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Abstract
In this study, the effect of the dopant element on the linear, nonlinear absorption and optical limiting
properties of ultrasonically sprayedMoO3 thinfilms is presented. The linear optical results showed an
increase with the density of the defect states in the bandgapwith doping, in conjunctionwith a
decrease in bandgap energy and an increase inUrbach energy. Broad photoluminescence emissions
are detected in the range of 350 and 600 nm, decreasing in intensity by doping. To reveal the defect
states effects’ on the nonlinear absorption (NA) behavior, OAZ-scan datawere analyzedwith two
theoreticalmodels considering only two photon absorption (2PA) (model 1), and one photon
absorption (OPA), 2PA and free carrier absorption (model 2). TheNAbehavior is observed and found
to get enhanced by increasing input intensity and doping atoms due to generation of new oxygen
vacancies and formation of further defect states. TheNA coefficient values of the thinfilms inmodel 2
are 100 times higher than that of 2PA coefficient values inmodel 1. This result revealed the strong
effect of defect states on theNAbehavior. Among the investigated dopant atoms, Cu resulted in
enhancedNAdue to the higher density of defect states.While the genuine 2PA is the dominantNA
mechanism forV and Fe dopedMoO3 thinfilms,OPA and 2PA are the dominantNAmechanisms for
theNi, Zn andCu dopedMoO3 thinfilms due to their higher concentration of defect states. Cu-doped
MoO3 thinfilmhas a lower optical limiting threshold of 0.026mJ/cm2 due to its enhancedNA
behavior. Considering the results obtained, this study opens the door to the potential of dopedMoO3

thinfilms to be used as optical limiters in the visible wavelength region.

1. Introduction

Transitionmetal oxides (TMOs) have beenwidely investigated owing to their optical, electrical, chemical
properties and distinctmorphologies. Among all TMOs,molybdenum trioxide (MoO3) is highly promising for
optoelectronic applications due to its wide bandgap and various oxidation states. It is an n-type semiconductor
and has three polymorphic phases, which aremetastable hexagonal phase (h-MoO3), metastablemonoclinic
phase (β-MoO3) and stable orthorhombic phase (α-MoO3). Theα-MoO3 phase has a layered structure and is
stacked in the [0k0] direction. Various deposition techniques are reported in the literature for the fabrication of
MoO3 thin films, such as the sol–gelmethod [1, 2], spray pyrolysis [3, 4], electrodeposition [5], ultrasonic spray
deposition [6] and physical vapor deposition [7]. The ultrasonic spray deposition (USD)method, among other
solution-basedmethods, is a convenient, easy and relatively low-cost technique for the deposition of thinfilms.
Deposition is usually carried out in atmospheric conditions. Variousmetal oxide thin films are effectively
deposited usingUSDmethod [8–15].
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Doping introduces lattice strain and improve optical properties ofMoO3 and tune its wide optical bandgap
[2, 4, 16–18]. For instance, Boukhachem et al preparedMoO3:Co thin films on glass substrates through spray
pyrolysis [19]. The effect of Co concentration on the optical transmittance, reflectance, Urbach energy and
optical bandgap values were investigated. A direct correlation between doping concentration andmagnitude of
optical bandgap is observed. Sen et al found that the optical bandgap of hydrothermally synthesizedMoO3:Dy
nanobelts varies with the amount of dopants [17]. In another study, the broadened transmittance and optical
bandgapwas observed forMoO3:Agwith an increase in the dopant concentration [18].

Nonlinear absorption (NA) is a density-dependent transmittance that causes radical changes in the ground
state of thematerial as a result of strong light–matter interaction. In a non-resonant system, two photons are
simultaneously absorbed via a genuine two photon absorption (2PA), while in a resonant system the actual
intermediate state is sequential two photon absorption (two-step sequential excited state absorption (ESA)).
Both 2PA and ESA occur in a near-resonant system state, and the process is termed effective 2PA [20, 21]. Very
recently, the effect of defect states onNAhas been investigated for amorphous and polycrystalline
semiconductors [22–25], as well as for polymeric nanofibers [22, 23]. Those studies showed thatNA
performance can be tuned by increasing the defect density [24–26, 28]. This strategy is a crucial point for
applications such as optical limiters.Moreover, the distribution of defect states within the bandgap is another
critical point for observingNAperformance in awide spectral range. At this point the value of the bandgap is
important aswell as the distribution of defect states within the bandgap.

Only Lin et al demonstrated ultrafast photonic applications of Sn-modifiedMoO3 nanoribbons [29]. Some
nonlinear optical properties such as optical damage power threshold, light absorption and saturable absorption
were improved through Sn doping, but the optical limiting properties were not reported. DopingMoO3with
Zn, Fe, Cu,V andNi cause newdefect states related to oxygen vacancies and point defects. Defects, especially
those caused by oxygen vacancies have a significant effect onNA and optical limiting. Although there are some
studies on the doping effect related linear optical properties ofMoO3, as far aswe know, there is no study
investigating bothNA and optical limiting feature ofMoO3 dopedwith Fe, Cu, Zn, V andNi atoms. Therefore,
in this study, the doping (Fe, Cu, Zn, V,Ni) effect related structure,morphology, NA and optical limiting
features of ultrasonic spray-depositedMoO3 thin filmswere investigated. Using 4 ns pulsedQ switchedNd:YAG
laserwith an 532 nmemissionwavelength, theNA and optical limiting features of theMoO3 nanostructures
were revealed by open aperture (OA)Z-scan technique. Two theoreticalmodels were used to determine the 2PA
coefficients, andNA coefficient. Femtosecond transient absorption spectroscopymeasurements were also
performed to identify ultrafast carrier dynamics of the thinfilms.

2. Experimental

2.1. Thinfilmdeposition techniques
Microscopic glass slides were purchased from ISOLAB. Ammoniumheptamolybdate tetrahydrate
((NH4)6Mo7O24·4H2O), iron(III)nitrate nonahydrate (Fe(NO3)3·9H2O), zinc nitrate hexahydrate
(Zn(NO3)2·6H2O), copper(II)nitrate trihydrate (Cu(NO3)2·3H2O), ammoniummetavanadate (NH4VO3),
nickel(II)nitrate hexahydrate (Ni(NO3)2·6H2O), ethanol and acetonewere purchased fromSigma-Aldrich.
Deionizedwater (DI) (18.3MΩ)was used in all steps. All chemicals were usedwithout purification.Microscopic
glass slides were cut to 2 cm× 2 cmdimensions and cleaned sequentially with acetone, ethanol, andDIwater for
15 min each using an ultrasonic bath. All substrates were dried under nitrogen flow. The aqueous precursor
solutionwas obtained using (NH4)6Mo7O24·4H2O. To fabricate 5 wt%dopedMoO3 thinfilms, specific
amounts of different salts, whichwere Fe(NO3)3·9H2O, Zn(NO3)2·6H2O,Cu(NO3)2·3H2O,NH4VO3 and
Ni(NO3)2·6H2Owere added to the precursor solution. Firstly, 5 mM (NH4)6Mo7O24·4H2Oprecursor solution
was prepared in 200 ml ofDIwater and it was directly used forMoO3 deposition. To prepare 5 wt%Fe, Zn, Cu,
V andNi dopedMoO3 precursor solutions, 0.244 g Fe(NO3)3·9H2O, 0.153 gZn(NO3)2·6H2O, 0.128 g
Cu(NO3)2·3H2O, 0.080 gNH4VO3 and 0.166 gNi(NO3)2·6H2Owere added into 200 ml of precursorMoO3 salt
solution, respectively. All precursor solutions were stirred vigorously for 1 h at room temperature. The pHof all
precursor solutions were around 5.0 (figure S1). The precursor solutions were sprayed onto glass substrates
using a commercial USD system (Exacta Coat, Sono-Tek) using the ultrasonicVortex nozzle (operated at
120 kHz), which produces stable and conical spray patterns onto pre-heated substrates (T= 150 °C). The
distance between the samples and the spraying nozzle was 9.5 cm. The solution flow ratewas set to 0.2 ml min−1

and clean air at 3 kPawas used as the carrier gas. The ultrasonic nozzlewasmovedwith a constant speed of
40 mm s−1 in x-y directions following an S-shaped patternwith a spacing of 1 mm. Total depositionwas
finalized in 10 cycles. Following deposition, allfilmswere annealed at 400 °C for 60 min under ambient
conditions. Finally, all thin filmswere furnace cooled to room temperature.
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2.2. Structural,morphological and optical characterization techniques
Themorphology of theMoO3 thin filmswere examined by scanning electronmicroscopy (SEM). A FEINova
Nano FEG-SEMoperated at 20 kV, equippedwith an energy-dispersive x-ray (EDX) analyzer. Prior to SEM
analysis, a thin Au layerwas deposited onto samples. The crystal structure of the thinfilmswas determined using
a RigakuD/Max-2000 diffractometer with CuK radiation operating at 40 kV (at awavelength of 0.154 nm)
from10° to 70° at a scan rate of 0.5/min. Raman spectrawere recordedwith a BRUKERFRA 106/S
spectrometer using a 532 nmNd:YAG laser as the excitation source. Spectroscopic ellipsometer (Woollam
M2000V) at three angles of incidence (65°, 70°, 75°)was used to determine the thickness of theMoO3 thinfilms.
Themeasurements revealed that all samples were around 270 nm thick. ShimadzuUV-1800model UV–vis
spectrophotometer was used to investigate the linear absorption behaviors of theMoO3 thinfilms. The
photoluminescencemeasurements were conducted by Perkin Elmer LS55 spectrophotometer at wavelength of
320 nmat room temperature. OAZ-scan experiments were conductedwith aQ-switchedNd:YAG
(QuantelBirillant) laser (4 ns pulse duration, 10 Hz repetition rate) at 532 nm excitationwavelength to reveal the
effective nonlinear optical feature of theMoO3 thin films. ATi: Sapphire laser amplifier and an optical
parametric amplifier systemwith a 52 fs pulse duration and a 1 kHz repetition rate (Spectra physics, Spitfire Pro
XP, TOPAS)were used to perform the femtosecond transient absorption spectra. The charge transfer
mechanisms of the thin filmswere revealed by pumpprobe experimental setup (Spectra Physics, Helios)with a
white light continuumprobe and obtained datawere analyzedwith Surface xplorer software (Ultrafast systems).
The pumpwavelengthwas chosen as 400 nm for the thinfilms.

3. Results and discussions

3.1.Morphological and structural analysis
Figures 1(a),(b) are evidence of polycrystalline structure and all diffraction peaks can be indexed to the
orthorhombic structure ofα-MoO3 (JCPDS cardNo. 05–0508). The peaks of the (020), (040), (060), (110) and
(021) planes are providing strong evidence of the orthorhombicα-MoO3 phase.Moreover, the original
orthorhombic structure ofα-MoO3 is not changed since no other diffraction peaks related to Fe, Zn, Cu, V,Ni
or other impurities or secondary oxide phases or intermetallics are observed. This also indicated the successful
incorporation of dopant atoms into theα-MoO3 lattice. Slight shifts are observed for the (020) peaks in the
doped samples relative to the bareα-MoO3 film, as observed in themagnified diffraction peak for the (020)
plane (figure 1(b)). The shifting of the (020) plane can be attributed to the lattice strain introduced to the
orthorhombicα-MoO3 structure upon doping [30–37]. Also, the strain can cause the interplanar distance to
change and hence the peak angle to decrease [30, 31].

Three strong planeswhere k= 2, 4, 6 are observed, called (0k0) planes, indicating the presence of a layered
growth structure [38]. Among these planes, the (040) plane showed the preferential orientation for bareMoO3

thinfilms.However, upon doping of bareα-MoO3 thin films, the preferential orientation changed to (020)
plane. The doping element can affect the preferential orientation of the films [39, 40].Moreover, an inverse
relation of peak angle and intensity can be seen infigure 1(a), and it is compatible with Bragg’s law since
µ

q
I .1

sin 2( )
As the peak angle shifts to the left, the intensity of the peakmay increase, and thismay be associated

with increased crystallinity. The peak intensity of the (020) plane varies according to the dopant element
(figure 1(b)). TheMoO3:Cu thin film has the highest intensity peak among other thinfilms.

Raman spectroscopywas used for the further structural characterization and quantification of defects for
bare and dopedMoO3 thinfilms (figure 1(c),(d)). The positions of all detected Raman peaks are in good
agreementwith studies in the literature [41–46]. The Raman signal observed at 996 cm−1 corresponds to the
asymmetric stretching ofMo═O1 along the b-axis direction, whereas the peak at 819 cm

−1 is attributable to the
symmetric stretching ofMo−O3−Mo,where the bonding aligns along the a-axis (figure 1(c)) [41, 43]. The band
observed at 667 cm−1 can be attributed to the stretchingmode of the triply coordinated oxygen (Mo3–O)
resulting from edge sharing [44]. A shearedmodewas observed at 375 cm−1 andO–Mo–Obendingmodewas
observed at 337 cm−1 [45].Moreover, thewaggingmodes of the terminalO=Mo=Ogroups exhibited
vibrationalmodes at 127 cm−1, 284 cm−1 and 293 cm−1 [41, 43, 45]. The torsionalmode involvingO=Mo=O
is detected at 243 cm−1, while the 157 cm−1 peak comes from the translation vibration of the rigid chains
[45, 46]. On the other hand, no additionalmodes resulting from the inclusion of dopant atomswere detected.
However, the intensity of the vibrationalmodes changes with the addition of dopant atoms, suggesting that the
addition of dopant atoms primarily leads to defects and oxygen vacancies without causing any structural
transformation [42]. The slight broadening/narrowing and shifting of Raman activemodes are due to the
presence of oxygen vacancies formed by the displacement of oxide ions from their normal cages (figure 1(d)).

The average crystallite sizes (D), dislocation densities and strain values, acquired fromXRDpatterns using
(020) peak, are presented in table 1. The values ofDwere found to be approximately 62.9, 47.3, 46.4, 45.0, 52.6
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and 45.6 nm for bareα-MoO3,MoO3:Fe,MoO3:Zn,MoO3:Cu,MoO3:V andMoO3:Nifilms, respectively,
whichwere calculated using the Scherrer’s equation ( l b q=D 0.94 cos/ ). Herein, q is the Bragg angle, b is the
FWHMand l refers to thewavelength of the x-ray. The crystallite size of bareMoO3 thinfilm is observed to be
larger than dopedMoO3 thinfilms. Fe, Zn, Cu, V andNi atoms can act as barriers and inhibit crystallite size
growth in dopedMoO3 thinfilms due to lattice strain. On the other hand, dislocation is a line defect, it increases
in decreasing crystallite size and causes an increase in strain. Dislocation densities of dopedMoO3 thin films
increase compared to bareMoO3 thin films due to the presence of dopant atoms. Additionally, as the crystallite
size decreases, the defect concentration in dopedMoO3 thin films increases, which increases the dislocation
density [8, 47]. Themicrostrain (ε) values are found to be approximately 5.1, 6.8, 7.0, 7.2, 6.2 and 7.2 .10−3

lin.−2m−4 for bareMoO3,MoO3:Fe,MoO3:Zn,MoO3:Cu,MoO3:V andMoO3:Nifilms respectively, which are
calculated using relation e b q= cos 4( )/ (table 1).

SEManalysis is carried out for the structural investigation of bare and Fe, Zn, Cu, V andNi dopedα-MoO3

thinfilms, which are given infigures 2(a)–(f), respectively. The emergence of differentmorphologies for bare
and doped thin films showed thatmorphology change can be achieved by doping. Figure 2(a) indicates the
layered structure ofα-MoO3with plate-like structures stacked on top of each other. The layered plate-like

Figure 1. (a)XRDpatterns of bare and dopedMoO3 thinfilms, (b) enlarged XRDpatterns of thin films. (c)Raman spectra for bare and
dopedMoO3 thin films, (d) enlargedRaman spectra of thinfilms.

Table 1.Microstructural properties ofMoO3 thinfilms.

Diffraction angle

(2θ) deg. hkl

FWHM

(degrees)
Dislocation density×

10−3 (nm−2)
Crystallite size

(D)nm
Micro strain (ε)

(× 10−3)

MoO3 12.84 020 0.1318 0.25 62.88 5.14

MoO3:Fe 12.83 020 0.1764 0.45 47.33 6.85

MoO3:Zn 12.81 020 0.1799 0.46 46.41 6.99

MoO3:Cu 12.80 020 0.1854 0.49 45.03 7.21

MoO3:V 12.82 020 0.1587 0.36 52.60 6.16

MoO3:Ni 12.77 020 0.1833 0.48 45.56 7.15
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morphology of bareα-MoO3 thin film changed to a lamella-like structure upon dopingwith Fe andZn. In
addition, the lamella-likemorphology ofMoO3:Fe consists of some pebble structures, while the amount of the
pebble structures increases inMoO3:Zn thinfilms, shown infigures 2(b)–(c). On the other hand,MoO3:Cu thin
film has some rod-like structures with irregular shapes (figure 2(d)). The lamellar structure is preserved both for
V andNi dopedMoO3 thinfilms, except forminormorphological changes figures 2(e)–(f). The lamellar
structure had some irregular shapes for theV dopedMoO3 thinfilm,while agglomeration of the lamellar
structure is observed forNi dopedMoO3 thin film. Furthermore, the lamella-like structure observed in SEM
images are consistent with (0k0) planes seen in theXRDpattern infigure 1(a). Also, EDX is conducted for
further analysis and obtained results are given in table 2 proved that the concentration of dopants is
around 5 wt%.

3.2. Linear optical analysis
Figure 3(a) shows the linear absorption spectra of theMoO3 thin films. Doping is found to increase the
absorption and slightly shift the band edge to longer wavelengthswith decreased steepness. This observation
showed that doped thin films contain increased number of defect states, in particular point defects. To clarify the
NAmechanisms, it is necessary to determine the bandgap energy of thematerials. The bandgap energy is
obtained by the Tauc plot using the below expression [49].

a n n= -h A h E 1g
n( ) ( )

where n= 1/2 and n= 2 for direct and indirect transitions taking place between valence and conduction
bands, respectively. Eg is the bandgap energy,A is a constant, hν is the photon energy andα is the linear
absorption coefficient. Figure 3(b)demonstrates the Tauc plots ((αhν)2 versus hν graphs) and obtained bandgap
values are tabulated in table 3. Bandgap of the bareMoO3 reduced from3.85 eV to 3.34 eVwith dopants. These
dopant atoms created localized defect states just below the conduction band. These defect states caused to

Figure 2. SEM images of (a) bareMoO3, (b)MoO3:Fe, (c)MoO3:Zn, (d)MoO3:Cu, (e)MoO3:V and (f)MoO3:Ni thinfilms.

Table 2.EDX results ofMoO3 thinfilms.

Sample Mo(wt%) O(wt%) Fe(wt%) Zn(wt%) Cu(wt%) V(wt%) Ni(wt%)

MoO3 84.28 15.72 — — — — —

MoO3:Fe 81.59 13.22 5.19 — — — —

MoO3:Zn 77.96 16.78 — 5.26 — — —

MoO3:Cu 78.70 16.14 — — 5.16 - —

MoO3:V 78.65 s 15.62 — — — 5.73 —

MoO3:Ni 78.33 16.09 — — — 5.58
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reduced band gap energy. The obtained Eg value of the bareα-MoO3was consistent with the literature
values [50, 51].

Urbach energy of thematerials supplies information on the defect states density within the bandgap. The
Urbach energies are investigated to reveal the effect of dopant atoms on the defect states density of theMoO3

thinfilms. TheUrbach formula [52] expressed as below is used tofind out theUrbach energy.

a a= hv Eexp 2U0 ( ) ( )/

whereα0 is a constant, EU is theUrbach energy andα is the absorption coefficient. The inverse slope of the
linear region of the lnα versus hν graphs shown infigure 4 provides theUrbach energies and increasedEUis
observedwith doping. Considering the obtained linear optical results, it can be stated that the dopant atoms
cause an increase in the defect states of theMoO3 thin films, as indicated byXRD results.

3.3. Photoluminescence and femtosecond transient absorption spectroscopy analysis
Figure 5 indicates the photoluminescence spectra of theMoO3 thinfilms excited by awavelength of 320 nmat
room temperature. The broad photoluminescence signals are observed between 350 and 600 nm, as also
reported in the literature [53]. Photons with energies over their bandgaps reflected off the samples and produced
unstable photo-excited electrons. This caused them to return to a ground state and release less energetic
fluorescence photons. The strong fluorescence emission at 379 nm is shown due to electron–hole
recombination and, its intensity decreased and shifted to the longer wavelengths with doping. In the present
research, theweak emission signals, which are caused by the electron–hole recombination between the
conduction band and the sublevel of adsorbed oxygen acceptors (defect states in the energy band gap) [54], are
also detected at 486 and 531 nm, and these are found to increase with dopant atoms (Fe, V,Ni, Zn, Cu). The
observed increasing intensity of these signals in dopedMoO3 thin films signed out the increased defect states in
the energy region of the 486 and 531 nm.

Defect assisted excited state absorption (ESA) is only observedwhen the lifetime of the localized defect states
are longer than the laser pulse duration. Figure 6 indicates the time evolution of the pump–probe data ofMoO3

thinfilms. The normalized transmission is found to decaywith three exponential times. Continuous ESA is
observedwith the ultrafast pump–probe experiments. The fastest time component (about 0.5–1 ps) is attributed
to the hot carrier gas interactionwith the lattice and cooling down to lattice temperature inMoO3 thinfilms. The
second time componentwhich is around 70–100 ps could be the recombination processes without getting

Figure 3. (a) Linear absorption spectra and (b)Tauc plots ofMoO3 thinfilms.

Table 3.Bandgaps (Eg) and urbach
energy values (EU) of theMoO3

thinfilms.

Samples Eg (eV) EU (eV)

MoO3 3.85 0.54

MoO3:Fe 3.46 0.59

MoO3:Cu 3.43 1.36

MoO3:Zn 3.34 1.18

MoO3:Ni 3.48 1.24

MoO3:V 3.67 0.81
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trapped by the defect states. The slowest component (? 4 ns) is attributed to the carrier vanishing either by
getting trapped by localized defect states or recombined at recombination centers after cooling. Based on the
results, it can be said that these defect states can be saturated and this will be explained in the next section.

3.4. Nonlinear absorption and optical limiting analysis
Open aperture (OA)Z-scan experiments at an excitationwavelength of 532 nmunder various input intensities
are performed to reveal theNA features of bare and Fe, V,Ni, Zn andCu dopedMoO3 thinfilms. Inmodel 1, the
OAZ-scan curves werefitted to 2PAprocedure introduced by Sheik-Bahae et al [55]. The two photon
absorption coefficient was found fromfitting ofOAZ-scan data into equation (3).

å=
+ +=

¥

T z
q

m z z1 1
3

m
m

0

0
3 2 2

0
2

( )
( ) ( )

( )
//

wherem is an integer, q0 (z) isβI0Leff, b is the 2PA coefficient and the effective thickness is =
a

- a-
Leff

e1 L0

0

with the sample thickness L, andαo is the linear absorption coefficient. Figure 7 indicates theOAZ-scan curves
of the thinfilms at 40.04 MW cm−2 input intensity. Their 2PA coefficients were found as 5.67× 10−8, 8.93×
10−8, 1.32× 10−7, 1.77× 10−7, 3.31× 10−6 and 5.11× 10−6m/Wfor bareMoO3, andNi, Fe, V, Zn andCu

Figure 4. lnα versus hν plots ofMoO3 thin films.

Figure 5.Photoluminescence spectra ofMoO3 thin films.
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dopedMoO3 thinfilms respectively. It revealed that the doping atoms led to strongerNAbehavior as compared
to bareMoO3 thin films.

Moreover, all of theMoO3 thin films have the defective structure as presented in the previous section and
these defect states contribute toNAbehaviors of thematerials. Therefore, inmodel 2, Z-scan data arefitted using
a theoreticalmodel that takes into account the contribution of one photon absorption (OPA), 2PA and free
carrier absorption (FCA) toNA.

a b s
=

+
-

+
-

+
dI

dz

I

I I

I

I I

N I I

I I1 1 1
4

SAT SAT SAT

2

2 2
0

2 2

∆ ( ) ( )
/ / /

In thismodel, the first term represents theOPA and its saturation, the second term represents 2PA and its
saturation, and the last term represents FCA and its saturation. In equation (4),ΔN(I) is the generated photo
carrier density given as

a
w
t

b
w
t= +N

I I

2
50

2

0∆ ( )
 

whereα is the linear absorption coefficient, ÿω is the photon energy,β is the 2PA coefficient and t0 is the pulse
duration. Substituting equation (5) in equation (4), the expression can be obtained as below. According to our
model, the optical intensity (I) loss while propagating in the sample is governed by the differential equation.

Figure 6.Time evolution femtosecond pump–probe spectroscopy graphs at 500 nmprobewith 400 nm excitation.

Figure 7.OAZ-scan and curves ofMoO3 thinfilms at an input intensity of 40.04 MW cm−2.
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In equation (6), ¢z is the propagation distance inside the sample, ISAT is the saturation intensity threshold andβeff
is the effectiveNA coefficient given in the following

b b s at w= + 7eff 0 0( ) ( )/

where s0 is the FCA cross section. Thefitting details are given in [56]. The laser pulse energywas fixed at 0.5,
1.1 and 3.4μJ for all of the prepared thin films in Z-scan experiments. Theωo value was obtained from thefitting
of the experimental data and it was found in the range of 15 μmand 26 μmfor bare and dopedMoO3 thinfilms.
Nonlinear optical features of theMoO3 thin films at various input intensities are presented infigure 8. All of the
thinfilms showedNAbehavior and the normalized transmittance reducedwith an increase of the input
intensity. TheOAZ-scan curvewidth increasedwith the dopant atoms (Fe, Zn, Cu,Ni andV) as can be seen in
thisfigure.

In ourmodel, we consideredOPA, 2PA and FCA contributions due to defect states within the energy
bandgap. The type of 2PA can be distinguished by the inclusion of intermediate states, (i)Genuine 2PA is the
simultaneously two photon absorptions through the virtual state, and (ii) sequential 2PA orOPA+ESA is
sequential absorption of photons [57]. In contrast to genuine 2PA, ESA occurs when the electron in excited state
absorbs onemore excitation photon before it decays to the ground state. Z-scan cannot determine the nature of
2PA, so intensity dependentNAmeasurementmust be carried out to determine the truemechanismunderlying
2PA.When theNA coefficient is independent of the input intensity, genuine 2PA is prevalent.When theNA
coefficient changes (increases/decreases)with increasing of input intensity, ESA process will become dominant.
This is due to excitation of electron from the ground state to excited state, which depletes the ground state
population [58]. To identify the involved 2PAprocess, intensity dependentNA studies are conducted. Figure 9
shows the variation ofβeffwith respect to input intensities. It is clear that theNA coefficient remained constant
with varying input intensity and yielded genuine 2PA for bare, Fe- andV-dopedMoO3 thinfilms, while for Zn,
Cu andNi-doped thinfilms, theNA coefficient changedwith varying input intensity assuring the occurrence of
sequential 2PA. As can be seen in this figure,βeff decreased rapidly for Zn andCudopedMoO3 thinfilmswith
higher defect states among other doped thinfilms.NAbehaviors are strongly influenced by thefilling of these
defect states, which caused saturable absorption.On the other hand, other thin ffilmswith lowdefect states can
be saturated at low input intensity, soβeff values slightly change or remained unchangedwith increasing input
density. In the case of sufficient laser light intensity, the pure saturable absorption can be observed in our
experiments. Although theOPA induced saturable absorption effect led to decrease theNA, the pure saturable
absorption curves were not observed due to insufficient laser light intensity.

The normalized transmittances of thin films at 40.04 MW cm−2 are presented infigure 10(a). It is clearly
seen thatNAwas strengthened by the influence of the contributing atoms. The increasing width is an indication
that the contribution ofOPA toNA is increasing. TheOAZ-scan curves width increasedwith doping atoms, and
widerwidthwas observed forMoO3:Cu thinfilm among other thinfilms. Thismeans that the contribution of
OPA toNA is higher for Cu doping. Theoretical fitting results of the data are presented in table 4.βeff increased

Figure 8.Normalized transmittance of theMoO3 thinfilms at various input intensities.
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from3.87× 10−6 to 2.90× 10−5mW−1 with doping atoms. Among the dopant atoms, the biggerβeff is obtained
for Cu dopant. Considering the bandgap energy (3.85 eV) of bareα-MoO3 thin film, an electron can be excited
from the valence band to the conduction band by genuine 2PAwith an energy of 2.32 eV. In this case, the
dominantNAmechanism is 2PA. AlthoughMoO3:Fe andMoO3:V thinfilms have higher number defect states
with respect to bare thinfilm, used light energy is not sufficient to excite an electron from valence band to defect
states. Therefore, these thinfilms had the sameNAmechanism as the bare thinfilm.On the other hand, as
discussed in the previous section, the Eu energy increased to 1.18, 1.24 and 1.36 eV for Zn,Ni andCudoping
atoms, respectively. Therefore, the electron can be excited from the valence band to the defect states in the
bandgapwithOPA (2.32 eV) and then excited fromdefect states to conduction band by absorption of another
photon. Therefore, the dominantNAmechanisms for the Zn,Ni andCudopedMoO3 thinfilms areOPA and

Figure 9.Variation ofβeffwith respect to input intensities.

Figure 10. (a)OAZ-scan and (b) optical limiting curves ofMoO3 thinfilms at an input intensity of 40.04 MW cm−2.

Table 4.Nonlinear absorption coefficients (βeff), saturation intensity threshold (ISAT) and
optical limiting threshold values of theMoO3 thin films under a 532 nm laser excitation at
an input intensity of 40.04 MW cm−2.

Exc. wavelength βeff (m/W) ISAT (W/m2) OnsetOpt. lim. thres.(mJ/cm2)

MoO3 3.87× 10−6 7.16× 1011 0.170

MoO3:Fe 8.48× 10−6 1.25× 1012 0.065

MoO3:Zn 1.67× 10−5 7.68× 1013 0.031

MoO3:Cu 2.90× 10−5 7.89× 1013 0.026

MoO3:V 1.28× 10−5 1.47× 1012 0.040

MoO3:Ni 1.40× 10−5 2.40× 1012 0.034
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2PA (simultaneously 2PA and sequential 2PA). The results revealed that increasing density of defect states
increases theNAbehavior ofMoO3 thinfilms. As compared theNA coefficient values, NA coefficient values in
model 2 are 100 times higher than the values inmodel 1. Due to the defect states assistedNAmechanisms caused
to higherNA coefficient. The effect of defect states onNAwas reported in the literature [10, 22, 24, 28, 59, 60].
The ISAT value increased from7.16× 1011Wm−2 to 7.89× 1013Wm−2 with doping atoms compared to the
bareα-MoO3 thin film owing to the increased defect states density inside the bandgapwith dopant atoms. The
obtainedβeff values of dopedMoO3 thinfilms are higher than the values of [42, 61].The [42] reported thatβ
values changedwith differentmorphology of theMoO3 (Nano-Rods, -Wires, -Belts and –Tubes). They reported
that the defects in differentmorphology created byZnO. The [61] reported thatβeff values increasedwith
increase of theGOconcentration inMoO3. It was observed in the present study that the doping atom inMoO3

increased the defect states in the structure and changed themorphology of the bareMoO3. TheNA coefficient of
the bareMoO3 thin film increased due to the increasing defect states and changingmorphology. On the other
hand,NA is affected bymany parameters such as the productionmethod, doping sample, temperature,
morphology, density and distribution of defect states. Considering all of these, no single parameter can be put
forward as the reason for the obtained results. PossibleNAmechanisms forMoO3 thinfilms are presented in
figure 11.

The negative impact of high-power laser technology on society is the potential for unintentional exposure to
powerful laser pulses, causing irreparable damage to human eyes, skin, and optical detectors. Researchers have
beenmotivated by this to investigate and design innovativematerials with strong and high linear transmittance,
broad-band passive optical limiting, quick reaction times, and high thresholds for laser damage [61]. An ideal
optical limiter limits the transmitted light over its optical limiting thresholds and holds it constant, and in this
way it protects the sensitive devices. It is known that the optical limiting response will be higher if the optical
limiting threshold is lower. The optical limiting curves of the thin films are presented infigure 10(b) and the
values are listed in table 4.Optical limiting threshold of the bareα-MoO3 thinfilm decreasedwith doping from
0.17 to 0.065, 0.040, 0.034, 0.031 and 0.026mJ/cm2 for Fe, V,Ni, Zn andCu doping, respectively. TheMoO3:Cu
thinfilm indicated higher optical limiting feature owing to the its strongerNAbehavior among other thinfilms.
Our results indicate that theMoO3:Cu thin film can be a good candidate as an effective optical limiter in the
visible wavelength region. Thefilms of presentmaterials can be used as an external optical componentwhich is

Figure 11.Proposed possibleNAmechanisms for bareMoO3 andCudopedMoO3 thinfilms.
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directly interactedwith the high power light before sensitive component or protection can be provided by
coating the optically sensitive element with thesematerials that have optical limiting properties.

4. Conclusions

In this work, bare and Fe, Zn, V,Ni andCu dopedMoO3 thin filmswere deposited onto pre-heated glass
substrates usingUSDmethod. TheXRD results showed that all the diffraction peaks of the thinfilms could be
indexed to the orthorhombic structure ofα-MoO3without any extra peaks related to other elements or
intermetallics. Upon doping, the changes in themorphology, linear andNA features ofMoO3 thin filmswere
observed. Linear optical analysis showed that the bandgap of the bare thinfilm decreased and theUrbach energy
increased owing to an increase in the defect states upon doping. The broad strong fluorescence emissionwas
observed in the range of 350 and 600 nmwith a decreasing intensity upon doping. Theweak photoluminescence
signals were detected at 486 and 531 nmand the photoluminescence intensity was found to increase upon
doping. TheOAZ-scanmeasurement results revealed theNAbehavior of the bare and Fe, Zn, V,Ni andCu
dopedMoO3 thinfilms.NAbehavior of all the thinfilms became strongerwith increasing input intensity and
doping. The 2PA coefficient value of the bare thinfilm increasedwith doping atoms and theywere found in the
range of 5.67× 10−8 and 5.11× 10−6mW−1. TheNA coefficient value of bare thin film increased from3.87×
10−6mW−1 to 8.48× 10−6, 1.28× 10−5, 1.40× 10−5, 1.67× 10−5, 2.90× 10−5 with Fe, V,Ni, Zn andCu
dopants, respectively. TheNA coefficient values are 100 times higher than that of 2PA coefficient values due to
the strong contribution of defects toNA. TheNAmechanisms of theMoO3 thinfilmswere also elucidated.
Considering their linear optical results, genuine 2PAwas the dominantNAmechanism for the bare, Fe andV
dopedMoO3 thinfilms.OPAwas enough to excite an electron from valance band to defect states due to higher
defect states density of theNi, Zn andCu doped thin films. Therefore, theNAmechanismswereOPA and 2PA
(two steps sequential ESA) for these thinfilms. TheOAZ-scan results revealed the strong influence of the defects
on theNAbehavior of theMoO3 thin films. Investigation of the optical limiting behavior demonstrated that the
Cu dopedMoO3 thinfilm had lower optical limiting threshold as 0.026mJ/cm2 among the other dopants in line
with theNA results. Considering all the results together, Ni, Zn andCu dopedMoO3 thinfilms are highly
promising candidates as optical limiters in the visible wavelength region, due to their higherNAbehavior and
lower optical limiting thresholds.
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