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1. Introduction

Pulsed lasers operating in the near-infrared (NIR) region are of
great importance in fields such as optical communications, im-
aging, and material processing'' ). Owing to the compactness,
high efficiency, and low cost, passively Q-switched lasers are an
ideal technology to achieve pulsed lasers in the nanosecond
level™. As a common optical modulator, the saturable absorber
is an essential device for the optical pulse generation. In decades,
with the development of graphene[s], two-dimensional (2D)
materials have been a hot research topic as a saturable
absorber to enable Q-switching and mode-locking operations.
In comparison with the conventional bulk saturable absorber
and ultra-long-period grating!®!, 2D materials possess unique
advantages such as short relaxation time, efficient broadband
optical response, and low cost””'"). Indeed, black phosphorus
(BP)!*2, topological insulators (TIs)!"?), transition metal oxides
(TMOs)",  transition metal dichalcogenides (TMDs)!*?),
MXenes!'®, and metal-organic frameworks (MOFs)!'”! can be
applied as the saturable absorber in versatile laser systems.
However, these saturable absorbers still suffer some
disadvantages.

As a binary TMO, vanadium oxides (VO,) are of great
interest because they possess controllable electronic and optical
properties"®'?). As a typical VO,, vanadium pentoxide (V,0O5)
suffers from low electronic conductivity and structural in-
stability>*"), To overcome the low stability and electronic
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We report VO,/NaV0; nanocomposite as a novel saturable absorber for the first time, to the best of our knowledge. The
efficient nonlinear absorption coefficient and the modulation depth are determined by the Z-scan technology. As a saturable
absorber, a passively @-switched Nd-doped bulk laser at 1.34 um is demonstrated, producing the shortest pulse duration of
129 ns at a repetition rate of 274 kHz. In the passively @-switched Tm:YLF laser with the prepared saturable absorber, the
shortest pulse duration was 292 ns with a repetition rate of 155 kHz. Our work confirmed the saturable absorption in
V0,/NaV0; for possible optical modulation in the near-infrared region.

Keywords: nonlinear optical properties; saturable absorber: VO,/NaV0; composite; @-switching.

conductivity, other metal cations are introduced into the
V,0;5 interlayer, since those ions can act as “pillars” to improve
structural stability and provide a fast diffusion path!®'~>),
Recently, sodium metavanadate (NaVOs;) is proposed to boost
the charge transfer®®!. On the other hand, the bandgap of V,0;
is roughly 2.3 eV**?*], which cannot absorb the NIR photons,
while the bandgap of VO, with other oxidation states such as
VO,, V,0;, and V;05 could be metallic'**), which can absorb
the photons within the full optical span.

Researchers have proposed the composite strategy to boost
the nonlinear optical properties’>>2”). Up to date, a lot of
hybridized saturable absorbers were prepared with graphene-
Bi,Te; %), MoS,-Sb,Te;-MoS,**), and Fe;0,-MXene**—*),
clearly showing the enhanced saturable absorption. In fact,
the polyaniline (PANI)/NaVO; composite was prepared to
obtain the large permittivity as well as the optical absorption'*),
Thus, VO, /NaVO; composite is expected to enhance the optical
features.

In this Letter, to study the nonlinear optical properties of the
VO, /NaVO; composite material, we used the open-aperture Z-
scan technique and measured the effective absorption coeffi-
cient, modulation depth, and saturation light intensity at 1.3
and 2 pm. The large modulation depth of 13% at 1.3 um and
the good effective nonlinear absorption coefficient of 0.81 cm/
GW at 2 pm were shown. These results revealed that the
composite material was a good saturable absorber for pulse
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manipulation. Subsequently, a passively Q-switched laser was
operated by using VO,/NaVO; as a saturable absorber.
When the operating wavelength was 1.3 pm, the shortest pulse
width was 129 ns, and the maximum repetition rate was
274 kHz. Our work confirmed that VO, /NaVO; composite
material could be a promising broadband nonlinear material
for ultrafast photonics.

2. Materials and Methods

We took V,0; powder and NaVO; powder with a mole ratio of
2:3 as the raw materials. After completely ball-milling together,
V,03/NaVO; powder was dispersed in N-methyl-2-pyrroli-
done (NMP) and ultrasonically bathed for 6 h. The dispersion
solution was centrifuged at 3000 r/min for 15 min. Next, the cen-
trifuged supernatant was dropped slowly onto a quartz substrate
with a pipette. The quartz substrate was sucked onto the spinner
to ensure that the supernatant was evenly covered on the quartz
substrate. Then, the sample was placed in a vacuum drying oven
at 80°C for 4 h. Finally, the uniform V,0;/NaVO; nanocompo-
site was prepared as a thin membrane.

3. Experiment and Results

The morphology and structure of the VO, /NaVO; composite
material were studied by different characterization methods.
Figure 1(a) shows an image of the scanning electron microscope
(SEM), showing the small flake-like shape. Figures 1(b)-1(d)
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Fig. 1. V0,/NaV0; composite material characterization: (a) SEM; (b) O elemen-
tal mapping; (c] V elemental mapping; (d) Na elemental mapping; (e] HRTEM;
(f) SAED pattern; (g) XRD pattern; and (h) Raman spectrum.
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illustrate the energy dispersive spectrometer (EDS) elemental
mappings of O, V, and Na, respectively, which display that
the element distribution was uniform. A high-resolution trans-
mission electron microscope (HRTEM) picture is shown in
Fig. 1(e). The lattice plane separation was 0.3447 nm, corre-
sponding to the (220) crystal plane separation (0.3439 nm) of
NaVOs;. In the selected area electron diffraction (SAED) pattern
of Fig. 1(f), d1 was 0.325 nm, d2 was 0.185 nm, and d3 was
0.145 nm, corresponding to the (121), (013), and (512) crystallo-
graphic planes of NaVO;, respectively. Figure 1(g) shows the X-
ray diffraction (XRD) pattern of the VO, /NaVO; composite
material. The diffraction peaks of V,0; (PDF#34-0187) were
marked with asterisks, NaVO; (PDF#32-1197) with circles,
and V5305 (PDF#38-1181) with rhombus. It can be seen from
the XRD pattern that VO, and NaVO; were well composited.
Figure 1(h) clearly shows the six Raman peaks of the
VO, /NaVO; composite material. The previously reported
vibration modes of NaVO; were consistent with 170.9 cm™!,
3483 cm™!, and 631.1 cm™!P**]. The same vibration modes of
V,0; and NaVO; were at 2429 cm™ and 507.3 cm™ 13431,
The vibration mode of V;05 was classified as 422.3 cm™'7),
The above characterization techniques presented the morphol-
ogy and structure of VO, /NaVO; composite material, which
fully verified the effective composite of VO, and NaVO;.
Subsequently, the nonlinear optical properties of VO,/
NaVO; composite were measured by the conventional open-
aperture Z-scan technique. The excitation sources were home-
made actively Q-switched lasers emitting the pulse duration of
50 ns with a repetition rate of 800 Hz at 1.3 and 2 pm, respec-
tively. A convex lens with a focal length of 100 mm was applied
to converge the optical beam. Figure 2 displays the typical non-
linear transmission curves versus the relative distance to the
focal lens (Z) with both excitation wavelengths. Clearly, the
VO, /NaVO; composite performed the nonlinear saturable
absorption. The transmission curve can be fitted by!**!
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Fig. 2. Nonlinear transmission of VO,/V,03 nanocomposite versus (a) Zaxis at
13 pm, (b) intensity at 1.3 pm, (c) Z axis at 2 um, and (d) intensity at 2 pm.
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- ot medium e knowledge. In this section, a compact and simple plane-plane

| [ 5 o Retoos Mol / / resonator with a length of 20 mm was set up to realize the
S / | Q-switching operations. For the Q-switching operation at
B— ‘ _\ . 1.3 pm, the laser crystal was an a-cut 1% (atomic fraction)
Vs / ] Nd:GdVO, with dimensions of 3 mm X 3mm X 10 mm.

During the experiment, the laser crystal was maintained at

15°C to efficiently remove the thermal load. A fiber-coupled

Fig. 3. Schematic setup for the G-switching operations at 1.3 and 2 pm with 808 nm laser diode (LD) was employed as the pump. The output

V0,/NaV0s saturable absorber (gain: NdV0, for 1.3 pm and Tm:YLF for 2 um, SA: coupler (M2) possessed a partial transmission ratio of 3.8%. The
V0,/NaV05). whole configuration of the laser cavity can be seen in Fig. 3.

For the continuous-wave (CW) running at 1.3 pm without the

saturable absorber inserted into the cavity, the output power

T = Z ~4(% 0)1] , eN, increased almost linearly after the threshold. Under the maxi-
L= (m+ 1) mum pump power of 3.43 W, the highest output power was
PestLegc ], 782 mW. Then, the prepared saturable absorber was inserted

0 eff Leff 0 1
q0(2,0) = —1 12 1) into the resonator, and the threshold power for the stable

Q-switching operation was 2.75 W. Note that VO, is metallic,
and VO, can absorb the photons in the NIR region at 1.3 pm
where S is the effective nonlinear absorption coefficient, Legris  as well as 2 pm. With the increased pump power, the photogen-
the effective length of the sample, I, is the peak intensity on the  erated electrons and holes separated and transferred in the

axis, and z, is the Rayleigh range. VO, /NaVO; nanocomposite, leading to the enhanced nonlin-
Then, we investigated the variation of the transmittance with ~ ¢ayr absorption properties. Until the VO, /NaVO; nanocompo-
the change of laser peak density. The fitting equation of exper- site was bleached, when the conduction band was fully occupied

imental data is as follows'*”: by the electrons and the valence band was completely dominated

by the holes, further optical absorption became impossible
owing to the Pauli blocking principle. The losses can be smaller
than the gain in the resonator, generating a giant Q-switched
pulse. As shown in Fig. 4(a), at the highest pump level, the maxi-

Herein, AT is the modulation depth, I is the saturation inten- mum output power at 1.3 pm was 79 mW. The low output power
sity, and T, is the nonsaturable losses. As shown in Fig. 2,asthe ~ Of the passive Q-switching operation was attributed to the
light intensity incident on the sample increased gradually, the induced extra loss of the saturable absorber. The pulse duration
transmittance increased gradually at first and then flattened and repetition rate as functions of the pump level are illustrated
out gradually. This was because with the increase of incident i Fig. 4(b). It can be seen that the pulse width monotonically
intensity, the absorption coefficient of composite material decreased, which can be related to the gain factor, while the cor-
decreased and the transmittance no longer increased, that is, responding repetition rate monotonically increased. When the
the material was bleached.

Table 1 summarizes the nonlinear optical parameters of
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Table 1. Nonlinear Absorption Parameters of VO,/NaV0s. g, o0
Wavelength (pm) B (cm/GW) AT (%) I, (MW/cm?) T, (%) 0 50 100 150 200 1000 -500 _ 0 500 1000
Time(ps) Time(ns)

13 —0.566 [ 597 10 Fig. 4. Passive Q-switching operation at 1.3 um with V0,/NaV0; saturable

20 081 105 494 6 absorber. (a) CW and @-switched output power, (b) pulse duration and rep-
etition rate, (c) pulse train, and (d) temporal pulse profile.
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Fig. 5. Passively @-switched Tm:YLF laser at ~ 2 um with V0,/NaV0; saturable
absorber. (a) CW and @-switched output power, (b) pulse duration and rep-
etition rate, (c) pulse train, and (d) temporal pulse profile.

incident pump power was 3.43 W, the minimum pulse width
was 129 ns, and the maximum repetition rate was 274 kHz.
At this time, the pulse train and single pulse profile are shown
in Figs. 4(c) and 4(d), respectively. The maximum peak power of
Q-switching was 2.24 W, and the corresponding single pulse
energy was 289 nJ.

Then, we investigated the nonlinear saturable absorption
properties of VO, /NaVO; composite at 2 pm. In this section,
the laser medium was altered by a 1% (atomic fraction) thu-
lium-doped yttrium lithium fluoride (Tm:YLF) crystal with a
length of 8 mm. The pump source was a 794 nm LD with a
numerical aperture of 0.22. The pump beam was focused into
the laser crystal with a spot size of 400 um in diameter. The out-
put coupler had a transmission ratio of 5% at 2 pm. In Fig. 5(a),
the incident pump power threshold for Q-switched laser output
was 2.6 W. When it increased to 3.8 W, the maximum CW and
Q-switched output powers were 1504 mW and 50.7 mW,

Table 2. Comparison of Passive @-Switching Performance Parameters of
Different SAs at 1.3 and 2 pm.

SA Crystal Alpm]  Width [ns] Rate [kHz]  Ref.
BP N:YV0, 13 7 625 (40l
TmHoLuVo, 2 2890 1284 Ll

MoS, Nd:LUAG 13 188 73 2l
Tm:YAP 2 916 1051 5]

Fes0, at TiC,  Nd:YVO, 13 181 209 fs2]
Tm:VLF 2 320 18 2l

V0,/NaV0; Nd:GdVO, 13 129 274 This
Tm:YLF 2 292 155 work
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respectively. The small gain of Tm:YLF and the large loss
induced by the saturable absorber resulted in the low output
power. Meanwhile, as shown in Fig. 5(b), the minimum pulse
width was 292 ns, and the maximum repetition rate was
155 kHz. Figure 5(c) shows the corresponding pulse train dia-
gram, and Fig. 5(d) displays the corresponding single pulse.
The corresponding highest peak power was 1.1 W, and the maxi-
mum single pulse energy was 327 nJ.

Table 2 summarizes the passive Q-switching performances
with the VO, /NaVOj; composite saturable absorber and other
mainstream saturable absorbers. As shown in Table 2, the
composite material can be compared with the mature nanoma-
terial-based saturable absorbers, indicating that VO, /NaVOj;
composite is a promising nonlinear optical material for ultrafast
photonic applications.

4. Conclusion

In summary, the VO,/NaVO; composite material was syn-
thesized and characterized. We used the open-aperture Z-scan
technique to investigate the nonlinear absorption properties of
VO, /NaVOj; saturable absorber. The composite material dis-
played a large modulation depth and a high effective nonlinear
absorption coefficient for pulsed laser generation. Using
VO,/NaVO; composite saturable absorber, the passively
Q-switched Nd:GdVO, and Tm:YLF lasers were realized for
the first time, to the best of our knowledge, emitting the shortest
pulse duration of 129 ns. These results indicated that
VO, /NaVO; composite could be a promising optical modula-
tion device in ultrafast photonics.
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