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limiting behaviour, and the limiting threshold was found to 
be lowest for microrod structures (~0.21 µJ/cm2). Due to 
the top-notch third-order nonlinear optical coefficients and 
excellent limiting behaviour, monoclinic copper niobate 
microrods can be used as a potential material for utilization 
as an optical limiter for femtosecond pulses.

1 Introduction

Utilization of lasers has increased many folds in the fields 
of medicine, industry, aviation, communications and 
defence sectors. Among the various available lasers, ultra-
short pulsed lasers with the pulse durations of few fem-
toseconds (fs) to few hundred fs are in high demand in 
industries and research laboratories. Applications of these 
lasers are vast in a variety of areas such as material pro-
cessing, laser direct writing, selective laser etching, glass 
welding, sub-surface marking and surface texturing [1, 2]. 
In particular, these lasers find extensive usage in the field 
of medicine for cancer detection, cell transfection, col-
lagen imaging, microsurgery, tissue welding, cataract sur-
gery and refractive vision correction [3, 4]. Although these 
lasers are never directly interacting with humans, the risk 
of accidents is very high since these lasers release an enor-
mous amount of energy at short duration. Therefore, the 
scientific community has been investigating various meth-
odologies including efficient passive-optical limiting mate-
rials, which block the transmittance of high-intensity light 
and allow the low-intensity light to pass through. Organic 
materials such as phthalocyanines [5], fullerenes [6] and 
carbon nanotubes [7] are some of the well-known optical 
limiters as these have demonstrated low limiting thresholds 
and strong nonlinear optical (NLO) coefficients. The major 
concern of organic materials-based optical limiters is its 
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small dynamic range as it has low laser damage threshold. 
Hence, as an alternate, inorganic materials are under recent 
focus due to their high thermal and mechanical stability.

Among the inorganic systems, niobate materials such as 
lithium niobate, potassium niobate and sodium niobate are 
the well-known NLO materials as it has wide spectral cov-
erage and large electro-optic coefficients [8, 9]. Especially, 
niobates of AB2O6 (A-metal, B-niobates) form having per-
ovskite structure are under recent attraction because of its 
spontaneous polarization and high optical nonlinearities. In 
the choice of metals for niobate, copper is advantageous in 
optical limiters as it can provide broad spectral range, high 
thermal stability and strong anti-photo corrosive nature 
[10]. Also literature reveals that the addition of copper 
enhances the nonlinear absorption and the first report on 
the optical limiting behaviour of CuO thin films in the fem-
tosecond (fs) regime demonstrated a low limiting thresh-
old of 0.3 GW/cm2 [11]. Similarly, nonlinear absorption 
of copper phthalocyanine was investigated in the fs regime 
both experimentally and theoretically which showed large 
fifth-order NLO coefficient [12]. Based on these facts, it 
can be proposed that copper niobate can be used as broad 
band limiters as it has broad spectral range, high thermal 
stability and excellent anti-photo corrosive nature. Another 
advantage of this material is that its optical properties can 
be tuned by varying its microstructure, and in particular, 
one-dimensional structure will have enhanced nonlinear 
optical behaviour as the incident field is fully coupled to the 
local mode. Although copper niobate has been intensively 
studied for their applications in solar cell and gas sensing, 
the NLO properties of this material and the origin of the 
optical nonlinearity have not been studied till date. This 
article reports the preparation of one-dimensional micro-
structures of monoclinic phase copper niobate by varying 
the sintering time of solid-state reaction. Also their third-
order optical nonlinearity and optical limiting behaviour in 
the femtosecond regime were studied by Z-scan technique.

2  Preparation and methods

For the preparation of pure monoclinic phase of copper nio-
bate, copper oxide and niobium metal of analytical grade 
were taken as starting material. The finely grinded precursor 
was kept in a furnace at 700 °C for various sintering time 
(3, 6, 9 and 12 h). The obtained powders appeared to be yel-
lowish green in colour [13]. The preliminary identification 
and phase confirmation of the compound were carried out 
by PAN Analytical X-Ray powder diffractometer. The pre-
pared samples were subjected to FESEM with EDS analy-
sis for morphological and elemental studies by FEI Quanta 
FEG 200 scanning electron microscope. The absorption 
and emission spectra of the 1 mg copper niobate dispersed 

in 1 µl of diethylene glycol were studied using LAMDA 
UV–Vis–NIR spectrophotometer and JASCO spectrofluor-
ometer, respectively. Nonlinear optical (NLO) studies were 
performed by the standard Z-scan experiment using ultra-
short pulses delivered by a Ti:sapphire (800 nm, 80 MHz, 
150 fs, 3–4 mW) laser source, and the pulses were focused 
using a plano-convex lens of focal length 10 cm with beam 
waist 

(

ω0 =
f �
πd

)

 of ~26 µm. All the four samples of 1 mg 
weight were dispersed in 1 ml of diethylene glycol such that 
their linear transmission was ≥70 %. The sample was taken 
in 1-mm quartz cuvette for performing open- and closed-
aperture Z-scan experiments. The sample was slowly moved 
along the Z-axis (between +Z and −Z) of the laser beam 
using the linear translation stage. The change in light trans-
mission for every corresponding Z-position was monitored 
using pyroelectric energy detector, and the experiments 
were repeated several times to assure the reproducibility of 
results. Depending on the Z-position, intensity of the laser 
falling on the material varies with the intensity being maxi-
mum at the beam focus. For all the samples, similar peak 
intensities were maintained and the detailed experimental 
procedure is reported elsewhere [14].

3  Structural and morphological studies

The recorded EDS spectrum (provided in the supplemen-
tary data) confirmed the presence of copper, niobium and 
oxygen in the prepared materials. The preliminary iden-
tification and phase confirmation of the materials were 
made with the XRD analysis (provided in the supplemen-
tary data). All the peaks in the pattern were identified and 
indexed using the JCPDS card no: 83-0369 [15]. The for-
mation of pure monoclinic phase copper niobate without 
any traces of Nb2O5, CuO, Nb and orthorhombic CuNb2O6 
was configured. Figure 1 presents the FESEM images of 
the samples prepared at various sintering times. It can be 
clearly seen that at higher sintering time of 12 h (Fig. 1a), 
microrod-like structures were observed because of densi-
fication and coalescence processes. To further understand 
the growth mechanism, FESEM image of the samples 
obtained at other sintering times of 3–9  h was analysed. At 
3-h sintering time (Fig. 1b), local bonding formed between 
the particles creating pore-like structure due to mass trans-
port and densification process [16]. At 6-h sintering time 
(Fig. 1c), densification further increased, resulting in the 
minimization of pore diameter along with the formation 
of nucleation sites. Well-defined pores along with the for-
mation of rod were identified for the 9-h sintered material 
(Fig. 1d) due to coalescence process. Thus, as sintering 
time increased, densification and coalescence processes 
occurred simultaneously, resulting in the formation of well-
grown microrod structures.
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4  Linear optical properties

The recorded UV–Vis–NIR absorption spectra of the pre-
pared materials are shown in Fig. 2. A broad UV absorption 
around 250–400 nm was due to charge transfer from the oxy-
gen ligand of the octahedron corner to the central niobium 
atom [17]. From the absorption edge, the optical band gap of 
copper niobate was estimated to be 3.55 eV. Change in the 
morphology does not alter the position of the absorption edge 
to great extent and hence no sharp variation was observed 
in the optical band gap of the materials. Figure 3 represents 
the emission spectra of the samples. A strong emission band 

at λem = 430 nm (2.8 eV) for the excitation wavelength of 
λex = 360 nm was observed. Similar pattern was reported for 
ZnNb2O6 [18] and NiNb2O6 [19] in which the emission band 
was observed around 445 and 440 nm, respectively. In gen-
eral, AB2O6 materials consist of two octahedral chains with 
AO6 and BO6 moieties, in which BO6 is responsible for its 
luminescence property. In our case, CuO6 and NbO6 link each 
other forming a long chain along the (100) direction shar-
ing the edges and corners. Hence, the possible luminescence 
property was due to edge-shared NbO6 octahedra which 
accredits due to self-trapped exciton recombination because 
of high relaxation in the excited state. 

Fig. 1  FESEM image (with 
scale bar of 3 µm) of copper 
niobate obtained at a 3 h, b 6 h, 
c 9 h and d 12 h
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Fig. 2  UV–Vis absorption spectrum of copper niobate sintered at a 
3 h, b 6 h, c 9 h and d 12 h
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Fig. 3  Emission spectra of copper niobate sintered at a 3 h, b 6 h, c 
9 h and d 12 h
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5  Third‑order NLO properties and optical 
limiting studies

The third-order NLO properties of monoclinic phase copper 
niobate (CuNb2O6) were investigated by using the standard 
Z-scan technique. The closed and open aperture data were 
recorded with and without aperture respectively and graphs 
were drawn between position and normalized transmission. 
In the open-aperture Z-scan data presented in Fig. 4, trans-
mission of the samples gradually decreased towards the 
focal point and formed a strong valley pattern was observed 
for all the prepared samples. The valley pattern showed a 
significant change and gets deeper with an increase in sin-
tering time. Since the Z-scan experiments were carried out 
using a pulse width of ~150 fs, the observed nonlinear-
ity is expected to have predominant contribution from the 
electronic transitions in these materials along with some 
thermal contribution due to the high repetition rate. With 
ultrafast laser pulse excitation, nonlinear absorption in the 
samples may arise due to various nonlinear optical mecha-
nisms like two-photon absorption, three-photon absorption, 
excited state population. In Fig. 4, the open circles indicate 
the recorded experimental data points and the starred lines 
represent the theoretical fits drawn based on Sheik-Bahae 
formalism [20]. The two main advantages of Sheik-Bahae 
formalism (SBF) was that it directly monitors the radia-
tion intensity within the medium and it avoids the need of 

slowly varying envelope approximation (SVEA) approxi-
mation. The normalized transmittance for multi-photon 
absorption was calculated using the relation [20].

where αn is the nonlinear absorption coefficient with 
n = 2, 3 for two-photon absorption (2PA) and three-pho-
ton absorption (3PA), respectively, L is the thickness of the 
sample, Z0 =π ω0

2/λ is Rayleigh length and I0 is the inci-
dent intensity of the laser beam at focus.

In the present case, the theoretical fit for the experimen-
tal data was found to be best fit for two-photon absorption 
(2PA) equation. The excitation photons energy (800 nm, 
1.55 eV) is less than the half of the band gap of the material 
(3.5 eV). In the emission spectrum (data shown in Fig. 3), 
the absorption peak in the vicinity of 430 nm (2.8 ± 0.5 eV 
due to its broad band) recorded could be attributed to the 
self-trapped excitons due to transfer of charge from oxy-
gen ligands to the niobium at the centre. Therefore, under 
800 nm (1.55 ± 0.3 eV, due to certain bandwidth associated 
with the fs pulses) excitation, the optically pumped elec-
trons get excited from the ground state and transit to inter-
mediate states (self-trapped exciton states) by absorbing 

TnPA =
1
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Fig. 4  Open-aperture Z-scan 
pattern of copper niobate 
obtained at a 3 h, b 6 h, c 9 h 
and d 12 h
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two simultaneous photons. Another possibility is the pres-
ence of surface/defect states near the band gap which satis-
fies the energy condition required for 2PA process to occur. 
Z-scan experiment by itself cannot distinguish genuine and 
sequential 2PA (wherein two photons are absorbed with 
small time delay with the population staying in the excited 
state for a finite period of time [21–23]). The possibility 
of two-step two-photon absorption with 150-fs pulses is 
negligible since the pulse duration is too short and the life-
time of population in the excited state (virtual states in this 
case) is shorter (typically <100 fs) than the pulse duration. 
The excess energy available during the transition could be 
emitted as non-radiative energy (preferably thermal dis-
sipation). Here the additional energy redistributes, among 
the various vibrations in the solute molecules and turns 
into intramolecular heat. The intramolecular heat eventu-
ally dissipates into the phonon bath and raises the solu-
tion temperature since molecular vibrations are ultimately 
coupled to thermal phonons in the solution [24]. The esti-
mated two-photon absorption coefficient (βeff) values from 
the theoretical fits are presented in Table 1. It can be seen 
that the βeff value constantly increased with increase in sin-
tering time. For the microstructures with rod formation, a 
drastic increase in the nonlinear absorption coefficient was 
observed. A similar type of enhanced nonlinear absorp-
tion coefficient (5.9 × 10−7 cm/W) was witnessed for ZnO 
nanorods which showed 100 times higher coefficient than 
its nanoparticles with fs laser pulse excitation [25].

To figure out the sign and magnitude of nonlinear refrac-
tive index (n2), closed-aperture Z-scan experiment was 
performed by keeping the aperture in front of the detector. 
Figure 5 shows the closed-aperture Z-scan profile of the 
sintered materials. In the closed-aperture pattern, pre-focal 
maxima (peak) followed by post-focal minima (valley) 
suggests that the material possesses negative nonlinearity 
with self-defocusing behaviour and the valley-peak pattern 
will have positive nonlinearity with self-focusing behaviour 
[26]. These self-actions are because of the nonlinear polari-
zation induced by the incident beam. It is interesting to 
note that the sign reversal in nonlinear refraction took place 

as the sintering time increases. Materials obtained at sinter-
ing time of 3 and 6 h having pore-like structure endow with 
negative nonlinearity, while the sintered samples obtained 
at 9 and 12 h with the rod structure show positive nonlin-
earity. The obtained result suggests that the rod structure 
obtained due to densification and coalescence favours self-
focusing behaviour. Based on the equations suggested in 
Sheik-Bahae formalism [27], the normalized transmittance 
was theoretically estimated using the relation,

where z is the distance moved from the focus (z = 0) by 
the sample, z0 is the Rayleigh range and ΔΦ is the phase 
change of the laser beam due to refraction. Usually, the 
closed-aperture Z-scans were performed with low peak 
intensities to avoid any nonlinear absorption contribu-
tion. Further, the closed-aperture data were divided by 
open-aperture data (recorded with similar peak intensities) 
in case if there is any contribution involved, even though 
minor were felt. Also in all the cases, the value of ΔΦ was 
ensured to be less than π. In Fig. 5, the solid lines repre-
sent the theoretical fits obtained using the above-mentioned 
equation and open circles denote the experimental data. 
Usually, the sign reversal is associated with the values of 
nonlinear refractive index (n2) which have a dependence on 
the temperature of the material. In this experiment, thermo-
optic effect cannot be completely neglected because high 
repetition rate of 80 MHz was used in excitation source. 
It is fascinating to note that the sign of nonlinear refrac-
tive index switches from negative to positive, and hence, 
the sintering time not only plays a key role in formation of 
rods, but also in the signature of nonlinear refractive index 
of the material. The estimated nonlinear refractive index 
values were found to be in the range of 10−13–10−12 m/W, 
and the data are summarized in Table 1. One of the possi-
ble reasons for the observed shift from negative to positive 
nonlinearity depending on the formation of rod structure 
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Table 1  Third-order NLO coefficients of copper niobate (CuNb2O6) microstructures

Sintering time βeff × 10−10 m/W n2 × 10−12 m2/W Re [χ(3)] × 10−18  
m2/V2

Im [χ(3)] × 10−18  
m2/V2

χ(3) × 10−10 esu Limiting  
threshold (µJ/cm2)

3 h
Sample A

20.00 ± 0.60 −6.11 ± 0.18 −8.42 ± 0.25 1.75 ± 0.05 6.16 ± 0.18 0.76 ± 0.01

6 h
Sample B

20.50 ± 0.62 −2.35 ± 0.07 −3.25 ± 0.98 1.80 ± 0.05 2.67 ± 0.08 0.54 ± 0.01

9 h
Sample C

33.00 ± 0.99 3.46 ± 0.10 4.78 ± 0.14 2.90 ± 0.09 4.00 ± 0.12 0.31 ± 0.01

12 h
Sample D

85.00 ± 2.55 4.13 ± 0.12 5.70 ± 0.17 7.48 ± 0.22 6.74 ± 0.20 0.21 ± 0.01
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could be due to the change in the inter-atomic distances. 
As the sintering time was increased (9 and 12 h), due to 
further densification followed by coalescence process, the 
micropore structures transformed themselves into microrod 
structures. Therefore, the distance between the inter-atomic 
planes changed thereby producing a variation in the bind-
ing potential. This in turn possibly switched the refraction 
mechanism and produces a variation in the value of nonlin-
ear refractive index (n2) due to minute displacement of the 
electronic cloud. Furthermore, in one-dimensional rod-like 
structure, the thermal nonlinearity is large because of quick 
thermal dissipation arising from incident beam being fully 
coupled to local mode. Hence, the sample with rod forma-
tion suffered sign reversal as well as enhancement of opti-
cal nonlinearity compared to other microstructures [28].

Third-order NLO susceptibilities (χ(3)) of the sintered 
materials were calculated from nonlinear refractive index 
and nonlinear absorption coefficient using the standard 
relations [29]. The estimated third-order NLO coefficients 
are presented in Table 1. The error bars are indicative of 
the small uncertainties in the experimental values result-
ing from (a) beam waist estimation, (b) fitting procedures, 
(c) input energy fluctuations, etc. It is worthy to note that, 
compared to other microstructures of copper niobate, 
rods showed enhanced third-order NLO susceptibility 
as the incident field is fully coupled to the local mode in 
one-dimensional structure. Also the real part of nonlinear 

optical susceptibility was found to be higher than its 
imaginary part, suggesting the dominance of nonlinear 
refraction than nonlinear absorption in the material. Such 
scenarios are usually expected at higher repetition rate 
(80 MHz) of laser excitations. A similar observation of 
enhanced third-order optical nonlinearity in nano-/micro-
ZnO rods due to large polarization effect in fs regime 
(800 nm, 50 fs, 1 kHz) was reported recently [30]. The 
third-order NLO susceptibility values of copper niobate 
samples obtained with fs excitation were compared with 
other semiconductor materials like CdS (9.8 × 10−14 esu) 
[31], CS2 (9.8 × 10−14 esu) [32], CuO (10−18 esu) and 
Cu2O (10−19 esu) [33] where the susceptibility of mono-
clinic copper niobate depicted higher third-order nonlin-
earity. This is because materials such as Nb2O5/Ta2O5 and 
V2O5 depict higher NLO coefficients due to the metal–
oxygen bond length where the atoms of metal and oxygen 
atoms are co-ordinated octahedrally [34].

Optical limiting is a nonlinear behaviour of a mate-
rial through which it allows low-intensity light to pass 
through while blocking high-intensity light, and the 
point of deviation is defined as the limiting threshold 
of the material. Figure 6 portrays the optical limiting 
curve drawn between normalized transmittance and the 
input laser fluence extracted from the recorded open-
aperture data using the standard equations [35]. Initially, 
for the low input irradiance, output energy was linearly 

Fig. 5  Closed-aperture Z-scan 
pattern of copper niobate 
obtained at a 3 h, b 6 h, c 9 h 
and d 12 h
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proportional to input and beyond certain point, and the 
curve deviates from its linear behaviour confirming the 
optical limiting behaviour of the material. All the four 
prepared copper niobate samples show a strong limiting 
behaviour with a sound variation in the limiting thresh-
old (0.21–0.76 μJ/cm2). Also optical limiting threshold 
of copper niobate was found to much lower than limit-
ing materials such as bismuth nanospheres (2.16 μJ/cm2) 
[36], zinc oxide thin film (128 μJ/cm2) [37] and Duran 
glass (35 μJ/cm2) [38] irradiated under similar condition. 
Hence, it can be clearly witnessed that one-dimensional 
rod structure copper niobate showed enhanced nonlinear 
optical behaviour with low limiting threshold and it can 
be a good alternate for benchmark limiter like CNT sus-
pension [39].

6  Conclusions

In summary, the third-order NLO properties and opti-
cal limiting behaviour of copper niobate with various 
microstructure were studied by Z-scan technique using 
Ti:sapphire laser pulses (800 nm, 150 fs). Earlier, FESEM 
analysis illustrated the formation of microrods at higher 
sintering time due to the occurrence of densification and 
coalescence process. The threshold of the limiting prop-
erties of microrod copper niobate was found to be lowest 
than other microstructures and well-known limiters. The 
observed limiting behaviour of copper niobate was due to 

the contribution of 2PA absorption. Increase in depth of 
the valley pattern depicted the enhancement of nonlinear 
absorption with drastic variation in the nonlinear absorp-
tion coefficient (20–85 × 10−10 m/W). Interestingly, for-
mation of rods switched the nonlinear refraction from self-
defocusing to self-focusing behaviour. Also the third-order 
NLO susceptibility (1.36 × 10−10 esu) was estimated to be 
higher for microrod structure since the incident light is fully 
coupled in 1D structure. The present study demonstrates 
that a significant change in the NLO coefficients and limit-
ing threshold of copper niobate can be achieved by tuning 
the microstructures. In particular, one-dimensional micro-
rod copper niobate with enhanced nonlinear behaviour can 
be used as a potential optical limiter in the fs regime.
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