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third order nonlinear optical
responses via alteration of the density of states of
electrons: VS2–NiS2 hybrid nanostructure

Marziyeh Parishani, a Marzieh Nadafan *b and Rasoul Malekfar*a

We successfully synthesized VS2–NiS2 hybrid nanostructures via a one-pot hydrothermal technique.

Microstructural characterizations were carried out by X-ray diffraction (XRD), field emission scanning

electron microscopy (FESEM), UV-visible spectroscopy, and Fourier transform infrared spectroscopy

(FTIR). The optical indexes such as n, k, and 3 were assessed based on the reflectance spectra data and

Kramers–Kronig method. By adding varying amounts of the NiS2 phase in the hybrid nanostructure, the

morphology of the hybrid nanostructures is altered to produce microflowers, nanoflakes, and

nanoflowers. These changes affect the nonlinear optical properties. The third order nonlinear optical

parameters (n2, b) were analyzed via a simple and accurate Z-scan technique using different laser

powers. The two-photon absorption phenomenon has a significant enhancement effect on the

nonlinear absorption process, but the nonlinear refractive behaviour of the different hybrid

nanostructures changes from self-defocusing to self-focusing due to the alteration of the electronic

state alignment and morphology. The magnitudes of n2 and b are in the order of 10�9 cm2 W�1 and

10�3 cm W�1, respectively. The increasing of the density of states of electrons leads to the improvement

of the nonlinear optical responses of the VS2–NiS2 hybrid nanostructures in comparison with the pure

VS2 structure. This study demonstrates the great potential of this hybrid nanostructure for optical limiters

and modulators as well as photonic devices.
Introduction

In recent years, transition metal dichalcogenides (TMDs) have
been highly regarded and are utilized a lot in optics and
photonics, e.g., ultrafast carrier dynamics,1,2 ultrafast saturable
absorption,3,4 second and third harmonic generation,5–7 optical
limiting,8 and optical switching.9,10 Their chemical formula is
MX2, where M indicates a transition metal element and X is
a chalcogenide atom (S, Se, or Te). They have a broad range of
conduction properties from metals to insulators. In the MX2

structure, the metal atom is covalently sandwiched between two
chalcogen atoms in each layer, but they are weakly bonded with
other layers via van der Waals bonding.11 The most popular
TMDs, i.e. MoS2 and WS2, are more applicable in the optics
eld, for applications such as Q-switched lasers and saturable
absorption.2,3,12–15 VS2 is a member of the layered TMDs group
that possesses two separate crystalline phases, 1T and 2H,
which are more prone to metallic properties. Vanadium disul-
de has been used in the optics eld, such as in Q-switch pulsed
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lasers and mode-locking lasers,16,17 but research on its optical
properties has just begun.

NiS2 is another member of the TMD group that possesses
semiconducting properties. A difference between NiS2 and
other semiconductor TMDs like MoS2 is its small bandgap
(about 0.3 eV) in comparison with the typical bandgap of higher
than 1 eV.18 Therefore, it can be of great importance in opto-
electronic and photonic applications and its optical exploration
is in the initial stage. For example, the saturable absorption
properties of NiS2 for Er-doped and Tm-doped ber lasers have
been reported and they indicate the potential of NiS2 for ultra-
fast photonics.19,20 Based on the research background of the
above TMDs, it is necessary to further discover their optical
properties and potential in photonic applications. It is worth
mentioning that hybrid nanostructures show prominent elec-
tronic and optical properties because of the enhancement of the
density of states for electrons. Therefore, the interaction
between light and matter increases and the nonlinear optical
responses improve compared to the mono-components of
TMDs.21,22

Here, we prepared a VS2–NiS2 hybrid nanostructure via
a one-step and simple hydrothermal route. The hybrid nano-
structure includes different molar percentages of NiS2 and their
microstructural characterizations were performed by X-ray
diffraction analysis (XRD), eld emission electron microscopy
RSC Adv., 2022, 12, 5281–5289 | 5281
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(FESEM), UV-visible spectroscopy, and Fourier transform
infrared spectroscopy (FTIR). Based on the reectance spectra
data and Kramers–Kronig (KK) method, we measured the
optical factors of all samples including n, k, and 3. The simple
and sensitive Z-scan manner was utilized for evaluating the
third order nonlinear optical properties of the prepared hybrid
nanostructures.
Experimental section
Materials

Ammonium metavanadate (NH4VO3, 99%), thioacetamide (TAA)
(CH3CSNH2, 99%), ammonia solution (>30%), and nickel(II)
chloride (NiCl2$6H2O) were purchased from Sigma-Aldrich Co.
Fig. 1 XRD patterns of the VS2–NiS2 hybrid samples.

Preparation of the VS2–NiS2 hybrid

We employed the same method for synthesizing the VS2–NiS2
hybrid nanostructure as our previous report,23 but the amount
of vanadium precursor was changed. When the amount of
nickel precursor is x (x ¼ 0.05, 0.2, 0.25) (mmol), the amount of
vanadium precursor is (1 � x) (mmol).

In the rst step, an appropriate quantity of vanadium
precursor was dissolved in a solution containing deionized
water and ammonia. Then, thioacetamide was added and the
solution became black and homogenous aer about one hour.
In the next step, an appropriate amount of nickel precursor was
added to the above solution and we obtained a homogenous
red-brownish solution aer 2 hours. To complete the hydro-
thermal process, the obtained solution was transferred to
a Teon-lined stainless steel autoclave, sealed tightly, and
heated at 180 �C for 20 h. Aer cooling to room temperature, the
obtained black precipitate was washed by centrifugation with DI
water, ethanol dehydrated several times and nally dried at
80 �C in a vacuum oven overnight. The prepared samples with
different amounts of nickel precursor were labelled H5, H20,
and H25, corresponding to x ¼ 0.05, 0.2, and 0.25.
Fig. 2 FESEM images of (a) H5, (b) H20, and (c) H25. (d) Size distri-
bution histogram of all samples.
Results and discussion
XRD analysis

The crystallographic patterns of the as-prepared samples were
investigated by XRD analysis, whose results are shown in
Fig. 1. The ve main peaks of the VS2 structure are exhibited at
15.38�, 35.74�, 45.23�, 57.4� and 58.32�, corresponding to the
(001), (011), (012), (110), and (103) crystal planes, respectively.
Observed residue peaks related to the NiS2 structure were
located at 27.2�, 31.6�, 38.8� and 53.8�, which can be attributed
to the (111), (200), (211), and (311) crystal planes, respectively.
The dominant crystal plane direction for the VS2 phase is (001)
for both the H5 and H25 samples, and it changes to the (012)
plane for the H20 sample. Furthermore, the superior crystal
plane for the NiS2 phase is the (311) direction for the H5
sample, while it changes to (200) for the H20 and H25 samples.
As each crystal structure displays high peak intensity, it
suggests good crystallinity and the complete formation of
crystal planes.
5282 | RSC Adv., 2022, 12, 5281–5289
FESEM images analysis

The characterization of the morphology of the diverse hybrid
nanostructures is shown in Fig. 2(a–c). As we know, the
morphology of the pure VS2 structure is a sheet and laminated
© 2022 The Author(s). Published by the Royal Society of Chemistry
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structure, while the morphology is altered by addition of the
NiS2 phase to the main structure. The microower structure of
the H5 sample is apparent. Thus, the size of the sheets has
reduced and the morphology has changed to a ower-like
structure. The size of the sheets decreases by increasing the
amount of the NiS2 phase in the hybrid nanostructure and the
nanoakes of this structure are observed for the H20 sample.
The process of sheet size reduction continues until the nano-
owers of the H25 sample are formed, which indicates the
change of size andmorphology. The size distribution histogram
for the thickness of the sheets or ake size is exhibited in
Fig. 2(d). The histogram indicates that the maximum distribu-
tion of thickness is about 41 and 30 nm for the H5 and H25
sample, respectively. However, the ake size is considered and
measured for the H20 sample due to its smaller sheet size.
Therefore, the largest amount of ake size distribution is
located at about 41 nm.
UV-visible spectroscopy

UV-visible spectroscopy was performed to investigate linear
absorption in the UV-visible region (200–700 nm) for different
prepared samples (Fig. 3). Three original excitonic peaks
attributed to the VS2 structure are found at 206, 260, and
316 nm. Moreover, the rst excitonic peak for the NiS2 phase is
at about 350 nm and the second one is positioned in the
wavelength region of 550–600 nm. The absorption band edge is
shied to a higher wavelength (red-shi) compared to that in
pure VS2, which indicates the effect of the nickel sulde struc-
ture and its different concentrations in the hybrid
nanostructure.
Fig. 3 UV-visible spectra of the hybrid nanostructures: (a) H5, (b) H20,
and (c) H25.
FTIR spectroscopy

The investigation of IR active vibrational modes and further
perusal of the structure of the as-prepared hybrid nano-
structures was conducted by FTIR spectroscopy, as shown in
Fig. 4. The associated vibrational modes of the VS2 structure are
in the 500–1000 cm�1 wavenumber region. The vibrational
modes at approximately 540, 830, and 960 cm�1 are associated
with S–V–S bonding, the double bonding of S]S, and the
double bonding of V]S, respectively. Moreover, the presence of
the two modes at around 590 and 1066 cm�1 refers to the
vibrational modes of Ni–S bonding. Therefore, observation of
these vibrational modes proves the presence of the two struc-
tural phases VS2 and NiS2. Additionally, all mentioned vibra-
tional modes are shied to lower or higher wavenumbers (red-
or blue-shi) according to the size and morphology of the
hybrid nanostructures.
Linear optical parameters

A KK method based on the reectance spectrum data R(u) was
applied to determine the optical parameters of the samples. The
complex refractive index Ñ(u) including the real (n(u)) and
imaginary (k(u)) part was determined as follows:
© 2022 The Author(s). Published by the Royal Society of Chemistry
~NðuÞ ¼ nðuÞ

þ ikðuÞ/

8>>>><
>>>>:

nðuÞ ¼ 1� RðuÞ
1þ RðuÞ � 2

ffiffiffiffiffiffiffiffiffiffiffi
RðuÞp

cos 4ðuÞ

kðuÞ ¼ 2
ffiffiffiffiffiffiffiffiffiffiffi
RðuÞp

sin 4ðuÞ
1þ RðuÞ � 2

ffiffiffiffiffiffiffiffiffiffiffi
RðuÞp

cos 4ðuÞ

9>>>>=
>>>>;
(1)

The phase change between the incidence and reected
signal occurs at a specic frequency and is related to the 4(u)
parameter. Additionally, the components of the complex
dielectric function 3(u) were dened based on the components
of Ñ(u)as follows:
RSC Adv., 2022, 12, 5281–5289 | 5283
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Fig. 4 FTIR spectra of the VS2–NiS2 hybrid samples.

Fig. 5 Refractive index (n(u)) and extinction coefficient (k(u)) of the
VS2–NiS2 hybrid samples.
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3
0ðuÞ þ i300ðuÞ ¼ n2ðuÞ � k2ðuÞ þ 2inðuÞkðuÞ(
3
0ðuÞ ¼ n2ðuÞ � k2ðuÞ
300ðuÞ ¼ 2nðuÞkðuÞ

(2)

Two components of the Ñ(u) index of the as-prepared hybrid
nanostructures are compared in Fig. 5. The results demonstrate
that the highest value of both the real and imaginary parts are
enhanced by increasing the amount of NiS2 phase in the hybrid
nanostructure. The maximum values of n(u) are positioned at
the wavenumber region of 900–1100 cm�1. Moreover, the
maximum values for k(u) are presented at the interval of
wavenumbers 800–1200 cm�1. The peak position of n(u) moves
to lower wavenumbers from the H5 to H20 sample and then
higher wavenumbers from the H20 to H25 sample. Thus, the
peak position was altered by changing the proportion of the
NiS2 phase in the hybrid nanostructures. The peak position
displacement for k(u) follows a blue-shi trend from the H5 to
H25 sample. The maximum values for the H25 sample are 3.75
and 4.13 times higher than n(u) and k(u) for the H5 sample,
respectively.
5284 | RSC Adv., 2022, 12, 5281–5289
The real and imaginary parts of the dielectric function for the
VS2–NiS2 hybrid samples are shown in Fig. 6. According to the
obtained results, the peak position of the real part 31(u) is in the
900–1100 cm�1 wavenumber region. Additionally, the peak of
the 31(u) plot is rst shied to a lower wavenumber and then
a higher wavenumber by increasing the proportion of the NiS2
phase in the hybrid nanostructure samples. The maximum
value of 31(u) increases 16.67 times from the H5 to H25 sample.
The maximum value of the 32(u) plot is situated in the range of
900–1100 cm�1 and the peak position has the same behaviour
as the peak position for 31(u). Furthermore, the highest value of
32(u) for the H25 sample is 11.56-fold that of the H5 sample.
Finally, the amount of NiS2 phase in the hybrid nanostructures
affects the linear optical properties and the related dened
indexes of the as-prepared samples.
Nonlinear optical properties: Z-scan investigation

The nonlinear optical properties of materials can be evaluated
by different techniques such as nonlinear interferometry. We
used the Z-scan technique as an accurate and simple method
for evaluating the third-order nonlinear optical properties of
our different samples. In the Z-scan array, there are different
main parts: an Nd:YAG laser as an optical source (CW-laser, 532
nm), a lens for focusing the laser beam, a quartz cuvette con-
taining the dispersed sample, an aperture and a detector. Water
was used as the host dispersant medium and the power of the
source laser was stabilized to ensure the accuracy of the results.
Two types of Z-scan study were applied for the evaluation of the
nonlinear optical properties: open aperture (OA) for the
nonlinear absorption coefficient (b), and closed aperture (CA)
for the nonlinear refractive index (n2). As we know, induced
absorption and refraction changes by incident laser irradiation
are described via the following relationships: a(I) ¼ a0 + bI and
n(I) ¼ n0 + n2I.

The b parameter is calculated by the best tting of the OA Z-
scan data with the following equation:

TðzÞ ¼
XN
m¼0

ð�q0Þm
ðmþ 1Þ3=2

; q0ðzÞ ¼ I0Leffb

, 
1þ

�
z

z0

�2
!

ffor : q0\1g
(3)

By solving the summation and considering a very small
linear absorption constant (a0 � 1), we obtain the following
relation:

TðzÞ ¼ 1� �I0Leffb
�,"

23=2

 
1þ

�
z

z0

�2
!#

;

Leff ¼ ð1� expð�a0LÞÞ=a0

(4)

In this equation, Leff is the effective thickness of the sample, L is
the thickness of the sample, z0¼ pu0

2/l is the diffraction length
of the laser beam, l is the wavelength of the laser, and I0 is the
intensity of the laser beam at the focus point z ¼ 0.24

Meanwhile, the n2 parameter can be obtained via calculation
of the on-axis nonlinear phase shi at the focus (D40). This
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Real (31(u)) and imaginary (32(u)) parts of the dielectric function for the VS2–NiS2 hybrid samples.
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phase shi was computed by tting of the CA/OA curve using
the following equation:

Tðz;DfÞ ¼ 1� 4Df0X�
X 2 þ 9

��
X 2 þ 1

� ; X ¼ Z=Z0 (5)

T(z) is the normalized transmittance for the CA/OA curve.
Finally, the n2 index was calculated via the following equation:25

n2 ¼ lDf0

2pI0Leff

(6)

OA Z-scan results

Fig. 7 shows the OA Z-scan characterization of the different
samples for three different laser powers. There is a downward
facing curve in all plots that indicates the positive sign of the
nonlinear absorption coefficient. The positive b implies the two-
photon absorption phenomenon. This effect originates from
the fact that two photons are simultaneously absorbed at equal
or different energies, which excites the electrons from the
ground state to the excited state (S0–S1). In this process, the
transition energy is the sum of both absorbed photons. The
© 2022 The Author(s). Published by the Royal Society of Chemistry
observed phenomenon for the nonlinear absorption of the
samples is analogous to our previous report for VS2 nanosheets
as well as other reported TMDs.23,26–28

The valley deepened by reducing the power of the source
laser. Therefore, the b values decrease and the values are as high
as 10�3 cm W�1. The comparison between these hybrid VS2–
NiS2 nanostructured samples with the pure VS2 phase demon-
strates that the presence of the NiS2 phase in the hybrid
nanostructure promotes the nonlinear optical responses and
their nonlinear absorption coefficients are four orders of
magnitude higher than that of pure VS2. In fact, the preparation
of hybrid structures makes it possible to increase the density of
states for electrons and enhance the interaction between light
and matter, ultimately improving the NLO properties. The
maximum b values for the different hybrid nanostructures are
9.7 � 102, 14.6 � 102, and 125.8 � 102-fold greater than that of
the pure VS2 phase for H5, H20, and H25, respectively. There-
fore, the shape of the nanostructure and electronic alignment
alterations affect the nonlinear optical properties and cause the
promotion of these properties for utilization in the eld of
photonics.
RSC Adv., 2022, 12, 5281–5289 | 5285
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Fig. 7 Open-aperture Z-scan curves of (a) H5, (b) H20, and (c) H25,
with different laser powers (solid line is the fitted curve; P1: 30 mW, P2:
40 mW, P3: 50 mW).

Fig. 8 Closed-aperture Z-scan curves of (a) H5, (b) H20, and (c) H25,
with different laser powers (solid line is the fitted curve; P1: 30 mW, P2:
40 mW, P3: 50 mW).
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CA Z-scan results

As shown in Fig. 8, the nonlinear refractive index behaviour of
the hybrid samples changes and there is an upward facing curve
accompanied by a downward facing curve for the H5 and H25
samples. Unlike the other samples, there is a valley followed by
a peak for the H20 sample. Thus, the sign of n2 is negative for
the H5 and H25 samples, which indicates their self-defocusing
nonlinear optical behaviour, while there is a positive nonlinear
refractive index for the H20 sample, which implies its self-
focusing nonlinear optical behaviour.
5286 | RSC Adv., 2022, 12, 5281–5289
As mentioned in eqn (5) and (6), the difference between the
height of the valley and peak reduces by increasing the laser
power and hence the n2 index decreases for the samples. The
magnitude of the nonlinear refractive index is in the order of
10�9 cm2 W�1, which is four orders higher than the reported
results for the pure VS2 phase. These changes demonstrate the
effect of the simultaneous presence of the NiS2 and VS2 phases
in the hybrid nanostructure and the different proportion of the
NiS2 phase in the hybrid nanostructure exhibits different
nonlinear optical responses and behaviours. The calculated
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Nonlinear optical parameters of different hybrid nanostructures

Sample P0 (mW) aa (cm�1) Leff (mm) u0 (mm)
n2
(cm2 GW�1)

b

(cm kW�1)
s2PA
(�109 GM)

H5 30 0.056 0.99 31 35.62 0.156 0.96
40 0.292 0.98 36 32.57 0.145 0.89
50 0.068 0.99 42 24.23 0.141 0.87

H20 30 0.646 0.96 31 43.51 0.235 1.45
40 0.674 0.96 36 32.02 0.223 1.38
50 0.040 0.99 42 30.97 0.219 1.35

H25 30 0.056 0.99 31 33.55 2.025 12.55
40 0.292 0.98 36 33.52 1.299 8.05
50 0.068 0.99 42 34.2 0.141 0.87

a a is the total absorption coefficient that depends on the incident laser power intensity.

Fig. 9 Schematic of the five-state transition theory.
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third-order nonlinear optical parameters of different hybrid
nanostructures are compared in Table 1.

Generally, the nonlinear optical characteristics originate
from electronic, molecular, electrostrictive, or thermal effects.
When there is a CW-type laser in the Z-scan setup, the thermal
effect is the dominant phenomenon for the generation of
nonlinear optical responses. The creation of spatial tempera-
ture distribution due to the local laser heating in the nonlinear
medium leads to the alteration of nonlinear optical properties.
Another strategy to describe such changes in these properties is
a ve-state transition diagram. According to this theory (Fig. 9),
the molecules are excited via two photon absorption to the
upper vibrational levels S1 or S2 with the related cross sections
Table 2 Comparison of the NLO parameters of various reported TMDs

Material l (nm) n2 (cm
2 W�1)

MoS2, WS2, NbSe2 532 —
MoTe2/MoS2 800 —
NbS2, ZrTe2 532 —
MoS2 532 (3.11–5.16) � 10�4

WS2, WSe2, MoS2, Mo0.5W0.5S2 1064 —
WS2, WSe2 1040 3.36 � 10�12 to 1.28 �
MoS2 532, 1064 —
MoS2/PMMA 800 —
WS2-PMMA 532 —
MoS2/TiO2 700 (0.116–3.6) � 10�9

MoS2, WS2 1030 —
WS2 800 —
VS2–NiS2 hybrid 532 (24.23–35.62) � 10�9

© 2022 The Author(s). Published by the Royal Society of Chemistry
s0 or s2ph under irradiation of the source laser. Next, these
excited molecules rest at the S1 state. Due to the existence of the
CW-type laser, it is possible that the intersystem transition to T1

occurs and one further excitation to T2 can occur with the cross
section sTes. The condition for this type of transition is spulse $
sinter-system.29,30

It is worth noting that all nonlinear coefficients reduce with
increasing laser power. In fact, the energy redistribution in the
intramolecular space for the excited state absorption of the
molecules causes the reduction of nonlinear optical parameters
with increasing laser power. In other words, some photons are
trapped and not allowed to transit; consequently, these
nonlinear parameters decrease with increasing laser power.

According to the TPA nonlinear phenomena, we evaluated
the two-photon absorption cross section (s2ph) equations as
follows:

s ¼ hnb

NAc
(7)

where c is the sample concentration (0.01 M) and NA is the
Avogadro constant. s2PA is as high as 109 GM. These results
reveal that this type of TMD material can be utilized in the
optical limiting eld as well as in optical modulators. According
to our results and study, the data in Table 2 demonstrate the
comparison of the NLO parameters for well-known TMDs (e.g.,
and this work

b (cm W�1) NLO response Ref.

3 � 10�13 to 1.2 � 10�9 SA-RSA 26
555.45 � 10�9 SA 31
(0.42–0.57) � 10�7 SA-RSA 32
31.18–145.72 SA-TPA 33
(1.9–19.1) � 10�9 SA-TPA 34

10�10 (1.81–5.29) � 10�6 TPA 35
(�48.92 to 1151.01) � 10�9 SA-RSA 36
(16.8–970.4) � 10�9 RSA 37
(�16.47 to 4.38) � 10�9 SA-RSA 38
— SA-TPA 28
(0.66–2.28) � 10�6 TPA 39
(�92 to 0.01) � 10�9 SA-RSA 40
(0.141–2.025) � 10�3 TPA This work
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MoS2, WS2) and the studied hybrid nanostructure VS2–NiS2.
Thus, the obtained NLO parameters are comparable or greater
than those of other reported TMDs.

VS2-based structures are utilized in many elds such as
photoelectrocatalysts, sensors, batteries, and supercapacitors.
In all these applications, the speed of electron transfer as well as
the optical response is an important issue. In recent years, this
structure has been studied with Q-switched lasers and mode
lock ber lasers.16,17 According to our NLO results, this research
has potential for further discovery in various optical elds such
as Q-switched ber lasers, ultrafast and mode lock ber lasers,
optical limiting, and cavity dumping in active laser medium.We
promoted the NLO coefficients of the VS2 structure via hybrid-
ization with the NiS2 structure. The ve-state-based two-photon
absorption optical phenomenon is one of the reasons for the
enhanced NLO response, which plays a critical role in the above-
mentioned applications.27,41,42 It is quite pleasing that we ach-
ieved such good results via the CW laser Z-scan technique.

Conclusion

In this work, VS2–NiS2 hybrid nanostructures were synthesized
via a one-pot hydrothermal method using different concentra-
tions of the NiS2 phase. The morphology of the different hybrid
nanostructures was changed by adding different amounts of the
NiS2 phase. Thus, the linear optical properties and NLO
parameters change under the mentioned conditions. Based on
the sensitive Z-scan characterization, the nonlinear b coefficient
is as high as 10�3 cmW�1 and the two-photon absorption effect
is the main reason for the enhanced nonlinear absorption
process. Moreover, the nonlinear n2 indexes are in the order of
10�9 cm2 W�1 and their behaviour is altered from self-
defocusing to self-focusing due to the alteration of electronic
alignment and morphology. The reduction of NLO parameters
with increasing laser power implies the energy loss of photons
during the NLO processes and indicates the applicability of
these structures in optical limiting elds. Comparison between
the nonlinear optical behaviour of the VS2–NiS2 hybrid nano-
structures and the pure VS2 phase indicates the excellent
potential of these hybrid nanostructures for future photonics
and optical application and studies.
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