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Abstract

ZnS—-Ag,S core—shell nano/hetero-junctions have been synthesized by a two-step co-precipitation technique, in which thin lay-
ers of Ag,S have been successfully coated on the surface of ZnS nanospheres. Structural studies and elemental analysis have
been performed using X-ray diffraction, Fourier transfer infrared spectroscopy, field emission scanning electron microscopy,
energy dispersive spectroscopy, and high-resolution transmission electron microscopy. UV-Vis diffuse reflectance spectros-
copy and photoluminescence spectroscopy have been employed to investigate linear optical characteristics. Nanosecond laser
pulsed-based single-beam Z-scan analysis has been used to examine the magnitude and the sign of the third-order nonlinear
refractive indices. Samples show negative values of nonlinear refractive indices indicating self-defocusing optical nonlin-
earity under 1064 nm excitation. The results have shown that the third-order nonlinear refractive index in ZnS nanospheres
can reach the magnitude of 61.0 x 10~'m? /W by encapsulating such a nanostructure within nanometer shells of Ag,S. The
enhanced nonlinearity for ZnS—Ag,S core—shells has been found to be 9 times higher than sole ZnS nanoparticles, which

was estimated to be about 6.4 x 10~2m?/W.

1 Introduction

Third-order nonlinear optical responses of materials like
third-harmonic generation (THG) and intensity-dependent
refractive index variations have found applications in opti-
cal devices such as in optical switches, optical computation,
optical phase conjugation, optical shutters, and information
storage [1, 2]. In recent years, there has been a growing
interest in the investigation of nonlinear optical proper-
ties of semiconductors as a class of materials possessing
large nonlinearities and ultrafast optical response times
[2]. In addition, it has been found that the reduction in the
sizes of semiconductor materials from bulk to nano-sized
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dimensions improves nonlinear optical properties, attributed
to arise due to quantum confinement [3].

Among popular nonlinear optical materials, zinc sulfide
(ZnS), a group II-VI compound semiconductor, is a popu-
lar choice due to its direct band gap [4]. Stable ZnS crys-
tals exist in cubic form (zinc blend) at room temperature
and in hexagonal phases (wurtzite) at higher temperatures
with band gap energies equivalent to 3.68 and 3.77 eV,
respectively [5]. ZnS has been used for electro-luminescent
devices, solar cells, and optical limiters as well as in opti-
cal reflectors due to its high linear refractive index and as
dielectric filters due to its large optical gap [6]. ZnS shows
optical nonlinearities like two-photon adsorption (TPA), sec-
ond-harmonic generation (SHG), and THG that has elicited
extensive interest in studying nonlinear optical behavior of
ZnS nanostructures [7-9]. For example, two-photon absorp-
tion induced upon excitation with 650 nm light has been
reported in ZnS nanowires prepared on Au-coated silicon
substrates by a vapor phase transport (VPT) method [10].
ZnS nanostructures synthesized by laser ablation showed
third-order optical susceptibility of 4.7 x 10~'?esu under
532 nm excitation [11].

Quantum-confined semiconductor nano/hetero-struc-
tures (SNHs) consisting of multiple component materials
in a rationally designed spatial arrangement are promising
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light-harvesting and charge separation materials [12].
Composite hetero-structures based on silver sulfide (Ag,S)
have been developed to improve optical and photocatalytic
properties of ZnS nanostructures. Ag,S has a direct band
gap with a narrow band of about 1.1 eV in bulk crystals,
which can be effectively increased with size reduction of
the crystallites [13]. Ag,S has found application in electro-
optical industry due to its extensive use as photoconduc-
tors, in infrared detectors and as light sensitizers [14].
Kaur et al. have synthesized ZnS—Ag,S nanocomposites
via a chemical precipitation route and investigated opti-
cal and photocatalytic characteristics [12]. Kumar et al.
prepared visible-light-active nano-sized Ag,S—ZnS loaded
on cellulose by a precipitation method and studied photo-
catalytic degradation of rhodamine B dye [15]. From the
viewpoint of nonlinear optics, Ag,S can be considered as
an appropriate candidate to enhance optical nonlineari-
ties in ZnS nanostructures due to nonlinear features such
as two-photon absorption and nonlinear refractive index,
which have been demonstrated at 532 nm [16].

The construction of core—shell hetero-structures pos-
sessing integrated characteristics of disparate compo-
nents can be a desired strategy for practical applications
of nonlinear optical materials. Such a heterostructure not
only exhibits unique multi-functionalities but also with-
holding basic features of the individual components [17].
Despite outstanding nonlinear properties of ZnS and Ag,S
semiconductors, a limited number of reports have been
published to investigate nonlinear optical characteristics
of ZnS—Ag,S-based core—shell nanostructures. Dehgha-
nipour et al. prepared particles with Ag,S cores coated
with ZnS shells via a one-pot pulsed microwave irradiation
and reported optical nonlinearities at an excitation wave-
length of 532 nm [18]. Liu et al. investigated nonlinear
optical properties of near-infrared region Ag,S quantum
dots pumped by 532 nm nanosecond laser pulses [19].
Although many researchers have focused on ZnS-Ag,S
core—shell structures, there are no reports investigating
optical nonlinearities of ZnS nanoparticles encapsulated
by Ag,S layers.

The present study focuses on the synthesis of a well-engi-
neered ZnS—Ag,S core—shell structure through a two-step
co-precipitation process and studies on the third-order non-
linear refractive index changes. The successful construction
of ZnS—Ag,S core—shells in this work can be considered as
a significant achievement because the synthesis of uniform
Ag,S shells on the surface of ZnS particles has been a chal-
lenge due to the tendency of Ag,S clusters to aggregate into
bulk structures [20]. Furthermore, to the best of our knowl-
edge, optical nonlinearities of ZnS and Ag,S-based nano-
structures have not yet been examined in the near-infrared
region (1064 nm).
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2 Experimental
2.1 Chemicals

Sodium sulfide hydrate (Na,SenH,0, 60.0-62.0%,
My, =78.04) was purchased from Gyeonggi-do, South Korea.
Silver nitrate (AgNO;, My, =166.78), zinc acetate dehydrate
(Zn(CH;C00),2H,0, My, =219.49), ethylenediaminetet-
raacetic acid (EDTA, My, =372.24, purity > 98%), thio-
glycolic acid (TGA, C,H,0,S, My, =92.11, purity >98%),
acetone (C;HgO, My, =58.08), and ammonium hydroxide
(NH,OH, My, =35.04) were procured from Merck and used
as received without further purification. Deionized water
was used for all the experiments.

2.2 Preparation of ZnS core nanostructures

Nanocrystalline ZnS was synthesized by a wet chemical pre-
cipitation method from zinc acetate [Zn(CH;COO),+2H,0]
and sodium sulfide [Na,SenH,0] as zinc and sulfur sources,
respectively. Figure 1a schematically shows the procedure
followed for ZnS nanoparticles (NPs) synthesis. In a typi-
cal experiment, 1.09745 g of zinc acetate was dissolved in
50 mL deionized water followed by the additions of EDTA
as a capping ligand and ammonia to control the pH. In a
separate beaker, 12.79 g of sodium sulfide was dissolved
in 50 mL deionized water and then the resultant solution
was added into an acidic solution of zinc acetate under vig-
orous magnetic stirring at room temperature for 2 h. The
final precipitate was collected by centrifugation at a speed
of 3000 rpm for 10 min, washed several times with acetone
and finally dried in an atmospheric oven at a temperature of
100 °C for 20 h.

2.3 Preparation of ZnS-Ag,S core-shell
nanoheterojunctions

ZnS—-Ag,S core—shell nano/hetero-junctions (CSNHs)
were successfully synthesized by a facile co-precipitation
deposition method. Schematic illustration of the fabrica-
tion of ZnS—Ag,S CSNHs is shown in Fig. 1b. To prepare
CSNHs, 0.4 g of silver nitrate (AgNO;) as a source of sil-
ver accompanied by TGA as a capping agent was dissolved
in 50 mL deionized water and continuously stirred for 20
min. 7.7476 g of sodium sulfide was separately dissolved in
75 mL deionized water and then added to the above solu-
tion. Ammonia was also added to the reaction solution to
adjust the desired pH resulting in the formation of a trans-
parent solution. In order to complete the synthesis process
of ZnS—Ag,S CSNHs, 0.2 g of the as-prepared ZnS NPs
was dispersed in 20 mL deionized water for 30 min and
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Fig.1 Schematic illustration of (a)
synthesis procedure for a ZnS
NPs and b ZnS/Ag,S CSNHs

(b)

Stirred .

Dried at 90"(: for 20k

ZnS-Ag S CSNHs

then added into the prepared growth solution for the Ag,S
shell. After a waiting period of 8 h for the completion of the
reaction under constant stirring at room temperature, the
obtained product was collected by a multiple rinse-centrif-
ugation process with acetone. The final product was dried at
90 °C for 20 h and annealed at 370 °C for 4 h in air yielding
ZnS-Ag,S CSNHs.

2.4 Characterization techniques

X-ray diffraction (XRD) analysis was performed to investi-
gate crystalline phases using an Ultimate IV Multipurpose
X-ray diffractometer with Cu K, (4=0.15406 nm) radia-
tion. X’Pert HighScore Plus Software was used to ana-
lyze the diffractograms. Fourier transform infrared (FT-IR)

aunealed ar 370°c I
v (o

spectra were measured to analyze chemical structures of
samples by a Perkin Elmer BX-II FT-IR spectrophotome-
ter. Surface morphology was observed using field emission
scanning electron microscopy (FESEM, Zeiss SIGMA
VP-500), equipped with an energy dispersive spectros-
copy (EDS) detector (SAMAX) to characterize elemental
compositions. Further microstructure information was
obtained through high-resolution transmission electron
microscopy (HRTEM, JEM 2100, JEOL). Ultraviolet—Vis-
ible diffuse reflectance spectra (DRS) were recorded with
a UV-Vis spectrophotometer (Avaspec-2048-TEC). Pho-
toluminescence (PL) spectra were measured utilizing a
Perkin Elmer LS55 fluorescence spectrophotometer with
excitation wavelength of 250 nm.
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2.5 Nonlinear optical measurements

The nonlinear optical behavior of the synthesized nanostruc-
tures was analyzed using the standard single-beam Z-scan
technique. In order to provide a reasonable comparison
between the nonlinear optical response of Pristine—ZnS NPs
and ZnS—Ag,S CSNHs, both samples were tested under the
same experimental conditions. A specific concentration
of nanostructures was dispersed in deionized water and
poured into a quartz cell of 1 mm thickness. Figure 2 shows
the schematic configuration of the Z-scan arrangement
employed to measure the third-order nonlinear refractive
index. A pulsed Nd-YVO, laser operating at a wavelength
of 1064 nm with a radiance power of 63 mW was used as
the light source. The duration of the laser pulse with a rep-
etition rate of 10 kHz was 50 ns. As shown in Fig. 2, the
propagation direction was considered as the z-axis (optical
axis) in the right-handed standard coordinate system where
entrance and exit faces of optical elements were placed on
the x—y plane. Light emitted from the laser source was first
split into two parts by B; beam splitter. One part as the refer-
ence signal was detected by the D, photodetector to record
pulse-to-pulse fluctuations, while the other part of the excita-
tion beam was focused on samples through a 300-mm focal-
length lens. The samples were translated along the optical
axis by a motorized transition stage in 0.5 mm steps in the
region including the lens focal plane.

A control experiment was simultaneously conducted
using the B, beam splitter to eliminate the possible effects
which may arise due to nonlinear absorption phenomenon.
As illustrated in Fig. 2, B, beam splitter guided the light
beam transmitted from samples towards D, and D photode-
tectors in closed and open-aperture Z-scan arrangements to
examine nonlinear absorption and refraction characteristics,
respectively. D, photodetector recorded the power transmit-
ted from samples after passing through a transmittance aper-
ture S=0.13 as a function of the sample position. Results
obtained from the D, photodetector were then divided by
open-aperture transmittances detected by the D photodetec-
tor to minimize the nonlinear absorption. The effects due to

Fig.2 Block diagram of experi-
mental arrangement for Z-scan
setup
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pulse-to-pulse fluctuations were also reduced by normalizing
with signals detected using the D, reference photodetector.

Transmittance obtained for a z position was finally nor-
malized to the transmittance of the Rayleigh length
(ZO = ”/0%/1) as T(Z/ZO> =~ I(Z)/I(oo)’ where I(z) is the
intensity recorded in the coordinate z and /(o) is for the
position where the sample was located far away from the
focus of the lens [21]. A nonlinear sample acting as a posi-
tive lens tends to collimate the laser beam, showing the self-
focusing effects. Such a self-focusing behavior can be seen
with the emergence of a pre-focal valley followed by a post-
focal peak. However, self-defocusing effects appear in sam-
ples with a negative nonlinearity and show a pre-focal peak
and a post-focal valley in their transmittance curves with
respect to z-axis [22].

In the absence of nonlinear absorption, the third-order
nonlinear refractive index (n,) can be approximated by the
following theoretical relation [23]:

ATpy = 0.406(1 — S)°'27<2”/ ,1)n210Leﬁ, )

where ATy = Tp — Ty, stands for the transmittance differ-
ence between the peak and valley when T} and 7, are con-
sidered as the normalized peak and valley transmittances,
respectively. I, = 1.25 x 10"W /m? refers to the incident
intensity of laser beam at the focus and L. is the effective
length of the sample and is determined as follows [24]:

_ 1 —exp(—al)

Leff (2)

o

where a is a linear absorption coefficient and L is the sample
thickness.

3 Results and discussions

3.1 XRD analysis

Figure 3 shows the XRD patterns of Pristine—ZnS NPs
and ZnS—-Ag,S CSNHs with a 260 scanning angle ranging
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Fig. 3 XRD patterns for Pristine-ZnS NPs and ZnS-Ag,S CSNHs

from 20° to 80°. Five characteristic diffraction peaks were
observed in the Pristine—ZnS samples at 29.4°, 48.5°, 57.3°,
70.8°, and 77.2°, which can be indexed to the (111), (220),
(311), (400), and (331) planes of cubic ZnS (JCPDS No.
79-0043). No other impurities could be detected in Pris-
tine—ZnS diffractograms, confirming the high purity of
the synthesized ZnS NPs. XRD pattern of ZnS—-Ag,S
CSNHs can be referred to the structure of monoclinic Ag,S
according to the standard card (JCPDS No. 14-0072). For
ZnS—Ag,S CSNH sample, diffraction peaks appeared at
26 values of 22.5°, 25.0°,26.0°, 26.3°, 29.0°, 31.6°, 33.7°,
34.4°,34.7°,36.9°, 37.8°, 40.9°, 43.4°, 44.2°, 45.5°, 46.2°,
47.8°, 48.8°, 53.3°, 56.5°, 58.4°, 61.2°, and 63.8° that can
be ascribed to the (101), (110), (111), (012), (111), (112),
(120), (121), (022), (121), (103), (031), (200), (103), (131),
(123), (212), (211), (222), (114), (042), (142), and (134)
planes. No obvious characteristic peaks related to cubic ZnS
phases can be found in ZnS—-Ag,S CSNHs. The absence of
diffraction peaks relevant to cubic ZnS NPs in the XRD pat-
tern of ZnS—-Ag,S CSNHs might be attributed to arise due
to overlapping peaks of ZnS (111), (220), and Ag,S (111),
(211) [25].

3.2 FT-IR analysis

FT-IR spectrum of Pristine—ZnS NPs shows absorption
bands situated at 495.16 and 626.20 cm™! that is assigned
to Zn—S vibration [26]. The sharp adsorption band centered
at 998.40 cm™! can be attributed to the resonance interaction
between vibrational modes of sulfide ions in ZnS crystal
[27]. The bands appearing at 1416.77 and 1585.71 cm™!
correspond to the stretching modes of carboxyl (C=0)

Wavenumber (cm™)

Fig.4 FT-IR spectra for Pristine-ZnS NPs and ZnS—Ag,S CSNHs

groups arising from atmospheric CO, adsorbed on the ZnS
surface [28]. The bands located at 2342.93, 2359.92, and
2923.82 cm™! might originate from microstructure forma-
tion of Pristine—ZnS NPs [26]. The broad and strong band
observed around 3427.25 in the FT-IR spectrum of Pris-
tine—ZnS NPs is from O-H stretching modes, arising from
the water adsorbed on the ZnS surface via -COOH group
[28]. As shown in Fig. 4, the FT-IR spectrum of ZnS—Ag,S
CSNHs show a typical absorption peak at 620.47 cm™! cor-
responding to Ag—N vibrations [29]. In addition, absorptions
at 1111.10 and 1383.85 cm™! can be ascribed to C-O and
C=0 stretching vibrations, respectively [25]. The absorp-
tion peak located at 1622.89 cm™' and the weak band at
2361.57 cm™! can belong to aromatic C=C band [25] and
microstructure formation of the sample [26], respectively.
The broad adsorption peak centered around 3444.15 cm™!
corresponds to O—H group from water molecules adsorbed
on the surface of CSNHs [26].

3.3 FESEM-EDS analysis

Figure 5 shows the FESEM images captured in two differ-
ent magnifications for Pristine—ZnS NPs and ZnS-Ag,S
CSNHs. Pristine—ZnS sample exhibits a regular shape with
aggregations of many nearly spherical particles, which pos-
sess dimensions ranging from 16 to 30 nm (Fig. 5a, b). The
enlarged view of Pristine—ZnS NPs (Fig. 5b) further reveals
an almost rough surface morphology due to assimilation of
nanoparticles. FESEM images of samples after the growth
of Ag,S nanostructures are shown in Fig. 5Sc, d. It is obvious

@ Springer



1288

Journal of Materials Science: Materials in Electronics (2020) 31:1283-1292

Fig.5 FESEM images of a, b
Pristine—ZnS NPs and ¢, d ZnS—
Ag,S CSNHs in a, ¢ low and b,
d high magnifications; Insets:
corresponding EDS spectra

Table 1 Quantitative EDS analysis of Pristine-ZnS and ZnS-Ag,S
samples

Sample Zn (wt%) S (wt%) Ag (wt%)
Pristine—ZnS 27.06 77.94 -
ZnS-Ag,S 11.37 81.84 6.79

from Fig. 5c, d that ZnS—Ag,S CSNHs consists of spherical-
shaped smooth morphology in the size ranges of 20—80 nm.
It can be also concluded from Fig. 5d that the rod-like shapes
formed in FESEM images relevant to ZnS—-Ag,S CSNHs are
due to the agglomerated spheres.

EDS spectra obtained for Pristine-ZnS NPs and
ZnS—Ag,S CSNHs are shown as insets in Fig. 5b and d,
respectively. The results confirm the presence of zinc (Zn)
and sulfur (S) elements in EDS spectrum of Pristine-ZnS
NPs and of Zinc (Zn), sulfur (S), and silver (Ag) in that of
ZnS—-Ag,S CSNHs without any detectable traces of other
impurities. The numerical values related to atom percentages
of the constituent elements are summarized in Table 1. The
states of surface element dispersion for ZnS—-Ag,S CSNHs

@ Springer

are further analyzed by the elemental mapping technique
and results are presented in Fig. 6. The elemental maps
(Fig. 6b—d) for the surface region (Fig. 6a) suggest homoge-
neous distributions of Zn, S, and Ag elements in ZnS—-Ag,S
CSNHs.

3.4 HRTEM analysis

In order to study the core—shell structures of the as-syn-
thesized ZnS—Ag,S samples, high-resolution transmission
electron microscopy (HRTEM) was used. A typical HRTEM
image of an individual ZnS—Ag,S nanostructure is shown in
Fig. 7, clearly revealing a core—shell structure of ZnS—Ag,S
sample, displaying a darker core (ZnS) surrounded by
a lighter thin layer as a shell (Ag,S). Careful analysis of
the image shows Ag,S shell thickness of ~5.8 nm around a
spherical core of ZnS with a diameter ~ 80 nm.

3.5 UV-Vis diffuse reflectance spectroscopy (DRS)

Light absorbance of Pristine-ZnS NPs and ZnS-Ag,S
CSNHs measured in a wavelength range of 200-800 nm is
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Fig.7 HRTEM image of ZnS—-Ag,S CSNHs

shown in Fig. 8. Pristine—ZnS NPs shows a relatively strong
absorption in the wavelength range of 250-350 nm. It is
obvious from Fig. 8 that ZnS NPs after being encapsulated
in Ag,S nanocrystals demonstrate enhanced absorption in
the visible region as compared to Pristine-ZnS NPs. How-
ever, the light absorption in ZnS—Ag,S CSNHs is weakened
in the UV region due to the presence of Ag,S layers around
ZnS nanocrystals. Shells of Ag,S nanostructures with near-
infrared optical gap and intrinsically large absorption coef-
ficient, forming on the surface of ZnS NPs, prevent direct
penetration of UV radiation into ZnS structures resulting in
a comparatively lower absorption in the UV region [12]. The
results indicate that an increase in visible light absorbance
for ZnS NPs can successfully occur by encapsulating such
a nanostructure coated with layers of Ag,S nanocrystals.

3.6 Photoluminescence (PL) spectroscopy

The room-temperature PL spectra of the as-synthesized sam-
ples were recorded in a wavelength range of 300-800 nm

= Pristine-ZnS
1.8 4 === ZnS-Ag,S

1.6 4

1.4
124
1.0 4

0.8 4

Absorbance (a.u.)

0.6 +

0.4

0.2

300 400 500 600 700 800
A (nm)

Fig.8 UV-Vis absorption spectra of Pristine—ZnS NPs and ZnS—
Ag,S CSNHs

under an excitation wavelength of 250 nm (4.96 eV)
as shown in Fig. 9a. It is obvious from Fig. 9a that Pris-
tine—ZnS NPs show two similarly broad emission bands
located around ~400 nm (3.1 eV) and ~680 nm (1.82 eV).
The first band ranges from 300 to 550 nm with full width at
half maximum (FWHM) of 128 nm, while the second band
spreads from 650 to 800 nm with a FWHM of 130 nm. Pho-
tophysical processes describing the possible emission mech-
anisms of Pristine-ZnS NPs (Fig. 9b) suggest several pos-
sible recombination pathways of the photo-excited excitons.
The proposed electronic transitions are the results of defects,
which are formed during the growth process of Pristine—ZnS
NPs. The structural defects in Pristine—ZnS NPs comprise
point, line, and plane defects. The line and plane defects can-
not participate in emission processes due to the lack of the
quantum confinement effects [30]. Therefore, the presence
of emission centers activated in Pristine—ZnS NPs probably
originates only from point defects such as Scottky defects
(vacancy states) and Frenkel defects (interstitial states) [12,
30]. Zinc interstitial atoms and sulfur vacancies lie in the
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Fig.9 a Photoluminescence emission spectra of Pristine-ZnS NPs
and ZnS—-Ag,S CSNHs. Inset: Multi-peak Gaussian fit of Pristine—
ZnS , b schematic representation of the emission mechanism in Pris-
tine—ZnS NPs (CB conduction band, VB valence band, ES excited
state, GS ground state, Vg sulfur vacancies, V,, zinc vacancies, I

ZnS forbidden gap and close to the conduction band to act
as donor energy states. However, sulfur interstitial atoms
and zinc vacancies lead to acceptor levels located above the
valence band of Pristine—ZnS NPs [12, 25].

Based on the schematic illustration as in Fig. 9b, in addi-
tion to relaxation paths relevant to photo-excited electrons
from the conduction band to the valence band and accepter
levels formed in the forbidden region, there is a possibility
for the recombination of electrons to be trapped in donor
levels with photo-excited holes in the valence band and also
holes trapped in acceptor states. Therefore, the extended
emission pattern of Pristine—ZnS NPs confirms the presence
of multiple point defect states in the ZnS nanostructures. A
careful survey with a multi-peak Gaussian fit illustrated as
an inset in Fig. 9a suggests that the first emission band from
Pristine—ZnS NPs could be ascribed to arise from band-to-
band emission and defect states including sulfur interstitials,
sulfur vacancies, and zinc interstitials, which can be resolved
into four Gaussian curves centered at 347, 408, 449, and
524 nm, respectively [25, 31]. However, deep level zinc
vacancies are commonly considered to be responsible for
a Gaussian emission spectrum centered at 750 nm [31] that
appears at the second emission band related to Pristine—ZnS

@ Springer

(d)

sulfur interstitials, /,, zinc interstitials), ¢ illustration of the band
alignment and the charge-transfer process in ZnS—Ag,S CSNHs, and
d transmissions paths of a light ray as it enters a ZnS—-Ag,S CSNH
nanosphere (E external reflection, / internal reflection, 7 total internal
reflection)

sample. It is noteworthy that the overall theoretical fit esti-
mated in inset of Fig. 9a (dotted curve) comprising five
overlapped peaks is in good agreement with experimental
observations for Pristine-ZnS NPs.

For comparison, Fig. 9a displays emission patterns rel-
evant to both Pristine-ZnS and ZnS—-Ag,S samples. It is also
clear from Fig. 9a that ZnS—Ag,S CSNHs show a significant
decrease in the excitonic PL intensity after the growth of
Ag,S shells on the surface of ZnS nanostructures. This could
arise from enhanced charge separation due to the coupling of
Zn$ and Ag,S nanostructures as well as due to passivation of
surface defects. A schematic diagram of electron—hole sepa-
rations at the interface of ZnS—Ag,S CHNHs is proposed in
Fig. 9c. The core—shell heterojunction (Fig. 9c) follows an
inverse type-I scheme [32] where the conduction band of
ZnS is located at a more negative potential compared to that
of Ag,S, while its valence band is more positive than that of
Ag,S [33]. Because electrons and holes tend to migrate, due
to the less negative conduction band and the less positive
valence band at a semiconductor/semiconductor interface,
respectively [34], both electrons and holes are transferred to
Ag,S shell region. In the inverse type-I ZnS—-Ag,S CSNHs,
the charge carriers are partially spread within the Ag,S
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shells, lowering the probability of charge recombination in
ZnS cores. Subsequently, a weaker PL signal is expected for
ZnS—Ag,S CSNHs compared to Pristine-ZnS NPs. On the
other hand, the presence of Ag,S layer on the surface of ZnS
core passivates the emission from surface defects of ZnS,
which in turn leads to dominating emission characteristics
relevant to Ag,S shell in the emission pattern of ZnS—Ag,S
CSNHs. Weak emission intensities for Ag,S nanostructures
compared to those of ZnS nanostructures have been reported
by many researchers, which may be ascribed to the low light
emission time span due to the smaller band gap [35]. The
weak PL emission may also originate from the thin Ag,S
coating on the ZnS surface lowering optical absorption of
excitation photons. A similar trend has also been observed
for hollow ZnS/Ag,S core/shell nanospheres as compared
to hollow ZnS nanoparticles alone [35]. Reddy et al. have
also reported lower PL intensity for ZnS—Ag,S nanocompos-
ites compared to ZnS nanostructures [25]. In addition, the
lower PL intensity may be explained by multiple reflections,
due to the Ag,S shell overlayers. Since the Ag,S shell has a
smaller refractive index (2.2) than that of the ZnS core (2.35)
[36], Ag,S shell can act as an antireflection layer and confine
light rays into the ZnS core [37]. An illustration of pos-
sible reflection mechanisms in the interfaces of ZnS—Ag,S
CSNHs is suggested in Fig. 9d. It is concluded from Fig. 9d
that because of sequential total internal reflections at the
interface of the Ag,S shell and the ZnS core, most of the
light is absorbed by ZnS nanostructures, which is evident
because of the thickness of the shell.

3.7 Z-scan analysis

In Fig. 10, we have plotted the normalized results obtained
from the division of the closed-aperture Z-scan data by
the open-aperture Z-scan data for Pristine-ZnS NPs and
ZnS—-Ag,S CSNHs indicating that both divided Z-scan
traces exhibit a pre-focal peak followed by a post-focal val-
ley. The resultant peak-valley shapes confirm the presence
of the third-order nonlinear refractive indices for both Pris-
tine—ZnS and ZnS—Ag,S samples. The peak-valley configu-
ration shaped in the vicinity of the focus (z=30 cm) reveals
the self-defocusing effects relevant to negative lens effects
for such intensity-dependent refractive indices.

Due to the lack of linear absorption (a = 0) in Pristine—ZnS
NPs and ZnS—Ag2S CSNHs for the applied wavelength
(1064 nm), differences in the magnitude of the nonlinear
refractive indices can be directly calculated from the transmit-
tance differences created between the peak and valley (Eq. 1).
Therefore, it can be found from Fig. 10 that the nonlinearity
of ZnS NPs indicates a remarkable enhancement in the sam-
ples encapsulated by a Ag,S shell. The third-order nonlinear
refractive indices of samples tested are calculated from Eq. (1)
and the results are summarized in Table 2. An increase in the
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Fig. 10 Normalized Z-scan traces of Pristine-ZnS NPs and ZnS—
Ag,S CSNHs resulting from closed-aperture data divided by open-
aperture data

Table 2 The results of the third-order nonlinear refractive measure-
ments of Pristine—ZnS and ZnS—-Ag,S samples

Sample Tp Ty ATpy n,

(m*/W)
Pristine—ZnS 1.007 0.839 0.168 6.4 x 10712
ZnS-Ag,S 1.654 0.06 1.593 61.0x 10712

nonlinear refractive index of ZnS NPs covered by Ag,S shells
increased from 6.4 x 1072m?/W to 61.0 x 10~"?m?/W,
which is more than nine times higher than that of Pristine-ZnS
NPs. This improvement in the resultant third-order refractive
index can be understood by considering the effect of the Ag,S
shell growth on ZnS cores. It is noteworthy to point out that
nonlinear refractive indices of Ag,S cores covered by ZnS
shells have been previously reported to be in the range of
0.93 x 10™%cm? /W t09.16 x 10~"cm? /W under excitation of
532 nm, which are relatively small compared what is obtained
in this work [38]. However, the third-order refractive indices
estimated in this study are comparable to that of Ag/TiO,
core/shell nanostructures (~40.21 x 10~?m? /W) measured
at 532 nm [39]. In addition, similar values with a magnitude
of 1.1 x 107'2m? /W have been obtained for the nonlinear opti-
cal response of reduced graphene oxide decorated with silver
nanoparticles at 800 nm [2].

4 Conclusions
The co-precipitation synthesis of ZnS—Ag,S CSNHs via a

two-step process has been reported in this work. The as-syn-
thesized ZnS—Ag,S CSNHs have been characterized using
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a series of techniques including XRD, FT-IR, SEM, EDS,
and HRTEM. XRD and EDS-FESM confirm the formation
of cubic ZnS and monoclinic Ag,S phases in the core and
shell nanostructures, respectively. Morphological studies
have demonstrated spherical-like core—shell nanostructures,
in which ZnS spheres with a diameter of about 80 nm are
coated with Ag,S layers having a thickness of about 5.8 nm.
Spectral characteristics of nanostructures have been exam-
ined by UV-Vis DRS and PL analyses. ZnS—Ag,S CSNHs
show a stronger adsorption shift towards larger wavelengths
of electromagnetic spectrum compared to the Pristine—ZnS
NPs. PL analysis under an excitation of 250 nm revealed
the formation of vacancy and interstitial states of zinc and
sulfur atoms in the structure of synthesized nanospheres.
Nonlinear optical properties of Pristine—ZnS NPs and
ZnS—-Ag,S CSNHs have been investigated to estimate the
third-order nonlinear refractive indices. The findings have
indicated a considerable enhancement of nonlinear refractive
index in ZnS—Ag,S CSNHs in comparison to pristine ZnS
NPs. Finally, both samples of Pristine—ZnS and ZnS-Ag,S
CSNHs have presented self-defocusing effects due to nega-
tive refractions under a radiation of 1064 nm.
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