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There is great interest in transition metal-doped InSe because of its high nonlinearity and ultrafast response
time at higher light fluence. Herein, Ag-doped InSe nanofilms were precisely manufactured using a direct
current-radio frequency sputtering method, and their ultrafast broadband nonlinear optical responses in
near-infrared were systematically researched. Ag-doped InSe nanofilm exhibited a broadband nonlinear
optical response (800-1100 nm) and ultrafast carrier absorption (<1 ps), and can act as a potential
semiconducting material for all-optical devices. Through precise control of the sputtering process
parameters, Ag-doped InSe nanofilms were successfully prepared that were smooth, uniform, and
exhibited no cracks. Nonlinear optical studies (femtosecond transient absorption spectroscopy and Z-
scan measurement) indicated that nonlinear absorption behavior in Ag-doped InSe nanofilm withstands
a transformation from saturation absorption to reverse saturation absorption arising from ground state
bleaching, free-carrier absorption (FCA), and two-photon absorption (TPA). Additionally, nonlinear
refraction behavior in Ag-doped InSe nanofilm was successfully detected near the intrinsic absorption

edge, which arose from Kerr refraction and free-carrier refraction. More importantly, the broadband
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Accepted 10th December 2019 nonlinear response, ultrafast carrier absorption, and carrier recovery time of Ag-doped InSe nanofilm has

the ability to controllably tune via Ag doping. Furthermore, Ag-doped InSe nanofilm possesses the
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Introduction

It is well known that semiconducting materials exhibit unique
nonlinear optical response features, including optical bist-
ability, optical Kerr effect, and three-/four-wave mixing."* The
unique light-matter interactions in semiconducting materials
represent an important step towards their wide-range applica-
tion in optical bistable devices, interferometers, and optical
oscillators.*® In the nonlinear optical domain, semiconducting
materials have been found to exhibit nonlinear optical
responses such as Kerr refraction and two-photon absorption
(TPA), which can be extensively applied in optical switching,
optical communication, and optical limiting.”** When the
energy gap (E,) and energy of incident photon (4v) meet the
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nonlinear figure of merit (FOM) of 2.02, which indicates that Ag-doped InSe nanofilm is a promising
semiconducting material for all-optical switching devices in near-infrared.

requirement (iv < E, < 2hv), this leads to TPA behavior."> When
the nonlinear absorption is a TPA mechanism, E; and Av meet
the requirement (0.7 < hv/E, < 1.0), leading to Kerr refraction
behavior.” Furthermore, the nonlinear absorption and refrac-
tion behaviour in semiconducting materials is also modulated
by the photo-induced free-carrier effect. For instance, semi-
conducting materials such as GaN that exhibit TPA, free-carrier
absorption (FCA), and Kerr refraction behaviour with large
nonlinear absorption and refraction coefficients have been
utilized in all-optical device applications.* Nonetheless, many
challenges in semiconducting materials still exist, such as the
need for a broadband nonlinear optical response, ultrafast
carrier absorption, higher nonlinear absorption coefficient, and
nonlinear refraction index.

Recent experimental studies on InSe (III-VI group
compound semiconductor) indicate that InSe exhibits excellent
nonlinear optical responses that can be extensively applied in
all-optical devices."'® To further enhance its nonlinear optical
responses and widen its all-optical device applications, InSe is
continually doped with transition metal elements."”™* Multiple
transition metal elements were selected to manufacture tran-
sition metal-doped InSe due to their robust optical properties
that lead to promotion of their wide application in all-optical
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devices.”*** Among the multiple transition metal elements,
silver (Ag) from group IB can act as an excellent dopant for InSe
because it can increase the excited absorption cross-section and
effectively promote absorption in the excited state in near-
infrared. With successful doping, Ag effectively modulated the
energy gap and enhanced the TPA and FCA in InSe, which
facilitated the movement of the nonlinear optical response
band to broadband and established nonlinear refraction. A
fundamental understanding of the ultrafast broadband
nonlinear optical responses in Ag-doped InSe nanofilm and the
Ag doping effect is necessary to engineer more optimal transi-
tion metal-doped InSe material for all-optical devices.

Herein, Ag-doped InSe and pure InSe nanofilms were
precisely manufactured using a direct current-radio frequency
sputtering technique. Ag-doped InSe nanofilm exhibits
a broadband nonlinear optical response, ultrafast carrier
absorption, higher nonlinear absorption -coefficient, and
nonlinear refraction index in near-infrared light, and the end
product is a potential semiconducting material for all-optical
devices. Through precise control of sputtering process param-
eters (such as sputtering temperature, reactant pressure, radio
frequency power, deposition time, and shielding gas flow),
a smooth, uniform nanofilm with no cracks and with a mean
size of 30-40 nm was successfully prepared for Ag-doped InSe
nanoparticles. Via femtosecond Z-scan and transient absorp-
tion spectroscopy measurements, it was found that the
nonlinear absorption behaviour withstood a transformation
from saturation absorption to reverse saturation absorption in
Ag-doped InSe film at near-infrared wavelengths, which
occurred due to ground state bleaching, TPA, and FCA. Addi-
tionally, Kerr refraction and free-carrier refraction behaviours
were observed in Ag-doped InSe nanofilm because of the
formidable TPA, FCA, and excitation wavelength proximity to
the intrinsic absorption edge. The values of the effective
nonlinear absorption coefficient and nonlinear refraction index
in Ag-doped InSe nanofilm were calculated under 800 nm and
1100 nm excitation. The unique nonlinear optical response of
the Ag-doped InSe nanofilm was observed to be dependent on
the Ag doping effect.

Building on the ultrafast broadband nonlinear optical
responses found in Ag-doped InSe nanofilm at near-infrared,
a nonlinear figure of merit (FOM) was calculated under
800 nm and 1100 nm excitation, and can be extensively applied
in all-optical switching devices in femtosecond pulse lasers.
Worthy of special mention in this work, an Ag-doped InSe
nanofilm successfully increased the FOM values compared to
pure InSe nanofilm under the same excitation conditions in
near-infrared wavelengths.

Experimental section

The Ag-doped InSe nanofilms were precisely manufactured on
sapphire substrates using a direct current-radio frequency
sputtering technique (Fig. 1a).?>** The Ag-doped InSe and pure
InSe nanofilms were examined by transmission electron
microscopy (TEM) and scanning electron microscopy (SEM) to
measure their thickness, composition, and structure (Fig. 1b-1).
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Compared with pure InSe nanofilm, the distribution of the Ag-
doped InSe nanofilm tends to more smooth, uniform, and with
no cracks. The mean size for Ag-doped InSe nanoparticles is 30-
40 nm. In addition, cross-sectional SEM indicated that the Ag-
doped InSe and pure InSe nanofilms are 320 and 316 nm
thick, respectively.

High-resolution transmission electron microscopy (HRTEM)
and selected area electron diffraction (SAED) from TEM obser-
vation are shown in Fig. 1(d, e, h and i), from where the lattice
interplanar spacing is measured to be 0.846 nm, 0.423 nm, and
0.351 nm corresponding to the (002), (004), and (100) planes of
hexagonal InSe, respectively. Furthermore, diffraction rings on
the (103) and (110) planes for hexagonal InSe were also observed
in the Ag-doped InSe nanofilm. The SAED pattern contained
multiple diffraction rings, which demonstrate the poly-
crystalline nature of the hexagonal Ag-doped InSe product.
Characterized by TEM micrograph, it was found that Ag doping
does not affect the crystalline structure of InSe. According to the
corresponding elemental mapping images (Fig. 1j-1), elemental
Ag, In, and Se were equally dispersed throughout the entire Ag-
doped InSe nanofilm.

The quantitative elemental analysis of Ag-doped InSe and
pure InSe nanofilms included energy dispersive spectroscopy
(EDS). Fig. 2a clearly shows that the concentration of incorpo-
rated Ag in the Ag-doped InSe nanofilm was 3.71%, and there
are no peaks of impure elements from other materials. The
linear absorption spectra of Ag-doped InSe and pure InSe
nanofilms were characterized with a UV-Vis-NIR spectropho-
tometer, as shown in Fig. 2b. It is clearly seen that the intrinsic
absorption edge of the Ag-doped InSe nanofilm exhibits
a redshift compared with that of the pure InSe nanofilm. The
reason for this phenomenon is that the density of states at the
bottom of the conduction band is sparse, and the carrier caused
by the Ag doping enters the conduction band, which leads to
Moss-Burstein drift.**** The nonlinear optical response band
may also exhibit shift dependence similar to that of linear
absorption. For linear absorption, the following relational
expression applies*®

C
o= ﬁ(hv —
where « denotes the absorption coefficient, E, denotes the
energy gap, C denotes a constant, v denotes the incident
photon energy, and n denotes an index (n = 1, 2, 3...). The
calculated values of the energy gap (E,) for Ag-doped InSe and
pure InSe nanofilms were 1.75 and 1.89 eV, respectively.

E,)" (1)

Results and discussion

To further understand the mechanism governing nonlinear
optical responses and evaluate the nonlinear refractive index
and nonlinear absorption coefficient, femtosecond Z-scan
measurements were obtained for Ag-doped InSe and pure
InSe nanofilms (see Fig. 3 and 4).>”*® The excitation wavelength
at 800 nm and 1100 nm was emitted from an optical parametric
amplifier pumped by a Yb:KGW femtosecond laser (pulse width:
190 fs, repetition rate: 20 Hz, beam waist: 20 um, and focal
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(a) lllustration of direct current-radio frequency sputtering system setups for Ag-doped InSe nanofilm. (b) and (c) SEM micrographs of Ag-

doped InSe nanofilm. (d) HRTEM micrograph of Ag-doped InSe nanofilm. (e) SAED pattern of Ag-doped InSe nanofilm. (f) and (g) SEM micro-
graphs of pure InSe nanofilm. (h) HRTEM micrograph of pure InSe nanofilm. (i) SAED pattern of pure InSe nanofilm. (j—1) Elemental mapping

images of Ag-doped InSe nanofilm.
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Fig. 2 (a) EDS image of Ag-doped InSe and pure InSe nanofilms. (b)

Linear absorption spectrum of Ag-doped InSe and pure InSe nano-
films. The inset shows graphs of absorbance vs. photon energy.

length of lens: 30 cm). The femtosecond open aperture Z-scan
signals from the pure InSe nanofilm display reverse saturation
absorption behavior under 800 nm excitation as shown in
Fig. 3a, yet no signals were observed with excitation at 1100 nm
in Fig. 3b. In consideration of the linear absorption spectrum
results for pure InSe nanofilm in Fig. 2b, the reverse saturation
absorption behavior of pure InSe nanofilm in femtosecond
open aperture Z-scan measurement is ascribed to TPA effect.
The induced absorption change can be expressed as*

o=yt Gl 2

where « denotes the entire absorption coefficient, I denotes
the peak intensity of the incident laser, and «, and 8 denote the
linear and TPA coefficient, respectively. The fitting result in
Fig. 3a shows that the TPA coefficient (8) with different peak
intensities of incident laser under 800 nm excitation was eval-
uated as the same value (=210 cm GW ).
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Fig. 3 (a) The femtosecond open aperture Z-scan data for pure InSe

nanofilm detected at (a) 800 nm and (b) 1100 nm. The femtosecond
open aperture Z-scan data for Ag-doped InSe nanofilm detected at (c)
800 nm and (d) 1100 nm.
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Fig. 4 The femtosecond closed aperture Z-scan signals of Ag-doped
InSe nanofilm detected at (@) 800 nm and (b) 1100 nm. (c) The
femtosecond closed aperture Z-scan signals of pure InSe nano film
detected at 800 nm and 1100 nm.
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It is well known that surface plasmon resonances in transi-
tion metal nanoparticles strongly enhance light-matter inter-
actions.*® On this occasion, the robust plasmon-induced
increase in the local electric field was found to enhance
nonlinear optical responses by increasing the excited absorp-
tion cross-section.** We tested the nonlinear optical responses
of Ag-doped InSe nanofilm. The conversion behavior from
saturation absorption to reverse saturation absorption at two
different excitations (800 nm and 1100 nm) under different
peak intensities of incident laser were measured as shown in
Fig. 3c and d.

Saturation absorption behavior was observed across the
800 nm to 1100 nm range under low peak intensity of incident
laser in femtosecond open aperture Z-scan measurement
(Fig. 3c and d). Ag doping destroys the original lattice symmetry
and forms the doping level, which boosts the optical absorption
of ground state electrons. These electrons are promoted to the
bottom of the conduction band in order to realize ground state
bleaching, which generates saturation absorption behavior in
Ag-doped InSe nanofilm.** As the peak intensity of the incident
laser increases, a tiny valley emerges on the original saturation
absorption peak and becomes deeper. TPA and FCA are
enhanced at high peak intensity of the incident laser due to
reverse saturation absorption. As we discussed, there are two
nonlinear absorption mechanisms with contrary signs in Ag-
doped InSe nanofilm from 800 to 1100 nm. In order to inter-
pret the nonlinear absorption behavior, we found a phenome-
nological model that is associated with reverse saturation
absorption and saturation absorption. For the entire absorption
coefficient, the following relational expression applies®

1

Q=0 A + Berrd (3)
where I denotes the peak intensity of the incident laser, I
denotes the saturation peak intensity of the incident laser,
«a denotes the entire absorption coefficient, and «y and B
denote the linear and effective nonlinear absorption coefficient,
respectively. In eqn (3), the first and second term describe the
negative nonlinear absorption and positive nonlinear absorp-
tion, respectively. Moreover, the negative nonlinear absorption
is caused by saturation absorption, while the positive nonlinear
absorption is due to reverse saturation absorption. For an open
aperture Z-scan, the normalized transmittance expression
applies:*

{ —Begr I Lesr ] "

T(z) = Zﬂ

“— (m+1) (@)

where Leg = (1 — e “")/aq, Leg denotes the effective interaction
length, L denotes the thickness of the sample, o, and B¢ denote
the linear and effective nonlinear absorption coefficient,
respectively, I denotes the peak intensity of the incident laser, z
denotes the distance from sample to focus (z = 0), and z,
denotes the diffraction length of the beam. The nonlinear
optical absorption of Ag-doped InSe nanofilm is precisely fitted
with the phenomenological model, as shown in Fig. 3c and d.
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The effective nonlinear absorption coefficients (B.¢) of Ag-
doped InSe nanofilm were found to be linearly enhanced with
increasing peak intensity of the incident laser, and the values of
Ber at two excitation wavelengths (800 nm and 1100 nm) are
presented in Table 1.

The femtosecond closed aperture Z-scan signals from Ag-
doped InSe nanofilm under 800 nm and 1100 nm excitation
display Kerr refraction behavior, as shown in Fig. 4a and b, yet
no signals were detected when the pure InSe nanofilm was
excited at 800 nm and 1100 nm, as shown in Fig. 4c. In
consideration of the linear absorption spectrum results for the
Ag-doped InSe nanofilm in Fig. 2b, the intrinsic absorption edge
of the Ag-doped InSe nanofilm proximity to excitation wave-
length (800 nm and 1100 nm) as a result of Ag doping reduces
the energy gap of InSe. On this occasion, a strong systematic
dispersion of the bound electronic nonlinearity (Kerr effect)
appears near the intrinsic absorption edge, which eventually
leads to the establishment of Kerr refraction and free-carrier
refraction behaviors in Ag-doped InSe nanofilm at different
peak intensities of incident laser under 800 nm and 1100 nm
excitation.”® With the assumption of a Gaussian profile for the
incident laser, the variation of the on-axis sample transmittance
in far field is proportional to the phase shift**

2
AD = TWLeffnzl 5)

where Leg = (1 — e *)/ag, Legs denotes the effective interaction
length, L denotes the thickness of the sample, o, denotes the
linear absorption coefficient, I denotes the peak intensity of the
incident laser, 2 denotes the excitation wavelength, and n,
denotes the nonlinear refractive index. In the Kerr system, the
nonlinear refractive index possesses the same radial profile as
the peak intensity of the incident laser, and then, the difference
between the normalized peak and valley transmittance (AT}.,)
and the peak-to-valley separation in z (AZ,,) is given by:**

AT, , = 0.406A%, AZ,, , = 1.7z (6)

The values of n, can be extracted from the fittings of the
closed aperture Z-scan curves using eqn (5) and (6). In addition,
the FOM of the Ag-doped InSe nanofilm under 800 nm and
1100 nm excitation was calculated, and it was used to measure
their performance in all-optical switching applications. The
values of FOM and n, at two excitations (800 nm and 1100 nm)
are presented in Table 1.

The transient absorption spectroscopy technique was used
to characterize the nonlinear optical response of Ag-doped InSe
and pure InSe nanofilms. The excitation wavelength at 620 nm
was emitted from an optical parametric amplifier pumped by
a Yb:KGW femtosecond laser with a pulse width of 190 femto-
seconds. The typical pump fluence was <100 pj cm 2. The probe
pulses from the white-light supercontinuum (800-1100 nm)
were generated by focusing 1030 nm laser pulses onto a YAG
crystal [see Fig. 5 and 6].***° The alteration of absorption
intensity at specific wavelengths obtained by the transient
absorption spectra experiment is expressed by the optical

This journal is © The Royal Society of Chemistry 2020
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Table 1 Summary of fitting parameters for a femtosecond Z-scan in Ag-doped InSe nanofilm at different peak intensities of incident laser and

excitation
Wavelength 1
(nm) (GW em™?) Ber (x10% cm GW ™) n, (x107% cm® GW 1) FOM
800 25.6 2.4 2.8 1.46
128 3.1 3.8 1.53
256 4.8 6.5 1.69
359 7.3 9.2 1.56
1100 10.4 -1.8 3.0 1.52
50.2 2.4 4.3 1.63
104 3.1 6.9 2.02
152 4.2 8.6 1.86

Time Delay (ps)

800 850 900 950 1000 1050 1100

Wavelength (nm)

—-05ps
—0.6 ps
Sps
4400 ——30ps
1wl —— 1000 ps

Time Delay (ps)

850 900

950 1000 1050 1100 800 850 900 950 1000 1050 1100

Wavelength (nm) Wavelength (nm)

Fig. 5 (a) and (b) The transient absorption spectra of pure InSe
nanofilm in the near-infrared region at 620 nm excitation. (c) and (d)
The transient absorption spectra of Ag-doped InSe nanofilm in the
near-infrared region at 620 nm excitation.

density (AOD) variation. For the transient absorption spectra
experiment, the optical density (AOD) is given by*”

AOD(ApaI) = 710g10(Ton/Toff) (7)

where t denotes the delay time, A, denotes the wavelength of the
probe beam, T,, denotes the transmission of the probe beam
with the pump beam, and T, denotes merely the transmission
of the probe beam.

The transient absorption spectra signals from pure InSe
nanofilm under 800-875 nm excitation display reverse satura-
tion absorption (AOD > 0) as shown in Fig. 5a and b, yet no
signals were detected at other probe spectral regions. At 0.25 ps
delay time, a Drude-like free carrier response in pure InSe
nanofilm was observed, synchronously with a reverse saturation
absorption signal (AOD > 0) almost straightway centered at
820 nm after excitation.*® During the entire delay time, the
signal peak in the transient absorption spectra did not signifi-
cantly move, indicating that the reverse saturation absorption
may originate from the identical excited state energy level.'® It
can be seen from the experimental result of the transient

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 (a) and (b) The transient absorption curves of pure InSe nano-
film under disparate timescales at 620 nm excitation. (c) and (d) The
transient absorption curves of Ag-doped InSe film under disparate
timescales at 620 nm excitation.

absorption spectra in Fig. 5¢ and d that the Ag-doped InSe
nanofilm withstands a transformation from saturation
absorption to reverse saturation absorption with a broadband
nonlinear response (800-1100 nm). After photoexcitation,
a bleaching peak appears at 1000 nm (AOD < 0). As the delay
time increases, the bleaching peak broadens and then
completely disappears within several picoseconds. In the wake
of delay time increases, the reverse saturation absorption signal
(AOD > 0) covered all the probing wavelengths, maintaining
a broadband transient absorption spectrum that continued to
several nanoseconds.*

It should also be noted that the sapphire substrate has no
transient absorption signal under the same photon excitation.
Consequently, the influence of substrate effect on the transient
absorption experiment can be eliminated. We confirmed that
the transient absorption signal is repeatable at different spots
on Ag-doped InSe and pure InSe nanofilms, indicating that the
uniformity of nanofilms is superior, and no photo-induced
damage of the nanofilms was observed during our transient
absorption experiment. Compared with pure InSe nanofilm, the
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transient absorption of Ag-doped InSe nanofilm has obvious
advantages in broadband nonlinear response, ultrafast carrier
absorption, nonlinear absorption intensity, and complicated
absorption mechanisms.

The transient absorption curves of the pure InSe and Ag-
doped InSe nanofilms under disparate timescales at 620 nm
excitation are shown in Fig. 6. The results of the transient
absorption experiment show that the pump beam effect does
not influence the carrier recovery during the entire decay time,
which manifests as the transient absorption experiments being
implemented at low destabilization condition. Via global anal-
ysis, the transient absorption curves showing the entire delay
time in pure InSe and Al-doped InSe nanofilms were fitted by
double and triple exponential functions. For carrier recovery
time, the following relational expression applies:*®

A_f = By exp(—t/71) + B, exp(—/12) (8)

% — By exp(—t/71) + B> exp(—/©>) + By exp(—t/3)  (9)

where B,, B,, and B; denote the amplitudes of the first, second,
and third components, respectively. The values for the carrier
recovery time in pure InSe nanofilm at 620 nm excitation were
calculated as 1.71 + 0.26 ps (7;) and 3.25 + 0.24 ns (t,). The
values for the carrier recovery time in Ag-doped InSe nanofilm at
620 nm excitation were calculated as 1.62 + 0.25 ps (14), 12.72 +
0.79 ps (t2), and 3.13 £ 0.15 ns (t3). A schematic diagram of
carrier recovery time is shown in Fig. 7. The first carrier recovery
time (7,) of pure InSe nanofilm is attributed to the cooling of
thermal carriers with femtosecond optical pulses. The second
carrier recovery time (1) of pure InSe nanofilm is ascribed to the
recovery of non-radiation transition for carriers from the
bottom of the conduction band to the top of the valence band.
The first carrier recovery time (t;) of Ag-doped InSe nanofilm is
attributed to the cooling of thermal carriers, which is imple-
mented by carrier-phonon interactions after the carriers are
excited in the Ag-doped InSe nanofilm with femtosecond optical
pulses. The second carrier recovery time (7,) is ascribed to the
recovery of non-radiation transition for carriers from the

Doping level

Excitation
~190 fs

Excitation

VB

Fig. 7 (a) lllustration of pure InSe nanofilm band and carrier recom-
bination process. (b) Illustration of Ag-doped InSe nanofilm band and
carrier recombination process.
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bottom of the conduction band relaxation to the doping level.
The third carrier recovery time (t3) is ascribed to the carrier
lifetime from the bottom of the doping level to the top of the
valence band.

Conclusions

In summary, this work confirms TPA, FCA, Kerr refraction, and
free-carrier refraction enhancement in nonlinear optical
response at near-infrared as the dominating mechanism for
nonlinear absorption and refraction in Ag-doped InSe nanofilm
manufactured by a direct current-radio frequency sputtering
technique. This research revealed the following excellent
features of nonlinear optical response in Ag-doped InSe nano-
film: (i) Ag-doped InSe nanofilm exhibited a significantly
broadband nonlinear response (800-1100 nm) that is useful for
broadband all-optical devices in near-infrared, (ii) the broad-
band nonlinear response, ultrafast carrier absorption, carrier
recovery time, high nonlinear absorption coefficient, and
nonlinear refraction index of Ag-doped InSe nanofilm were
observed to be dependent on the Ag doping, (iii) Ag-doped InSe
nanofilm successfully increased the values of FOM compared to
pure InSe nanofilm under the same excitation conditions in
near-infrared. Lastly, the ultrafast broadband nonlinear optical
responses in Ag-doped InSe nanofilm lead to the possibility of
fabricating all-optical switching at near-infrared.
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