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Nonlinear materials have gained wide interest as saturable absorbers and pulse compression for pulsed laser appli-
cations due to their unique optical properties. This work investigates the third-order nonlinear phenomenon of tungsten
trioxide (WO3) thin films. The giant nonlinear absorption and nonlinear refractive index of WO3 thin films were char-
acterized by Z-scan method at 800 nm. We experimentally observed the giant saturable absorption (SA) and nonlinear
refractive index of WO3 thin films prepared by the seedless layer hydrothermal method, with SA coefficient being as high
as —2.59 x 103 cm-GW~!. The SA coefficient is at least one order of magnitude larger than those of the conventional semi-
conductors. The nonlinear refractive index n, of WOj3 film has been observed for the first time in recent studies and the
corresponding coefficient can be up to 1.793 cm?-GW ~!. The large third-order nonlinear optical (NLO) response enables
WO3 thin films to be promising candidates for optoelectronic and photonic applications in the near-infrared domain.
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1. Introduction

The fascinating light-matter interactions in nonlinear op-
tical (NLO) materials have been the focus of recent optical
research because of their potential for innovative applications
in nanoelectronics and nanophotonics.!!! In the field of non-
linear optics, novel and promising applications such as sat-
urable absorbers, optical switching,>! mode-locking, optical
limiting, 41 and optical bistability!!"! extensively use the re-
markable nonlinear properties of NLO materials. Saturable
absorption (SA) is a nonlinear effect that is caused by Pauli-
blocking. Namely, the excited electrons will occupy the pos-
sible states in the conduction band until all of the available
states are full, and photobleaching occurs with further laser
irradiation.!”] The SA phenomenon has been widely investi-
gated in black phosphorus,[!!=1#! graphene,[®:1>-1¢! transition-
metal dichloride!*>-17-18] and other NLO materials.!'® The ex-
ploration of high-performance NLO materials remains critical
and has attracted considerable attention.

Recently, researchers have shown a growing interest in
semiconductor materials, especially metal oxide nanoparti-
cles, because of their giant third-order optical nonlinearity
and low optical limiting threshold.?”! As a novel nonlin-
ear material, WO3 is desirable for the preparation of high-
performance nonlinear devices due to its wide band gap and
high nonlinearity. Therefore, it has a wide range of applica-
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tions in laser beam shaping, saturable absorbers, mode-locking
and ultrafast photonics in the nonlinear domain.?'=>3! The
NLO properties of three tungsten trioxide (WO3) nanostruc-
tures (nanowires, nanoplates, and nanoclusters) were inves-
tigated via the open-aperture Z-scan method under nanosec-
ond laser pulses at 532 nm. These nanostructures also ex-
hibited an intensity-dependent transition from SA to reverse
saturable absorption (RSA) with increasing laser intensity. 4]
The optical limiting of WO3 nanoparticles in nanosecond
laser pulses at 1064 nm was studied, demonstrating that
nanoscale WO3 has higher optical power limiting than its mi-
cronsized counterpart.!?>! Various techniques have been suc-
cessfully developed to fabricate nanostructured WOs3 films, in-
cluding anodic oxidation,?®! electrodeposition,>’28! sol-gel
methods,?*3% magnetron sputtering,*!! and hydrothermal
methods. 32331 Moreover, it is worth mentioning that the opti-
cal nonlinear response characterized by the different prepara-
tion methods of the films is relatively different. In general,
a seed layer is required for the growth of WO3 nanostruc-
tures prepared by hydrothermal methods directly on conduct-
ing substrates. This crystal-seed-assisted hydrothermal pro-
cess generally involves a rather complex process to prepare the
seed layer. In addition, the seed layer can lengthen the elec-
tron transport path, resulting in a slow response rate.>*! In this
regard, WO3 films based on the seedless layer hydrothermal
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method have been recently reported.**! However, the nonlin-
earity of the films prepared by this method has not been re-
ported so far.

In this work, we investigated the third-order nonlinear op-
tical response of WO3 films with a femtosecond laser at the
wavelength of 800 nm via the Z-scan method. Moreover, we
experimentally observed the giant SA of WO3 films prepared
by the seedless layer hydrothermal method. And the SA co-
efficient was one to two orders of magnitude higher than the
highest value previously reported./3>36] Moreover, the posi-
tive nonlinear refractive index np of WOj3 film was observed
for the first time in recent investigations. In conclusion, our
study not only observes a large nonlinear absorption coeffi-
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cient in a simple preparation method but also paves the way
for the integration of functionalized optoelectronic and pho-

tonic devices.[37-3]

2. Experimental details
2.1. Materials and characterization

All chemicals involved in the experiment were of analyt-
ical grade with no further purification, which were purchased
from Sinopharm Chemical Reagent Co. Ltd (China). The FTO
glasses used in this work were treated with sequential soni-
cation in acetone, ethanol and deionized water for 15 min to
ensure the flatness of the prepared films.
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Fig. 1. Flow chart of WO3 film preparation based on seed-layer-free hydrothermal method.

The WOs films were grown directly on the FTO sub-
strate using a simple hydrothermal method without a seed
layer. As shown in Fig. 1, the films were acquired by a
prototypical hydrothermal process. The precursor solution
for hydrothermal use was prepared by dissolving 0.3042 g
of ammonium paratungstate hydrate (H4oN9O4; W12 - xH,O,
molecular weight 3042) and 6.3 g of oxalic acid dehydrate
(C,H>04:2H,0) in 40 g of ethanol. The resulting mixture was
sonicated for 15 min and then transferred to a 50 ml teflon-
lined stainless steel autoclave. A piece of FTO glass was
placed in the autoclave against the wall with the conductive
side facing down. Then it was sealed in the autoclave and re-
mained at 180 °C for 4 hours and annealed in a fume hood
until completely cooled. Finally, WO3 films were obtained by
washing the synthesized films with ethanol and then drying the

films in the air.

2.2. The Z-scan measurement

The nonlinear optical properties of the WOj3 films were
characterized by Z-scan measurements using a femtosecond
laser with a central wavelength of 800 nm, a pulse duration of
120 fs, and a pulse repetition frequency of 5 kHz. A half-wave
plate together with a linear polarizer was exploited to vary the
input laser power. The well-prepared sample was placed per-
pendicular to the beam axis and translated along the Z-axis on
a linear motorized stage. A photomultiplier tube (Thorlabs,

PMMO02) was used to monitor the power.

3. Results and discussion

Figure 2(a) shows the 3D surface morphology of the
WOs film characterized in the region of 17.2 umx17.2 um
by atomic force microscopy (AFM, CSPM5500, China). The
plan-view SEM image and cross-sectional view of the WO3
film are shown in Figs. S1 and S2 in the supporting informa-
tion, respectively. The average thickness of the as-prepared
film is about 1.664 um. Figure 2(b) presents the Raman spec-
trum of the thin WO3 film. The raw films show sharp reso-
nance peaks centered at 250 cm~!, 700 cm~!, and 790 cm L.
The bands at 700 cm~! and 790 cm™! are derived from the
W-0O-W stretching vibrations of the bridging oxygen atoms,
while the Raman band in the range of 250 cm ™! can be associ-
ated with the W—O bending vibrations of WO3.[4%4] To inves-
tigate the linear optical properties and optical band gap, the ab-
sorption spectrum of the WO3 films from 260 nm to 1200 nm
is shown in Fig. 2(c). It can be seen that the optical absorption
intensity decreases significantly as the wavelength increases
from ultraviolet (UV) to near-infrared (NIR). The calculated
Tauc plot in Fig. 2(d) implies that the WOj3 film has a bandgap
of about 2.2 eV.
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Fig. 2. Characterization of WO3 films grown via hydrothermal method.
(a) 3D surface morphology characterized by atomic force microscopy.
(b) Raman spectrum of WO3 film. (c) Absorbance spectrum and (d)
Tauc plot of the WO3 film.
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To investigate the third-order nonlinear optical properties
of WO3, we characterized the nonlinear absorption and non-
linear refraction of the prepared WOj films at the wavelength
of 800 nm using the Z-scan technique. The open-aperture
(OA) and close aperture (CA) Z-scan are employed to study
the nonlinear optical response of the WO3 film. The position-
dependent transmittance can be defined as a function of the
sample position on the Z-axis. Herein, we performed the mea-
surements of OA and CA Z-scan at the power intensity of
39.9 MW/cm?, as illustrated in Figs. 3(a) and 3(b). The trans-
mittance shows a positive variation in Fig. 3(a), indicating a

typical SA phenomenon, since the electrons are fermions and
must obey the Pauli-blocking principle.*?! For CA Z-scan, it
exhibits a distinct valley-peak configuration, indicating that
the WOj3 film has a positive nonlinear refractive index ny (self-
focusing), as illustrated in Fig. 3(b). To avoid the effect of ma-
terial degradation on the results, Z-scan measurements were
carried out using low laser intensities. Afterward, the Z-scan
results at low laser intensities will be examined again to ensure
that there are no differences from the previous measurements.
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Fig. 3. (a) Open aperture Z-scan scatters of WOs3 film fitted with theory
at a power intensity of 39.6 MW/cm? (red solid lines).[®! (b) Close aper-
ture Z-scan scatters of WOs film fitted with theory at a power intensity
of 39.6 MW/cm? (red solid lines). (c) The absorption process for laser
radiation at a wavelength of 800 nm.

Table 1. A comparison of nonlinear saturable absorption coefficients of WO3 film with that of other nanomaterials.

Material Laser param Thickness B (cm/GW)

MoOj3 dispersion 1550 nm/ 1 mm —12x1073 [45]
BP dispersion 532 nm/6 ns 1 mm —2.85x 10 [46]
BP dispersion 1064 nm/6 ns 1 mm —9.17x 10 [46]
Nb,C film 1064 nm/10 ps 10-15 nm -1.0x10° [47]
GeP film 1030 nm/13 ps 80 um —-9.9x10 [48]
InSe film 1064 nm/15 ps - -1.9%10° [49]
PdSe; film 500 nm/190 fs 20 nm —4.13 x 10* [50]
GO dispersion 790 nm/80 fs 1 mm —4.4x10 [51]
GO 800 nm/120 fs 1200 nm —4.6 x 10* [52]
MoS, dispersion 532 nm/4 ns 2 mm —1.2x10 [43]
MoS, dispersion 1064 nm/4 ns 2 mm —-1.5 [43]
D-WO3 dispersion 532 nm/4 ns 2 mm —-6.7 [43]
D-WO3; dispersion 1064 nm/4 ns 2 mm —8.8 [43]
WO3 nanowires 532 nm/7 ns - —-2.5 [26]
‘WO3 nanoplates 532 nm/7 ns 80 nm -3 [26]
WOj3 nanoflower clusters 532 nm/7 ns - -1.9 [26]
WOs3 film 800 nm/120 fs - —2.59 x 10° this work

The normalized transmittance is 115.8% at a focusing in-
tensity of 39.9 MW/cm?. To further elaborate on magnitude
of the nonlinear response of the WO3 film, the absolute value
of nonlinear SA coefficients § and nonlinear refractive index

n, were fitted and calculated to be 2.59x10° cm-GW~! and
1.793 cm?>.GW~! by fitting the OA and CA Z-scan curves at
representative power intensity of 39.9 MW/cm?. As summa-
rized in Table 1, the giant nonlinear SA coefficient of the WO3
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film is at least two orders of magnitude larger than those of the
conventional semiconductors,?3%43! implying that such WO3
film has the potential to be a high-performance saturable ab-
sorber for passively mode-locked and Q-switched lasers. To
the best of our knowledge, the nonlinear refractive index ny of
the WO3 film is measured for the first time in recent investiga-
tions.

To elucidate the possible mechanisms of the WO;3 film
nonlinearity, we will proceed with the following discussion. In
theory, the nonlinear optical (NLO) response of a material may
stem from state filling (SF), free carrier absorption (FCA),
or two-photon absorption (TPA) (or multiphoton absorption
(MPA)), which depends on the wavelength of the applied laser
and the band gap of the material. RSA can be associated with
TPA, MPA, or FCA, while SF will induce SA. In our case, the
main reason is that laser excitation of the sample is accom-
panied by interband transition of electrons through absorption
of photons.[*>#¥ The possible electron transfer process of the
WOs; film is illustrated in Fig. 3(c). Intriguingly, the absorp-
tion spectrum suggests that the optical bandgap energy of pris-
tine WOj3 film is 2.2 eV. For the 800 nm laser irradiation, al-
though the double of photon energy is greater than the optical
bandgap, but TPA has not been observed experimentally, im-
plying that the TPA process from the valence band to the con-
duction band is relatively weak at the wavelength of 800 nm.
This case is similar to the investigation reported by Hou and
co-workers. 3!

4. Conclusion and perspectives

In conclusion, we investigated the nonlinear absorption of
WOs films at 800 nm wavelength of femtosecond laser via the
Z-scan method. To the best of our knowledge, this is the first
observation of SA phenomenon in WO3 films prepared using
the seedless layers hydrothermal method. We experimentally
observed that the giant SA of WOj3 films, with the SA coeffi-
cient being as high as —2.59 x 10° cm-GW ™!, is at least one
order of magnitude larger than those of the conventional semi-
conductors. Moreover, the sample exhibits SA behavior, the
main reason may be due to the band-filling effect, that is, the
interband transition of electrons through the absorption of pho-
tons. The nonlinear refractive index n, of WO3 film has been
observed for the first time in recent studies and the correspond-
ing coefficient can be up to 1.793 cm?>-GW~!. Our results not
only exhibit a giant SA coefficient of WOj3 film under a simple
and convenient preparation method but also pave the way for
the integration of functionalized optoelectronic and photonic
devices.
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