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Abstract
Tungsten sub-oxide (W17O47) nanoparticles were produced for the first time, via pulsed 
laser ablation of a pure tungsten target in distilled water. The beam of a Q-switched 
Nd:YAG laser of 1064 nm wavelength with 0.6, 0.8, 1.2 and 1.4 J/cm2 fluences was 
employed to irradiate the target. Produced nanoparticles were characterized using field 
emission scanning electron microscopy coupled with energy dispersive spectrometry, 
transmission electron microscopy, Fourier transform infrared spectroscopy, X-ray diffrac-
tion (XRD), UV–Vis absorption spectroscopy and room temperature Photoluminescence 
(PL). XRD patterns revealed that all samples possess the monoclinic structure correspond-
ing to W

17
O

47
 phase. With increasing the laser fluence, the average size of the nanoparti-

cles increased and subsequently, their band gap energy decreased. The PL spectra of the 
samples show the presence of oxygen vacancies or defects.

Keywords  Tungsten oxide nanoparticles · Tungsten sub-oxide · Laser ablation · Exciton 
absorption

1  Introduction

In the first two decades of the recent century, nanoscience and nanotechnology have had 
one of the highest rates of growth among all sciences. Nanoscale materials in the forms 
of insulators, semiconductors and conductors have different morphologies such as par-
ticles, tubes, and thin films (Mostafa et  al. 2019; Dwivedi et  al.2012, 2013, 2014; Sek-
hon et al. 2013a; Dorranian et al. 2012; Zamiranvari et al. 2017; Alaei et al. 2012; Isaac 
et al. 2016). Researches and activities in nanomaterials can be categorized in three fields 
of nanomaterials synthesizing, properties and applications (Sekhon et al. 2013b; Dwivedi 
et al. 2011a,2015; Ghasemi and Jafari 2017; Moradi et al. 2016).

Recently, transition metal oxide nanostructures have been used in extensive domains 
such as superconductivity, piezoelectricity, catalysis, microelectronics, ceramics, medi-
cal science, coating technology, electronics, cosmetics, colossal magneto-resistance 
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effect and so on (Solati and Dorranian 2016a; Kim et  al. 2016; Kumar and Mohanta 
2011). Among them, tungsten oxide as an indirect and wide gap semiconductor has 
unique electrical, gasochromic and photoelectrochromic properties so that can be used 
in infrared switching devices, non-emissive displays, photovoltaic organic solar cells, 
large area displays, photocatalysis, gas and chemical sensors, biosensors, supercapaci-
tors, information storage media, optical modulators, rearview mirrors in cars, windows 
with adjustable light transmission, anti-glare mirrors and the like (Isaac et al. 2016; Kim 
et al. 2016; Kumar and Mohanta 2011; Barreca et al. 2011; Chala et al. 2017; He and 
Yao 2007; Lavanya et  al. 2017; Popov et  al. 2018; Wang et  al. 2017; Yamazaki et  al. 
2018; Ragunathan et al. 2015; Wasmi et al. 2014).

Tungsten oxides possess various phases and compositions that can be classified 
into stoichiometric (WO3 and WO2) and non-stoichiometric (W24O64, W18O49 and etc.) 
structures (Kim et al. 2016; Ragunathan et al. 2015; Wasmi et al. 2014; Fukushi et al. 
2017; Ishida et al. 2017; Zhan et al. 2018; Zhao et al. 2019). Tungsten oxides received 
considerable attention due to their abundance, highly tunable composition, non-toxic-
ity, and high chemical stability (Lavanya et al. 2017; Ishida et al. 2017; Fakhari et al. 
2018a). Tungsten sub-oxide (WO3-x) nanostructures because of the tunable localized 
surface Plasmon resonance (LSPR) effect exhibit the strong absorptions in the near-
infrared (NIR) region (Chala et al. 2017; Zhao et al. 2019). Thus from the perspective 
of energy saving, they are very supernatural candidates for photothermal applications, 
solar collectors, solar devices, transparent smart windows and optical filters (Chala et al. 
2017; Zhao et al. 2019; Guo et al. 2012). Also, it has been found that WO3-x nanowires 
are effective EM wave absorbing owing to their high dielectric properties (Wang et al. 
2017).

The properties of prepared nanostructures depend on their microstructure and growth 
form (Zhan et al. 2018). It has been observed the size of the WO3 particles changes the 
band gap and band bending at the interfaces (Barreca et al. 2011). There are many reports 
that show band gap of bulk tungsten oxides depending on morphology and stoichiome-
try can be between 2.6 and 3.4 eV (Zhao et al. 2019; Brütsch et al. 2017). Of course for 
tungsten oxides nanoparticles, band gaps have been reported up to 4.2 eV (Brütsch et al. 
2017; Cong et al. 2014). Because of the quantum confinement effect, WO3-x nanoparticles 
with small sizes (generally < 10 nm) exhibit supernatural optical and electronic properties 
hence, they can be utilized in novel light energy conversion equipment and sensing systems 
(Wang et al. 2017; Zhan et al. 2018).

There are various methods to produce tungsten oxide nanostructures, such as laser pyrol-
ysis, sputtering, chemical vapor deposition, hydrothermal, sol–gel deposition, electrical 
arc discharge, acid precipitation and pulse laser ablation in liquid and gas. Laser ablation 
in liquid (LAL) is a facile, fast, clean and cheap method. Contrary to other wet chemical 
approaches, LAL is known as a green chemistry technique for producing high purity, uni-
formity and homogeneity metal and metal oxide nanostructures in colloidal phase without 
any unnecessary byproducts and toxic chemical precursors. In addition, the composition of 
the NPs is firmly controlled by the primary materials of the liquid. One of the advantages 
of LAL method is that the NPs produced have a narrow size distribution. Because nanopar-
ticles with homogeneous nucleation can be saturated where saturation quickly leads to the 
reduction of particles to smaller sizes in the colloid (Alaei et al. 2012; Ghasemi and Jafari 
2017; Barreca et al. 2011; Fakhari et al. 2018a,b; Solati and Dorranian 2015,2016b; Shah 
et al. 2009; Mansoureh and Parisa 2018; Supothina et al. 2007).

In this method, there are many parameters concerning the source (such as laser wave-
length, laser fluence, repetition rate) and the liquid environment (such as composition, 
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viscosity, dipole moment and dielectric constant) controlling the morphology of the syn-
thesized nanostructures (Barreca et al. 2011; Solati and Dorranian 2016b).

In this paper, we produce tungsten sub-oxide (W17O47) nanoparticles in distilled water 
from a pure tungsten target in order to investigation of the effect of the laser fluence on the 
properties of the produced nanoparticles. According to the authors’ studies, there is only 
one report about the synthesis of tungsten sub-oxide (WO2.9) nanoparticles by laser abla-
tion in water (Barreca et al. 2011) and our work is the first report on the synthesis of tung-
sten sub-oxide (W17O47) nanoparticles by laser ablation in water.

2 � Experimental

Tungsten oxide nanoparticles were produced by pulsed laser ablation of a tungsten plate 
(99.9%) in distilled water. The tungsten target was a circular plate with 2 mm thickness and 
5 cm diameter. The target and containers were cleaned ultrasonically in alcohol, acetone, 
and deionized water before the experiments. Tungsten plate was placed on the bottom of a 
glass vessel containing 50 ml of distilled water, such that the height of the liquid above the 
tungsten surface was about 10 mm.

The plate surface was irradiated vertically with 1064 nm wavelength of a pulsed 
Nd:YAG laser. The pulse repetition rate and the pulse width were 10 Hz and 7 ns respec-
tively. The laser beam diameter was 6 mm, which was focused on the surface of W target 
by an 80 mm focal length convex lens. Laser fluences were 0.6, 0.8, 1.2, and 1.4 J/cm2 
before the lens. During laser irradiation, the target was moved by using a rotational or x–y 
motion stage to prevent laser pulses from irradiating the same spot.

The following analytical techniques were applied for the characterization of the prepared 
samples. Morphology studies and elemental characterizations were carried out using field 
emission scanning electron microscope (FESEM; TESCAN MIRA3) coupled with energy 
dispersive spectrometry (EDS). Transmission electron microscopy (TEM) images were 
taken by Zeiss-EM10C-100 kV microscope. The fourier transform infrared (FTIR) spectra 
of samples were recorded using Perkin–Elmer FTIR spectrometer (Spectrum Two) in the 
range of 450–4000 cm−1. X-ray diffraction (XRD) patterns of the products were Prepared 
using PANalytical-X’Pert PRO X-ray diffractometer with Cu K α radiation (λ = 0.1514060 
nm). UV–Vis-NIR absorption spectroscopy was performed by means of a PerkinElmer 
Lambda 950 spectrometer in the range 200–1100 nm. The photoluminescence (PL) spectra 
of the samples were obtained using a Fluorescence Spectrophotometer F-4500.

3 � Results and discussion

3.1 � EDS‑FESEM analysis

For EDS-FESEM analysis, few drops of suspensions were dried on silicon substrates at 
room temperature. The EDS analysis was accomplished to investigation the elemental 
composition of the samples. Figure 1 shows the EDS spectra of the samples prepared at 
different laser fluences. The EDS spectra reveal that there are only W and O elements in 
the samples. The very high W peak observed in the EDS spectra may be due to the super-
position of the X-ray emission W Mα1

 line with Si Kα1,2
 line from the silicon substrate (Guo 

et al. 2012).
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The morphology of the tungsten oxide nanoparticles was investigated by FESEM. The 
FESEM images of the tungsten oxide nanoparticles prepared by laser ablation in the water 
at different laser fluences are shown in Fig. 2. It can be seen that nanoparticles are spheri-
cal and adhered to each other. It is also seen that the agglomerations formed in samples 
prepared at 0.6 and 0.8 J/cm2 laser fluence are spherical while in samples prepared at 1.2 
and 1.4 J/cm2 laser fluence are conical.

3.2 � TEM analysis

The TEM analysis was performed for further investigation of morphologies and size dis-
tributions of samples prepared at different fluences. TEM images of the nanoparticles on 
the scale of 250 nm are shown in Fig. 3. TEM images reveal the formation of the almost 
spherical nanoparticles in samples prepared at laser fluences of 0.6, 0.8, 1.2 and 1.4 J/cm2.

Size distribution histograms of nanoparticles were plotted using ImageJ software (by 
counting particles on several images obtained on different areas on the grid). According 
to the histograms plotted in Fig. 4, the average particle size of the samples prepared at 0.6, 
0.8, 1.2 and 1.4 J/cm2 laser fluence are calculated about 41.62, 43.24, 51.38 and 53.88 nm, 
respectively (Table 1). Consequently, with increasing the laser fluence, the average particle 
size is increased which is in agreement with previous reports of others (Barreca et al. 2011; 
Fakhari et al. 2018a,b).

K. Yahiaoui. et al. showed in the pulsed laser ablation process of a target, there are 
two kinds of ablation process: at low laser intensity, normal surface evaporation and at 
laser intensity higher than the threshold laser intensity, phase explosion process occurs. 

Fig. 1   EDS spectra of samples prepared at different laser fluences
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In their work, the threshold laser intensity for the phase explosion process of tungsten 
is reported 6 × 1010 W/cm2 (Yahiaoui et al. 2010). The pulse width in our experiment is 
7 ns hence threshold laser fluence for phase explosion process of tungsten is 420 J/cm2. 
Therefore, in our work, the surface evaporation process happens. In this case, with the 
increase in laser fluence, nanoparticles size increases. Increment of the average particle 
size with increasing the laser fluence is because of the formation of plasma bubbles with 
higher material content and longer lifetime (Fakhari et al. 2018b).

Fig. 2   FESEM images of W17O47 nanoparticles prepared at different laser fluences
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In order to compare of the size distribution of the samples, the standard deviations of 
particles size in graphs relevant to 0.6, 0.8, 1.2 and 1.4 J/cm2 laser fluences were computed 
and values of 11.84, 12.71, 14.52 and 17.08 nm were obtained, respectively (Table 1). As 
a result, in prepared samples at lower laser fluences, the size distribution is narrower which 
confirms the formation of more uniform particles in lower laser fluences.

3.3 � FTIR studies

The FTIR spectra were recorded in the spectral range of 450–4000 cm−1. The FTIR spec-
tra of tungsten oxide nanoparticles prepared by laser pulses at different laser fluences in 
distilled water are shown in Fig. 5. The strong and broad absorption peaks at 3451, 3433, 
3437 and 3433 cm−1 wavenumbers are ascribed to the stretching modes of OH gropes. The 
medium and broad peaks at 1637 cm−1 and the low-intensity peaks located at 1385 cm−1 
are due to bending modes of water molecules (Fakhari et  al. 2018a; Bishop et  al. 1994; 
Chong et al. 2004; Daniel et al. 1987; Gotić et al. 2000; Petit and Puskar 2018; Petit et al. 
2017; Shenderova et al. 2011; Stehlik et al. 2016; Tiwari and Gong 2008).

Fig. 3   TEM images of W17O47 nanoparticles prepared at different laser fluences
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The bands in the region of 600–780 cm−1 correspond to the stretching modes of 
bridging oxygen, ν(O–W–O) which imply the existence of the bonds between oxygen 
and tungsten particles in samples (Zamiranvari et al. 2017; Dwivedi et al. 2012; Alaei 
et  al. 2012; Isaac et  al. 2016; Sekhon et  al. 2013b). At laser fluences of 0.6, 0.8, 1.2 
and 1.4 J/cm2, these characteristic peaks are at 618, 638, 662 and 662 cm−1 wavenum-
bers, respectively. The increment of wavenumbers for the stretching vibration mode of ν
(O–W–O) with increasing the laser fluence is ascribed to the increase in the interplanar 
distance and the lengths of O–W–O bonds which confirms the existence of surface oxy-
gen vacancies on tungsten oxide (Fakhari et al. 2018a). The electronic band structures 
of prepared nanoparticles strongly influence by these oxygen vacancies, which will be 
discussed in Sect. 3.6.
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Fig. 4   Size distributions of nanoparticles prepared at different laser fluences. Data are extracted from TEM 
images

Table.1   Size distributions and 
band gap energies of samples 
prepared at laser fluences.

Laser fluence (J/cm2) 0.6 0.8 1.2 1.4

Crystallite size (nm)
(Scherrer formula)

10.51 11.20 12.51 12.83

Average size of Nanoparticles (nm)
(TEM images)

41.62 43.24 51.38 53.88

Standard deviation (nm) 11.84 12.71 14.52 17.08
Band gap energy (eV)
for m = 1/2

5.86 5.84 5.68 5.66

Band gap energy (eV)
for m = 2

5.68 5.65 5.26 5.24
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3.4 � XRD results

XRD studies were performed to investigate the crystal structure and preferred orientation 
of the crystallites. For XRD characterization, several droplets of the transparent colloi-
dal samples prepared at different laser fluences were placed on the silicon substrate with 
dimensions of 1 cm × 1 cm and 1 mm thick and dried naturally at room temperature. The 
XRD patterns of the samples prepared at laser fluences of 0.6, 0.8, 1.2 and 1.4 J/cm2 and W 
target are presented in Fig. 6. It is observed that the XRD peaks of samples occur at similar 
angles and are different from W target peaks. It can be deduced that chemical and physical 
processes occurred between the ablated W and water molecules, which caused the forma-
tion of tungsten oxide nanoparticles in the water environment (Fakhari et al. 2018a; Solati 
and Dorranian 2016b).

The XRD patterns at laser fluences of 0.6 and 0.8 J/cm2 show XRD peaks at 2θ values 
of 16.19◦ and 43.79◦ corresponding to lattice reflection planes (102) and (115) of mono-
clinic W17O47 phase (PDF: 01-079-0171), respectively. The broadening of the XRD peaks 
of these samples suggests that the films are not crystallized fully and are partly amorphous 
in nature.

At laser fluences of 1.2 and 1.4 J/cm2 , monoclinic phase W17O47 (PDF: 01-079-0171) 
became more prominent with the evolution of new peaks at 2θ values of 13.49◦, 25.04◦ and 
37.78◦ corresponding to lattice reflection planes (201), (111) and (610) with a strong pref-
erential growth along (102) plane. The XRD patterns at different laser fluences show the 
intensity of the peaks increases with increasing of laser fluence, indicating increased crys-
tallinity. The crystallite size is determined using the Scherrer formula (Cullity and Stock 
2014):

where k is constant (0.89 < k < 1) varies with Miller indices and crystallite shape but usu-
ally nearly equal to 0.94, λ is X-ray wavelength, β is the full width at the half maximum 

(1)D = k�∕(� cos �)
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(FWHM) of the dominant diffraction peak in radian, and θ is the diffraction angle. The 
dependence of crystallite size on laser fluence is indicated in Table 1. It is seen that with 
increasing laser fluence from 0.6 to 1.4 J/cm2 the crystallite size increases. The increment 
of size is in accordance with the results of mentioned in TEM analysis.

Actually there is not any known relation between the laser ablation parameters and 
tungsten oxide crystalline structure. However, a comparison between Fakhari et  al. 
(Fakhari et  al. 2018a) and Barreca et  al. (Barreca et  al. 2011) reports shows that in 
the case of high laser fluence i.e. 13–23 J/cm2, probability of tungsten trioxide (WO3) 
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nanoparticles production is higher while in the range of low laser fluence i.e. 1–5 J/cm2, 
tungsten sub-oxide (WO3-x) will be synthesized.

3.5 � UV absorption spectra

The UV–Vis spectra of the colloidal solutions prepared by PLA in water were collected by 
means of a PerkinElmer Lambda 950 spectrometer in the 200–1100 nm wavelength range 
with respect to deionized water absorption as the base line using 1 cm × 1 cm quartz cells. 
The results are presented in Fig.  7. It is imagined a UV absorption peak from the exci-
ton absorption of tungsten oxide nanoparticles at shorter wavelengths than 200 nm. The 
spectra are characterized by an increasing absorption starting from 400 nm towards shorter 
wavelengths. It is in agreement with the UV absorption properties of WO3 (Barreca et al. 
2011; He and Yao 2007). Although the absorption features appear the same, the absorbance 
intensity increases with increasing laser fluence, since the absorbance intensity is directly 
proportional to the number of particles in suspension, and with increasing laser fluence, 
the number of prepared particles in suspension increases. FWHM of the excitonic peak of 
semiconductor nanoparticles directly depends on the width of their size distribution curve. 
For the case of our produced samples, the FWHM of the excitonic peak was increased with 
increasing the laser fluence. Because as is shown in Table 1, with increasing the laser flu-
ence, the uniformity of size distribution of the produced nanoparticles was increased.

There is a soft absorption peak at about 265 nm in the absorption spectra of samples 
which were produced by laser fluences of 1.2 and 1.4 J/cm2. This peak is attributed to 
another morphology of tungsten oxide nanostructures. This peak was firstly reported by 
Schieder et al. in the absorption spectrum of tungsten oxide nanotubes (Schieder et al. 
2013). Results show that with increasing the laser fluence in the procedure of nanostruc-
ture production, we may synthesize tungsten oxide nanotubes.
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The band gap energy of crystalline semiconductors is calculated by following the Tauc 
equation (Ghobadi 2013; Viezbicke et al. 2015; Kim et al. 2000; Tauc and Menth 1972; 
Pankove 2010 ; Gullapalli et al. 2010; Granqvist 2000; González-Borrero et al. 2010):

where hν is incident photon energy, Eg the band gap energy and B a factor that depends on 
the transition probability and can be supposed to be constant within the optical frequency 
range; α is the absorption coefficient defined by the Beer-Lambert’s law as � = 2.303 A/d 
and d is the distance between sides of the cell (Ghobadi 2013). Also, m is the index which 
can have different values of 1/2, 3/2, 2, and more depending on the transitions are direct 
allowed, direct forbidden, indirect allowed and indirect forbidden transitions, respectively 
(Ghobadi 2013; Viezbicke et al. 2015; Kim et al. 2000; Granqvist 2000). To calculate the 
band gap energy (αhν)1/m is plotted against hν  (Fig.  8). There is a distinct linear range 
in the plot which denotes the onset of absorption. The location on the hν axis where the 
linear section of the curve crosses is the band gap energy (Ghobadi 2013; Viezbicke et al. 
2015; Kim et al. 2000; Gullapalli et al. 2010; González-Borrero et al. 2010; Dwivedi et al. 
2011b).

Since in tungsten oxide, the top of the valence band is formed by the filled O 2p 
orbitals, while the bottom of the conduction band is constituted by the empty W 5d 
orbitals to some ninety percent, the transitions are allowed thus the value of m can be 

(2)�h� = B
(

h� − Eg

)m
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1/2 or 2 (Gullapalli et  al. 2010; Granqvist 2000; González-Borrero et  al. 2010). To 
determine whether m value is 1/2 or 2, we must check that the graph (αhν)1/m versus hν 
for which of these two values represents a better linear fit (Viezbicke et al. 2015). In 
Fig. 8 it is observed a suitable linear fit for both values of m = 1/2, 2, corresponding to 
direct and indirect allowed transitions, respectively.

The values of the band gap energies of samples are presented in Table  1. It is 
observed that at laser fluences of 0.6, 0.8, 1.2 and 1.4 J/cm2, the bandgap energies are 
5.86, 5.84, 5.68 and 5.66 eV for m = 1/2 and 5.68, 5.65, 5.26 and 5.24 eV for m = 2, 
respectively, i.e., with increasing the laser fluence, the bandgap energy of tungsten 
oxide nanoparticles decreases. This result is expected because numerous reports sug-
gest that in nanostructured tungsten oxides, the band gap energy generally decreases 
with increasing nanostructures size (He and Yao 2007; Gullapalli et  al. 2010; Zheng 
et  al. 2011) and on the other hand, results obtained in our TEM and XRD analyses 
indicate the nanoparticle average size increases with increasing the laser fluence. Of 
course for tungsten oxides nanoparticles, depending on particle size and synthesis 
method, band gap energy has been reported up to 4.2 eV (Brütsch et  al. 2017; Cong 
et al. 2014).

The influence of particle size on the band gap can be attributed to the so-called 
quantum confinement (QC) effect divided into two regimes so-called strong and weak. 
In strong QC, nanocrystal size is smaller than the Bohr radius, therefore the electron 
wave functions directly change. This causes the bandgap significantly to modify. While 
in weak QC, nanocrystal size is larger than the Bohr radius so an indirect perturbation 
in the electron wave function due to Coulomb effects occurs that causes a relatively 
smaller shift in the bandgap. Here it can be observed that variations of particle size 
strongly affect the band gap energies. Thus, it seems strong QC effect has occurred 
(Gullapalli et al. 2010; Zheng et al. 2011).

3.6 � PL emission spectra

The photoluminescence (PL) emission spectra of the samples prepared at different 
laser fluences are depicted in Fig. 9. PL spectra have been recorded at room tempera-
ture under 335 nm excitation wavelengths. As can be seen, in all emission spectra, 
there is a UV emission with the center wavelength at 375 nm (3.31 eV). With increas-
ing laser fluence from 0.6 to 1.4 J/cm2 position of the peak has not changed accord-
ingly the position of the peak is independent of nanoparticles size and band structure. 
Thus, we suggest that UV emission with the center wavelength at 375 nm might corre-
spond to the presence of oxygen vacancies or defects (Lee et al. 2003). As can be seen, 
with increasing the laser fluence and subsequent effect i.e. increasing the average size 
of nanoparticles, PL emission intensity increases because larger nanoparticles would 
possess more oxygen vacancies or defects (Lee et al. 2003).

By the Tauc method, the band gap energy of samples was obtained equal to 5.66–5.86 
eV for m = 1/2 and 5.24–5.68 eV for m = 2. These values correspond to photons with wave-
lengths ranging from 219 to 212 nm for m = 1/2 and from 237 to 218 nm for m = 2 while 
in our PL spectra the wavelength starts from 350 nm, thus, in the PL spectra, there is no 
emission peak representing the band to band transition. It is observed the presence of an 
emission band at 525 nm (green emission light) at the laser fluence of 1.4 J/cm2. The origin 
of this band is not clear to us origin is not clear to us.
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4 � Conclusion

In this paper, for the first time, we produced W17O47 via PLA of a pure tungsten target 
immersed in distilled water where the vaporization process of the target occurred. Sam-
ples were prepared at laser fluencies of 0.6, 0.8, 1.2 and 1.4 J/cm2 then the effect of laser 
fluence on products properties was examined. The EDS spectra only confirmed the exist-
ence of W and O elements in samples. FESEM images showed the formation of spherical 
and adhered to each other and consequently the formation of almost spherical and coni-
cal agglomerates. TEM images illustrated the average size of nanoparticles increases with 
increasing laser fluence from 0.6 to 1.4 J/cm2. In FTIR spectroscopy characterization peaks 
at 618–662 cm−1 wavenumber ascribed to the stretching vibration mode of ν(O–W–O) that 
confirm the existence of the bonds between ablated tungsten and ambient oxygen atoms. 
The XRD patterns supported the formation of crystallites in monoclinic W17O47 phase 
and the increment of crystallite size with increasing laser fluence using Scherrer formula. 
Direct and indirect allowed transitions in tungsten oxide nanoparticles were proved using 
Tauc method and band gap energies were obtained 5.66–5.86 and 5.24–5.68 eV for direct 
and indirect allowed transitions, respectively. The PL emission spectra showed defects and 
oxygen vacancies in prepared samples.
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