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Abstract

The effects of Pr doping on the structural, morphological, optical and non-linear optical properties have
been investigated. XRDand Ramananalysis reveals the formation of highly c-axis oriented films with hexagonal
wurtzite structure of ZnO. AFM and SEM images reveal the formation of grains with well-defined grain boundaries.
The Prdoped films presents excellent optical transparency in the visible region. The PL spectra show both UV and
visible emissions and the intensity of the visible emission increases with Pr doping. Nonlinear optical properties of
the Pr incorporated ZnO nanostructures have been investigated using open aperture Z-scan technique. It is
interesting to note that 1wt% Praseodymium incorporated ZnOfilm shows saturable absorption, whereas the 5wt%

Praseodymium incorporated ZnO shows reverse saturable absorption and the high value of non-linear absorption
coefficient (/) for 5wt% Pr doped ZnO film suggests the suitability these films for optoelectronic device

applications.
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1. Introduction

ZnO has attracted much interest as a nonlinear optical (NLO) material with high NLO response,which
makes it a potential candidate for NLO based device applicationssuch as opticalswitching devices, three dimensional
fluorescence imaging, and optical limiting [1].The increased demand of low-voltage electronics have enhanced the
need for zinc oxide basedvaristors with fast response, highnon-linear current-voltage characteristics and energy
absorption capabilities at low breakdown voltage [2].Zinc oxide is a versatile material that has achieved applications
in photo catalysts, solar cells, [3] chemical sensors [4], piezoelectric transducers, transparent electrodes, electro
luminescent devices [5], ultraviolet laser diodes, field effect transistors [6, 7, 8] etc.Rare- earth doped
semiconductors have received considerable attention as technologically important material for optoelectronic device
applications [9]. Rare-earth metals are chosen as dopants because of their long-lived, spectrally narrow
luminescence emissions in the visible range of the spectrum at its trivalent form. The luminescence is caused by
their 4f intra-shell transitions which can result in intense line spectra [10]. In addition to this 4f intra-shell transition,
rare earth ion may stabilize intrinsic defect sites which could also give rise to broad emission in the visible region

[10]. ZnO is a good host for incorporating rare earth elements and easily produces intrinsic defects such as



interstitial zinc and oxygen vacancy. The large exciton binding energy (60 meV at room temperature)[11, 12, 13]
and wide direct band gap energy (3.37 eV) of ZnO[14, 15] leads to efficient energy transfer from exciton to rare
earth ion [16]. Therefore the optical properties of rare earth doped ZnO nanostructures are expected to be modified
remarkably. However, it is difficult to incorporate rare earth ion into semiconductor nanostructures. Even if rare
earth ions have been doped in to ZnO lattice, it may be located at grain boundary as activators and hence no
luminescence arising from rare earth ionmay be observed [17]. Praseodymium added ZnO ceramics is considered to
be a potential host material for varistor applications. Praseodymium oxide added in ZnO is observed to be
segregated at the grain boundary of ZnO ceramics and helps to form a double Shottky barrier which is thought to be
the origin of varistor characteristics [18]. Among the rare-earth materials, the properties of praseodymium doped
zinc oxide films have not yet been studied extensively. In this work PrdopedZnO thin films (with doping
concentration 0, 1, 3 & 5 wt%) were prepared by RF magnetron sputtering and their structural, morphological,
opticaland non-linear optical properties were investigated in detail.
2. Experimental

Radio frequency magnetron sputteringtechniqueis used for the growth of pure and PrdopedZnOfilmson
quartz substrate. The target is prepared from commercially available ZnOand Pr,Ospowders (Aldrich — purity 99.99
%).The pressed powders of pure and Pr,OsincorporatedZnOwithdoping concentrations 1, 3& 5wt% are used for the
filmfabrication.The chamber is evacuated to a base pressure of 3x10° mbar and argon flow rate was adjusted in
order to keep the desired gas pressure at 4 x 10 mbar. The films are deposited for 30 minutes on cleaned quartz
substrates kept at a distance 5 cm away from the target. The RF radiation for sputtering the film is adjusted at a
power level of 150 watts. The as deposited films thus prepared with Pr doping concentrations 0,1, 3 & 5wt% are
designated as PO, P1, P3 and P5 respectively.

The structural information of the as deposited films arestudied by X-ray diffraction technique using
aBrucker AXS D8 Advance X-ray diffractometer equipped with X-ray source KRISTAOFLXE 780, KF.4KE with
wavelength ~ 1.5406 A°. The micro-Raman spectra of the films are recorded using Labram-HR800 spectrometer
using radiation from an argon ion laser with wavelength 488 nm. The spectra are acquired by 1800 grids/nm grating,
a super-notch filter with a cut off at 50 cm™and a Peltier cooled CCD camera having a spectral resolution of about
lcm™. The elemental analysis and surface morphology of the films are studied using a Scanning Electron
Microscope (JEOL-JSM 5600) equipped with EDAX attachment. The optical transmission spectra of the films are
recorded in the wavelength range of 200-900 nm using JASCO V-550 UV-visible double beam spectrophotometer.
Photoluminescence spectra of the samples are recorded by Horiba JobinYvonFlourolog Il modular
spectroflourometer equipped with 450 W Xenon lamp and Hamatsu R928-28 photomultiplier with a computer
attached to the setup. The thicknesses of the films are measured using Daktak 6M stylus profile meter.The nonlinear
optical properties of the Prdoped films were studiedusing open aperture z-scan measurements. Afrequency doubled
laser radiation at wavelength 532 nm (pulse width 7 ns, repetition frequency 10Hz) with beam waist radius 14 pm
and peak intensity 8 X 10 #J/m? from a Q-switched Nd: YAG laser is used for the non-linear optical measurements

3. Results and Discussion
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Fig. 1  XRD patterns of undoped and Pr doped ZnO films with doping
concentrations 0, 1, 3 and 5 wt%.

The X-ray diffraction patterns of the undoped and PrdopedZnO films are shown in Fig.1. The diffraction
peaks in all the films can be indexed to hexagonal wurtzite structure of ZnO. [JCPDS 00-005-0664]. It is seen that
all the films show sharp and intense XRD peaks indicating the good crystalline quality of the films. The 1wt% Pr
doped ZnO film shows an enhancement in intensity compared to that of theundoped film. The XRD pattern of3wt%
PrdopedZnO film shows a reduction in intensity, but with the appearance of several medium to weak peaks
indicating the polycrystalline nature of the film.The 5wt% Prdoped ZnO film also shows an enhancement
inintensitycompared to that of the 3wt% Prdoped ZnO film. The X-ray diffraction patterns of all the films present a
very intense peak corresponding to the lattice reflection plane (002) indicating that the crystalline growth is along
<001> direction in them. Preferential orientation of the grains along the (002) plane is commonly observed in films
with hexagonal wurtzite structure, which can be due to the lowest surface free energy of (002) plane based on
thermodynamics [19, 20, 21].Based on epitaxial growth theory of thin films, the epitaxial growth of the thin film is
expected to be in accordance with the matching relation of the lattice constant between the thin film and substrate.
Since quartz is an amorphous material, there is no lattice matching mechanism between the ZnOfilm and amorphous
fused quartz. Hence the growth of the film is mainly determined by the balance of interfacial energy of the film and
fused quartz. The interfacial energy is related to atomic plane density in the interface between film and fused quartz
[22, 23]. Information regarding the parameters that characterizes the growth such as lattice constants, average

crystallite size,defect density, lattice strain, and stress are extracted from the XRD measurements.

In the Pr,Og; ZnO system there is a possibility thatPr** jon may occur either as a substituent for Zn**ion or

as segregation in the grain boundary region [24, 25, 26,27, 28]. If Prifionsare substitutedfor Zn* ions, a



corresponding peak shift would be expected in the diffraction pattern.Since the ionic radius of Pr** ion (1.13A) is
higher than that of Zn®*ion (0.74A°), the substitution of Pr®* ion will result in the expansion of lattice which will
increase the lattice parameters and the peak may shift to lower 2 & values[29].The (002) diffraction peak for
undopedZnO film is observed at 2 & value 34.26°. A continuous shift towards lower values of 2 & is observed for
the intense (002) diffraction peak of ZnO with Prdoping. This indicates the possibility of substitution of Pr** ion in
the ZnO lattice. No diffraction peaks from Pr,Oso0r other impurities are found in any of the samples within the

detection limit suggesting the successful replacement of Pr¥*ionsfor Zn?* ions in the ZnO lattice.

In order to get more information about the micro-structure of the films, we calculated the lattice parameter

‘c’ of hexagonal crystal structure (Table. 1) using the formula
1 4[h2+hk+k2}L |’
2 q 2 2
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wherea and C are the lattice constants, h,k,| are the miller indices of the planes and d,,, is the inter planar

distance. The calculated values of lattice parameter ‘c’of the films aregiven in Table 1. The lattice parameter
‘c’obtained for the pure ZnO film is 0.5247 nm and its value increases with increase in Pr doping concentration.
Thisindicates that the unit cells are elongated along the c axis, and compressive forces act along the plane of the
films.The increase in the value of c-lattice parameter with Pr doping also supports the substitution of Pr** jon into
Zn*" sites.AlirezaKhataeeet al. and Ilanchezhiyanet al. also reported similar observation in Pr doped ZnO films [27,
28]

Different factors such as difference in thermal expansion coefficients (TEC) of the film and the substrate,
lattice mismatch between the film and substrate, ionic size mismatch between the dopant and host cation, presence
of impurities and defects in the films, deposition conditions etc., may contribute towards the stress in the
films[29].The presence of defects such as oxygen vacancies can also results in the volume expansion of the lattice
introducing strain in the film. Navaset. al., suggested that the substitution of a cationwith ionic radius different from
that of host cation introduces a stress in the lattice and can affect the size of the unit cell [30].

Table. 1 Structural and optical parameters of undoped and Pr doped
ZnO films with doping concentrations 0, 1, 3 and 5 wt%.

Film | dyg(nm) FWHM | Duq 8 (m?) C (nm) Strain Bi-axial Bandg | Thickness
(nm) Stress ap (nm)
(G Pa) (eV)

PO 0.2623 0.2302 36 7.57x10" 0.5247 0.8015 | -3.6356 2.94 77

P1 0.2627 0.3652 23 1.91x10" 0.5254 0.9406 | -4.2665 3.02 74

P3 0.2636 0.2285 37 7.85x10™ 0.5271 1.2698 | -5.7599 3.06 70

P5 0.2657 0.3308 25 1.64x10"™ 0.5314 2.0917 | -9.4881 2.96 78




The lattice stress Gf of the films are calculated from XRD data using biaxial stain modelby comparing

the c-lattice constant to the strain-free lattice parameter measured from ZnO powder sample[31]. The strain along
the c-axis is calculated using the expression

c-C, )

£(%) = x100

Co
where ¢ is the strain in the direction of the c-axis, perpendicular to the substrate surface, ¢, (5.205 A°) is the c-axis
lattice constant of bulk ZnOobtained from JCPDS data card and c is the c-axis lattice constant calculated from the
XRD peak position. The undoped film shows minimum value of strain and the strain is found to be increasing with
Pr doping. Combined with elastic constants of single crystalline ZnO, the stress in the films along c-axis is given by

[32]

o =-453.65"% «10°Pa
Co ®)

The negative sign in equation (5) corresponds to compressive stress for lattice expansion.The calculated stress
values are given in Table 1. The negative sign of calculated stress for all the films indicates that the crystallites are
in a state of compressive stress. Based on earlier investigations, it can be seen that residual stress always exists in
ZnO films originating from intrinsic and extrinsic stresses [33, 34, 35].The intrinsic stress is associated with
impurities and defects in the film. The extrinsic stress mainly arises from the lattice mismatch between substrate and
ZnO film as well as thermal mismatch induced by difference in TEC of substrate and the film [36].Ohshima et al.,
studied the dependence of the ZnO film crystallinity on the substrate material and reported that highly oriented ZnO
films can easily be grown on a single crystal substrate rather than other amorphous substrates [37].Due to the
amorphous nature of quartz, it is difficult to calculate the stress induced by lattice mismatch between ZnO film and
quartz substrate [38]. Vergheseet al., reported that the appreciable anisotropy in thermal expansion of ZnO, due to
its uniaxial nature gives rise to residual stress upon cooling from fabrication temperature [39]. The thermal effects
due to electron impact on the substrate produces substrate heating during sputtering. The samples are not heated
externally, but due to energy flux during sputtering the temperature rises. The maximum temperature observed
during sputtering by monitoring the substrate temperature using thermocouple is below 100°C. This yields
significantly small thermal stress due to thermal mismatch in comparison with the observed stress in the films. The
stress values indicate that the doping strongly influences the stress in the films [40, 41]. Hence it can be inferred that
doping is an important factor that causeslattice distortion due to the difference in ionic radii of dopant (Pr**) andhost

cations(Zn®*).

The average size of the crystallite in the films can be calculated from the well-known Debye-Scherrer
formula[42]. It is found that the average crystallite size in the films varies between 23-37 nm confirming the

nanostructured nature of the films (Table. 1). It can also be seen that a moderate doping of ZnOwith Princreases



thecrystallinity of the films. The dislocation density (J) represents the length of the dislocation line per unit volume

in the film. The value of dislocation density in the films was calculated (Table. 1) using the following formula;

o= (4)
% "

The lower value of the dislocation density shows the better crystalline quality of the films[43].

Raman spectral analysis has been carried out to obtain more information about the micro-structure of the
films. Raman spectroscopy is a non- destructive way of probing the crystal structure, phonon frequencies,

composition and defects in semiconductors [44].The ZnOwurtzite hexagonal crystal structure belongs to space
group P63mc( Cgv) in the group theory with two formula units per primitive cell. The factor group analysis of the

compound is carried out usingthe correlation method developed by Fateleyet al.[45]. Excluding the acoustic modes

at the Brillouin zone centre k=0, the nine optical modes under the factor group Cg,are given by

I opicas = A +2B, +E, +2E, 5)

Out of these, Ay and E, modes are active in both IR and Raman spectra and E, modeis active onlyinRaman
spectra. The B, modes areinactiveboth in IR and Ramanspectra.However due to the lowering of symmetry, the
inactive B, mode may become active and the degeneracy of the E; and E, modes may get lifted. The E, modes
consist of two modes of low and high frequency phonons. The A and E, modes split into transverse (TO) and
longitudinal optical (LO) components with different frequencies [46]. Based on the results obtained from earlier
investigation, the various Raman modes of the ZnO films can be expected as follows: EZ(IOW)~101cm_1,
E,(high)~ 437cm™, A(TO)~380cm™, A(LO)~574cm™ , E,(TO)~ 407cm™, E,(LO) ~ 584cm ™
36, 47, 48].



—
2 PO 2 P1
0
(o]
N 12000 2
9000 |- @ - @
o~
— w
I a
a2 ko)
C) «©
K = @
= 6000 E =
2 & 8000 |
2 5 kS
£ < w
2 Y
o~
3000 |-
1 1 i 4000 I L 2
300 600 900 300 600 900
Raman Shift (cm'1) Raman Shift (cm™)
2
w P3
8000 |-
15000 |
£ —
) =] 2
= 3 w0 g
‘@ o 3 >
= 2] ‘5 6000 |-
g 10000 } - 2
= 5 E
4000 |-
5000 ] . )
' A '
300 600 200 re =L =

Raman Shift (cm™") Raman Shift (cm™")

Fig. 2  Micro-Raman spectra of undoped and Pr doped
ZnO films with doping concentrations 0, 1, 3 and 5wt%.

The Raman spectra of the undoped and PrdopedZnOfilms are shown in Fig. 2. The most intense Raman band at 580
cmin the Raman spectrum of pure ZnO film can be due to the longitudinal optical phonon El(LO) mode, which
is caused by the formation of defects such as oxygen vacancy or interstitial zinc in ZnO [48, 49].The medium

intense band at 437 cm™ in the Raman spectrum corresponds to ZnO non polar optical phonon E, (high) mode,

which is the intrinsic characteristic of hexagonal wurtzitestructureofZnO [50]. The E,(high) mode is mainly

associated with the vibration of the lighter oxygen sub-lattice. TheRaman spectrum presentsan intense band at 645
cm * and a medium intense band at 275 cm . These additional modes may be related to intrinsic host lattice defects
such as oxygen vacancies and zinc interstitialsetc.Duet al. also observed additional phonon modes at 275 and 645
cm *in Mn, Coco-doped films and they attributed these additional modes to defect states such as oxygen vacancies
and zinc interstitials induced by impurity doping [51, 52]. Certain authors report the appearance of Raman bands in

the 250-300 cm*region due to the activation of silent modes [48,53].

The Raman spectrum of 1 wt% Pr doped film presents two intense Raman bands at 581and 645 cm *and
medium intense Raman bands at 438, 527 and 275 cm *.The Raman spectrum of 3wt% Pr doped ZnO film presents
a very intense band at 583cm *, intense Raman bands at 440 and 277 cm ‘and two weak bands at 512 and 645 cm ™.

An enhancement in intensity of the bands at 440, 277 and 581 cm is observed in the Raman spectrum of the P3 film



compared to other films.Also the band at 645 cmlin this filmpresents the lowest intensityamong the films. The
observation of sharper bands and reduction in intensity of the defect related band at 645 cmin the Raman spectrum
of P3 film compared to that of the other films is an indication of enhanced crystalline quality of the P3 film,
supporting the XRD findings.In the Raman spectrum of 5wt% Pr doped ZnOfilm, the bands are broader and less

intense compared to that of the other films which can be due to the enhanced strain introduced due to high Pr
doping. It is also seen that the intensity of E,(high) mode is less compared to that of E,(LO) mode in all the

films, indicating the presence of defects in the undoped and Pr doped films in spite of the c-axis orientation observed
from the XRD patterns.

The position of E,(LO) mode shows a blue shift with Pr doping. In the undoped film E,(LO)mode

appears at 580 cm™, whereas in Pland P3 films it is observed at 581 and 583 cm* respectively. In P5 film, it
appears at 582 cm as a broad band with less intensity. Ye et al., attributed the origin of this blue shift in the Raman

spectra of ZnO films to the residual stress along the c-axis due to the effect of oxygen deficiency [54]. The position

of E,(high) mode is also found to be shifting towards higher wave numbers in the Pr doped films. In the undoped
film E,(high) is observed at 437 cm ", whereas in P1and P3 films it is observed at 438 and 440 cm 'respectively.
In the P5 film E,(high) is observed at 440 cm™ as a broad feature with very less intensity. The position of
E, (high) mode in wurtzite structure is highly influenced by the residual stress in the film. An increase in
E, (high) frequency is ascribed to compressive stress, whereas a decrease in E,(high) frequency is ascribed to

tensile stress [55, 56]. Therefore the blue shift in the E,(high) frequency with respect to the bulk value of 437

cm lindicates the presence of compressivestress in the films. This argument is consistent with the XRD findings that

compressive stress is acting in the films.

The surface morphology of the films was characterized with atomic force microscope (AFM) in contact
mode. (Fig. 3.)
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Fig. 3 (aQ)AFM micrographs of undoped and Pr doped ZnO films with doping
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crystalline nature in the films. There is a tendency of agglomeration of grains in films with higher Pr doping
concentration. The rms roughness of the films is measured from the AFM micrographs. The undoped film shows the
highest value (~122 nm) for rms roughness, whereas the 1wt% doped film shows the least value (~12 nm )for rms
roughness. The doped films present lesser rms roughness compared to the undoped film. The variation of rms
roughness with Pr doping concentration is shown in Fig. 3.b.

The SEM micrographs of pure and 5wt% Pr doped ZnO films are shown in Fig.4.
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Fig. 4 SEM micrographs of undoped and 5 wt% Pr doped ZnO films.



These images reveal the presence of densely packed largergrainssupporting the good crystalline nature of
the films. The SEM micrograph of 5 wt% Pr doped film shows a tendency of agglomeration as observed in the AFM

analysis.

The chemical composition of the undoped and 5wt% PrdopedZnO films were investigated by EDX analysis
(Fig. 5). The analysis shows the presence of prominent peaks for Zn and oxygen, suggesting the formation of ZnO
phase in the film. The presence of peak corresponding to praseodymium in the EDX spectrum of 5wt% PrdopedZnO

film indicates the incorporation of Pr®* in the doped film.
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Fig.5 EDX spectra of undoped and 5 wt% Pr doped ZnO films.

Fig. 6 Cross-sectional SEM micrographs of undoped and 5 wt% Pr doped
ZnO films showing thickness of the samples.

The thickness measurements of the PO and P5 films were carried out using lateral SEM measurements (Fig.
6.) and the thickness is found to be 80 and 94 nm respectively. The thickness measurements were also carried out

using Dektak 6M stylus profile meter and the thickness of the films is found to vary between 70 — 78 nm (Table.1).

The optical transmission spectra of the undoped and Pr doped ZnO films were recorded in the wavelength
range of 300- 900 nm and are shown in Fig. 7. The undoped film shows an average transmittance below 60% in the
400 to 900nm region. It can be seen that the doped films show very high transmittance above 80% in the 400 to 900

nm region. 1 and 3wt% Pr doped ZnO films show average transmittance above 90%.
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Fig. 7 Transmittance spectra of undoped and Pr doped ZnO
films with doping concentrations 0,1,3 and 5 wt%.

Thus the transmittance spectra for the moderately doped films show excellent optical transparency in the visible and
near IR spectral region, which plays an important role for the potential applications in transparent optoelectronic
devices. The slight reduction in transparency of 5wt% Pr doped ZnO films compared to that of the 1 and 3 wt% Pr
doped ZnO filmsis an indication of the decline in crystallinity of the film as evident from XRD and Raman
analysis. The oscillations in the transmission spectra of the doped films are caused by optical interference arising due
to difference in refractive index of films with substrate and the interference of multiple reflections originated from
film and substrate surfaces. This confirms the formation of smooth transparent films having uniform thickness on
quartz substrate [57, 58, 59].

The optical transmittance of the film is found to depend on surface morphology and is found to be
increasing with decrease in surface roughness due to the reduction in scattering losses. The observed low
transmittance for the undoped film can be due to its high value of rms surface roughnesss. From the optical spectra,

Tauc plots were constructed (Fig. 8) to obtain the values of band gap energies of the films. The optical band gap of
the direct band gap semiconductor can be determined by plotting (ah V)2 Versus (h v) and extrapolating the linear

region of the plot to zero absorption (a = O) [60]. Undoped ZnO films show a band gap of 2.94eV, whereas the P1,
P3 and P5 films show band gapenergies of 3.02, 3.06 and 2.96 eV respectively.
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Fig. 8 Tauc plots of undoped and Pr doped ZnO films with
doping concentrations 0,1, 3 and 5 wt%.

The band gap energy of ZnO film is found to be influenced by different factors such as crystalline quality of the
film, grain size, strain, influence of dopant, defects etc. [61]. The blue-shift of absorption edge of a degenerate
semiconductor with an increase in carrier concentration is expected in doped semiconductors, which is known as
Burstein—-Moss (BM) effect.ZnO being typically an n-type semiconductor, the Fermi level of heavily doped ZnO
would be located near the conduction band edge. The origin of BM shift due to doping can be attributed to the
charge carriers generated by the valence difference between the dopant and host cations. Oxygen vacancyis another
probable candidate to cause BM effect [62, 63, 64].The shift in band gap may occur due to stress induced distortion
of the band by substrate film interaction and also due to compositional variation [62, 65,66,67]. Wan et al., reported
that stress fields modulate the band gap and band structure of GaN films and thereby modifying the optical
properties of the devices [68,69]. Huang et al. reported that a tensile strain produces a decrease in band gap whereas
a compressive strain can result in an increase in band gap. [70, 71].Renet al., suggested that higher defect
concentrations in the film contribute to higher energy absorption edges [72].1tis found that the band gap energy of
the P1 and P3 films are blue shifted with Pr doping. But the band gap energy shows a reduction in heavily doped
film (P5). The observed variation of band gap energy with Pr doping can be attributed to the combined effect of BM
effect, strain and defects in the films.
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Fig. 9 Photoluminescence spectra of undoped and Pr doped ZnO
films with doping concentrations 0,1,3 and 5 wt%.

Fig.9 represents the room temperature photoluminescence (PL) spectra of the undoped and praseodymium
doped ZnO films excited by 325 nm.All the samples show UV and visible emission. The near band edge (NBE) ultra
violet emission comes from the free excitonic emission of ZnO arising due to the radiative transition from near the
conduction band edge to the valance band [73] and the medium intense emissions in the visible region are due to the
deep level emissions caused by the defects such as oxygen vacancy, Zn interstitials etc.[74].Hong et. al., reported
that the intensity of the UV emission, which is the characteristics of ZnO films, strongly depend on crystallinity and
stoichiometry of the films.The visible emission originates from defects such as oxygen vacancy, zinc interstitials etc.
[75]. The PL spectrum of undoped film shows a strong UV emission~ 380 nm and weak emission ~520 and 565
nm.In the doped films the intensity of the defect related peaks enhances. llanchezhiyan et al. also observed increase
in visible luminescence with Pr doping [28]. They attributed this to the increase in native defects due to doping and

suggested that when Pr** replaces Zn**, oxygen defects are generated to maintain charge neutrality.

The intensity of these peaks in P3 film is the lowest among the doped films which is in consistent with the
XRD and Raman findings that P3 film has the highest degree of crystallinity among the doped films investigated.
Interestingly the intensity of the defect related peaks is the highest in P5 film where the cystallinity is the lowest as

evidenced by XRD and Raman analysis.

The PL intensity of the films depends on the surface morphology. The films with highest rms surface
roughness show enhanced PL intensity due to the scope for strong absorption of incident light due to its increased
surface area. A rough film can allow the incident light to be reflected into another portion of the film surface. This
can lead to more efficient use of the excitation energy and hence superior PL intensity [76]. The undoped film with

the highest value of rms surface roughness shows the highest PL intensity for NBE.



The visible emission in ZnO in the blue region (445 nm) is generally attributed to the transition between
zinc interstitial defect centre (Zn;) and oxygen interstitial (O;) in ZnO [77]. The origin of green luminescence in ZnO
is still unclear. Different explanations are proposed by many researchers to reveal the mechanism of green emission
in ZnO. Many authors attributed the origin of green emission in ZnO to the oxygen vacancy [78, 79, 80] Mondalet
al., reported that the green emission in ZnO is generally attributed to the recombination of photo generated hole with
singly ionized oxygen vacancies [81].Vanheusdenet al.also suggested that the ionized oxygen vacancies are
responsible for green emission in ZnO [82, 83].Lin et al., suggested that green emission corresponds to electron
transition from the bottom of the conduction band to an oxide antisite defect level (Oz,) [84]. Roy et al.,and Li et
al.,reported that the green emission in ZnO depends on fabrication conditions [85, 86]. The defect levels in ZnO
calculated using full-potential muffin —tin orbital (FP-LMTQO) method by Sun shows that the energy interval
between the bottom of the conduction band and the antisite defect level (O,) is 2.38 eV [87, 88]. Therefore the

green emission observed in our films can be attributed to antisite defect level (O,) as observed by Lin et al. [84].
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Fig. 10 (a)Open aperture Z-scan curve and (b) fluence vs. normalized transmittance of the 1 wt%
Pr doped ZnO films. Circles represent the measured data and solid curves show the numerical fit.
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Fig. 11 (a) Open aperture Z-scan curve and (b) fluence vs. normalized transmittance of the 5 wt% Pr
doped ZnO films. Circles represent the measured data and solid curves show the numerical fit.



A nonlinear absorption is a nonlinear change,either increase or decrease in absorptionwith increase inintensity of the
incident light. Thiscan be of two types viz; saturable absorption (SA) and reverse saturable absorption (RSA). With
increasing intensity, if the excited states show saturation owing to their long lifetimes, the transmission will show
saturable absorption behavior. If the excited state has strong absorption compared with that of the ground state, the
transmission will show reverse saturable absorption behavior[30, 89]. Earlier reports show that ZnO exhibits second
and third-order nonlinear optical behavior, both in single crystals and in thin films [90]. Many researchers have
investigated the effect of dopants on the non-linear optical behavior of ZnO. Karthikeyanet al., has reported the
value of the order of 10*mw™ for Na doped ZnO [91], Vinodkumaret. al., has obtained the value of 6x10 'mwW*
for Cd doped ZnO films [92] and Kumariet al., has reported the value of the order of 10° cmW™ for Er doped ZnO
films [16].

Nonlinear optical properties of 1and 5wt% Pr incorporated ZnO nanostructures have been investigated by
the open aperture Z-scan technique [93]. The variations of normalized transmittance exhibited by the 1 wt% Pr
doped ZnO film as a function of distance and input fluenceare shown in Fig. 10(a) and (b) respectively. The
corresponding curves for the 5wt% Pr doped ZnOfilm are shown in Fig.11(a) and (b) respectively.

The 1 wt% Pr doped ZnO film shows a normalized transmittance peak at the beam focus, indicating a
negative nonlinear absorption due to saturable absorption (SA) [94, 95].However, the 5 wt% Pr doped ZnO film
exhibits astrong positive nonlinear absorption due to reverse saturable absorption(RSA) [89].

In semiconductors, heat energy tends to reduce the Fermi level resulting in an increase in the number of
carriers in the conduction band. This depletes the ground level and induces bleaching in the ground state absorption
leading to saturable absorption [96].Irimpanet al. reported that the non-linear behavior of ZnO is very sensitive to
impurities and native defects and suggested that the mechanism behind the saturable absorption can be due to the
saturation of linear absorption of defect states in ZnO [96].In RSA, the molecules in the ground state and excited
states can absorb the incident photons of the same wavelength and the absorption of excited states will be larger than
that of the ground state. Hence the transmission decreases with increase in intensity [95].The drastic variation of
optical nonlinearity with respect to Pr doping concentration may be due to the changes in various properties induced
by Pr doping such as defect state density, morphology and particle size. Pr doping can create defect centers in ZnO
lattice as revealed by Raman analysis. These defect centers can act as photon-trapping states over the surface. In
semiconductor nanocrystals, the surface chemistry of the localized trapping states is responsible for the optical
nonlinear properties [89].If the linear absorption cross-section of the trap states is higher than the ground state, then
direct excitation from these surface-trapped states will promote the photocarriers to higher energy levels in the
nanocrystal, giving rise to the optical nonlinearity. The nonlinear optical response of trapped states also depends on
the density and lifetime of trapped states [89, 97, 98].

In the present case the nonlinear absorption coefficient a(l) can be expressed by the following relation [99]

a) = 2=+ (6)

1+(5)



where the saturation intensity | is defined as the input intensity at which the absorption reduces to half of the linear

absorption, o is the unsaturated linear absorption coefficient at the wavelength of excitation, and | is the input

intensity.p is the effective non-linear absorption coefficient.

For a given input intensity, the transmitted intensity can be calculated by numerically solving the

propagation equation given by

o[ ) ] "

dz 1

Here z indicates the propagation distance within the sample. The | and /3 values are obtained by numerically fitting
Equation 10 to the experimental data given in Figures 10b and 11b. For P1 film the I value is found to be 1x10%

Wm, The value of /3 for 5wt% Pr doped film is found to be 0.7x10"°mW™, and the saturation intensity is found to
be 4x10"Wm™.

It is interesting to note that while 1wt% Praseodymium incorporated ZnO shows saturable absorption, the
5wt% Praseodymium incorporated ZnO shows reverse saturable absorption. The switch over from saturable
absorption to reverse saturable absorption is an interesting effect that can be utilized for optical switching, optical
pulse compression and laser pulse narrowing. The change over in sign of the non-linearity is related to the interplay
of exciton band bleach and optical limiting mechanisms [100].In semiconductors, RSA results mainly due to the
nonlinear mechanisms such as two-photon absorption (TPA), free-carrier absorption (FCA), nonlinear scattering or a
combination of these processes [95, 101]. In semiconductors, two-photon absorption is allowedwhen the incident
light source energy is less than the direct band gap energy Eg, but greater than Eg/2. For % Eg<hw<Eg the nonlinear
response involves virtual processes and the two photon process is much stronger than the one-photon process
[95,101]. TPA is one of the important basic mechanisms for induced absorption. Sekeret al., reported that during
excited state absorption, the non-linear process dominates. The first excited state electron in the lower conduction
band region is excited to the higher excited state in the conduction band regionby absorbing a second photon. Such a
process is known as free carrier absorption [102].

The change in non-linear optical behavior in semiconductors may originate from different factors such as
defect state density, morphology, quantum confinement etc.[30]. The optical limiting property observed in P5 film

can be due to the enhancement in defect densities due to higher doping concentration of Pr. The Raman spectral

analysis of the films show that at higher doping concentrations, the El(LO) mode is more prominent and the

E, (high) mode becomes very weak. This may be due to the formation of defects such as oxygen vacancies and
zinc interstitials etc introduced by Pr doping. Hence in 5wt% Pr doped ZnOfilm, in addition to TPA, the presence of
defect states also may have contribution to the change of non-linear absorption behavior from SA to RSA.

Thepresence of defects in the films for optical limiting behavior in MoO; films was reported byNavaset. al.[30]. The



high value of non-linear absorption coefficient () for 5wt% Pr doped ZnO film suggests the suitability of Pr,Os

doped ZnO films for optoelectronic device applications owing to their good non-linear response.

4. Conclusion

The structural, optical and spectroscopic investigations of Pr doped ZnO films reveal that the dopant

concentration has a profound effect on its structural,optical and non-linear optical properties. The XRD and Raman
analysis reveals the presence of hexagonalwurtziteZnOcrystalline phase in the films. From the optical spectroscopic
analysis it is found that Pr doping enhances the transparency of the films. A green emission is observed in all the
films and its intensity increases with increase in Pr concentration. As the Pr doping concentration increases, the non-
linear absorption behavior switches from SA to RSA.
Acknowledgements
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