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An ideal third-order nonlinear optical material, which can efficiently absorb and refract light over a
broad spectral range, is of both fundamental and technological significance as it enables many helpful
functionalities in photonics. However, the optical nonlinearities are rather weak due to their perturba-
tive nature and are limited to electronic resonances, thus restricting the response to a narrow spectral
range. A charge-coupled donor-acceptor material pair can enhance the nonlinear optical response and cir-
cumvent the narrow spectral range limitation. However, such studies on potential material pairs remain
largely unexplored. Here, we report the experimental observation of ultrafast third-order nonlinear optical
response spanning the entire visible-to-near-infrared (400900 nm) region in single-wall-carbon-nanotube
(SWCNT)—VSe; nanohybrid in the strong coupling regime, enabled by efficient charge transfer. Compared
to control systems, the measured nonlinear absorption and refraction of the nanohybrid show unprece-
dented or many-fold enhancements. Further, our density-functional theory and Bader-charge analysis
show the strong electronic coupling of the nanohybrid in which the electrons are transferred from VSe,
to SWCNT, verified by steady-state and time-resolved photoluminescence measurements. The physics of
the ultrafast nonlinear optical response is well captured by our five-level rate-equation model both qualita-
tively and quantitatively. Using the nanohybrid, we design a liquid cell-based optical limiter with an order
of magnitude better device performance parameters, such as the optical limiting onset (2.5-8.0 mJ cm~2)
and the differential transmittance (0.42—0.62), compared to several other benchmark optical limiters in the

femtosecond regime.
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I. INTRODUCTION

A broad and vigorous nonlinear absorption and refrac-
tion of photons by materials is a long-standing goal of
both fundamental and technological interest since they
enable many helpful functionalities in photonics [1,2].
For example, as an ultrafast optical switch in quantum
information processing [3,4] and communication [5], opti-
cal limiters for protecting the eyes, detectors and optical
components [6,7], pulse compressors for generating ultra-
short laser, and passive mode-locking saturable absorber
[8—10]. Examples of third-order nonlinear optical response
are  intensity-dependent  refractive-index  change,
two-photon absorption (TPA), and excited-state absorption
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(ESA). However, the third-order nonlinear optical response
of all materials, in general, is rather weak as it originates
from the higher-order nonlinear terms and displays only
a narrow spectral range in the vicinity of the electronic
resonance [11]. A large magnitude of Kerr nonlinearity
expressed as the real and imaginary part is particularly use-
ful to minimize the power requirements and size of the
photonic devices.

Typical examples of materials that show third-order
nonlinear optical response are amorphous chalcogenide
glasses [12,13], graphene oxide (GO) [14], transition-
metal dichalcogenides (TMDs) [15,16], single- and mul-
tiwall carbon nanotube [17,18], porphyrin [19], plasmonic
materials [20], quantum dots [21], and optical fibers [22].
Unfortunately, these materials show optical nonlinear-
ity over a narrow spectral range in the vicinity of the
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electronic resonance. Therefore, materials showing strong
third-order nonlinear absorptive and refractive responses
over a broad spectral range are completely missing and
yet to be explored. One promising method to achieve
large ultrafast Kerr nonlinearities over a broad spectral
range is by the charge transfer of a donor-acceptor pair
at the nanoscale interface. For example, enhanced nonlin-
ear absorption was achieved in donor-acceptor compos-
ite such as MoSe,/GO [23], Au-NP/GO (reduced GO)
[7]1, Ag-NP/GO [24], MoS,/graphene [25], Ag/Fe;04
[26], MoTe, /MoS; hybrid film [27] and organic-inorganic
halide perovskites [28], etc. However, most of these com-
posites show enhanced nonlinear optical response only in
a narrow bandwidth in the nanosecond pulse regime due
to the slow charge transfer. So, finding suitable donor-
acceptor nanomaterials operating over a broad spectral
range at an ultrafast timescale is a real challenge.

To address this problem, we select a nanohybrid of
VSe; an emerging TMD in recent times [29-31] and
a single-wall carbon nanotube (SWCNT) [32,33] as the
donor-accepter pair. Our motivation to stem out for select-
ing these materials is (1) VSe; is a two-dimensional (2D)
material with high carrier mobility [34], exceptional inter-
calation activity [35], unique charge-density wave [36] and
other excellent characteristics to become a good candidate
for donor material and (2) one-dimensional (1D) SWCNTs
made of one-atom-thick graphene sheet showing van Hove
singularities in their density of states is an excellent candi-
date for acceptor material [37]. Combining these van Hove
singularities in the electronic density of states of SWCNT
and the broad visible-to-near-infrared absorption spectrum
of VSe; can, in principle, provide large Kerr nonlinearity
over a broad spectral range. However, studies on semi-
conducting MoS; and multiwall carbon nanotube (no van
Hove singularity) hybrids show enhanced Kerr nonlinear-
ity, but this is limited only to the wavelengths of electronic
resonance [38]. Here, we demonstrate an unprecedented
or many-fold enhancement in the magnitude of the real
and imaginary part of the third-order nonlinear optical
response of the nanohybrid over the entire visible-to-
near-infrared (400900 nm) region compared to control
systems. The observed hallmark result is attributed to the
charge transfer, and our first-principles-based calculations
using the density-functional theory and Bader-charge anal-
ysis show electrons are transferred from VSe, to SWCNT.
The charge transfer is further experimentally supported
by steady-state and time-resolved PL measurements. Our
five-level rate-equation model captures the broad enhance-
ment in the magnitude of the third-order nonlinear optical
response in the nanohybrid. The quality of the nonlin-
ear data recorded from repeat measurements at intensities
as high as 167 GW cm~2 symbolizes their considerably
high optical damage thresholds in a distilled water dis-
persion, ensuring their robustness in practical applications.
By exploiting the broad nonlinear optical response of the

nanohybrid, we fabricate a high-performance liquid cell-
based ultrafast optical limiter with key device parameters,
such as the optical limiting onset of 2.5-8.0 mJ cm™~2 along
with low limiting differential transmittance 0.42—0.62 over
the entire visible-to-near-infrared region. These device
performance parameters are much better than that found
in other benchmark optical limiters in the femtosecond
regime.

II. SAMPLE PREPARATION AND PHYSICAL
CHARACTERIZATION

A strongly coupled SWCNT—VSe, nanohybrid is pre-
pared by the one-pot synthesis method shown in Fig. 1(a),
and the details are presented in Sec. S1 within the Supple-
mental Material [39]. The scanning electron microscope
(SEM) image in Fig. 1(b) shows the hexagonal sheet-
like structure of control VSe,, which is similar to an
earlier report [40]. The SEM image of the nanohybrid
clearly illustrates the threadlike structure of SWCNT that
interconnects the VSe, hexagons, indicating their strong
coupling. The powder x-ray diffraction (PXRD) pattern of
the nanohybrid and controls are shown in Fig. S1 within
the Supplemental Material [39]. The PXRD pattern of the
nanohybrid is visibly similar to that of VSe,, which com-
pletely matches with the JCPDS card no. 89-1641. The
diffraction peaks for the SWCNT in the PXRD are shad-
owed by contributions from the intense peaks of the highly
crystalline VSe,. The Raman spectra of the nanohybrid
and controls are recorded with a Horiba LabRAM high-
resolution (approximately 1 cm™!) spectrometer using an
excitation of 632.8 nm from a He-Ne laser. Figure 2(a)
(upper panel) displays the Raman spectrum of SWCNT,
which shows characteristics D (disordered carbons, edges,
and defects) and G (phonons of the sp? C atom of the
graphite lattice) modes at 1308 and 1526 cm™!, respec-
tively [41]. The G mode of SWCNT is blueshifted com-
pared to the graphite mode (1580 cm™!) [42]. The peak
intensity ratio (I/g/Ip) of the G and D modes give a rough
measure of the structural quality of SWCNT, and the value
of 10.4 in our case indicates a high-quality SWCNT sam-
ple [43]. Apart from the two prominent D and G modes,
we could also observe the radial breathing mode (RBM),
weak RBM+G mode, and G mode at 188, 1722, and
2604 cm™!, respectively. The frequency of the RBM mode
is given by [(234/d) + 10] [44,45], and it can be used
to estimate the tube diameter (d in nm). We find that
the estimated diameter of our SWCNT is in the range of
approximately 0.56—1.5 nm. Figure 2(a) (middle panel)
shows the Raman spectrum of the control VSe, [46,47]
having characteristics peaks at 118, 138, 257, 698, and
996 cm~!. Detailed Raman analysis can be seen in Sec. S3
within the Supplemental Material [39]. The Raman spec-
trum of the nanohybrid is shown in Fig. 2(a) (lower panel),
and it can be described as a combination of D and G modes
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FIG. 1. (a) Schematic showing the details of sample prepa-
ration. SEM images of (b) VSe, and (¢) SWCNT-VSe,
nanohybrid.

of SWCNT and 4, and E, modes of VSe;,. Strikingly, we
find that in the nanohybrid, the 4;, mode is redshifted,
whereas the D and G modes are blueshifted compared to
the controls. This indicates a strong electronic coupling of
VSe, with SWCNT [48].

Having demonstrated the strong electronic coupling in
the nanohybrid, we present the optical absorption spectrum
in Fig. 2(b). The single absorption peak approximately 200
nm observed for SWCNT is attributed to the plasmon res-
onances of free m electrons [49]. The sharpness of the
peak indicates the uniformity in tube length and diameter
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FIG. 2. Raman spectrum of (a) SWCNT (top), VSe, (middle),
and SWCNT—VSe; (bottom). (b) Optical absorption spectra of
SWCNT, VSe;, and SWCNT—VSe, nanohybrid. (¢) PL spec-
tra of VSe, and SWCNT—VSe, nanohybrid. The PL intensity is
drastically reduced and redshifted by 10 nm in the nanohybrid
compared to VSe;, indicating an efficient charge transfer.

of SWCNT. VSe, shows an absorption onset at 500 nm.
This is in stark contrast to bulk VSe,, which is a semimetal
with no characteristic absorption feature in the UV-visible
region. However, in the nanostructure, it behaves more like
a semiconductor. The optical absorption spectrum of the
nanohybrid can be interpreted as a superposition of signals
from each control, however, the overall signal is redshifted
compared to VSe;,, indicating charge transfer from VSe; to
SWCNT.

To probe the charge-transfer mechanism further, we
present the result of the PL measurements on the nanohy-
brid and controls, shown in Fig. 2(c). The VSe, are highly
photoluminescent and show a broad peak centred at 455
nm. Strikingly, the PL intensity is drastically reduced and
redshifted by 10 nm in the nanohybrid compared to VSe,,
indicating an efficient charge transfer. The charge trans-
fer is enabled by the overlap of the SWCNT and VSe,
electronic wave functions, which makes the potential bar-
rier sufficiently small to facilitate charge transfer during
photoexcitation. The mixing of electronic states at the
interface changes the density of states, which will result
in quenching and redshifting of the PL peak [50].

I1I. RESULTS AND DISCUSSION

Such nanoscopic charge-transfer interaction at the inter-
faces has been shown to dramatically alter the optoelec-
tronic and chemical properties of the nanohybrid [51]. For
instance, we recently reported an unprecedented enhance-
ment in ultrafast third-order nonlinear optical response due
to efficient direct charge transfer from Au shell to Sb,Ses
core when the metal is selectively excited at the plas-
monic wavelength [52]. Thus, it is natural to ask, how does
such nanoscopic charge transfer impact the ultrafast third-
order nonlinear optical response in the SWCNT—VSe,
nanohybrid. To measure the third-order nonlinear optical
response, we employ open and closed aperture Z scan,
which measures total transmittance as a function of inci-
dent laser intensity [53,54]. For the Z-scan measurements,
samples are dispersed in distilled water, with a linear
transmittance of approximately 70% at 800 nm.

Figure 3(a) shows the open-aperture Z-scan result of
the nanohybrid and controls at 800 nm at a peak inten-
sity of 111 GW c¢cm™2. At this moderate peak intensity,
the Z-scan peak-shape response of the nanohybrid shows
a very strong ESA, which is in sharp contrast to the SA
of the control systems. The result of the Z-scan measure-
ment at 560 nm at a peak intensity of 107 GW cm™2 is
shown in Fig. 3(b). In this case, also the Z-scan peak-
shape response of the nanohybrid shows a very strong
ESA, which is in contrast to the observed weak ESA of
SWCNT and SA of VSe,. The experimental data are fitted
theoretically using the nonlinear absorption Eq. (S3) [23]
(details in Sec. S4 within the Supplemental Material [39]),
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FIG. 3. Open-aperture Z-scan trace of SWCNT—VSe,,

SWCNT, and VSe,. Normalized transmittance as a func-
tion of the position at excitation wavelength of (a) 800 nm,
111 GW cm™2 (b) 560 nm, 107 GW cm 2. Solid lines represent
theoretical fit using Eq. S3 in Sec. S4 within the Supplemental
Material [39]. Variation of 8 with excitation intensity at (c) 800
nm and (d) 560 nm.

and parameters from the best fit to the normalized transmit-
tance data are shown in Table I. It can be seen from there
that the ESA coefficient (8) value of the nanohybrid is
foundtobe B = (35 £2) x 1072 cm GW~! at 800 nm. On
the other hand, the 8 value of (64 £+ 3) x 1072 cm GW ™!
for the nanohybrid at 560 nm is 5 times larger than the
corresponding value for SWCNT. To further provide the
experimental evidence on ESA, we perform intensity-
dependent Z-scan measurements, which show that 8 and
ESA cross section (ogs) has a monotonic increase with
peak intensity [Figs. 3(c) and 3(d), and Table S2 within the
Supplemental Material [39]]. This also supports the thesis
of ultrafast charge transfer at the interface.

To establish the spectral range over which the nanohy-
brid shows ESA mediated via charge transfer, we
repeat the experiment in the entire visible-to-near-infrared
(400900 nm) region. Strikingly, we find that the nanohy-
brid shows ESA in the entire region. However, in this

TABLEI. ESA coefficient (8) and saturation intensity (/;), cal-
culated by fitting the experimental data using Eq. (S3) within the
Supplemental Material [39].

Excitation Sample B Tt
(1073 cm GW™1) (102 GW cm™2)
A =800nm SWCNT —(6+02) 6+0.6
VSe, —(54+0.3) 10£0.3
SWCNT-VSe, 3542 240.7
A =560nm  SWCNT 1241 7404
VSe, —-(3+0.7) 201
SWCNT-VSe, 64+ 3 4402

spectral region, VSe; shows only SA, whereas SWCNT
displays either weak ESA or SA at the location of the van
Hove singularities in the density of states. More details of
other wavelength experimental data can be found in Sec.
S5 within the Supplemental Material [39].

The contrasting SA and ESA response of the SWCNT
can be understood in terms of its van Hove singularities
[55]. The energy gaps between the van Hove singulari-
ties can be obtained using the zone-folding method [54],
and it can be pictorially depicted using the well-known
Kataura plot [56]. The excitation wavelengths 800 and 900
nm show that the SA is linked with the saturation of M,
and Ey, transition (see Sec. S6 within the Supplemental
Material [39]). These excitations guide a large population
of carriers in the conduction band, which restricts further
absorption of photons within the pulse duration due to
Pauli blocking, giving rise to SA. On the other hand, the
excitation wavelengths 400, 560, and 670 nm show weak
ESA predominantly due to the transitions from E3; and
E44 levels to the higher-energy levels [55]. Furthermore,
VSe, exhibits SA at all excitation wavelengths except 400
nm, even when excited with photons of lower energy com-
pared to the band gap. Such a result in VSe; is attributed
to the band-structure modulation caused by V or Se atomic
deformity [57] or the coexistence of metallic and semicon-
ducting states in layered 2D materials [58]. Figure S14(c)
within the Supplemental Material [39] shows the band
structure of VSe,, and the blue lines below the conduction
band represent the sub-band-gap absorption band formed
by the metallic state. Here, the saturation in absorption
occurs as the conduction band is filled by the photoexcited
carriers from the valence band.

We establish ESA, a third-order nonlinear optical pro-
cess in SWCNT—VSe; over a broad spectral range, using
charge transfer from donor VSe; to acceptor SWCNT. It is
worthwhile to note that VSe, shows only SA (increased
transparency at a high intensity) over the entire range,
whereas SWCNT shows ESA at van Hove singularities
and SA for other wavelengths. The condition for observ-
ing ESA is that the excited-state absorption cross section
(ogs) must be greater than the ground-state absorption
cross section (ogs), and if this condition is not satisfied,
the material will show SA [7,59]. By charge transfer from
donor to acceptor material, we can achieve the condition
0gs > 0gs. This way, we can induce ESA in materials that
show only SA. For instance, SWCNT shows SA or weak
ESA, which can be converted into ESA or enhanced to
many orders by making a hybrid with electron-donating
VSe,. Table II shows that ogg > ogs for SWCNT-VSe,
due to charge transfer. These results certainly ascertain that
the enhancement of the nonlinear optical properties of the
nanohybrid is due to the charge transfer.

To understand the charge-transfer mechanism, we per-
formed first-principles density-functional theory (DFT)
calculations using the Vienna ab initio simulation package
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TABLE II. Ground-state (ogs) and excited-state (ogs) absorp-
tion cross sections at 800 and 560 nm.
Excitation Sample 0Gs OES
(107 cm?) (10720 cm?)
A = 800 nm SWCNT 1.84+0.2 0.74+0.1
VSe, 2.0+0.5 1.1+£0.2
SWCNT-VSe, 1.34+0.2 6.6 +0.8
A =560 nm SWCNT 0.54+0.1 1.54+0.2
VSe, 1.0+0.2 0.3 &+ 10.
SWCNT-VSe, 1.54+0.3 7.54+09

(VASP) [60—63]. The details of the calculations [64—66]
are presented in Sec. S7 within the Supplemental Mate-
rial [39]. After optimizing the bulk geometry of VSe, we
made the (001) plane of VSe; as it has an intense peak in
the XRD pattern. The geometry optimized structure of the
(001) plane of VSe; is depicted in Fig. 4(a). Using the opti-
mized surface of VSe,, we generate the nanohybrid layer
SWCNT-VSe; considering the SWCNT to have the chi-
rality of (8,0). Then we allow the nanohybrid structure to
relax, and the minimum energy configuration is shown in
Fig. 4(b). To find the orbital interactions and the charge-
transfer mechanism, we compute the atom projected partial
density of states (PDOS). Figures 4(c) and 4(d) display the
PDOS for C 2p orbital and V 3d orbital for the nanohybrid
as well as their controls. From Fig. 4(c), it can be seen that
the appearance of two intense peaks (blue color) around
—1 eV and close to —6 eV below the Fermi level for C 2p
orbital for SWCNT—VSe, (lower panel) (green elliptical
circle) compared to that of control SWCNT (upper panel)
(red elliptical circle). The appearance of intense peaks
below the Fermi level (green elliptical circle) qualitatively
indicates charge gain by the C 2p orbital of SWCNT when
it interacts with VSe;. Similarly, in Fig. 4(d), we can see
an intense peak at the Fermi level for V 3d orbital (black
line, upper panel) (green elliptical circle) of VSe,, which
is reduced for the case of SWCNT—VSe; as indicated by
reduced peak (green line at Fermi level, lower panel) (red
elliptical circle). The reduction in electronic states in the
valence band of V 3d orbital and enhancement for C 2p
orbital in the nanohybrid signify charge transfer from V 3d
orbital to C 2p orbital. In order to obtain a quantitative esti-
mate of the charge transfer, we perform the Bader-charge
analysis. As per Bader, charge partitioning [67] estimates
a transfer of 0.446e charge from each formula unit of VSe,
to SWCNT. This charge transfer is likely to play a role in
changing the optical properties of the composite structure,
which shows ESA over a broad optical range, opposed to
the individual decoupled materials, which either show no
ESA or show ESA at very specific frequencies.

To find the spatial distribution of the charge-
density variation, we plot the charge-density difference,
P (SWCNT —VSe,)-p(VSe,) in Fig. 4(e) for an isovalue
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FIG. 4. (a) Geometry relaxed structure of the VSe, layer. (b)

Optimized structure of the SWCNT—VSe, nanohybrid. Purple,
cyan, and green spheres represent vanadium, selenium, and car-
bon atoms, respectively. (c) PDOS for the C 2p orbital of the
control SWCNT (upper panel) and for SWCNT hybridized with
VSe; (lower panel). The Fermi level is set at 0 eV, and it is
denoted by a dotted line. There is an enhancement in electronic
states (green elliptical circle) for the C 2p orbital of SWCNT
when it is hybridized with VSe,. (d) PDOS for the V 3d orbital
of control VSe; (upper panel) and when VSe; is hybridized with
SWCNT (lower panel). There is a reduction in electronic states
(red elliptical circle) for the V 3d orbital of VSe, when it is
hybridized with SWCNT. (e) Charge-density distribution plot for
charge-density difference between SWCNT—VSe, and VSe, for
isovalue of 0.107e. The charge gain region in SWCNT is shown
by blue color and charge-loss region in VSe, by red color.

of 0.107e. The red region corresponds to the charge-
loss region and the blue and green region corresponds
to the charge-gain region. So, the charge density isosur-
faces with red color over the VSe, region indicate charge
loss from VSe,, whereas charge-density isosurfaces in
blue color over SWCNT indicate charge gain by SWCNT.
Our PDOS analysis, Bader-charge analysis, and charge-
density plot are consistent and indicate charge transfer
from V 3d orbital to C 2p orbital, supporting the exper-
imental findings. This equilibrium analysis indicates the
possibility of charge transfer from VSe, to SWCNT in
the nonequilibrium femtosecond regime. To model the Z-
scan measurements, we adopt a minimal five-level rate
equation, whose phenomenology is depicted in Fig. 5(a).
Our model includes (i) one prominent optical transition
in VSe,, (ii) two prominent optical transitions in SWCNT
(one from the ground state, and the other transition cap-
tures all excited state transitions between the multiple van
Hove singularities of the SWCNT) and (iii) charge transfer
from the photoexcited state in VSe, to the excited state in
SWCNT. The five-level rate equation (see Sec. S8 within
the Supplemental Material [39]) captures the time dynam-
ics of the population [Ny, Ny», Nsi1, Nsa, N3 as indicated
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function of position using our five-level rate-equation model,
which is in good agreement with the experimental results at
(b) 800 nm and (c¢) 560 nm. (d) The decay lifetime of con-
trol VSe, and the nanohybrid as measured by time-resolved PL
measurements.

in Fig. 5(a)] of each of these levels. Based on the dynam-
ical population of these levels, the transmitted intensity
through the sample can be obtained from,

dl(Z)
7 = [—00Nvo — 01Nso — orsNs1]11(Z2). (1)
Here, 1(Z) is incident laser intensity, oy is the ground-
state absorption cross-section of VSe;, o, and ogg are
the ground and excited state absorption cross-section of
SWCNT, respectively.

The numerically simulated normalized transmitted
intensity through the sample, using this five-level rate
equation, broadly captures all the major features of the
experimental measurements shown in Figs. 5(b) and 5(c),
as indicated by the solid line. Upon photoexcitation, elec-
trons from the valence band of VSe, are transferred to S,
of SWCNT, and intraband absorption from the S to the S,
state results in ESA. This can be inferred from the dramatic
increase in ogs due to ultrafast charge transfer between
VSe, and SWCNT.

To understand this better, we examine the time-resolved
PL measurements upon excitation with a 298-nm laser
and emission at 455 nm for control VSe, and nanohybrid,
shown in Fig. 5(d). The experimental details are provided
in Sec. S9 within the Supplemental Material [39]. The
decay curves for the nanohybrid and control VSe, are
nicely fitted by exponential functions, and the details of
the fitting parameters are mentioned in Table S11 within
the Supplemental Material [39]. We estimate the average

lifetime of the carriers using the following equation:

3
Ei:lAiTi

T) = .
=37

)

Here, 4; and t; are the pre-exponential factors and excited-
state fluorescence lifetimes associated with the ith com-
ponent, respectively. The PL average lifetime of the VSe,
is found to be (742 4 60) ps, which drastically reduces
to (238 £24) ps in SWCNT-VSe,, indicating efficient
charge transfer. Having demonstrated the idea of charge-
transfer-mediated nonlinear absorption, we now focus on
the sign and magnitude of the nonlinear refractive index
(ny). To investigate the n,, we employ closed aperture Z-
scan measurement by putting a small aperture in the far
field in front of the detector so that transmission reduces to
one by third of the incident intensity, which results in the
broadening or narrowing of the transmitted beam. Figures
6(a)—6(d) show the closed aperture Z-scan peak shape of
the nanohybrid and control systems at 800 (560) nm wave-
length at a peak intensity of 111 (107) GW cm™2. The
closed aperture Z-scan peak shapes demonstrate a prefo-
cal transmittance minimum (i.e., the valley) followed by
a postfocal transmittance maximum (i.e., the peak) pat-
tern in the measured intensity range, which indicates a
self-focusing nature (positive refractive nonlinearity) with
= (52+4) x 10%and (15 +3) x 1077 cm® GW~! for
nanohybrid, at 800 and 560 nm, respectively. Further, we
explain the reason behind the mechanism of nonlinear
refraction in nanohybrid and controls. The laser excitation
with nonresonant wavelength generates the free carriers,
which leads to the nonlinear refraction of a self-focusing
nature of VSe,. Meanwhile, the delocalized 7 electrons
and free carrier in the conduction band of sp? domains may
contribute to the nonlinear refraction of the self-focusing
nature of SWCNT, and nanohybrid [68]. The estimated #;
values using Eq. S4 [69] within the Supplemental Material
[39] are presented in Table I1I. We find that the n, values
of the nanohybrid are an order of magnitude higher than
the controls.

The many-fold enhancement in the ESA and the non-
linear refractive index of nanohybrid over a broad spectral
range indicates its potential application as an ideal opti-
cal limiter in the entire visible-to-near-infrared region. To

TABLE III. Nonlinear refractive index (n;) is calculated by fit-
ting the experimental data using Eq. S4 within the Supplemental
Material [39].

Sample ny (107°% cm? GW™Y) 1y (1077 cm? GW 1)
800 nm 560 nm

SWCNT 50+02 1340.1

VSe, 42403 24403

SWCNT-VSe, 52+4 1543
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FIG. 6. Closed aperture Z-scan trace of SWCNT—VSe;,
SWCNT, and VSe,. Normalized transmittance as a function
of position at the excitation wavelength of (a) 800 nm, peak
intensity of 111 GW cm™2 (b) 560 nm, peak intensity of
107 GW cm™2. Solid lines represent the theoretical fit using
Eq. S4 in Sec. S4 within the Supplemental Material [39]. The
variation of n, with intensity at (c) 800 nm, (d) 560 nm.

demonstrate this, we construct a liquid cell-based optical
limiter of path length 1 mm using the aqueous solu-
tion of SWCNT—VSe; as an optical-limiting medium. The
schematic of our device is shown in Fig. 7(a), and it has
a linear transmittance (7) of 70%. We characterize the
strength of optical limiting of our device using the (i)
onset threshold Fy, defined as the input intensity at which
the normalized transmittance starts to deviate from lin-
earity and (ii) the limiting differential transmittance ]Jdiff
(= dlyw/dliy). An ideal optical limiter should have a very
low F,, and low ]Jdiﬁ. The onset threshold and differential
transmittance measurement are shown in Sec. S10 within
the Supplemental Material [39], and values are listed in
Table IV. Figures 7(b) and 7(c) show F,, and YJdiﬁ of

WCNT-VSe,
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FIG. 7. (a) Schematic of the liquid cell-based optical-limiting
device. It comprises a 1-mm path-length liquid cell that contains
an aqueous solution of SWCNT—VSe, acting as an optical lim-
iting medium. The concentration of the limiting medium in the
distilled water is 1 mg/ml, with linear transmittance 7'~ 70%.
When the lower intensity beams fall in the linear response regime
(marked by yellow/red), our device will allow the light to pass
through. However, above the threshold limit (green region), the
system will act as an optical limiter and attenuate the intense
beam. The threshold for the onset of nonlinearity F,, and the
differential transmittance (Tdiff) of our device, as a function of
the excitation wavelength for (b) SWCNT (c) SWCNT-VSe,
nanohybrid.

our device as a function of the excitation wavelength in
the entire visible-to-near-infrared region for SWCNT and
SWCNT-VSe, nanohybrid, respectively. In the case of
control VSe;, this plot is not appreciable because, the
near-infrared region, VSe, does not show optical limiting
properties as they show SA. Our device sets a performance
benchmark for optical limiting in the femtosecond regime
over a wide spectral range. A comparison of our device’s
performance with other optical limiters in their respec-
tive wavelength range is presented in Table IV. An added
advantage of our liquid-based optical limiters is that they

TABLE IV. Comparison of nonlinear optical parameters such as F,, and ]Jdiﬁ of different optical limiters in visible-to-near-infrared

region.

System Wavelength (nm) LinT Fon (mJ cm™2) Tdiﬂ References
SWCNT-VSe, 400 67 2.5 0.52 Present work
SWCNT-VSe, 560 70 8 0.62 Present work
SWCNT-VSe; 670 68 6 0.57 Present work
SWCNT-VSe, 800 70 4 0.54 Present work
SWCNT-VSe, 900 66 3 0.53 Present work
AuNP-RGO 532 70 50 0.3 [23]
ReS; 1064 90 700 0.64 [70]
Graphene thin film 532 73 10 0.1 [71]
Graphene nanoribbon 532 70 100 e [72]
CdS nanoparticles 532 70 300 0.56 [73]
Si0,-Se 800 85 54 e [74]
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self-heal, permitting high dynamic ranges limited only by
the damage to cell windows.

IV. CONCLUSION

In summary, we demonstrate the ultrafast third-order
nonlinear optical response of SWCNT—VSe, nanohybrid
using the Z-scan technique with femtosecond laser pulses
over the entire visible-to-near-infrared region due to syner-
gistic charge transfer. Such donor-acceptor charge transfer
in nanohybrid results in an unprecedented enhancement
in the ESA and many-fold enhancement in the nonlin-
ear refraction of self-focusing nature. Our first-principles-
based calculations using the density-functional theory and
Bader-charge analysis show electrons are transferred from
VSe, to SWCNT. Based on this, we design a five-level
rate-equation model that captures the physics of the ultra-
fast nonlinear optical response both qualitatively and quan-
titatively. Furthermore, we fabricate an optical-limiting
device operating over the entire visible-to-near-infrared
region with useful device parameters better than that found
in several other benchmark optical limiters in the fem-
tosecond regime. Our experimental and theoretical results
in the nanohybrid provide alternative design guidelines for
tuning and controlling the ultrafast third-order nonlinear
optical response for potential applications in all-optical
signal processing, optical switching, optical limiting for
laser safety glasses, and quantum information with a wide
operating bandwidth.
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