 4. As is
evident, the diffraction peaks are related to the planes (100),
(011), (110), (102), (111), (200), (201), (112), (022), (013),
(121), (113), (122), (203), (104), (302), (213) and (220).
According to the JCPDS (N° 46-1045) standard pattern [41],
these XRD peaks correspond to quartz with a hexagonal crys-
talline structure and belonging to the space group P3,21 (154).

We observed that the (011) peak has the highest inten-
sity indicating preferred orientation. Further, three other
peaks have been observed at 20 =29.49°, 48.6° and
65.59° which are related to (104), (116) and (0012) planes
respectively. These planes fit calcite (CaCOs3) compound
as reported by JCPDS (N° 47-1743) with a rhombohedral

@ Springer
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Table 5 Lattice parameters a, ¢ and crystalline size D of quartz and calcite of ElI-Oued sand dunes
Mineral Standard lattice parameters (A) Calculated lattice parameters (A) FWHM (°) Crystalline sizes (nm) (D)
a Aa=aga c Ac=cp-c
Quartz (SiO,) a,=4.910" 4.907 0.003 5.401 —-0.001 0.2 42.64
cp=5.400*
Calcite (CaCOs) a9=4.989° 4977 0.012 17.04 0.021 0.3 28.6
co=17.061°

2 data from JCPDS (N° 46-1045)
® data from JCPDS (N° 47-1743)

crystal system belonging to R3c (167) space group. We
note that the majority of the crystallographic planes are
due to quartz SiO, (Table 4), with the presence of three
planes belonging to calcium carbonate CaCOj.

The XRD results agreed with XRF and FTIR spectroscopy
data confirming that the dominant phase in the sand dunes of
El-Oued is quartz (SiO,).

The dy,yy inter-planar spacing has been calculated from the
X-ray diffraction profile using the Bragg law:

2dhk;sin9 =n\ (2)

where 0 is the diffraction angle, A is the used wavelength of X-
rays and n is the order of diffraction. We note that the calcu-
lated value of dy-spacing (Table 4) matched very well with
those of the standard JCPDS data. From Table 4 the spacing
distances dyq 0f4.43, 3.33 and 2.45 (A) affirm the presence of
the o-quartz phase in our sand [28, 33]. The x-quartz is the
most stable phase of quartz at room temperature. The lattice
constants a, b and c, for the hexagonal phase structure were
determined from XRD results using the following equation:

2 2 2
%:i<h +h12(+k)+1—2 3)
dhi 3 a c

where (h k 1) are the Miller indexes and ‘a’ and ‘¢’ are the
lattice constants.

The calculated and standard JCPDS lattice constants for
quartz and calcite are indicated in Table 5. As we can see, the
calculated lattice parameters for the quartz (a=b=4.907 A and
c=5.401 A) agree well with the standard values (a, and c).

Since impurities in the crystal lattice would affect the d-
spacing between lattice planes and therefore the lattice param-
eters, the above agreements confirm the high degree of purity
of quartz of the ElI-Oued sand dunes. We can further calculate
the crystallite sizes D of the quartz and calcite of our sand from
the strongest peaks by using Scherrer’s formula [42]:

0.96 A
D =
(Bcost

4)

@ Springer

where D is the crystallite size, A (=1.54 A) is the wavelength
of X-rays, 3 is the width full at half maximum (FWHM) of the
most intense diffraction peak, usually measured in radian and
0 is the Bragg angle.

The crystallite size of quartz D =42.64 nm is very large
compared to calcite size D =28.6 nm, but remain less than
100 nm which makes it of great interest to the nanometric
industries and nanotechnologies.

4 Conclusion

The sand dunes of El-Oued region were characterized using
FTIR spectroscopy, XRF and XRD analysis. We found that the
El-Oued sand mainly consists of about 97.63% quartz in -
phase, minor calcite mineral (about 0.56%) and very low con-
centrations of other oxides (Al,O;, Fe,O3, Na,O, MgO) and
some trace elements. The low quantities of the impurities bear
witness to the high purity of the quartz sand of EI-Oued region.
The degree of crystallinity of our sand quartz has been estimated
to CI=0.975, which supports the high crystalline nature of the
quartz. The XRD analysis corroborate that our sand is very rich
in quartz with hexagonal crystal structure and belonging to space
group P3,21 (154). Furthermore, the sand has some calcite with
trigonal crystal system and R3¢ (167) space group. We estimated
the crystallite size of quartz to D =42.64 nm, which demon-
strates the nanometric aspect of the El-Oued sand quartz.
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Nickel oxide was deposited on highly cleaned glass substrates using spray pneumatic technique. The ef-
fect of precursor molarity on structural, optical and electrical properties has been studied. The XRD lines of
the deposited NiO were enhanced with increasing precursor molarity due to the improvement of the films
crystallinity. It was shown that the crystalline size of the deposited thin films was calculated using Debye-
Scherer formula and found in the range between 9 and 47 nm. The optical properties have been discussed in
this work. The absorbance (A), the transmittance (7) and the reflectance (R) were measured and calculated.
Band gap energy is considered one of the most important optical parameter, therefore measured and found
ranging between 3.64 and 3.86 eV. The NiO thin film reduces the light reflection for visible range light. The
increase of the electrical conductivity to maximum value of 0.0896 (Q ¢cm)-1! can be explained by the increase
in carrier concentration of the films. A good electrical conductivity of the NiO thin film is obtained due to the
electrically low sheet resistance. NiO can be applied in different electronic and optoelectronic applications due
to its high band gap, high transparency and good electrical conductivity.

Keywords: NiO thin films, XRD, Optical constants, Electrical conductivity.

DOT: 10.21272/nep.8(4(2)).04059

1. INTRODUCTION

Nickel oxide (NiO) is the most investigated metal
oxide and it has attracted considerable attention be-
cause of its low cost material, and also for its applica-
tions in several fields such as a catalyst, transparent
conducting oxide, photodetectors, electrochromic, gas
sensors, photovoltaic devices, electrochemical superca-
pacitors, heat reflectors, photo-electrochemical cell,
solar cells and many opto- electronic devices [1-7]. NiO
is an IV group and it can be used as a transparent p-
type semiconductor layers, it has a band gap energy
ranging from 3.45 eV to 3.85 eV [8]. Band gap energy is
significant to adjust the energy level state of NiO.

The reduction in particle size to nanometer scale re-
sults more interesting prosperities in compared with
their bulk properties [9]. Therefore, there are several
techniques have been used for synthesis and manipula-
tion of nanostructures NiO such as the thermal evapo-
ration, sputtering, pulse laser ablation, thermal de-
composition, electrochemical deposition and sol-gel
methods etc. Among of these techniques, sol-gel has
some advantages such as high purity of raw materials
and a homogeneous solution hence easy control over
the composition of the deposited films. In this work, a
low cost sol-gel/spray pneumatic technique was used to
prepare pure NiO nanoparticles thin films with various
precursor concentrations. The structural properties of
the produced nickel oxide thin films have been exam-
ined. The absorption, transmittance and reflectance
spectra of the produced thin films for the NiO are also
measured in range between 300-1100 nm. Moreover,
the optical band gap is determined as a function of the
precursor concentrations.

* belahssenokba@gmail.com
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2. EXPERIMENTAL DETAILS
2.1 Preparation of Samples

NiO thin films were prepared onto a highly cleaned
glass substrates using sol-gel spay pneumatic tech-
nique. Nickel nitrate was dissolved in 50ml of water as
a solvent and chloride acid was used as a stabilizer for
the all samples in this work. The produced mixture
(Sol) was stirred at 60 °C for 2 h in order to obtain a
clear and homogenous solution then the mixture was
cooled down at room temperature and placed at dark
environment for 48 h to have the final (Gel). The glass
substrates were cleaned by detergent and by alcohol
mixed with deionized water.

2.2 Deposition of Thin Films

The coating was dropped into glass substrates at
480 °C that sprayed during 2 min by pneumatic nebu-
lizer system which transforms the liquid to a stream
formed with uniform and fine droplets, followed by the
films dried on hot plate at 120 °C for 10 min in order to
evaporate the solvent.

2.3 Devices and Measurements

The X-ray diffraction (XRD) spectra of the NiO were
measured to verify the structure. X-ray diffraction
(XRD) was measured by using BRUKER-AXS-8D dif-

fractometer with Cu Ka radiation (1 =1, 5406A) op-

erated at 40 KV and 40 mA in the scanning range of
(26) between 20° and 80°. The spectral dependence of
the NiO transmittance (7) and the absorbance (A), on

© 2016 Sumy State University
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the wavelength ranging 300-1100 nm are measured
using an ultraviolet-visible spectrophotometer (Perkin-
Elmer Lambda 25). The reflectance (R) was calculated
by the well-known equation as (T'+ R + A= 1). Whereas
the electrical conductivity of the films was measured in
a coplanar structure of four golden stripes on the depos-
ited film surface; the measurements were performed
with keithley model 2400 low voltage source meter in-
strument.

3. RESULTS AND DISCUSSIONS
3.1 Structural Properties

Fig. 1 shows the spectra of the grown NiO nanopar-
ticles with 4 XRD lines, showing the broadening of the
line which is a characteristic of the formation of nano-
particles. The X-ray diffraction was used in this work
in order to understand the structure of the deposited
NiO thin films with different precursor concentrations.
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Fig. 1 — XRD patterns of the deposited NiO thin films on glass
substrate at different precursor concentrations

The indexed peak (111) at 26 = 37.1° correspond to
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the cubic structure of NiO nanoparticles which are con-
sistent with the JCPDS (No.47-1049). Figure shows
that the diffraction intensity increased for precursor
molarity 0.10 mol L-1; it shows that the best crystal-
line quality of the film is achieved for this precursor
molarity. The crystalline size was calculated using De-
bye-Scherrer formula [10]:

D- 0,91
[ cosd

)

where ] is the wavelength of the X-rays used
(1.5406 A), B is the full width at half maximum
(FWHM) and 6 is the diffraction angle.

The increasing of the diffraction peaks may indicate
to the resulted of the NiO in good crystallinity [11]. The
crystallite size of the NiO thin films were calculated
using the well-known Debye-Scherer’s formula Eq.
(3.1), the average of the NiO thin films ranging be-
tween 9.72 and 46.62 nm. The changing in the crystal-
lites size leads to the changes in optical properties i.e.
band gap energy increased with decreasing crystallites
size as shown in Fig. 2.
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Fig. 2 — The variation of crystallite size and band gap energy
NiO thin films as a function of the precursor molarity

Table 1 — Structural, optical and electrical parameters of NiO thin film at different precursor molarity

Precursor molarity Crystallite size Band gap energy Conductivity
(mol L-1) (nm) (eV) (Q cm)-1
0.05 9,72 3,86 0.03306
0.10 40,61 3,82 0.08961
0.15 46,62 3,64 0.04125
0.20 33,29 3,68 0.00698

3.2 Optical Properties

Fig. 3 shows the optical absorption spectra of NiO
nanoparticles. The absorption edge of 0.05 mol/L. was
found to be at 326 nm and of 0.20 mol/Li was found to be
at 343 nm. The absorption spectra of 0.05 mol/L. show
that the absorption edge is slightly shifted towards
shorter wavelength when compared to other precursor
concentration. The absorption edge of a degenerate sem-
iconductor is shifted to shorter wavelengths with in-
creasing carrier concentration. This shift predicts that
there is an increase in band gap value (Fg=3.86¢V),
which i1s due to the reduction in particle size
(D=9.72 nm). The fundamental absorption, which cor-
responds to the electron transition from the valance
band to the conduction band, can be used to determine

the nature and value of the optical band gap. The optical
absorption study was used to determine the optical band
gap of the nanoparticles, which is the most familiar and
simplest method.

The absorption coefficient (@) and the incident pho-
ton energy (hv) are related by the expression [12]:

(ahv) = C(hv - Eg)" 2)

where «a is the absorption coefficient, C is a constant, Av
is the photon energy, v is the frequency of the incident
radiation, h is the Planck's constant, exponent n is 0.5
for direct band allowed transition
(hv =1239/ /l(nm)°(eV)) and E , the band gap energy

of the semiconductor.
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Fig. 3 — Absorbance spectra of NiO samples for different pre-
cursor molarity
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Fig. 4 — Plot of (ahv)z versus incident photon energy (hv) of

NiO nanoparticles

As it was shown in (Fig. 4) a typical variation of
(ochv)2 as a function of photon energy (hv ) of NiO nano-

particles Eq. (2), used for deducing optical band gap Eg,
The optical band gap values have been determined by
extrapolating the linear portion of the curve to meet the
energy axis (hv) [13]. The band gap values were given in
Table 1.
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Fig. 5 — Transmission spectra of NiO samples for different
precursor molarity

For a transmittance study (Fig. 5), the NiO layer
showed very high transmittance of 75.36 %, averaged in
the wavelength (1) of 300-1100 nm. Suppression of light

J. NANO- ELECTRON. PHYS. 8, 04059 (2016)

reflection at a surface is an important factor to absorb
more photons in semi-conductor materials. We obtained
the reflectance profiles of NiO-coated (Fig. 6). The aver-
aged reflectance values (300-1100 nm) were significantly
lower than 0.203 %. Moreover, NiO-coating drives a sub-
stantially suppressed reflectance under 0.20% in
500 nm < A < 1100 nm. This notifies that the NiO-coating
is an efficient design scheme to introduce the incident
light into substrate.
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Fig. 6 — Reflectance profiles of NiO thin film for different pre-
cursor molarity

3.3 Electrical Properties

The electrical properties of the NiO films are sum-
marized in Table 1. Fig. 7 shows the variation of the
electrical conductivity o of NiO thin films as a function
as precursor molarity. As can be seen, deposited films
have good conductivity. The maximum recorded value
was 0.0896 (Q2 cm)-! for the NiO thin film deposited
using the molarity 0.10 mol L~ The increase of the
electrical conductivity can be explained by the increase
in the carrier concentration. Patil et al. [14] have report-
ed that the increase of the electrical conductivity is due
to the increase in activation energy with increasing film
thickness. This was explained by difference in the exper-
imental conditions of spraying solution, spray rate and
cooling of the substrates during decomposition. However,
with 0.10 mol Li-1 precursor molarity, the crystal struc-
ture of the film is significantly improved and the grain
size is increased, leading to a reduced concentration of
structural defects such as dislocations and grain bound-
aries. Thus, the decrease of the concentration of crystal
defects leads in the increase of free carrier concentra-
tion. The improvement of crystal quality reduces the
carrier scattering from structural defects, leading to
higher mobility.

4. CONCLUSION

The spray pneumatic technique has been success-
fully employed to deposit NiO thin films with different
concentrations precursor on glass substrates. All the
films showed cubic crystal structure with preferential
orientation according to the direction (111). The maxi-
mum crystallite size was found (46.62 nm). We have
observed an improvement in the films crystallinity at 0.10
mol L1 precursor molarity where the peak at position

04059-3
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Fig. 7 — Variation of the electrical conductivity of NiO thin
films with the precursor molarity

37.1° corresponding to the (111) plans is very sharp, the
film obtained at this concentration has higher and
sharper diffraction peak indicating an improvement in
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SYNTHESIS AND STRUCTURE REFINEMENT OF
Cag5SrosFeO, SOLID SOLUTION

Soria ZEROUAL', Mohammed Sadok MAHBOUB?, Ali BOUDJADA®

CaysSrosFeO, solid solution has been prepared by the reacting of
CaysSrysFeO,s brownmillerite with CaH, at 553 K. The crystal structure of
Cay sSrosFeO; phase has been refined by the Rietveld method from X-ray powder
diffraction data. In the present study, we have successfully synthesized a stable
Oxoferrate CaysSrysFeO, phase, where no phase separation was observed. The
structure is tetragonal, space group P4/mmm, a=3.95718 (9) A and c=3.39839 (13)
A. The Final structure refinement values of the Rietveld parameters are: R,=1.15%,
R,,=1.75% and ;{2:2. 72. The structure of CaysSrosFeO; consists of a stacking
sequence of infinite FeO, layers with square-planar coordinated iron (Il) lattices
separated by alternating Ca/Sr atoms in the C direction. This structure might be
promising candidates for applications as membrane in solid oxide fuel cells (SOFC).

Keywords: Calcium strontium oxoferrate, Crystal structure, Infinite layer, X-ray
Powder diffraction, Rietveld refinement

1. Introduction

Among candidate for the ionic conductor materials we can quote SrFeO, s
compound exhibit fast oxygen transport and high electron conductivity even at
low temperatures [1-5]. It became an interesting field of research, such as:
ceramic membranes for oxygen separation and electrodes of solid oxide fuel cells
(SOFCs), electrocatalysis, battery electrodes and sensor materials [6-13].
Controversy, the isomorphic CaFeO; ;5 unlike SrFeO, s compound shows inability
to the electrochemical intercalation of oxygens [2,14-17]. It seems that the order
of the FeO, tetrahedra plays an important role in explaining the chemical
reactivity in Brownmillerite compounds according to Paulus et al. [18]. Deepened
study of Ca;SrxFeO, s is required, considering their important function as a key
to better understanding of the ionic conduction mechanism in perovskite-related
oxides. A few years ago, Tsujimoto et al. [19] reported on the synthesis of the first
ternary earth alkaline oxoferrate (II), SrFeO,, by the reduction of perovskite-
related SrFeQ; 75 precursor at 553 K with CaH,. In their study, Tassel ef al. [20]
have observed that the Ca;.xSrxFeO,-phases persists up to 960 K for SrFeO, and
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630 K at least for CaFeO,. They have concluded that the infinite layer (IL) iron
oxide is thermodynamically stable against substitution as well as temperature.
Recently, we have reported for the first time a new synthesis method using a
mirror furnace (MF) for pure CagsSrosFeO,s+s compound [21]. Based on the
relationship between structure and physical properties, we will report in this
contribution the synthesis and structural characterization of CagsSrgsFeOs
obtained by X Ray Powder Diffraction (XRPD) in order to check the stability of
our sample synthesized by a new technique so-called “mirror furnace method”.

2. Experimental

2. 1. Synthesis method

CaysSrgsFeO, powder was obtained by a solid state reaction through
mixing CagsSrosFeO,s.s prepared according to [21] and CaH, in a 1:2 molar
ratio, ground inside an argon-filled glovebox. The mixture was inserted into a
Pyrex tube. The sealed tube was inserted in a furnace for 6 days at 553 K. The
unreacted CaH; and byproduct CaO were removed from the product by washed it
in a solution of methanol and 0.1 M of NH4Cl.

2. 2. X-ray Powder diffraction

Powder X-ray diffraction data were performed at room temperature on a
Brucker D8 Advance diffractometer (Bragg—Brentano configuration) equipped
with Johanson Ge (111) monochromator and a LynxEye position sensitive
detector. The datasets were collected in the range of 20°< 26 < 120° using CuKy;
radiation at step size of 20 =0.016° and a fixed counting time of 15 s/step.

2. 3. EDS spectroscopy

The energy dispersive X-ray spectroscopy (EDS) analysis was carried out
for CagsSrosFeO,sis sample using a JEOL (JSM-6400) scanning electron
microscope equipped with an EDAX (Oxford Link INCA) micro-analytical
system, intended for the observation of dry and conducting samples.

3. Result and discussion

A quantitative analysis of the precursor CagsSrysFeO,s:s by the energy
dispersive X-ray spectroscopy (EDS) analysis was used to check the chemical
composition. Small amount of the sample’s size is observed on a holey carbon
film supported by a copper grid. EDS analysis indicates a Ca:Sr ratio of 0.5:0.5 in
Cay5StosFeO, 5:5, which is consistent with the expected stoichiometry, within the
limit of experimental error (Table 1).

The EDS spectrum confirms the desired compound (Fig. 1). XRD powder
pattern of the final product CagsSrosFeO,, is isomorphic to those of the parent



Synthesis and structure refinement of Ca, sSr, sFeO, solid solution 139

structure for SrFeO, [19]. An additional peak was detected at 20 = 32.7°, thus
indicating the presence of a small amount of unreacted phase.

Table 1
Compositions of CaysSrosFeO, 5.5 extracted by theoretical calculation and EDS analysis
Element Ca Sr Fe
Theoretical composition (% wt.) 12.55 | 27.43 | 34.97

Experimental sample composition (%o wt.) | 12.86 | 28.04 | 36.82

Fig. 1. EDS analysis of initial product Ca, sSrq sFeO; 55

We have found that this peak corresponds to the (141) more intense
reflection of the starting Brownmillerite Cag sSrgsFeO; s not reacted. The Rietveld
refinement of the XRD data was carried out with FULLPROF [22]in the P4/mmm
space group. The background in rietveld refinement was fitted with a linear
interpolation function, and pseudo-voight function was employed to model the
peak shapes. No splitting peaks were observed, which allowed to us indexing the
diffraction pattern in this tetragonal space group. This situation indicates that a no
phase separation takes place and the ‘‘miscibility gap’ problem resolved in
CasSrgsFeOz5:5 solid solution [21] does not arise again. There is no
decomposition to form Ca- and Sr-enriched microdomains. We started the
refinement with the lattice parameters and initial atomic positions, referring to
those quoted by Tassel et al. [20]. After careful treatment, the structure refinement
leads to rather good match between the experimental and calculated XRD pattern
(Fig. 2). The Rietveld refinement leads to confidence reliability factors quite
satisfactory. The refinement parameters are listed in Table 2.

Final atomic positions, isotropic displacement factors are given in Table 3
and interatomic distances in Table 4. A possibility of disorder for Ca (Sr) atom
was checked.
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where:

Crystallographic data for CagsSrosFeO,

System Tetragonal

Space group P4/mmm

Lattice parameters a=3.95718 (9) A
c=3.39839 (13) A

Volume of unit cell 53.216 (D A°

Z 1

D, 472 (1)Mgm’™®

A 1.54056 A

R, (%) 1.15

Ry, (%) 1.75

Rexp (%) 1.06

P 2.72

N° of parameters refined 45

R, = Zyilobs)zyi(cal)
P % yi(obs)
_ (S wi(yi(obs)—y;(cal))?
pr B { Y wi(y;(obs))? }

Rexp = [(N — P)/ S wiy2] 2

R
2 _ ftwp
X / Rexp

Table 2

)
2)
3)
4)
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Refining both the atomic occupation number and displacement
parameters revealed that the ratio of Ca:Sr = 0.51: 0.49. Refinement in both

possible tetragonal space groups P42,2 and P-42;m not successful.
Table 3
Atomic coordinates, isotropic displacement parameters and BVS of CagsSrqsFeO,

Atom x y z Uiso*/Ueq (A?) Occ. BVS
Ca 12 12 1/2 0.0056 (8) 0.512 2.127
Sr 12 12 12 0.0056 (8) 0.488 2.127
Fe 0 0 0 0.0122 (11) 1.000 2.065
[6) 12 0 0 0.0148 (18) 1.000 2.096

Table 4
Interatomic Distances and Torsion angles for CagsSrosFeO, (A, ©)
Fe-Ox4 1.9786(6) O-Fe-0x2 180.00
(Ca,Sr)-Ox6 |2.6081(8) | O—Fe-Ox4 90.00

We note that the mean Fe-O distance in the structure of CagsSrosFeO,
solid solution is 1.98 A, which is comparable with the mean Fe-O (octahedral site)
distance of 1.97 A in CaFeO,s [23-24], and 2.06 A in SrFeO,s [25], due to the
effect of the partial replacement of Ca by Sr in the crystal structure. On the other
hand, the mean (Ca, Sr)-O distance in the title structure is 2.61 A which are
significantly larger than the Ca-O bond value of 2.55 A in CaFeO, 5 [23] and 2.59
A in CaFeO, [20], but smaller than the bond values of 2.63 A [25] or 2.65 A [23]
for Sr-O bond in SrFeO, s and 2.65 A in SrFeO, [19], indicating that calcium and
strontium occupy the same position (static disorder). In this structure, the Fe*"
ions are fourfold coordinated by oxygen in the planes, and no apical oxygen are
present. The Fe atoms with their immediate environment consisting of Oxygen
atoms form square planes that are repeated in an infinite way on both a and b
directions to form infinite (FeO,). layers (Fig. 3a). These layers are separated by
A = (Ca5Srys) atoms (Fig. 3b).

Therefore, the structure consists of a stacking sequence of these infinite
layers (IL) of square lattices FeO; in the ¢ direction (Fig. 4). Four equal Fe-O
distances form a perfect square planes, because all atoms situated in special
position. In this new architecture all of the apical O atoms have been selectively
removed upon reduction. We are therefore facing a new phase “CagsSrqsFeO,”
with an unusual coordination in this type of oxides formed by square planes
around the iron to form infinite (FeO,), layers. In other hand, the very small Ui,
values of all atoms indicates the stability of this structure. It is isostructural with
the superconducting copper oxide SrCuO, [26]. The structure is plotted using
Balls & Sticks -1.80beta structural visualization program [27].

The calculated Bond Valence Sum (BVS) of each ion [28-29] [Sr/Ca:
2.127, Fe: 2.065, O: 2.096] are in agreement with the expected valence state of
Sr/Ca **, Fe*" and O” respectively. Likewise, the perfect square planes formed by



142 Soria Zeroual, Mohammed Sadok Mahboub, Ali Boudjada

four equal Fe-O bond mentioned above might contribute to the fact that the BVS
value of the Ca®", Sr*", Fe*" and O” ions given in Table 3 with values very close
to the expected formal oxidation states of each ion.

(b)

(FeO,)., infinite layers

Fig. 4. Perspective view of the crystal structure Ca, sSro sFeO,

Crystallographic data for the structure reported here have been deposited
under FIZ Deposition No. CSD- 430786. These data can be obtained free of
charge from FIZ Karlsruhe, D-76344, Eggenstein-Leopoldshafen, Germany, E-
mail: crysdata@fiz-karlsruhe.de.
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4, Conclusions

The influences of reduction of homogenous CagsSrysFeOss:s
brownmillerite prepared by a mirror furnace technique were investigated.
Synthesis and structure refinement of Oxoferrate CagsSrysFeO, phase have been
reported here. The sample was characterized by powder X-ray diffraction. A
stable structure of Cag sSrysFeO, consists of a stacking sequence of infinite FeO,
layers with square-planar coordinated iron (II) lattices separated by alternating
Ca/Sr atoms in the ¢ direction. There is no decomposition to form Ca- and Sr-
enriched microdomains. Calculated Bond Valence Sum (BVS) of Sr/Ca **, Fe**
and O” ions are in agreement with the expected valence state. This compound
might be promising candidate for important technological applications such as
membrane in solid oxide fuel cells. So, further studies are needed to investigate
the ionic diffusion in this type of structure.
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ABSTRACT

Due to fossil fuel reserves diminishing, electrical energy costs increasing, air pollution and global warming,
properly designed geothermal heat exchangers offer a sustainable alternative to reduce the need for conventional
compressor-based air conditioning systems, ground-air heat exchangers have been recognized as being among
the most energy efficient systems for space heating and cooling in residential buildings and agricultural facilities
and horticultural facilities. This paper aims to give an overview of the implementation of Ground Heat Exchanger
(GHE) for passive air conditioning for any applications. The overview switches focus to systems which utilize the
ground as a heat source, this covers general definitions and the most factors influencing on GHE performances;
which need to be considered from ground thermal properties to piping materials. Also, this article includes a
literature review of the main scientific research that implemented in low-Temperature geothermal energy like

Algerian climate, in order to reduce the energy needs and greenhouse gas emission.

Keywords - geothermal energy, Ground Heat Exchanger, Algerian climate, low-Temperature gradient.

1. INTRODUCTION

In the context of today's global energy consumption is
increasing and diminishing fossil fuel reserves, which used
abusively, these energies are resulting air pollution and
global warming which may have adverse effects on the
physical, economic, social and political equilibrium of our
planet.

The concerns associated with the global growth of energy
usage can be significantly reduced through the use of
renewable energy sources. Renewable energy which is
environmentally friendly energy source techniques utilize
the natural resources, which are continuously replenished
through natural resources, geothermal energy is one of the
important renewable energies sources, which can be utilized
to provide electricity and space heating / cooling*4. The
potential of geothermal energy can be harnessed through a
number of techniques, all of which attempt to utilize the
thermal energy stored within the earth® €. Refreshing by
geothermal energy is a technique traditionally used in our
region of Sahara; People build their houses under the ground
to be comfortable in the summer.

The achievement of indoor thermal comfort whilst
minimizing energy consumption in buildings is a key
challenge in desert climates. The desert climate can be
classified as hot and arid and such conditions exist in a
number of areas throughout the world. One such area is
South Algeria, with an average ambient temperature around

45°C during summer months. In general, most people feel
comfortable indoors when the temperature is between
22-26°C, and relative humidity is within the range of 30-
509781,

The principle of GHE is simple in which the renewal air
is passed into a buried tube before enters in the house.
In winter, the air is thus preheated because the ground is
warmer than the outside air. In summer, the air is refreshed
because it is the opposite phenomenon that occurst®,

Two principal types of ground heat exchangers are mostly
used: horizontal and vertical heat exchangers. Many research
has interested in the development of the geothermal heat
exchangers such as Hollmuller et al*? in a theoretical and
experimental study used the air / ground exchanger to heat
and refresh buildings. This study is based on a compilation
of measurements collected and a simulation carried out
using a developed numerical model, The authors conclude
the importance of diffuse coupling between the exchanger
and the building, the temperature at the outlet of the
exchanger is within the comfort interval. Al-Ajmi et al**!
they carried out study on the cooling potential of earth—air
heat exchangers for domestic buildings in a desert climate
which they concluded that there is potential for of earth—
air heat exchangers systems to make a useful contribution
to energy saving in Kuwait, and in similar desert climate
locations. Moummi et al®™ have established theoretical and
experimental study on refreshing by geothermal energy in
Biskra area, the authors found a promising vector in climate
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engineering as a renewable energy source will have to be
a questionably exploited industrially. Benhammou et al*!
presented study on simulation and characterization of a
geothermal air exchanger for refreshing buildings operating
in the climatic conditions of southern Algeria (Adrar), the
authors conclude that many parameters influencing the GHE
behaviour such as the burial depth in the ground, length,
diameter and flow velocity. Mebarki et all*®! carried out study
on the air conditioning system integrating a Canadian well
in the arid zones, case of Bechar, The results obtained by the
authors make it possible to fully understand the functional
of the air-ground heat exchanger during the seasons.
Naili et al'” performed In-field performance analysis of
ground source cooling system with horizontal ground heat
exchanger in Tunisia, the authors shows the effect of various
parameters such as mass flow rate of circulating water,
length and buried depth and they conclude that the thermal
potential in Tunisia offers a good exploitation of horizontal
ground source heat exchanger.

As horizontal geothermal heat exchanger requires a large
area to be implanted, we have constructed new geometry,
which consist to a conical basket. This configuration allows
to decrease the area of installation of the geothermal heat
exchanger and to assure the maximum of heat transfer from
the soil to its surface due to the conical shape of the basket.
Most research activities in this field of spiral geometry
are numerical. A few experimental works are conducted.
Boughanmi et al in 20158 presented thermal performance
of a conic basket heat exchanger coupled to a geothermal
heat pump for greenhouse cooling under Tunisian climate in
which they concluded that this new shape of conic basket is
practically feasible and giving good performance. However
the same author Boughanmi et al in 20169 studied the
evaluation of soil thermal potential under Tunisian climate
using a new conic basket geothermal heat exchanger, in this
study, the thermal potential of sandy soil is evaluated using
a new conical basket geothermal heat exchanger (CBGHE).
Energetic efficiencies variations of this novel heat exchanger
are determined.

The main objective of this study is to present the previous
researches have been investigated the refreshing techniques
by the low gradient geothermal energy using the air-to-
ground exchanger (GHE), such as the scientific researchers
have been carried out in Algerian climate. Additional to that,
the geothermal background and the main factors influencing
on GHE behaviour will be discussed in this paper.

2. MAIN FACTORS INFLUENCING ON
GHE BEHAVIOUR

In literature review of previous studies, we found several
factors that affecting the behaviour of geothermal heat
exchanger. Soil properties and moisture content such as the
heat capacity, thermal conductivity and thermal diffusivity
should take in consideration during the GHE implementation,
because those factors have an important influence on the
behaviour of the GHE!? 20221 Also, the ground loop such as
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length, diameter and physical properties, have a consistent
effectl®22, Additional to all these factors, the climatic
conditions play a principal role in GHE performances.

Besides the selection of mechanical components, the ground-
loop length is the primary focus of ground source heat system
design. Despite this, few investigations have considered the
long-term influence of ground-loop characteristics on ground
behaviour or with regard to system optimization?4, To date,
the design of ground-loops is non-standardized, leading to
range of ground-loop configurations, installation depths,
pipe diameters and materials being used®’. The following
paragraphs present the main factors of the ground-loop
influencing on the geothermal heat exchanger.

The conduit of the well may consist of a single tube laid in
a meander or loop around the building or be organized in
the form of a network of parallel tubes installed between
collectors in order to increase the flow of air circulating
in the well®. However, the length of the tubes determines
the exchange surface and the residence time of the air in
the tubes. In a first approximation, the temperature profile
of the air in the tubes is asymptotic. The optimum length
of the exchanger will depend on the flow in the pipes.
Indeed, the bibliography shows that for low flows, the
minimum temperature is reached rather quickly, and that
after a certain length, the exchanger no longer tempers the
air: It has reached its limit of effectiveness. On the other
hand, when flow increases, the tube length increases too in
order to establish the ground temperature®??. Therefore, an
increase in the diameter of the tubes results in an increase in
the exchange surface, but the experience demonstrated that
doesn’t necessarily increasing the heat exchange, this is due
to the air circulating in the center of the pipe will no longer
be in contact with the pipe wall’s and its temperature will
be little influenced by the temperature of the ground. The
choice of the material properties is important because it is
directly affects the soil / well thermal exchanges. The use
of compact walls with high thermal conductivity must be
favored because it allows to increase the exchanges and thus
to reduce the length of the well®*®l, Some other factors have
low influence on the behaviour of the GHE, These include
the internal roughness of the pipes, the overall geometry of
the ground loop and the operating regime of the GHE*!,

3. STATE OF ART ON GROUND HEAT
EXCHANGER

Several experimental and theoretical researchers have
been carried out on the GHE system in literature. Al-
Ajmi et al™! carried out study on the cooling potential
of earth—air heat exchangers for domestic buildings in
a desert climate, a theoretical model of an earth—air heat
exchanger (EAHE) was developed for predicting the outlet
air temperature and cooling potential of these devices in
a hot, arid climate. A sub-soil temperature model adapted
for the specific conditions in Kuwait is presented and its
output compared with measurements in two locations, a
typical meteorological year for Kuwait was prepared and



used to predict the cooling loads of the air-conditioned
dwelling with and without the assistance of the EAHE. A
typical Kuwaiti domestic building of dimensions 10 m x
10 m x 3 m was defined for testing EAHE performance.
The building materials (walls, roof and floor) are in accord
with the prevailing building materials and practices in the
region. The building is assumed to have two windows each
of area 1 m? in the North/South direction. The simulation
carried out by Al Ajmi et al for the period from May to
September, which is the most arid and the hottest time of
the year in Kuwait. The simulation conducted for the case of
the building being cooled by air-conditioning both with and
without assistance from the EAHE. The peak heat removal
rate from the building with air-conditioning alone was
calculated to be 4370 W while that with air conditioning
and EAHE assistance was 2670 W. The peak cooling load
reduction due to the operation of the EAHE was thus 1700
W (mid-July). The indoor temperature of the building for the
“free running” condition (that is, without air conditioning)
showed a reduction of 2.8°C in the peak hours through use
of the EAHE system as illustrated in Figure 1. Al Ajmi et
al™ concluded that there is potential for EAHE systems to
make a useful contribution to energy saving in Kuwait, and
in similar desert climate locations.

Fig. 1 : Indoor air temperature of the building during the period
May-September for the “free-running” situation, with and
without EAHE assistancel**!

N. Moummi et al?®] presented theoretical and experimental
study on refreshing by geothermal energy in Biskra area,
This technique, called Canadian’s well, uses air/ground heat
exchanger system. They investigated the air temperature
evolution at the outlet of the heat exchanger.

The authors verified experimentally first the mathematical
models that have been established, which give the best
evolution of the air temperature in the exchanger as a
function of the different structural parameters (diameter,
length, flow, ground temperature, depth). The experimental
tests bench was mounted on site at the University of Biskra.
It is a network of four trays with a total length of about 60
m. The inner diameter of the pipe is 110 mm which is placed
at a depth of 3 m under a slope of 2%.

In the second stage, a synthesis and comparison study was
taken place between the theoretical results developed and
those obtained experimentally from the measurements as
shown in Fig 2.

P S S S N S S S S

Fig. 2 : Variation of the air temperature versus the
length of the exchanger®!

At the end of this study and based on the results obtained,
the authors found a promising vector in climate engineering
as a renewable energy source can be exploited industrially.
However the experimental results compared to the
analytical results allowed the authors to conclude that the
presented model can be improved. Indeed, experimentally
the temperature of the fluid continuously decreases with the
length of the exchanger.

Benhammou et al they implemented study on simulation and
characterization of a geothermal air exchanger for refreshing
buildings operating in the climatic conditions of southern
Algeria (Adrar). The authors obtained very encouraging
results which indicate that this low-priced technique can
cover an important part of our needs in domestic cooling.
This study also permitted them to exanimate the influence
of several parameters of the exchanger on its daily average
efficiency and on the temperature of air cooled in the outlet
of the exchanger.

This heat exchanger constructed from a polyethylene pipe
of 40 m length and 16 cm diameter, buried at a depth of 3
m from the ground surface. The average air velocity in the
pipe is taken to be 3.5 m/s Figures 3-6 shows the influence
of different parameters on the functional of the air-to-ground
exchanger*®l,

Fig. 3 : Variation of the cooled air temperature versus the time for
the month of July
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Based on this study the authors concluded that the
temperature of the cooled air at the outlet of the exchanger
is lower when the burial depth in the ground greater.
Similarly, when the exchanger is longer the temperature
of the cooled air is lower; however the flow velocity has
such an important effect on the functional of the geothermal
exchanger. The temperature of the cooled air increases
linearly with the speed of the air. Therefore, it is better to
choose a speed neither very low nor very high. Concerning
the diameter of the buried pipe, they found that there is an
optimum diameter of 10 cm for which the temperature of
the cooled air is minimal and the daily efficiency of the
exchanger is maximal.

Mebarki et al*®! carried out study on the air conditioning
system integrating a Canadian well in the arid zones, case of
Bechar. In this work, they studied the performance of an air-
Fig. 4 : Variation of the cooled air temperature versus the time for  ground heat exchanger with a view to perform an analytical
the month of September modeling. They first validated the model of the ground
temperature and air temperature in the heat exchanger, and
then analyzed the influence of several parameters, namely
depth, diameter and length of the pipe on the temperature
inside the exchanger, the authors exanimated the influence
of several parameters on the functional of the air-to-ground
heat exchanger, furthermore they compared their results
with some work already implemented®**?, The results
obtained by the authors make it possible to fully understand
the functional of the air-ground heat exchanger during the
seasons.

Beloufi et al® Investigated the thermal performances of an
earth air heat exchanger (EAHE) under transient conditions
in cooling mode. They carried out their experiments in south
Algeria at the University of Biskra. They constructed a PVC
pipe of 53.16 m long and 110 mm diameter buried at 3 m
depth to be used. The experimental setups were tested under
monitoring of 71 hours in continuous operation mode with
high inlet temperatures. Therefore, a mathematical model
was presented for EAHE by using the finite differences
method. They found that the continuous operation mode
have no significant effect on the outlet air temperature and
thus on the EAHE performances during operating period.
Results of the theoretical predictions were validated with
the measured air temperatures along the EAHE and showed
acceptable matching between numerical and experimental
results.

Fig. 5 : Variation of the cooled air temperature and daily average
efficiency versus depth

H. Boughanmi et al®® studied the evaluation of soil thermal
potential under Tunisian climate using a new conic basket
geothermal heat exchanger, they designed geothermal heat
exchangers system composed of two conic baskets serially
connected. Both heat exchangers are made in polyethylene
high-density material and have a length of 3 m each one.
They used for greenhouse cooling and heating through a
geothermal heat pump. Its conical geometry is selected to
reduce the operation cost and the exploited area, compared
to vertical and horizontal geothermal heat exchangers
often used. It also assures the maximum of heat exchange
with the soil. The aim of this study is to determine the
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Fig. 6 : Variation of the cooled air temperature and daily average
efficiency versus the pipe longer
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thermal performance of one Conic Basket Geothermal
Heat Exchanger (CBGHE), buried at 3 m deep, in the
exploitation of the soil thermal potential, in summer. A
rate of heat exchange with the soil is determined and the
global heat exchange of the CBGHE is assessed. Its energy
and efficiencies are also evaluated using both first and
second law of thermodynamic. Figure 7 present the results
obtained by the authors. This study allows determining the
optimal exchange surface of the CBGHE which should
be used to assure the maximal exploitation of the soil
thermal potential for eventual use in greenhouse heating
and cooling.

Fig. 7 : Heat exchange rate versus time for different
mass flow ratel*).

In May 2017 we have constructed geothermal heat exchanger
with conical basket configuration designed, installed and
tested in EI-Oued region, Algeria, in which the CBGHE
was immersed in a water well of 5 meters depth, the aim of
this work is to evaluate the main parameters influencing the
CBGHE and understanding its behaviour with experimental
and analytical analyzes, the experiments are conducted
between the 1st and the 9th May 2017, the influence of
several parameters such as air flow rate, length, inlet
temperature and buried depth were studied, the obtained
results are very encouraging and confirming the feasibility
of using the CBGHE for cooling and heating buildings in
Algerian Sahara. (Figure 8)

The Experimental measurements carried out on this
CBGHE which have 30 m long and at velocity of 10 m/s
shows as described in Figure 9 that when the temperature
difference between the ambient air and the water well
increases the gained temperature gap between the inlet and
the outlet air of the exchanger increases too. Moreover,
we found that the corresponding temperature differences
between the ambient air and the cooled air at the outlet of
the exchanger for inlet air temperature of 42°C and 33.4°C
are respectively 13.9°C and 7.6°C. This is due to the fact
that when the temperature of the ambient air is greater than
that of the water well, the thermal losses towards the tube
walls are also great. This causes its temperature to drop
considerably.

Fig. 8 : Picture of the CBGHE after filling by water

Fig. 9 : Exchanger outlet air temperature versus the
inlet air temperature

4. CONCLUSION

The research presented in literature cover a number of
topics which can be divided into three categories, namely;
analytical, numerical and experimental investigations, the
provided literature review containing the notable research
advances within the GHE field in which intended for
refreshing buildings in summer and warming in winter, the
presented work summaries the main research that including
the main factors influencing the GHE behaviour, most of the
discussed studies conducted in our country and some of them
carried out in foreign countries which have approximately
similar climate such as Tunisia and Kuwait. Based on
the presented literature review and throughout the results
obtained by the cited authors, a promising vector in climate
engineering as a renewable energy source can be exploited
in Algerian desert, more research and investigation will
be required in the future for the development of the GHE
system.
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Abstract

Global warming is considered as one of very important problems in the last few years.
This phenomenon is caused primarily by increase in greenhouse gases such as carbon
dioxide (CO,). Natural events and human activities are believed to be the principal
sources of this problem. A promising long-term solution for mitigating global heating is
to inject CO, into oil field geological formations for combination between CO, sequestra-
tion and enhanced oil recovery. This chapter aims to give an extensive literature survey
and examines research papers that focus on EOR-CO, processes and projects that have
been tested in the field.

Keywords: CO, sequestration, EOR, global warming, energy

1. Introduction

The growing concern over the climate change caused by global warming due to a high emis-
sion of greenhouse gases (essentially carbon dioxide (CO,)) has increased the interest in
finding various techniques to resolve this problem. The injection of this gas for enhanced oil
recovery has been tested with full success in several fields over the world.

Traditionally, oil recovery operations have been subdivided into three stages: primary, sec-
ondary, and tertiary as shown in Figure 1. Historically, these stages described the production
from a reservoir in a chronological sense. Primary production, the initial production stage,

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.
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Figure 1. Oil recovery stages [1].

resulted from the displacement energy naturally existing in a reservoir; the driving energy
may be derived from the expansion of the gas cap or an active aquifer, from the liberation and
expansion of dissolved gas, from gravity drainage, or from a combination of all these mecha-
nisms. Secondary recovery, the second stage of operations, usually was implemented after
primary recovery declined. Traditional secondary production processes are gas injection,
water flooding, or water alternative gas injection (WAG). Tertiary recovery or enhanced oil
recovery (EOR) is a term used to describe a set of processes intended to increase the produc-
tion of oil beyond what could normally be extracted when using conventional oil production
techniques, while traditional oil production (primary and secondary stage) can recover up to
35-45% of the original oil in place (OOIP). The application of an EOR technique is typically
performed toward what is normally perceived to be the end of the life of an oil field, and
tertiary production used miscible gases (e.g., CH,, CO,), chemicals, and/or thermal energy to
displace additional oil (5-15%).

2. Carbon dioxide properties

Carbon dioxide is formed from the combination of two elements: carbon and oxygen. It is
produced from the combustion of coal or hydrocarbons. CO, is a colorless, odorless, and
non-toxic stable compound found in a gaseous state at standard conditions. In petroleum
engineering application, it can be in a gas or a liquid state depending on the PVT conditions.
Table 1 gives the main properties of carbon dioxide. The phase diagram (Figure 2) of CO, is
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Property Value
Molecular weight 44 g/mol
Critical temperature 31°C
Critical pressure 73.77 bar
Critical density 467.6 kg/m®
Triple point temperature -56.5°C
Triple point pressure 5.18 bar
Boiling (sublimation) point (1.013 bar) -78.5°C
Critical Z factor 0.274

Solid phase

Density of carbon dioxide snow at freezing point 1562 kg/m?®

Latent heat of vaporization (1.013 bar at sublimation point)
Liquid phase

Vapor pressure (at 20°C)

Liquid density (at -20°C and 19.7 bar)
Viscosity (at STP)

Characteristics of CO, gas phase

Gas density

Gas density (according to STP)

Specific volume (according to STP)

G, (according to STP)

C, (according to STP)

C/C,

Viscosity (according to STP)

Thermal conductivity (according to STP)
Enthalpy (according to STP)

Entropy (according to STP)

571.1 kJ/kg!

58.5 bar
1032 kg/m?®

99 uPas

2.814 kg/m®
1.976 kg/m?
0.506 m*/kg
0.0364 kJ/(mol K)
0.0278 kJ/(mol K)
1.308

13.72 uPas

14.65 mW/(m K)
21.34 kJ/mol

117.2 ] mol/K

Note: STP stands for standard temperature and pressure, which are 0°C and 1.013 bar.

Table 1. Carbon dioxide properties [3].

also a key data since we can inject it under different temperature and pressure conditions. The
three phases are shown in this diagram, with the triple and critical point. Above the critical

point, the CO, is considered as a supercritical fluid.
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Figure 2. CO, phase diagram [2].

3. Carbon capture and storage

Carbon dioxide is the most important greenhouse gas, because it is emitted into the atmo-
sphere in large quantities [4]. Carbon capture and storage (CCS) has been recognized as a
new project around the world that should help mitigate CO, emissions 