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Abstract: Thin films of meta-cinnabar mercuric sulfide (-HgS) nanoparticles (NPs) was prepared by pulsed

laser ablation (PLA) utilizing a pellet of cinnabar mercuric sulfide (a-HgS) was immersed in distilled wa-
ter (DW). Q-switched Nd:YAG laser of 1064 nm wavelengths with repetition rate (1 Hz) and fluency (1.5 J/
cm?) applied for ablation. Structural, morphological, and particle sizes of the p-HgS NPs are investigated by

analyzing XRD, AFM, SEM, and TEM measurements. Their crystal structure is transformed from hexagonal
(wurtzite) of the a-HgS target material to cubic (zinc blende) -HgS NPs. The optical properties of the p-HgS
NPs are measured by UV—visible spectrophotometer. The direct bandgap is calculated to be (2.45 eV) of small

particles (4-6.2 nm) moreover, the bandgap value of smallest particles (1-4 nm) is (3.47 eV) according to the

optical transmission spectra.
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1. INTRODUCTION

Mercuric sulfide (HgS) is one of the most
important II-VI semiconductor compounds
possessing excellent optoelectronic properties.
By using this material in ultrasonic transduc-
ers, electrostatic image materials, photoelectric
conversion image materials, and photoelectric
conversion devices make it important and inter-
esting [1]. HgS has more attention due to their
applications as acoustic optical materials [2] and
infrared sensing [3]. Generally, the bulk of mer-
cury sulfide consists of cinnabar (hexagonal, red
a -HgS) and meta-cinnabar (cubic, black B -HgS)
[4, 5]. Cinnabar (a-HgS) is a wide bandgap semi-
conductor (Eg =2.0 eV), but it converts to a zinc
blend modification (B-HgS) with temperatures
above 344 °C and becomes a narrow bandgap
semi-metal (Eg = 0.5 eV) [6]. As particle sizes
decrease to a nanometer scale, quantum confine-
ment effects and large surface to volume ratios
make these applications even more significant.
In particular, nano-sized HgS has potential use
in solid-state solar cells and photoelectrochem-
ical cells [7]. Practical and facile methods to
synthesize nano-sized B-HgS particles remain a

challenge. Established methods include chemical
deposition [8], solvothermal [9] microwave heat-
ing [10], photochemical [11], wet chemical [6],
and electrochemical [12]. A common difficulty
is the aggregation of irregularly shaped particles
with a wide size distribution. Particle morpholo-
gy is difficult to control in methods conducted at
ambient temperatures and results in large irregu-
lar particles [13].

PLA can be considered as low-cost, fac-
ile, and suitable method for the production of
nanoparticles for various materials and applica-
tions. This technique has been involved in many
fields, including bio- applications for the produc-
tion of nanoparticles as food for some types of
bacteria [14] and other physical applications in
solar cells to produce nanoparticles in different
liquids [15].

In this study, we report a novel method
to produce nanoparticles of meta-cinnabar
(B-HgS) by phase transformation of cinnabar
(a-HgS) powder pressed as pellet and immersed
in distilled water. The structural and optical
properties of B-HgS nanoparticles produced by
laser ablation in distilled water were also inves-
tigated.
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2. EXPERIMENTAL PROCEDURES

The HgS powder employed as pellet with di-
mensions of 0.7x0.7cm? and thickness 0.2cm by
pressing under pressure 13 tons and sintering with
heating under vacuum at 400 K. Nd: YAG laser
employed to ablate a pellet of HgS at the wave-
length of (1064 nm) with a repetition rate (1 Hz).
The fluency of used laser just after the laser sys-
tem was (1.5 J/cm?) and the number shots of laser
were 200 pulses. B-HgS thin film was prepared
with a thickness of 150 nm. The irradiation laser
diameter focused on the mercuric sulfide disc tar-
get was 2.0 mm. The shots of laser were focused
onto a pellet of HgS semiconductor, which was
held inside a quartz vessel involved distilled water
with a 1 cm path length (see Fig. 1).
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Fig.1. Colloid of B-HgS NPs formation by PLA

The cell sample is placed under the laser beam
at a distance of 5 cm with a rotation cell to avoid the
drilling effect due to laser ablation. The film of p-HgS
NPs was prepared by the preparation of suspension
that containing B-HgS NPs produced by PLA on a
glass substrate by using drop casting technique at a
temperature of up to 65 °C as shown in Fig (2).
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Fig.2. Drop casting method on a glass substrate with a
heater of B-HgS colloidal solution.

3. RESULTS AND DISCUSSION
3.1. Structural Studies

HgS target was studied by X-ray diffraction.
All the diffraction peaks in the XRD pattern can
be indexed to the pure wurtzite structure a-HgS
(cinnabar). The peaks correspond to diffraction
at 2 theta values of 24.88 related to (100), 26.64
to (101), 28.26 to (003), 31.34 to (102), 37.96 to
(103),43.84t0 (110),44.76 to (111),45.9to (104),
47.84t0 (112),51.9t0(201),52.78 to (113), 54.74
to (105), 58.32 to (006) and 59.2 to (114) planes,
which are in good agreement with the JCPDS-pat-
tern (JCPDS No.: 75-1538) for a-HgS as shown in
Fig. (3-a).
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Fig.3. XRD patterns of: a) wurtzite structure of a-HgS
target and b) zinc blend of B-HgS NPs thin film.

For zinc blend of f-HgS NPs thin film and amors
phous structure with some sharp diffraction, lines
have been demonstrated from X-ray investigations
by the resulting diffraction pattern. The characteristic
zinc blend B-HgS planes of (111), (200), (220), (311)
and (222) located at 26.47°, 30.43°, 43.81°, 52.16°
and 54.37°, respectively for B HgS NPs thin film
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in 10-60°20 range are observed. All the peeks of
the XRD for B HgS thin film in terms of posi-
tion matched well with those of B HgS zinc blend
(JCPDS file No.: 73-1593), as shown in Fig. (3-b).

X-ray investigations were given clearly and
through diffraction patterns, there are phase trans-
formations from the wurtzite structure to the zinc
blend of HgS, as shown in Fig. (3-a and b).

The crystallite size (d) of the f-HgS NPs thin
film was calculated using the Scherrer’s equation:

d=09A/Bcos? (1)

where A = 2.2897 °A is the wavelength of Cu K
radiation and f is the broadening of the diffrac-
tion line measured at half maximum intensity
(FWHM).

The crystallite size of the f-HgS NPs has been

calculated to be 8.78 nm. The broadening of the
peaks indicates that the particles are small in size,
as shown in Fig. (3).The formation of nanoparticles
of HgS can be observed by microscopic images of
SEM. Where many small nanoparticles are ob-
served with the formation of a few particles whose
size is relatively larger due to the aggregation of
smaller particles due to aging, as shown in Fig. (4).

The presence of mercury (Hg) is evidenced by the
predominant peaks of Hg along the EDX spectrum
with sulfur (S) and the silicon (Si) produced from the
glass substrate. The elemental ratio of Hg to S is 31:27
in the film of B-HgS NPs as shown in Fig. (4).

Fig 5 (a, b, and c) presents two, three dimen-
sional AFM images and the granularity of f-HgS
NPs, respectively, where the mean roughness
(Ra), mean root roughness (Rq) and the average
particle size measurements are 4.77 nm, 5.5 nm,
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Fig.4. The SEM and EDX images for f-HgS NPs thin film
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Fig. 5. The AFM images of B-HgS NPs thin film;
a) two-dimensional, b) three-dimensional, ¢) granularity and d) nanoparticles clusters
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Fig.6. a) TEM image of 3-HgS NPs thin film. b) Size distribution of -HgS NPs thin film calculated based on the TEM image.

and 92 nm, respectively. Also, from the images,
several nanoparticle clusters of HgS are formed
by the aggregation of small nanoparticles as
shown in Fig (5-d).

The preparation of nanoparticles by laser ab-
lation for a target of mercuric sulfide has demon-
strated to us the possibility of preparing small
nanoparticles with some clusters of these parti-
cles due to the aggregation with the aging of the
preparation time as observed in the TEM image,
as shown in Fig. (6).

As shown in Fig 6-a, the majority of the B-HgS
NPs were spherical, well dispersed. Clearly, there
are several nanosize that are confirmed by the par-
ticle size distribution (Fig. 6-b). The main part of
particles has a size less than 31 nm. Their average
size is 6 nm.

3.2. Optical Properties

The absorbance spectrum of B-HgS NPs
deposited on a glass substrate was measured using
a UV-Visible spectrophotometer within the range
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Fig.7. UV-Visible absorbance spectrum of f-HgS NPs thin film
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0of 300 to 900 nm. However, it is clear that the ab-
sorption edge located at a wavelength of 340 nm,
as shown in fig. (7).

Using the data recorded from the transmit-
tance spectrum of P-HgS NPs thin film, the
optical can be calculated at room temperature by
using the following equation [16]:

(ahv)=B(hv-E )" )

where a is the optical absorption coefficient, 4v is
the photon energy, E, is the optical bandgap, and
B is a constant.

An estimate of the optical band-gap is obtained
from the extrapolation of the linear plot of (ahv)?
vs (hv), as shown in fig. (8).
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Fig.8. Variations of (ahv)* with hv for f-HgS NPs thin film.

It’s clear from Fig. § that the bandgap value of
small particles (4-6.2nm) is 2.45eV. moreover, the
bandgap value of the smallest particles (1-4 nm) is
3.47¢eV, These values of the particle size are equal
or less than the Bohr radius of f—HgS NPs (6.2nm)
which means the quantum confinement effect is
granted [17]. The values of the energy bands for
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two ranges of the particle size depending on the
value of the confinement that occurs of the elec-
trons. Meanwhile, there are still particles larger
than Bohr radius (6.2nm) that may have bandgap
with blue shift [18], according to the near-field
coupling between the particles [19].

All the small and smallest values of the particle
size are less than the value of the bulk o -HgS (2.2
eV) [20] due to the formation of small nanoparticles
expressed by the size quantization effects. As a result
of light absorption, a positive hole generated in the
valence band by transferring an electron to the con-
duction band. The quantization of the energy levels
for small particles is a result of the energy difference
between the position of the conduction band and a
free electron when they are confined to potential
wells of small lateral dimension. This effect appears
when the size of the particles becomes comparable
to the de Broglie wavelength of a charge carrier. The
increase in the band-gap of the as-prepared f—HgS
NPs is indicative of quantum size effects [21].

4. CONCLUSIONS

As a conclusion to present work, we have suc-
ceeded in a simple and facile procedure to pre-
pare the meta-cinnabar phase of mercuric sulfide
(B-HgS) by applying pulsed laser ablation on
a pellet of a-HgS stilled in distilled water. The
method of laser ablation on the target immersed
in distilled water improved the preparation condi-
tions and obtained small nanoparticles up to 8 nm
and forming clusters of B-HgS NPs in the cubic
phase without the toxic chemicals. Phase trans-
formations and the production of small nanoparti-
cles, this technique leads blue-shifted in the band-
gap compared with the bulk of HgS.
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