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Abstract 

The present thesis was aimed to look into the optimum impurity content of Al and Ti in 

the host ZnO thin film for improved nonlinear optical properties and random lasing. 

Both types of thin films of Zn1-xAlxO (AZO) and Zn1-xTixO (TZO) were fabricated onto 

fused silica as well as Si substrates via pulsed laser deposition technique. The best 

crystalline feature, c-axis orientation (dominating 002 plane) was observed at x=0.05 and 

0.02 for AZO and TZO thin films respectively. The surface nanostructures for the higher 

Al content (x≥0.05) were of the combination of randomly aligned nanorods as well 

nanowires while that of for Ti, the nanoparticles were of flower like shape.  

The band gap energies from 3.26 eV to 3.64 eV and 3.26 eV to 3.40 eV were obtained for 

AZO and TZO thin films respectively. The room temperature photoluminescence spectra 

indicated the dominance of near band edge emission in UV and blue spectral range in 

which free excitonic lines were not well resolved. The defect level emission was observed 

to be suppressed at optimum concentration of Al and Ti. The low temperature 

photoluminescence spectra revealed the strong coupling of neutral donor with free 

exciton, (D
0
X) line. The thin films were subjected to modified z-scan measurement 

illuminated by continuous wave He:Ne laser to measure the third order nonlinear optical 

coefficients. The two photon absorption induced photoluminescence in the films under 

illumination of cw He:Ne laser, was also performed and the maximum efficiency was 

observed for x=0.05 for Al and 0.02 for that of Ti contained in ZnO film.  

Finally, the AZO thin films were subjected to Random lasing experiment by using 3
rd

 

harmonic of a Q-switched Nd:YAG laser as a pump beam. The effect of Al content (and 

hence surface morphology) on the photon confinement mechanism and consequently the 

formation of possible mirror-less optical cavity, were detailed. The lasing threshold for 
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pure ZnO film was observed to be ~3.2×10
2
 MW/cm

2
. The maximum quality factors of 

the most intense resonance mode was 1004 for x=0.05 where the surface structure was 

dominated by the formation of nano rods with nearly hexagonal facet resulting into the 

combination of Fabry-Perot (FP) as well as Whispering Gallery Mode (WGM) cavity.                
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Chapter 1 

Introduction 
 

 

Zinc oxide (ZnO), a semiconducting material, possesses some excellent properties 

and has evolved as a candidate for wide range of applications [1-4]. Presently, the 

commercial use of this material is in protective skin creams layer against skin irritation 

and mild abrasions. Other than this, ZnO nanoparticles are being used in drug delivery 

system, enhancing bioactivity, cancer cell tissue eradication etc. [5-8]. ZnO is also being 

viewed as a promising candidate for gas sensing application owing to its chemical 

response towards various gasses like NO2, H2, O3, CO, CH4, LPG etc. [9-14]. There have 

also been reports regarding ZnO based piezoelectric sensors [9, 15-18].     

In the context of optoelectronic devices, certain properties of ZnO allows it to be 

considered as a superior alternative compared to those of well-established semiconducting 

materials such as GaN, GaAs etc. [19]. The most of the optoelectronics devices operating 

towards short wavelength regime relies on the direct and wide band gap semiconducting 

materials, a property equally possessed by ZnO besides having efficient photo 

luminescent material in UV spectral range at room temperature due to its large excitonic 

binding energy. The semiconducting materials having large excitonic binding energy 

prevent the dissociation of excitons under thermal agitation and ensure an efficient 

excitonic emission and lasing at room temperature (RT) and above [20]. Table 1 lists the 

nature of optical transitions, band gap energies and exciton binding energies of some of 

the currently used semiconducting materials and provides their comparison with ZnO [21-

25]. Its thin film can be fabricated on variety of substrates unlike GaN which is limited to 

some specific substrate (SiC, Sapphire, Si etc) [26]. Further, the highly crystalline 

structure in ZnO can be easily grown at relatively low substrate temperature, (500 
0
C) as 
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Table 1.1: Comparison of semiconducting materials 

Serial 

No. 

Semiconductor 

type 

Nature of optical 

transition 

Band gap 

energy (eV) 

Exciton binding 

energy (meV) 

1. GaN Direct 3.4 21-23 

2. GaP Direct 2.25 11 

3. Si Indirect 1.1 14.7  

4. ZnSe Direct 2.7 20 

5. TiO2 Indirect 3.2 (Anatase) 

3.0 (Rutile) 

------- 

------- 

6. ZnO Direct 3.37 60 

 

compared to that of GaN which require high substrate temperature ~1000 
0
C thereby 

providing ease in fabrication [26].   

  ZnO is an n-type direct and wide band gap (Eg=3.37 eV) semiconductor. The nature 

and magnitude of electrical conductivity as well as band gap energy of ZnO can be 

modulated by infusing it with impurities (n-type or p-type). The n-type doping e.g. Al, 

Ba, Mg, Cu etc., in ZnO involves substitutional replacement of external donor atoms into 

the cationic (Zn
2+

) sites and results into the change in n-type electrical conductivity of the 

system. The p-type dopants e.g. N, P, As etc., are substituted at anionic (O
2-

) sites and 

consequently modify p-type conductivity. However, achieving p-type conductivity by 

incorporating external oxygen rich elements is not as simple because of the strong 

residual n-type conductivity in ZnO. The intrinsic native point defects in ZnO trap the 
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substitutional external impurity and form deep levels within the band gap and thus, 

making p-type doping, less effective [27].  

The band gap energy of ZnO can be easily tuned by alloying it with suitable 

impurities e.g. Mg, Al, Cd, Cu, Ti etc. [28-32]. The alloyed material exhibits the blue 

shifted as well as red shifted absorption edge depending upon the nature of the impurities.  

The basic mechanism for the band gap renovation in alloyed semiconductor is governed 

by Burstein Moss (BM) effect and quantum size effect (Quantum Confinement). 

Generally, the n-type impurity leads to a blue shift and p-type leads to a red shift in the 

band gap energy [33]. ZnO exhibits strong nonlinear optical characteristics owing to the 

non-centrosymmetric nature of its wurtzite crystal structure. The third order nonlinear 

optical coefficients are modulated in presence of impurity elements because of the change 

in exciton oscillator strength of the system. It is also a good candidate for a possible 

application in the field of UV Random laser [34]. The random lasing characteristics is 

generally defined as a source of lasing emission due to the strong scattering with the 

nano-sized randomly distributed grains in bulk as well as in low dimensional 

nanostructures [35]. The optical cavity in the alloyed ZnO can also be easily modulated 

by controlling the shape of the nanostructures.   

1.1 Crystal structure of ZnO 

 Zinc oxide belongs to the II-VI type semiconductor family which is formed by a 

binary compound (XY) in which X belongs to II B group and Y belongs to VI A group of 

the periodic table. In ZnO, zinc ion possesses partially positive cationic character while 

oxygen ion has partially anionic character. Overall ZnO exhibits partially electronegative 

characteristics and is therefore termed as intrinsic n-type semiconductor.   
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 ZnO in nature, is found in three forms; Zinc blende, rocksalt and hexagonal 

wurtzite crystal structures [36]. The zinc blende structure is in cubic form, although the 

formation of single crystal is tedious. The rocksalt structure can be grown only at 

relatively very high pressure. The most thermodynamically stable structure at normal 

temperature and pressure (NTP) for ZnO is the hexagonal wurtzite structure, where Zn 

and O atom reside at the corner of a regular tetrahedral structure in which one kind of 

atoms is surrounded by the other kind of atoms and vice-versa. There are four atoms per 

unit cell connected by the opposite atoms. Because of tetrahedral connection, the bond 

distance of the entire nearest neighbor is nearly the same. Figure 1 shows the hexagonal 

wurtzite crystal structure of ZnO [4, 36]. In this crystal structure, there are two polar 

surfaces which are formed due to Zn and O atoms. These polar surfaces are Zn-

terminated (0001) and O-terminated (000ī) surfaces and constitute the two opposite basal 

planes along c-axis [36]. The polar nature of the crystal structure affects the chemical 

properties as well as the growth mechanism such as defect formation, growth rate, and 

preferred orientation etc. [36]. Further because of the tetrahedral connection between O
2- 

and Zn
2+

 ions, ZnO is non-Centro symmetric which is responsible for exhibiting the 

nonlinear optical and piezoelectric behavior.  

The wurtzite hexagonal crystal structure has three lattice parameters (a=b and c) 

and the three inter-axial angles (=β=90
0
 and =120

0
). The lattice parameters in a unit 

cell of ideal wurtzite crystal structure are in the ratio of / 8 / 3c a  =1.633 [36]. In 

Schoenflies notation, the wurtzite crystal structure belongs to C6v
4
 space group and in the 

Hermann-Mauguin notation, it is known to be in P63mc space group [36]. The lattice 

parameters of ZnO for hexagonal wurtzite crystal structure have been reported over the 
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range of a=3.2475-3.2507Å and c=5.2042-5.207 Å and consequently the c/a ratio also 

varies within the range of 1.593-1.6035 [36].    

 

Fig. 1.1 Hexagonal Wurtzite crystal structure of ZnO 

1.2 Band structure of ZnO 

The band structure of a semiconducting material plays a vital role in framing its 

optical and electronic properties. The band structure of ZnO is formed from p-type 

valence band and s-type conduction band near the  point of the Brillouin zone. Because 

of the axial symmetry of the wurtzite crystal structure, the valance band near the Г point 

splits under the influence of crystal field and spin orbit interaction, into three sub-bands 

having 9, 7, and 7 symmetries which are assigned as A, B and C respectively, in the 

order of increasing energies, though there are discrepancies in the correct ordering of the 

symmetries of A, B and C sub-bands [37-39]. The energy separation between these bands 
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(A, B, C) was estimated to be EAB=10 meV and EBC=34 meV [39]. The band gap energies 

of these sub-bands recorded at 6K are observed at 3.4410 eV, 3.4434 eV and 3.4817 eV 

respectively [40].  

1.2.1 Band gap engineering  

Zinc Oxide can be easily alloyed with various other oxides viz; MgO, CdO, CuO, 

TiO2 etc for the band gap engineering in order to alter the band gap energy, manipulate 

the electrical conductivity and to provide optical emission over a wide range in the 

ultraviolet spectral range. The tailoring of band gap energy towards higher energy in ZnO 

by Mg, Al, B and Ga doping has been reported in the literature [28, 41-52]. In general, the 

widening of the band gap energies have been explained on the basis of shift of Fermi 

level into the conduction band due to large free carrier concentration in presence of 

impurity, also known as Burstein moss (BM) effect and is discussed in the next sub-

section. A reduction in the band gap energy (red shift) in ZnO by alloying it with Cd, Mn 

and Co has also been demonstrated by many research groups [31, 53-60]. The decrease in 

the band gap energy on incorporation of these impurities are mainly caused by the shift in 

the valence and conduction band as a result of electron-impurity and electron-electron 

interaction via scattering [58, 61]. The n-type electrical conductivity of ZnO is easily 

manipulated by an order of magnitude upon doping of trivalent impurity [62-64] 

providing extra free electrons in the process. The p-type conductivity in ZnO is still a 

challenging task. However, ZnO has been reported to possess p-type conductivity with 

doping of V
th

 group elements (N, P, As, Sb etc.) [65-68].  

The band gap engineering of a semiconductor is addressed on the basis of Burstein 

Moss (BM) effect and quantum size effect (Quantum Confinement).  Apart from these, 
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the surrounding temperature also plays a crucial role on band gap energy of the 

semiconductor. All these factors are detailed in the following sub-sections.  

1.2.2 Burstein Moss (BM) effect 

The large impurity concentration in a semiconductor leads to the alternation in the 

position of fundamental absorption edge as well as density of states near the brillouin 

zone center. The basic theory governing the behavior of the optical band gap as a function 

of carrier concentration is given by Mott  [61, 69]. This theory is a direct consequence of 

the measure of the critical concentration (Ncrit), at which insulator-metal transition occurs 

and is governed by the following relation [61].  

                          

1/3

* 1/3 1
0.25

4 3
B crita N

 
  

 
                                      (1.1) 

where, aB
*
 is the effective Bohr radius and Ncrit is the critical carrier concentration at 

which insulator-metal transition occurs.  

The blue shift of absorption edge in ZnO as a result of n-type doping is governed 

by band filling effect, also known as Burstein Moss (BM) effect [70]. According to the 

BM effect, the conduction band of the degenerate (heavily doped) semiconductor is 

significantly filled with appropriate high carrier concentration followed by the blocking 

of lower energy states of valence band. This results in the shift of Fermi level in the 

conduction band and thus the apparent band gap energy is increased. According to the 

BM model, the blue shift in the band gap of the degenerate semiconductor is given by the 

following expression [71, 72].   

                                  
2 2 2/3

*

(3 )

2

BM e
g

n
E

m


                                          (1.2) 
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where ne is the electron carrier concentration and m
*
 is the reduced effective mass of 

electron, defined by the relation
* * *

1 1 1

v cm m m
 

 

, where mv
*
 and mc

*
 are the valence band 

and conduction band effective masses respectively. 

 The Equation 2 suggests the inverse relationship between BM shift and carrier 

effective masses. Thus the semiconductors having light carrier masses exhibit more 

effective BM shift. As the carrier concentration is increased beyond the Mott critical 

density the band gap energy of semiconductor decreases because of the reduction of the 

activation energy of electron transport and reduction of the impurity ionization energy 

[61]. This effect is referred as band gap narrowing, band gap shrinkage or band gap re-

normalization effect. The effect of band gap narrowing in heavily doped semiconductor 

occurs due to the many body interaction effect. The many body interaction involves the 

interactions among free carriers (electron-electron interaction, hole-hole interaction) and 

between free carriers and ionized impurities (electron-donor interaction, electron-hole 

interaction, hole-acceptor interaction etc.). These interaction causes screening effect 

which results in the lowering of the total energy of the system [61].    

 The band gap narrowing due to many body interactions at higher carrier density is 

expressed by the relation [73, 74].  

1/3

*

min

3/4 3/4 *

ma

1.83 0.95 1
1

2

BGN

g

s s s b j

m
E R R R

r Nb r r N m

  
      

 

                  (1.3) 

where  is the correction factor due to the bands anisotropy, R is the Rydberg energy, Nb 

is the number of the equivalent band extrema and m*min/m*maj is the ratio of minority 

carrier effective mass to majority carrier effective mass and rs is defined as. 

1/3

*3

3

4
s

B

r
na

 
  
 

                                                        (1.4) 
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where, aB* is the effective Bohr radius. 

Hence, at very large doping concentration, the effective shift in band gap can be 

expressed as;  

                                              BM BGN

g g gE E E                                                   (1.5) 

1.2.3 Quantum confinement effect 

The semiconducting materials exhibit quantum confinement effect in low dimensional 

structure when the size of the particles become comparable to excitonic bohr radius [75]. 

This results in the blue shift in the absorption as well as the photoluminescence spectra 

with the decrease in the size of nanoparticles [76].  

1.2.4 Temperature effect 

The band gap energy of semiconductor is also sensitive to the temperature. The extent 

of band gap shrinkage or widening depends on the thermal coefficients by the well-

known Varshni‟s equation given by [77]. 

2

( ) ( 0)g g

aT
E T E T

T b
  


                                         (1.6) 

where, Eg(T=0) is the band gap energy at 0K, a and b are the Varshni‟s thermal 

coefficients. The coefficient, a, gives the limiting value of –dEg(T)/dT as T0 K and b is 

related to the Debye temperature [78]. 

The varshini equation is an empirical equation for the shift in relative position of 

conduction and valence band based on (1) The temperature dependent lattice expansion 

and (2) The temperature dependent electron-lattice interaction. In low temperature region, 
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the thermal expansion coefficient varies in nonlinear fashion with temperature and hence 

Eg varies non-linearly with T. At high temperature, the effect of temperature on the lattice 

expansion is linear so, the variation in band gap energy is also linear [77]. These two 

assumptions can be summarized in the following equations [77].  

For T<<, ΔEg  T
2 

                                             (1.7) 

         For T>>, ΔEg  T                                             (1.8) 

where,  is the Debye temperature. 

1.3 Photoluminescence in ZnO 

The photoluminescence spectra of any semiconducting material provide in-depth 

information about the band structure, the nature of optical transitions and about the 

impurity or defect centers etc. The photoluminescence from a semiconducting material is 

the outcome of radiative recombination of the free electrons in the conduction band and 

the free holes in the valence band, created under an optical excitation. The 

photoluminescence from a 2-Dimensional semiconducting material depends on the 

crystalline quality, the stoichiometry and the grain size of the nanostructures formed.  

Owing to the direct and high band gap energy (~3.37 eV) and a large excitonic 

binding energy (~60 meV), ZnO displays a strong photoluminescence signal in UV range 

termed as near band edge (NBE) emission [36].  Apart from the narrow UV emission, a 

broad visible band is also exhibited by ZnO which is due to the various defect states 

present in it, designated as defect level emission (DLE) band [36]. The NBE as well as 

DLE emissions are detailed in Chapter 5.  
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Under the influence of impurities, it is possible to bring the variation in the PL spectra 

of ZnO significantly which can lead to tunable light emitting diodes (LEDs) and laser 

diodes [43, 79]. Metal (Cu, Ag, Au etc.) coated ZnO nano structures/thin films exhibit an 

enhancement in NBE along with suppression of DLE emission as a result of local field 

enhancement due to strong resonant coupling between the local surface plasmons (LSPs) 

of metal nano particles and excitons of ZnO [31, 80, 81]. In the case of transition metals 

(Al. Mn, Mg etc.), the reduction in DLE emission band in ZnO is linked to the reduction 

of the defect states [43, 82, 83]. The enhancement in the NBE emission and quenching of 

DLE emission in ZnO can also be possible via fluorescence resonance energy transfer 

(FRET) effect when the absorption and emission edges of the two species (donor and 

acceptor) are in close proximity e.g. ZnO-TiO2 nano-composite thin film [84]. Therefore, 

an appropriate amount of these external agents can be infused to make a narrower as well 

as more efficient UV radiation source.   

The low temperature PL spectra of ZnO, exhibits several fine structure lines of the 

excitons (free excitons and bound excitons). The origin of these spectral lines is the 

temperature dependent nature of the excitons. In general, there are three types of excitons; 

A-exction, B-exciton and C-exciton which have been assigned according to the splitting 

of valence band under the influence of crystal field splitting and spin orbit interaction 

[85]. In high quality ZnO crystal, at 10K temperature, A-exciton line, FXA
n=1

, along with 

its excited state emission, FXA
n=2

, have been reported at 3.3771 eV and 3.4220 eV 

respectively [86]. Reynold et. al [85] has measured the peak positions of the ground, 

FXB
n=1

 and the first excited state, FXB
n=2

 of B-exciton at
  

3.3895 eV and 3.4325 eV 

respectively. The peak positions of ground state, FXC
n=1

, and first excited state, FXC
n=2

, of 

C-exciton are reported to be at 3.4245 eV and 3.4667 eV respectively [36]. The bound 
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excitons lines are observed at slightly lower energy position than that of free exciton 

lines. These lines are located in the range of 3.348-3.374 eV and are of a total of 12 in 

numbers which are labeled as I0-I11 [36]. There are two types of bound excitons; donor 

bound excitons (DX) and acceptor bound excitons (AX). These bound excitons are 

further classified into neutral, singly ionized or doubly ionized donor/acceptor bound 

excitons [36]. At the lower energy side of these bound exciton lines, the two electron 

satellites (TES) lines are observed within the spectral range of 3.320-3.340 eV. These 

lines are due to the radiative recombination of a bound exciton to a neutral donor, leaving 

donor in excited state [36, 86]. The donor-acceptor pair (DAP) lines in ZnO are observed 

in the spectral range of 3.235-3.26 eV in presence of acceptor type impurities, e.g. 

Nitrogen [36, 87].  

Apart from dominating spectral lines as stated above, the longitudinal optical (LO) 

phonon replicas of these lines are also observed in low temperature PL measurement. 

These lines are generally of equally spaced with an average separation of ~70-73 meV 

[86]. Depending upon the coupling, the LO phonon lines are termed as FX-mLO, DX-

mLO and AX-mLO, DAP-mLO etc. where, m=1, 2, 3 signifies the first LO phonon 

replica, second LO phonon replica, third LO phonon replica respectively [36].   

1.4 Non Linear optical properties of ZnO thin film 

 The optical nonlinearity is another very important feature exhibited by 

semiconducting materials. The nonlinear optics (NLO) plays a vital role in various fields; 

optical harmonic generation, optical parametric amplification, N-wave mixing etc [88-

90]. The nonlinear optical phenomenon can be implemented for various applications 

including optical phase conjugation, optical parametric oscillator, optical data storage, 
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optical limiting, optical computing, optical switching, etc [90-92]. The NLO phenomenon 

is the inherent property of any material. The first ever direct application of the nonlinear 

optics was demonstrated after the invention of laser, via optical harmonics generation 

[93]. 

 ZnO, being a hexagonal crystal structure possesses both, second and third order 

optical nonlinearity [94-96]. The values of nonlinear optical constants (n2 and β) can be 

enhanced in the presence of external impurities. The suitable external impurities in ZnO 

are transition metals, metal nanoparticles, polymers, dyes etc. Valdez et. al. [97] has 

reported a large value of third order nonlinear optical constants in Au and Pt coated ZnO 

thin film. Sandeep et. al. [98] has found Mg, as an excellent dopant material for ZnO 

towards NLO application along with a blue shift in the absorption edge. Irimpan et. al. 

[99] observed surface plasmon induced enhanced (~10 times) nonlinear absorption as 

well as nonlinear refraction in ZnO-Cu nanocomposites. There have been numerous 

reports on Sn, Er, Ni, Li, Co, Gd, Al etc. doped ZnO exhibiting excellent third order 

nonlinear optical behavior under pulsed laser [100-107]. Under continuous wave (cw) 

laser irradiation, the dominant mechanism for the optical nonlinearity is different than 

that of the pulsed laser illumination. The estimated values of the third order nonlinear 

optical constants are observed to be quite large under cw excitation because of the 

dominance of thermally induced nonlinear optical effect over electronic nonlinearity [90]. 

Pure ZnO as well as doped ZnO thin films have shown third order nonlinear optical 

coefficients (β, n2, 
(3)

) as large as ~10 cm/W, ~10
-4

 cm
2
/W, ~10

-3
 esu respectively [105, 

108-111].     

Being a direct and wide band gap semiconductor, ZnO is an active material for up 

conversion via multiphoton absorption process. The multiphoton absorption depends 
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upon the excitation wavelength [112, 113]. If the photon energy of the pump beam is less 

than the half of the band gap energy, the emission corresponds to the bound excitons or 

shallow donor defect states while if the pump energy is more than half of the band gap 

value, the emission is due to the free excitons [114]. There have been numerous reports 

on multi photon absorption; (two photon absorption (2PA), three photon absorption (3PA) 

etc.) induced photoluminescence in ZnO thin films and nanostructures pumped via 

femtosecond lasers [113, 115, 116]. The efficiency of two photon absorption (2PA) is 

significantly enhanced if the up conversion process is mediated via intermediate real 

states e.g. defects states, instead of virtual states. In this case, the 2PA process is termed 

as two-step two photon absorption (TS-2PA) process [117]. There have been reports on 

TS-2PA process in ZnO under cw laser pumping. Recently Ghosh et. al. [118] has 

reported TPA process in nanostructured ZnO under cw He:Ne laser as a pump operating 

at 633 nm. The efficiency of TPA process can be improved by introducing defect states 

via doping in ZnO. Additionally, there have been reports on the generation of 2
nd

 and 3
rd

 

harmonic via femtosecond lasers [115, 119].  

1.5 Random lasing in ZnO 

In a conventional laser, the optical cavity is formed by two mirrors; M1 and M2 placed 

parallel to each other across the longitudinal ends of the active medium as shown in Fig. 

1.2 a [120]. The light generated from the active medium (AM) undergoes the repeated 

passes through the active medium via multiple reflections from the mirrors and amplifies 

in each passage through AM. Once the gain exceeds the losses inside the cavity, the 

lasing action commences and a laser beam emerges out through the output mirror. On the 

other hand, a random laser is free from any real cavity formed by the mirrors. In this, the 
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amplification of photons is carried out by the multiple scattering from the gain media via 

confinement of optical photons as depicted in Fig. 1.2 b. The strong scattering among the 

nanoparticles increases the dwell time of the photons inside the gain medium and hence, 

photons during multiple scattering are amplified [35].  

 

Fig. 1.2 Schematic illustration of (a) conventional laser and (b) random laser 

 In Random laser, the sample is illuminated by a suitable pump laser. At very low 

pumping intensity, the sample exhibits a broad photoluminescence band which is the 

characteristic photoluminescence spectrum of the sample. When the pump intensity 

crosses the certain threshold, due to onset of stimulated emissions, the emitted band 

becomes narrow as compared to that of PL emission [35]. 

  Random lasing occurs normally in disordered media. In this, there are two 

characteristic lengths; the generation length (lgen) and mean path length (lpath) which are 

defined as the average distance traveled by a photon inside the medium before generating 

a second photon and the average distance travelled by the photon inside the medium 

before leaving the medium respectively [121]. In the case of strong scattering, the lpath is 

TH-1937_11612117



 

Chapter 1: Introduction 

16 | P a g e  
 

large since the dwell time of photon is increased. All the incoming photons are able to 

generate at least one additional photon if the condition lpath>lgen is satisfied [121].  

Random lasing is exhibited by the materials possessing a wide range of physical 

and chemical compositions such as biological [122, 123], chemical [124], polymers and 

dyes [125, 126], glasses [127], semiconductors [128] etc. The Random lasing has been 

reported as a useful tool for the sensing applications. Recently, Abegao et. al. [124] has 

reported the measurement of milk fat content via measuring the random lasing threshold. 

A highly sensitive active optical sensor based on the spectral properties of random lasing 

phenomenon, has been demonstrated by Ignesti et. al. [129].  The random lasing in 

semiconducting materials is particularly of great importance for its potential application 

in solid state laser [130]. The major contributory semiconducting materials in the field of 

random lasing are GaN, GaAsN, ZnS, ZnSe, SnO2, TiO2, ZnO etc. [131-137]. There have 

been reports on the reduction in lasing threshold in the metal Nano particles embedded 

host medium. The presence of nanoparticles act as additional scattering centers and as a 

result, the random lasing signals are improved [138-140].   

 Thin films of ZnO can be viewed as an active medium for the generation of 

mirrorless laser in UV spectral range. The ZnO thin films are normally accompanied by 

nanostructured surface or nanowires or nanorods or the combination of all these. 

Therefore, along with PL there is also a possibility of excitation of the ultraviolet lasing in 

thin film nanostructures via formation of different kinds of optical resonator; Random 

Laser (RL), Febri-Perot (FP) cavity and Whispering Gallery Mode (WGM) cavity [112, 

141-143]. In FP cavity, the two opposite facets of the nanostructure (Nano rods or Nano 

wires) form a pair of parallel mirror like structure as in the conventional FP optical 

resonator which provides the sufficient feedback for the amplification of optical signal. In 
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WGM cavity, the generated photon undergoes total multiple internal reflection from the 

boundary of a single nanostructure (rod or NP) and thus forms a closed loop cavity. In 

ZnO, having a hexagonal crystal structure, the stimulated lasing emission could be due to 

the combination of all the three types of mirror-less optical cavities; RL, FP and WGM 

depending upon the surface structures. Among all three types of cavity, the WGM cavity 

possess narrower spectral width and hence the quality factor (Q=δ/) is often observed 

to be very high ~3000 [144]. There are quite limited numbers of reports especially 

devoted in the field of ultraviolet lasing in doped ZnO. Recent report on electrically 

driven ultraviolet random lasing via electroluminescence in Mg doped ZnO (MgZnO) has 

opened the new scope for tunable laser in the UV spectral range [145].  

1.6 Fabrication of pure and doped ZnO thin films 

Nanostructured thin film of ZnO is a promising candidate due to its potential 

applications in the variety of fields such as transparent conducting oxides (TCO), 

electronics, Opto-electronics, spintronics, solar cells etc. [1, 146-148]. Therefore, a great 

deal of attention is devoted for fabrication of ZnO thin films and its nanostructures via 

various routes, e.g. sol-gel method [149-151], RF magnetron sputtering [25, 152] , spray 

pyrolysis [52, 153], molecular beam epitaxy [53, 87], atomic layer deposition [62, 154], 

chemical vapor deposition [63, 155] and pulsed laser deposition [71]. A high quality film 

of pure and doped ZnO can be fabricated with ease via pulsed laser deposition (PLD) 

technique. Highly crystalline ZnO thin film oriented along (002) direction has been 

reported at low substrate temperature (400-500 
0
C) via PLD [156]. Novatny et. al. [157] 

has reported ZnO thin film via PLD onto various transparent substrates (Sapphire, MgO 

and fused silica) and observed an epitaxial growth on lattice matched sapphire and MgO 
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substrates. Perk et. al. [71] has reported pulsed laser deposited highly crystalline, ZnO as 

well as doped (Al, Ga) thin film for TCO application. Gas sensing (NO2) application has 

also been demonstrated in ZnO thin film deposited via PLD technique [158]. Excellent 

nonlinear optical behavior (second harmonic generation and third harmonic generation) 

has been observed in pulsed laser deposited ZnO thin films [159, 160] by using 

femtosecond laser.  

 Pulsed laser deposition (PLD) belongs to the family of physical vapor deposition 

(PVD) technique. This technique is well known for fabrication of high quality thin films 

having excellent crystalline structure, stoichiometry, and fabrication at relatively low 

substrate temperature [161]. In this technique, the material to be deposited is ablated in 

the form of plasma plume under the irradiation of focused high power pulsed laser beam. 

The generated plasma expands in the ambient environment (Vacuum, O2, N2 etc.) and 

gets deposited onto the substrate placed at an appropriate distance of 3-5 cm from the 

target surface and parallel to it. To get the optimized quality of the thin film, the various 

deposition parameters (laser fluence, ambient gas pressure, substrate temperature, target 

substrate distance, deposition time etc.) are required to be tuned carefully. 

In the present thesis, thin films of pure ZnO and Al and Ti infused ZnO are 

reported via PLD. The working principle of the PLD technique is detailed in chapter 2 on 

„Experimental details‟.  

1.7 Organization of present thesis 

 The aim of the present dissertation is to carry out systematic studies on the effect 

of variation of impurities (doping) concentration of two different elements; Al and Ti on 

the physical, linear and nonlinear optical properties of ZnO thin film. The pulsed laser 
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deposition technique is adapted to fabricate the thin films of Al doped ZnO (AZO) and Ti 

doped ZnO (TZO). The optimum deposition parameters for ZnO via PLD were obtained 

from the literature [162]. The deposited thin films were subjected to X-Ray diffraction 

(XRD), Laser micro Raman, atomic force microscope (AFM), field emission scanning 

electron microscope (FE-SEM), UV-visible-NIR spectroscopy and photoluminescence 

(PL) spectroscopy for characterization. The thin films were also subjected to modified z-

scan technique to access the non-linear refraction and absorption coefficients. The 

multiphoton absorption induced photoluminescence and Random lasing emission in the 

films are recorded by the experimental setups assembled in house. The low temperature 

photoluminescence spectra are recorded in order to get in-depth information about the 

various emission mechanisms in these systems. Finally AZO films were tested for the 

random laser action.  

 The content of the present thesis is divided into eight chapters. The overall chapter 

wise organization is summarized below.  

Chapter 1 „Introduction‟ presents an overview of the material characteristics of ZnO 

selected for the present study as well as detailed literature survey. It also describes the 

various band gap engineering mechanisms possible in ZnO facilitating it as a tunable 

optical source towards UV spectral range. The nonlinear optical properties and random 

lasing action occurring in ZnO is also highlighted.    

Chapter 2 „Experimental details‟ briefly discusses the major experiments carried out in 

the present thesis work. This includes pulsed laser deposition (PLD) experimental setup, 

modified z-scan experimental setup for nonlinear optical characterization, the 

multiphoton absorption induced photoluminescence (MPA-PL) experimental setup using 
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cw He:Ne laser and the experimental setup for Random lasing experiment using ns pulsed 

laser at 355 nm wavelength. The experimental detail of the low temperature 

photoluminescence in the thin film is also discussed. This chapter also includes the details 

of all the experimental techniques adopted for the structural characterization; surface 

morphology study, elemental composition estimation, optical characterization and 

photoluminescence via X-Ray diffractometer and Micro Raman spectrometer, field 

emission scanning electron microscope (FESEM), Energy dispersive spectrometer (EDS), 

UV-vis-NIR and fluorescence spectrometer.  

 Chapter 3 „Fabrication and characterization of pulsed laser deposited Zn1-xAlxO 

(0≤x≤0.10) thin films‟ discusses the Zn1-xAlxO (0≤x≤0.10) thin films fabricated by pulsed 

laser deposition technique. The effect of Al concentration on the structural, surface 

morphology, linear optical properties (transmission, absorption, band gap energy, 

refractive index) and photoluminescence emissions are discussed in details.  

 Chapter 4 „Fabrication and characterization of pulsed laser deposited Zn1-xTixO 

(0≤x≤0.050) thin films‟ is devoted on the studies on PLD Zn1-xTixO (0≤x≤0.050) thin 

films. The effect of Ti concentration on the structural, surface morphology and linear 

optical properties (transmission, absorption, band gap energy, refractive index, 

photoluminescence) is detailed in this chapter. 

Chapter 5 „Low temperature photoluminescence in pulsed laser deposited Zn1-xAlxO 

(x=0.00 and x=0.05) and Zn1-xTixO (0≤x≤0.050) thin films‟ as the title suggests is on low 

temperature photoluminescence studies of Zn1-xAlxO (x=0.00 and x=0.05) and Zn1-xTixO 

(0≤x≤0.050) thin films. In low temperature photoluminescence experiments, the sample 

temperature is varied from room temperature (300K) to 10K.  
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 Chapter 6 „Nonlinear absorption and refractive index coefficients and multiphoton 

absorption induced photoluminescence in Zn1-xAlxO (0≤x≤0.10) and Zn1-xTixO 

(0≤x≤0.050) thin films‟, briefly discusses the nonlinear optical characterization and 

multiphoton absorption induced photoluminescence in Zn1-xAlxO(0≤x≤0.10) and Zn1-

xTixO(0≤x≤0.050) thin films. The third order nonlinear optical characterization of the 

films is carried out by using the modified z-scan experimental setup and the multiphoton 

absorption induced photoluminescence in the films are studied by using in house 

developed experimental setups discussed in chapter 2.  

Chapter 7 „Random lasing action in pulsed laser deposited Zn1-xAlxO (0≤x≤0.10) thin 

films‟ discusses the Random lasing action in Zn1-xAlxO(0≤x≤0.10) thin films. The effect 

of Al concentration onto the quality factor is detailed.  

Chapter 8 „Conclusions‟ covers the concluding remark on the work detailed in the 

present thesis and the future possibilities for uncovering the unseen facts. 
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Pulsed laser deposition (PLD) technique now a days  is being viewed as an excellent 

fabrication tool for depositing the thin films over a wide range of materials including pure 

metals and nonmetals, semiconductors, complex ceramics, etc. [1, 2]. This technique 

offers a controlled growth rate and desired stoichiometry of thin films by carefully 

selecting the appropriate deposition parameters. In the present thesis, the PLD technique 

is being employed for the fabrication of Zn1-xAlxO (0≤x≤0.10) and Zn1-xTixO (0≤x≤0.050) 

thin films onto fused silica and Si substrates. The deposited thin films were characterized 

by using various analytical tools such as X-ray Diffraction (XRD), Laser Micro Raman 

Spectrometer, Energy Dispersive X-rays Spectrometer (EDX), Field Emission Scanning 

Electron Microscope (FESEM), Stylus Profilometer, UV-VIS-NIR Spectrophotometer 

and Fluorescence Spectrometer. The third order nonlinear optical characteristics, 

multiphoton absorption induced photoluminescence (MPA-PL) and random lasing (RL) 

in the thin films were studied using in-house assembled experimental setups. The low 

temperature photoluminescence measurement in these thin films was also carried out by 

assembling an indigenous experimental setup.  

2.1 Preparation of PLD targets for Zn1-xAlxO (0≤x≤0.10) and Zn1-xTixO 

(0≤x≤0.050) thin films 

Pure ZnO, Zn1-xAlxO (0≤x≤0.10) and Zn1-xTixO (0≤x≤0.050) targets for PLD were 

prepared from their respective powder via solid state reaction method. The proportions of 

ZnO (s. d. fine-chem Ltd., 99%) and Al2O3 (MERCK, 99.9%,) and TiO2  (Ranboxy, 98%) 

powders  for preparation  of Zn1-xAlxO(0≤x≤0.10) and Zn1-xTixO (0≤x≤0.050) pellet are 

listed in the table 2.1 and 2.2, respectively. 
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Table 2.1 Composition of ZnO and Al2O3 in Zn1-xAlxO (0≤x≤0.10) for target preparation 

Sr. No.  Zn1-xTixO Samples 

(x) 

Amount of ZnO (gm) Amount of Al2O3 

(gm) 

1. Pure ZnO (x=0) 5.000 0.000 

2. Zn0.99Al0.01O (x=0.01) 4.968 0.031 

3. Zn0.98Al0.02O (x=0.02) 4.937 0.063 

4. Zn0.97Al0.03O (x=0.03) 4.904 0.095 

5. Zn0.95Al0.05O (x=0.05) 4.840 0.159 

6. Zn0.93Al0.07O (x=0.07) 4.775 0.225 

7. Zn0.90Al0.10O (x=0.10) 4.674 0.325 

 

  

Table 2.2 Composition of ZnO and TiO2 in Zn1-xTixO (0≤x≤0.050) for target preparation 

Sr. No. Zn1-xTixO  Samples 

(x) 

Amount of ZnO (gm) Amount of TiO2 

(gm) 

1. Pure ZnO (x=0) 5.000 0.000 

2. Zn0.995Ti0.005O (x=0.005) 4.975 0.025 

3. Zn0.990Ti0.010O (x=0.010) 4.951 0.049 

4. Zn0.980Ti0.020O (x=0.020) 4.902 0.098 

5. Zn0.970Ti0.030O (x=0.030) 4.853 0.147 

6. Zn0.950Ti0.050O (x=0.050) 4.754 0.246 
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For the preparation of pure ZnO target, its powder was initially grinded gently by 

hand in Mortar and pestle for 2 hrs. The powder was constantly stirred by a spatula during 

the grinding process to obtain homogeneous and nearly uniform particle size distribution. 

A solution of an organic binder, Polyvinyl Alcohol (PVA), having  5% concentration was 

used as a binder. The PVA solution is volatile in nature and evaporates out after sintering. 

For the preparation of 5% PVA solution, 5 gm powder of PVA was mixed in 100 mL of 

distilled water and thoroughly mixed using magnetic hot plate to obtain a homogeneous 

solution. The solution is then allowed to cool down for 24 hrs in order to form a gel like 

texture. The small quantity of this gel is added in the grinded powder (~5 gm) and mixed 

thoroughly and further grinded for nearly 2 hrs. Finally, the prepared powder is 

pressurized up-to 3 tons using KBr pressure machine to form a dense circular pellets of 

~13 mm diameter.  

Similar process was adopted for the preparation of Zn1-xAlxO (0≤x≤0.10) and Zn1-

xTixO (0≤x≤0.050) targets for the PLD of thin film by taking the appropriate amount of 

ZnO and Al2O3 or TiO2 powders as listed in table 2.1 and 2.2, respectively.        

2.1.1 Sintering of pellets 

 Sintering is the process of diffusion of different sized grains to form a compact 

material. The prepared pellets were sintered at 1150 
0
C for 6 hrs. in an electric furnace. 

The photograph of pure ZnO pellet before and after the sintering is shown in the Fig. 2.1. 

The size of the sintered target is ~11 mm. The AZO and TZO pellets were also sintered in 

the similar manner. The reduction in size of the pellets after sintering was due to the 

formation of dense compact structure after sintering. 
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Fig. 2.1 PLD targets of pure ZnO; un-sintered (left) and sintered at 1150 
0
C (right). 

2.2 Preparation of substrate 

The thin films of pure ZnO, Zn1-xAlxO (0≤x≤0.10) and Zn1-xTixO (0≤x≤0.05) were 

deposited onto fused silica and silicon substrates. Both these types of substrates were 

thoroughly cleaned by Acetone and dried prior to the deposition of the films.   

2.3 Pulsed laser deposition (PLD) set-up 

Pulsed laser deposition technique is simple yet versatile which can be used for 

deposition of thin films of complex materials with high quality. The pulsed laser 

deposition (PLD) belongs to the family of physical vapor deposition (PVD). In this 

technique, a high power pulsed laser is focused on to a sintered target furnishing the 

target plasma plume which expands in the background ambient and deposited on to the 

substrate placed few cm apart from the target. The basic mechanisms involved in the PLD 

process, are classified into three steps (a) laser-matter interaction resulting into ablation 
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and vaporization of target material and formation of laser induced plasma (LIP), (b) 

interaction of LIP with the incident laser beam via inverse-bremsstrahlung as well as 

expansion and cooling of plasma and (c) growth of the film onto the substrate.  

Laser ablation involves absorption of laser radiation by the target material leading to 

electronic excitation, breakdown and plasma formation, etc. For creation of LIP, a 

minimum focal intensity of the order of ~10
8
 W/cm

2
 is required. Generally, nano-second 

lasers: Q switched Nd: YAG and  excimer lasers, are capable of delivering such a high 

intensity [1]. The ablation from the target material depends on the properties of the 

material such as absorption coefficient (), reflectivity (R), specific heat (Cv) and thermal 

conductivity (K) etc. It also depends on the laser parameters (laser energy, wavelength, 

pulse width). In nanosecond laser ablation, the laser pulse width is larger as compared to 

that of the time interval of entire interactions taking place inside the material. In the initial 

stage of the laser pulse, the absorption of laser energy by the material leads to the ablation 

and breakdown of the material. The LIP consists of neutral atoms, ions and electrons etc. 

In the second stage, the plasma expansion takes place under ambient gas. During the 

expansion of laser plasma, it absorbs the laser energy via inverse bremsstrahlung process 

causing further ionization and increases the surrounding temperature. The pressure of the 

initially formed plasma plume near the target is very high at the initiation of plasma 

which commences with the nearly solid density (of the target) along with very high 

kinetic energy (K.E.) of the emitted particles. This generates a pressure gradient between 

the plasma plume near the target and the ambient environment (~10
-6

-10
-1

 mbar) which 

results in the expansion of plasma plume with an expansion velocity of ~10
3
-10

5
 m/sec. 

During the plasma expansion, it gets cool down and simultaneously the interaction with 

the ambient gas leads to the formation of molecular species if applicable (e.g. formation 
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of oxide/nitrides etc.). In the final stage, as a result of condensation and nucleation of the 

molecular species, the formation of thin film onto the substrate takes place. The 

nucleation and growth of the film is dependent on the dynamics of the LIP, the surface 

energy of the substrate, etc.  

Conventionally PLD is viewed to be limited to deposition over small area (~1-2 cm
2
) 

only. But this limitation is overcome by incorporating multiple laser beams [3] as well as 

by translating the substrate and laser beam suitably [4]. Another problem with this 

technique is the ejection of large particulates (in the form of liquid droplets or clusters) 

from the target and being deposited directly on the substrate thus rendering the poor 

surface quality. But, this problem can be overcome by carefully optimizing the deposition 

parameters in particular the laser fluence, background pressure and target to substrate 

distance [2, 5, 6]. 

There are some major advantages of PLD over other fabrication techniques. One of 

the salient features of PLD is the easy control over deposition parameters depending on 

the properties of the target and the required thin films. Another major advantage of PLD 

is its ability to transfer the stoichiometry from the target to the deposited thin film. The 

fabrication of highly crystalline thin film of even very complex material can easily be 

achieved at relatively low substrate temperature by this technique as compared to those of 

other thin film deposition techniques.             

The schematic diagram of the pulsed laser deposition (PLD) setup used for deposition 

of Zn1-xAlxO (0≤x≤0.10) and Zn1-xTixO (0≤x≤0.05) thin films in the present work is 

shown in Fig. 2.2. A beam from the second harmonic of a high power Q-switched 

Nd:YAG laser (Quanta System, HYL-101, ~10 ns, 10 Hz) was focused from outside, 

after steering it suitably, with high damage threshold right angled prism (not shown in  
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Fig. 2.2 Schematic diagram of pulsed laser deposition (PLD) chamber. 

Fig. 2.2), onto the target placed inside the PLD chamber by a plano-convex lens of 35 cm 

focal length. Prior to the deposition, the PLD chamber was evacuated to a base pressure 

of 2.5×10
-5

 mbar by a turbo molecular pump (Pfeiffer, Hi Pace 300 C)  backed by rotary 

pump (Pfeiffer, DUO 10MC). The turbo pump was connected to the bottom of the PLD 

chamber through a 100 CF port. The PLD target (sintered pellets) was mounted onto 

motorized target carrousel which was installed inside the PLD chamber through one of 

the 150 CF port. The substrate (fused silica and Si) was mounted on the substrate holder 

through another 150 CF port opposite to the target port of the PLD chamber. The 

substrate holder was equipped with resistive heating to maintain the desired temperature 

during deposition. All the thin films were deposited at a substrate temperature of ~500 
0
C. 

The substrate to target distance during fabrication for all the thin films was at kept at ~3 

cm. The deposition of the films was carried out under an oxygen environment, at a 
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pressure of 10
-1

 mbar. The pressure inside the chamber was monitored by a compact cold 

cathode gauge (Pfeiffer, IKR 251) and pirani gauge (Pfeiffer, PCR 280 and Hind HiVac, 

HPS-2) working in the low pressure regime (10
-2

-10
-7

 mbar) and high pressure regime 

(10
3
-10

-3
 mbar) respectively. The thin films were deposited at a laser fluence of ~10 

J/cm
2
. All the thin films were deposited for 30 minutes duration. 

All these parameters for depositing the Zn1-xAlxO (0≤x≤0.10) and Zn1-xTixO 

(0≤x≤0.05) thin films are listed in table 2.3.These are the optimized parameters for 

fabrication of pure ZnO thin film via PLD [7].   

Table 2.3 Deposition parameters for Zn1-xAlxO (0≤x≤0.10) and Zn1-xTixO (0≤x≤0.05) 

thin films via PLD.  

Serial No. Parameters Numerical Value 

1. Ambient Pressure 2.5×10
-5

 mbar 

2. Oxygen Pressure 10
-1

 mbar 

3. Substrate Temperature 500 ˚C 

4. Laser Fluence 10 J/cm
2
 

5. Substrate to Target Distance 3 cm 

6. Deposition Time 30 minutes 

7. Substrate  Fused Silica, Silicon 
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2.4  Characterization of PLD thin films 

2.4.1 Energy dispersive X-ray spectroscope (EDX) 

The stoichiometry of PLD AZO and TZO thin film was investigated by energy 

dispersive x-ray spectroscope (EDX) (M/s Sigma Zeiss, Germany).  

2.4.2 Field emission scanning electron microscope (FESEM) 

The surface morphology and the shape of nanostructures formed in thin films 

were studied by field emission scanning electron microscope (FESEM) (M/s Sigma Zeiss, 

Germany). A thin layer of gold coating was applied on the samples before loading these 

inside the instrument.  

2.4.3 X-Ray diffraction 

The X-ray diffraction (XRD) technique is a non-contact and non-destructive 

measurement tool to study  the crystalline phases present in the sample (bulk or thin film) 

and to measure the crystallite size, unit cell dimensions, strain, stress, defect structures 

etc. of these phases [8]. In the present thesis work, the XRD spectra of the thin film 

samples were recorded by X-Ray diffractometer (Model No. Rigaku, TTRAX III 18 kW) 

operating at 1.5406 Å of Cu-Kα1 line.     

2.4.4 Raman spectroscopy 

Raman spectroscopy is another non-destructive sensitive analytical tool to record 

the optical phonon spectra of the sample in bulk, thin film as well as in liquid phase. In 

the present work, Laser Micro Raman spectrometer (LabRam HR-800, Jobin Vyon) 
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equipped with Ar-ion laser operating at a wavelength of 488 nm was used for thin films 

of AZO and TZO in backscattering geometry.  

2.4.5 Stylus profilometer   

The thickness of the pulsed laser deposited Zn1-xAlxO (0≤x≤0.10) and Zn1-xTixO 

(0≤x≤0.05) thin films was measured using Stylus Profilometer (Veeco DekTak 150).  

2.4.6 UV-VIS-NIR spectrophotometer  

The linear optical characterization of the deposited thin films was carried out by 

UV-VIS-NIR spectrophotometer (Model No. SHIMADZU UV-3101 PC). The absorption 

as well as transmission spectra were recorded in the spectral range of 200-2000 nm. The 

absorption coefficients and band gap energy of the films were estimated from the Beer-

Lambert’s law and Tauc’s plot respectively absorption spectra. The linear refractive index 

and thickness of the films were measured from the transmission spectra using Swanepoel 

envelope method [9].  

2.4.7 Fluorescence spectrometer 

The steady state photoluminescence spectra of the deposited thin films of Zn1-xAlxO 

(0≤x≤0.10) and Zn1-xTixO (0≤x≤0.05) were recorded by using Flouromax spectrometer 

(Edinburg Instruments, Model No. FS920) equipped with Xenon lamp by exciting the 

samples at a wavelength of 320 nm.     

 

 

TH-1937_11612117



     

Chapter 2: Experimental details 

43 | P a g e  
 

2.5 Modified Z-Scan set-up 

The basic idea of Single beam Z-scan technique for the determination of nonlinear 

optical constants in thin films as well as in bulk crystal was developed for the first time 

by M. Sheik Bahae et. al [10]. This technique is based on the measurement of the 

nonlinear optical loss and phase distortion imposed on the Gaussian beam under the 

presence of nonlinear optical medium. In this technique, the intensity of transmitted 

signal from the sample is measured as a function of sample position translated along the 

beam direction around the focal region (-z to +z) of a Gaussian beam.  

In the conventional Z-scan experimental setup, as was originally proposed, the use of 

photodiode as a detector requiring the scanning for open aperture (OA) z-scan (for 

Nonlinear absorption coefficient) and closed aperture (CA) z-scan (for nonlinear 

refractive index) separately, both of which require precise alignment of the detector. In 

the modified Z-scan setup, the photodiode is replaced by CCD and the OA as well as CA 

data can be extracted from the single scan only [11]. Figure 2.3 shows the schematic of 

the modified z-scan experimental setup used for the third order nonlinear optical 

characterization of the Zn1-xAlxO (0≤x≤0.10) and Zn1-xTixO (0≤x≤0.05) thin films in the 

present work.     

In this, a continuous wave (cw) He:Ne laser (Melles Griot, 05-LHP-927), having 

632.8 nm wavelength, was focused onto the sample by  a biconvex lens of focal length 

(L) of 5 cm. The sample was mounted on a micro positioner stage to enable its translation 

along longitudinal (z-axis) direction. A CCD was placed to capture the transmitted beam 

from the sample. A neutral density filter (NDF) of 3.0 Optical Density (OD) was placed 

in front of CCD to avoid its saturation. An aperture of ~ 6mm diameter was placed after 
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the sample in order to prevent the scattered light entering into CCD. The thin film sample 

was translated from -12 mm to 12 mm around both  sides of the focal plane (z=0) in a 

step of 1 mm and the transmitted beam was captured onto the CCD for each and every 

location. 

 

Fig. 2.3 Modified z-scan experimental set-up. 

The diameter (d) of the direct beam was measured by imaging it on the CCD 

directly before the lens and was found to be ~1.5 mm. From this, the beam waist, ω0= 

fλ/d, was found to be ~21 microns. The Rayleigh length (z0= πω0
2
/λ) was estimated to be 

~2.2 mm which is much larger than the thickness of the thin film thus satisfying the thin 

sample approximation required for z-scan [10]. The peak intensity (I0) at the focal plane 

was estimated to be 1.12 kW/cm
2
. The information about the open as well as closed 

aperture z-scan signal was deduced from these single scanned images only. The 

integrated intensity over the entire image (open z-scan, OA) as a function of distance 

w.r.t. focal point gives the information about the absorptive nonlinearity present in the 

sample. The closed aperture z-scan data was extracted by placing a suitable synthetic 
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aperture from a MATLAB program in the central region of the images of open z-scan and 

the integrated intensity of these partially masked images (closed z-scan, CA) revealed the 

nonlinear refractive index. The linear aperture transmittance, the ratio of closed aperture 

signal and open aperture signal (S = CA/OA) was kept at 0.4 which was the optimum 

value in order to exclude the contribution of the absorptive nonlinearity for determination 

of refractive nonlinearity [11]. 

The nonlinear absorption coefficients (β) of the PLD thin films of Zn1-xAlxO 

(0≤x≤0.10) and Zn1-xTixO (0≤x≤0.050) were estimated by using the normalized OA data 

fitted to the equation 2.1 [10]: 

  
0

3/2 2

0

( ) 1
2 1 ( / )

eff

open

I L
T z

z z


 

  

                                                 (2.1) 

where, β, I0, z0 and Leff being the nonlinear absorption coefficient, peak intensity at the 

focal plane (z = 0), Rayleigh length and effective sample thickness, respectively. 

Effective sample thickness (Leff) is defined as Leff= (1-e
-αL

)/α where ‘α’ is the linear 

absorption coefficient and ‘L’ is the actual thin film thickness.  

 The nonlinear refractive index (n2) was extracted by fitting the normalized CA 

data to the equation 2.2 [10]: 
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where k is the magnitude of the wave vector.  

The third order nonlinear susceptibility can be determined from n2 and β. The 

relation between complex nonlinear refractive index (n2,complex) and third order complex 
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susceptibility (χ
(3)

complex) is expressed by equation 2.3 [12, 13]:  

2 (3)
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0 0

12

'

complex

complexn
n n c

 
                                                            (2.3) 

2, 2 2' ''complexn n in                                                           (2.4) 

' ''o o on n in                                                           (2.5) 

where, noʹ noʺ are the real and imaginary part of the linear refractive index and n2ʹ and n2ʺ 

are that of nonlinear refractive index.  

The complex susceptibility χ
(3)

complex is defined by the equation 2.6: 

(3) (3) (3)' ''complex i                                                         (2.6) 

where, χ
(3)
and χ ׳

(3)
 are the real and imaginary part of the third order optical ׳׳

susceptibility.  

From equations 2.3-2.6, real and imaginary parts of the χ
(3)

complex , can be separated and 

are given by. 
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In the present case, the real part of the linear refractive index, n0′= n, the linear 

extinction coefficient, n0′′= (αλ/4π), the real part of the nonlinear refractive index n2′= n2 

and imaginary part of the nonlinear refractive index n2′′= (βλ/4π). From the measurement 

of n, n2 and β, the real and imaginary parts of the χ
(3)

 was determined for AZO as well as 

TZO PLD thin films. 
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2.6 Multiphoton absorption induced photoluminescence (MPA-PL) experimental 

set-up 

The multiphoton absorption induced photoluminescence (MPA-PL) in the AZO 

and TZO thin films are studied using in-house assembled experimental setup as shown in 

Fig. 2.4.  

 

Fig. 2.4 MPA-PL experimental set-up.  

A 32 mW cw He:Ne laser operating at 632.8 nm wavelength was steered by using a 

mirror (M) towards the thin film sample as a pump beam. A cylindrical lens (L1) of 25 cm 

focal length was used to focus the beam on the sample (S) as shown in Fig. 2.4. The focal 

region on the surface of the sample was observed to be of the form of a rectangular strip 

of dimensions 2000 × 600 µm
2
. The sample was oriented at ~ 45° to the incident beam 

and the fluorescence signal was imaged by a convex lens (L2) of 5 cm focal length on the 

entrance slit of monochromator (SPEX 750M ) and detected by a photomultiplier tube 

(PMT). The output of PMT signal was interfaced to the computer. The cylindrical lens 
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was oriented in the manner so that the larger side of the focal rectangular spot on the 

sample was parallel to the entrance slit of the monochromator.  The monochromator was 

scanned in the spectral range of 330–390 nm to record the multiphoton induced PL 

spectra. A neutral density filter (NDF) of various optical densities (OD) was introduced in 

the path of incident beam in order to study the dependence of PL signal on the pump 

intensity.  

2.7 Low temperature photoluminescence experimental set-up 

The experimental set-up assembled for recording the low temperature 

photoluminescence (LTPL) spectra of the Zn1-xAlxO (x=0.00 and x=0.05) and Zn1-xTixO 

(0≤x≤0.05) thin films is shown in Fig. 2.5. The PL spectra were recorded from room 

temperature (300K) to 10K in an interval of 10K.  

 

Fig. 2.5 Schematic diagram of LTPL set-up. 

 The thin film under investigation was mounted on the copper sample holder attached 

to the cold finger of a He closed cycle refrigerator (CTI Cryogenics 8200 Compressor). 
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Cold finger was equipped with a heater and temperature sensor for regulating and 

monitoring the temperature. A temperature controller (Cryo-con 32B) was attached to the 

sample holder to monitor the temperature of the sample. The sample chamber was sealed 

with a shroud with optical windows to monitor the sample position as well as to irradiate 

it and collect the PL signal.  A cw He:Cd laser (=325 nm) having output power of 25 

mW was used as an excitation source. The laser beam was steered by a Pellin-Broca 

Prism and a pair of mirrors as shown in fig 2.5. The laser beam was focused onto the 

sample by a 15 cm focal length at grazing incidence so as to illuminate the large area of 

the sample. The PL signal was collected by another lens (f=25 cm) and was fed on to the 

optical fiber connected to the entrance port of the spectrometer (SpectraPro 2500i, Act. 

Res. Corp.).  A notch filter at 325nm was placed just before the fiber to obstruct the pump 

radiation from entering into the spectrometer. The signal was detected by CCD and was 

interfaced to computer. The PL spectrum was recorded in the spectral range of 330 nm to 

730 nm for all the samples.    

2.8 Random lasing experimental set-up 

The experimental set-up used for the observation of random lasing (RL) in the pulsed 

laser deposited Zn1-xAlxO (0≤x≤0.10) thin films, is shown in Fig. 2.6. The 3
rd

 harmonic of 

a Q-switched Nd:YAG laser (Spectra Physics-Model No. INDI-HG) having 10 ns pulse 

duration and repetition rate of 10 Hz, was used as pump beam. As the Nd: YAG laser was 

delivering very high laser energy therefore in order to avoid the ablation/damage of the 

film, a clean glass plate was inserted in the path of the laser beam to reflect ~10% of the 

energy to be used as the pump beam for RL. The beam transmitted through the glass plate 

was suitably dumped as shown in Fig 2.6 for safety. The pump beam was loosely focused 
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on the sample using a convex lens of 25 cm focal length at an angle of incidence of ~45. 

The beam spot on the target was estimated by  

1
2 2

0

0

( ) 1
z

z
z

 
  
    
   

                                       (2.9) 

where (z) is the beam spot at a distance of z from the focal plane, and  ω0= fΔ   is the 

beam waist (spot size at the focus) where, f being the focal length of the lens and Δ is the 

divergence angle of the laser beam.  

 

Fig. 2.6 Schematic diagram of Random lasing experiment.  

The RL signal from the films was collected via two optical fiber couplers. The 

plane of the optical coupler 1 and that of the film were made parallel to each other in 

order to collect the maximum possible signal. The both the optical couplers (1 or 2) 

comprised of combination of two lenses each. For the coupler 1, first lens makes the input 
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radiation collimated (The distance between the sample and the first lens was same as that 

of the focal length of this lens). The role of the second lens was to focus the collimated 

radiation coming out of the first lens, on the optical fiber. The other end of the optical 

fiber was connected to the optical coupler 2, mounted directly on the entrance slit of the 

monochromator (SPEX 750M). The dispersed spectrum from the monochromator was 

detected by photomultiplier tube (PMT) attached to it and interfaced to the computer. The 

monochromator was scanned in the range of 360 nm to 420 nm to record the random 

lasing signal. An aperture of diameter ~10 mm was placed in front of the laser beam to 

curtail the peripheral 2
nd

 harmonic signal. A set of neutral density filters (NDFs) were 

used in the path of the pump beam (after the glass plate) to vary the incident pump 

intensity. The lasing threshold (Ith), in pure ZnO film was assessed by varying the pump 

energy in the range of 1.0-5.4 mJ using NDF. The maximum pump intensity was limited 

to 10.94×10
2 

MW/cm
2
 corresponding to 5.4 mJ (which was below the damage threshold 

of the film). 
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Chapter 3 

Fabrication and characterization of 
pulsed laser deposited Zn1-xAlxO 

(0≤x≤0.10) thin films 

 

 

Zinc oxide (ZnO) has emerged as an important material towards various applications [1]. 

It possesses direct and large band gap energy (3.37 eV) with high excitonic binding 

energy (60 meV), a desirable feature for fabrication of the optoelectronic devices working 

towards short wavelength regime [2]. ZnO is transparent in visible region (400-700 nm) 

and conducting (n-type) semiconductor thus is suitable for transparent conducting 

electrode (TCE) for solar panel display, thin film transistors, light emitting diodes etc. [3-

5]. The optical and electronic behavior of ZnO can be further tailored over a wide range 

by alloying it with suitable impurity. The impurity content has to be limited to certain 

extent in order to avoid the impurity defects as well as secondary phase formation [6].     

In this chapter, the fabrication of thin films of Zn1-xAlxO (0≤x≤0.10) via pulsed 

laser deposition (PLD) technique and their characterization is presented. The effect of Al 

percentage on the film crystallinity was studied by using the X-Rays diffraction (XRD) 

and Raman spectroscopic measurement. Variations in the absorption coefficients, linear 

refractive indices and band gap energies in the films as a function of Al content via UV-

VIS-NIR spectrometer are detailed. The effect of Al concentration on the room 

temperature photoluminescence in the film is also presented. 

3.1 Experimental details 

The details about the preparation of the PLD targets of pure ZnO and Al doped 

ZnO (AZO) have been already discussed in Sec. 2.1, Chap. 2. The Zn1-xAlxO (0≤x≤0.10) 

thin films were deposited onto fused silica and Silicon substrates via PLD technique. All 
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the thin films were fabricated at a laser fluence of ~10J/cm
2
, oxygen pressure of ~0.1 

mbar, substrate temperature of ~500 
0
C and at a substrate to target distance of ~3 cm. The 

thin films were deposited for 30 minutes duration. The thickness of the films was 

estimated using Swanepoel envelope method. All the AZO films were subjected to energy 

dispersive X-rays spectrometer (EDX), XRD, Raman spectrometer, UV-VIS-NIR 

spectrometer and Fluorescence spectrometer in order to study the influence of x (Al 

concentration) on the properties of these films. 

 3.2. Energy dispersive X-rays spectra of Zn1-xAlxO (0≤x≤0.10) thin films  

The PLD technique is famous for the fruitful transfer of stoichiometry from target 

to the thin film under some optimum deposition parameters. To test this, all the PLD 

films of AZO were subjected to the EDX measurement. The EDX spectra of Zn1-xAlxO 

(0≤x≤0.10), averaged over three distinct locations of each films, are shown in Fig. 3.1.  

 

Fig. 3.1 EDX spectra of PLD Zn1-xAlxO (0≤x≤0.10) thin films (a) x=0.00, (b) x=0.01, (c) 

x=0.02, (d) x=0.03, (e) x=0.05, (f) x=0.07 and (g) x=0.10. 
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The plot of the Al content (wt%) in thin film samples estimated using EDX spectra vs Al 

content (wt%) in respective powder (bulk) samples is shown in Fig. 3.2.  

 

Fig. 3.2 Plot of Al content in thin films vs. bulk sample. 

The wt% of Al content in the film is nearly same as that of the respective target, 

Fig. 3.2, confirming the stoichiometric transfer from the target to the PLD films of AZO.   

3.3 XRD spectra of Zn1-xAlxO (0≤x≤0.10) thin films 

Figure 3.3 shows the XRD pattern of Zn1-xAlxO (0≤x≤0.10) thin films deposited 

onto fused silica substrate via pulsed laser deposition technique. The XRD spectra were 

recorded in the 2 range of 20-60 degree. All the films exhibited diffraction peaks of 

(100), (002), (101), (102) and (110). The dominance of the (002) diffraction peak in all 
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the samples indicates the preferred orientation of the films along c-axis of hexagonal 

wurtzite crystal structure. From the Fig. 3.3, it is clearly observed that the intensity of the 

(002) diffraction peak is increased with Al concentration up to x=0.05 and then falls 

down slightly for x=0.10. 

 

Fig. 3.3 XRD pattern of Zn1-xAlxO (0≤x≤0.10) thin films. 

The average crystallite size (D) and lattice constants (a and c) was estimated by 

using the following equations [7, 8]; 

                                           
002

0.9

( )x

D
Cos



 
                                                                (3.1) 

where, λ is the wavelength of the Cu-Kα line (~1.5407 Å), βx represents the full width at 

half maxima (FWHM) of (002) peak and θ is the diffraction angle.  
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The lattice constants, a and c are given by equations 3.2 and 3.3 respectively [8].                                     

1
2

1003 sin
a




                                                                 (3.2) 

002sin
c




                                                                     (3.3) 

Figure 3.4 shows the crystallite size, from eqn. 3.1, as a function of x. For pure 

ZnO, the crystallite size is 17 nm and that of 19 nm for x=0.05 and thereafter it decreases 

further with the increase in x and reduces to 15 nm for x=0.10. 

 

Fig. 3.4 Average crystallite size with Al concentration.   

The estimated average crystallite size (D), lattice parameters (a and c) and axial ratio 

(c/a) of the hexagonal lattice structure of AZO thin films are listed in Table 3.1. 
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Table 3.1 Lattice constants (a and c), crystallite size (D) in Zn1-xAlxO thin films for (002) plane. 

x (wt %)        D (nm) a (Å) c (Å) c/a 

0.00 17±1.5 3.240 5.204 1.606 

0.01 17±1.5 3.238 5.211 1.609 

0.02 15±1.2 3.238 5.210 1.609 

0.03 18±1.7 3.237 5.196 1.605 

0.05 19±1.5 3.236 5.188 1.603 

0.07 17±1.3 3.234 5.189 1.605 

0.10 15±1.1 3.236 5.191 1.604 

 

Since the radius of Zn
2+

 ions (0.60 Å) is greater than that of Al
3+ 

(0.53 Å), 

therefore film under goes additional stress and strain with Al-doping hence resulting into 

small modifications in the crystallite size and the lattice parameters [9, 10]. The marginal 

changes in the lattice parameters of (002) peak suggest the partial replacement of Zn
2+

 

ions with the Al
3+

 ions in the crystal lattice. From table 3.1, the film having x=0.05 has 

the maximum value of the crystallite size indicating the best crystallinity in it. The 

minimum value of lattice constants (a and c) for this particular sample confirms that film 

is under compressive stress. The decrease in the crystallinity at 10 wt% of Al 

concentration may be due to the excessive stress and defects present in this film. In fact, 

during formation of the Al-doped films, the replacement of Zn
2+

 ions by Al
3+

 ions takes 

place. The mismatch in ionic radii of the Zn
2+

 ions and Al
3+ 

 results in decreasing  the 
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crystallite size for higher level of Al-doping, x=0.10. The ratio of lattice parameters (c/a) 

for all the films is estimated to be ~1.6 which is close to the hexagonal crystal structure.  

3.4. Raman spectra of Zn1-xAlxO (0≤x≤0.10) thin films 

 ZnO belongs to C6v point group symmetry and there are 4 atoms per unit cell 

leading to 12 phonon branches. Out of these there are 9 optical and 3 acoustical phonon 

branches. There is an A1 branch, a doubly degenerate E1 branch, two doubly degenerate 

E2 branches and two B branches [11]. The A1 and E1 branches are Raman and IR active, 

E2 branches are Raman active only and B branches are Raman inactive [12]. Figure 3.5 

shows the Raman spectra of Zn1-xAlxO (0≤x≤0.10) thin films deposited on fused silica 

recorded in the range of 200-800 cm
-1

 by exciting it with 488 nm line of Argon ion laser. . 

 

Fig. 3.5 Raman spectra of Zn1-xAlxO (0≤x≤0.10) thin films. 
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 The observed dominating Raman modes in the present studies are optical phonon 

modes E2 (high) and A1 (LO) at 438 cm
-1

 and 578 cm
-1

 respectively.  Apart from these, 

A1 (TO) mode at 378 cm
-1

 is also present in the Al doped films. A weak peak at 279.2 cm
-

1
 is also observed in the pure as well as Al doped ZnO thin films which is due to the silent 

B1 Raman mode [13]. The enlarged view of dominating E2 (high) mode at 438 cm
-1

 is 

shown separately in Fig. 3.6 and the peak intensity for all values of x is listed in table 3.2. 

It indicates the increase in intensity up-to 5 wt% of Al content and thereafter, a slight 

decrease in intensity for 10 wt% doping. This confirms that at 5wt % the film possesses 

highly c-axis oriented wurtzite phase which is in confirmation with the XRD observation. 

 The dominating E2(high) Raman mode in Zn1-xAlxO films exhibits slight shift in 

the peak position which could be due to the defects and stress present in these films [10, 

14] .   

 

Fig. 3.6 Expanded view of the E2(high) mode of Zn1-xAlxO thin films.  
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Table 3.2 Peak intensity for E2 (high) peak in Zn1-xAlxO (0≤x≤0.10) thin films. 

Serial No. Sample (x) Intensity (arb. unit) 

1. 0.00 504.4 

2. 0.01 427.3 

3. 0.02 724.4 

4. 0.03 1672.6 

5. 0.05 2561.9 

7. 0.07 1853.2 

6. 0.10 1890.9 

 

For the film at 5wt% concentration of Al, the Raman shift exactly matches with 

that of pure ZnO film. This shows the optimum Al doping at which the mutual 

replacement of Zn
2+

 by the Al
3+

 takes place and similar result is also supported by the 

XRD data as shown in Fig. 3.3. 

3.5 UV-VIS-NIR spectra of Zn1-xAlxO (0≤x≤0.10) thin films  

Figure 3.7 depicts the absorption spectra of the PLD Zn1-xAlxO (0≤x≤0.10) thin 

films deposited on fused silica substrate. The linear absorption coefficients () of the 

films are estimated by using the Beer-Lambert law expressed by the following equation 

[15]:                                      

( ) 2.303
A

v
L


 

  
 

                                                                  (3.4)                                                                   
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where, A is the absorbance and L is the thickness of the film measured by Swanepoel 

envelope method and is briefed towards the end of this section.  

 

Fig. 3.7 Absorbance spectra of Zn1-xAlxO (0≤x≤0.10) thin films. 

The band gap energy (Eg) of Zn1-xAlxO (0≤x≤0.10) thin films is determined from 

the absorption spectra from following equation in Tauc’ plot [15, 16]:  

( )m

ghv B hv E                                                              (3.5) 

where, hv is the incident photon energy, m is the transition coefficient and B is the 

measure of the disorder of the material and is known as the probability parameter for 

transition. For direct and allowed transition m=1/2 [16].    

In Tauc’s plot method, the intercept on the axis of extrapolation of the linear 

portion of the graph between (hv)
2
 vs. hv, gives the estimation of Eg values. The Tauc’s 

plot for all the thin film samples is shown in Fig. 3.8. The extrapolated linear portion upto 

the (hv)
2
=0 for x=0.05 thin film sample is shown in inset, Fig. 3.8.  
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Fig. 3.8 Tauc’s plot of Zn1-xAlxO (0≤x≤0.10) thin films and linear fitted graph  

for x=0.05 sample (inset).  

The band gap energies (Eg) and absorption coefficients () (at =633 nm) of the 

thin films are plotted as a function of Al concentration and is shown in Fig. 3.9.  

 

Fig. 3.9 Variation of Eg and  with Al content (x) in Zn1-xAlxO (0≤x≤0.10) thin films. 
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The estimated Eg and  for Zn1-xAlxO (0≤x≤0.10) thin film are listed in table 3.3.  

Table 3.3 Absorption coefficient () and band gap energy (Eg) of Zn1-xAlxO thin films. 

Serial No.  Al Content (x) Abs. Coeff. α (cm
-1

) 

( at =633nm) 

Eg (eV) 

1. 0.00 6.77×10
3
 3.26±0.11 

2. 0.01 1.23×10
4
 3.36±0.15 

3. 0.02 1.66×10
4
 3.43±0.17 

4. 0.03 1.55×10
4
 3.53±0.24 

5. 0.05 1.70×10
4
 3.64±0.21 

6. 0.07 1.50×10
4
 3.53±0.15 

7. 0.10 1.54×10
4
 3.52±0.07 

 

The band gap energy of the Zn1-xAlxO thin films is enhanced from 3.26 eV to 3.64 

eV with the increase in Al concentration up-to 5wt %. The blue shift in the band gap of 

AZO thin films can be explained via Burstein Moss (BM) effect [17]. According to the 

BM effect, the conduction band of the heavily doped (degenerate) semiconductor is 

significantly filled with large carrier concentration and the lowest valence energy states 

are blocked, consequently the Fermi level gets shifted in the conduction band and hence 

the apparent band gap energy is increased. ZnO doped with Al element can be treated as 

degenerate semiconductor. The expression for the shift in band gap, Eg
BM

, of the 

degenerate semiconductor is given by the following expression [17, 18]: 

2 2 2/3

*

(3 )

2

BM e
g

n
E

m


                                                (3.6) 
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where, ne is the free electron concentration and m
*
 is the reduced effective mass. The 

reduced effective mass, m
*
 is defined by the relation; 

* * *

1 1 1

v cm m m
  , where mv

*
 and mc

*
 

are the valence band and conduction band effective masses respectively and their values 

are taken from literature [19, 20]. 

Equation 3.6 suggests the inverse relationship between BM shift and carrier 

effective masses. Therefore heavily doped semiconductors having light carrier masses (n 

type) exhibit the large BM shift.  Hence the band gap is blue shifted with the increase in x 

in the AZO film. When the carrier concentration is increased beyond the Mott critical 

density in heavily doped n-type semiconductor, the carrier-carrier and carrier-impurity 

interactions start dominating and result into the band narrowing [21]. 

The interaction among the free charge carriers at high Al concentration results in 

neutralizing the charge carriers and form a non-conducting layer of Aluminum Oxide 

(Al2O3) just below the conduction band [22]. This non-conducting layer prevents the 

motion of the charge carriers resulting in decreasing the mobility and hence the resistivity 

is increased. Thus there is a strong competition between the BM effect and many body 

interaction effect as the carrier concentration is increased. These interactions lead to the 

band edge shrinking effect and so the band gap energy starts decreasing as the Al content 

is increased beyond 5 wt%.  

Carrier density (ne) in the AZO thin films was evaluated using the equation (3.6) 

and its variation with x is displayed in Fig. 3.10. The carrier concentration is found to be 

in the range of 10
18

-10
20

 cm
-3

, enough to show the BM effect [23]. It is found to be 

maximum at an optimum Al doping of 5 wt%. The further increase in the Al doping  
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Fig. 3.10 Evolution of carrier density with the Al doping concentration. 

causes the lowering in the carrier density. This lowering in the carrier density leads to the 

decrease in the crystallinity in the film which is in good agreement with the XRD and 

Raman data. 

Figure 3.11 shows the transmission spectra of Zn1-xAlxO thin films in the spectral 

range of 300-2000 nm. The optical transmission in the ZnO film decreases with the 

increase in the Al content. This could be because of the large free carrier absorption. In n-

type degenerate semiconductor, the absorption coefficient () is related to the carrier 

concentration (ne) by the equation 3.7 [24]: 

2

e

H

C n



                                                                       (3.7) 

where, C is a constant,  is the wavelength of the incident radiation and H is the hall 

mobility. 
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Fig. 3.11 Transmission spectra of Zn1-xAlxO thin films.  

The equation 3.7 indicates that the absorption coefficient is directly proportional 

to the free electron concentration. Thus, thin films having large Al concentration and 

consequently the higher free carrier concentration possess high absorption. Therefore, the 

thin film samples (x>0.00) exhibit low optical transmission as compared to that of pure 

ZnO thin film.  

Linear refractive index of the Zn1-xAlxO thin films were estimated by analyzing 

the transmission spectra using swanepoel envelope method [25]. The Swanepoel envelope 

fitted transmission spectra of pure ZnO thin film is shown in Fig. 3.12 as an example. The 

linear refractive indices of the films were extracted from following equations [25]. 

                      

2

1
1 2

2 2( )n N N S   
                                            (3.8) 
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Fig. 3.12 Swanepoel envelope fitted spectra of pure ZnO thin film. 

where N is expressed as 

2 1
2

2

M m

M m

T T S
N S

T T

 
                                                         (3.9) 

and S (=1.458) is the refractive index of the fused silica substrate. TM and Tm are the 

consecutive transmission maxima and minima respectively.  

The values of n obtained from equation 3.8 are fitted to the Cauchy dispersion 

relation given by equation 3.10.  

2
( )

D
n C


                                                    (3.10) 

where, C and D are the Cauchy parameters. 
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The parameter, C, is independent of  and is known as static refractive index, ns. After 

obtaining the values of C and D from the fitted equation 3.10, the variation in the linear 

refractive indices with wavelength for various Al content is plotted and is shown in Fig. 

3.13.  

 

Fig. 3.13 Variation of refractive indices of Al doped ZnO thin films as a function of 

wavelength. 

The decrease in refractive index with wavelength confirms the normal dispersion 

behavior for all the samples. The thickness of the films was estimated from following 

expression [25]: 

 
1 2

1 2 2 12
L

n n

 

 



                                                          (3.11)  

where, 1 and 2 are the wavelengths of two consecutive maxima or two consecutive 
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minima in the transmission spectra and n1 and n2 are the respective refractive indices.  

The evaluated results, thickness of the film and linear refractive index, n (at a 

wavelength of 633 nm) with x are listed in Table 3.4. 

Table 3.4 Variation of refractive index (n) with the Al doping in the Zn1-xAlxO films. 

Sr. No.  Al Content (x) Thickness (L) Refractive index (n) 

( at =633nm) 

1. 0.00 520 2.087 

2. 0.01 490 1.984 

3. 0.02 550 1.887 

4. 0.03 476 2.042 

5. 0.05 512 2.040 

6. 0.07 547 2.020 

7. 0.10 480 2.214 

 

It can be observed from Table 3.4 that there is a slight decrease in the refractive 

index of AZO film with the increase in Al concentration till 2 % thereafter it increases. 

This could be due to the lower refractive index of Al2O3 as compared to that of ZnO upto 

2wt%. The increase in the refractive index for higher content of Al (x>0.02) in the films 

could be attributed to the increased carrier concentration. This behavior is nearly in 

agreement with that of reported in literatures [26-28]. 
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3.6. Photoluminescence spectra of Zn1-xAlxO (0≤x≤0.10) thin films 

Figure 3.14 shows the room temperature photoluminescence (RTPL) spectra of 

Zn1-xAlxO (0≤x≤0.10) thin films recorded using the fluorescence spectrophotometer by 

exciting with 320 nm line of a Xenon lamp. Pure ZnO exhibits a strong and narrow peak 

in ultraviolet region and a broad peak extending throughout the visible region. These two 

peaks are assigned as near band edge (NBE) peak and defect level emission (DLE) peak 

respectively. The narrow NBE band in the ultraviolet region originated from the radiative 

transition within the band edge of ZnO. The NBE band in ultraviolet region (365-400 nm) 

in the samples is attributed to the free exciton emission and emission due to excitons 

bound with the donors and acceptors impurities [29].    

 

Fig. 3.14 PL spectra of Zn1-xAlxO (0≤x≤0.10) thin films. 

In order to understand the origin of the luminescence in the Zn1-xAlxO (0≤x≤0.10) 

thin films, the PL spectra are de-convoluted and shown in Fig. 3.15.  
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Fig. 3.15 De-convoluted PL spectra of Zn1-xAlxO (0≤x≤0.10) thin films. 

Nature of the profile of the photoluminescence spectra depends on the crystalline 

quality of the films. In the pure ZnO and highly Al doped ZnO (x>0.05) films, the PL 

spectra are well fitted with the Gaussian profile while those for 0.01≤x≤0.05, the spectra 

are fitted with Lorentzian profile. In fact, the film with improved crystalline quality 

possesses uniform or small variation over the crystallite size and thus PL broadening 

follows the homogeneous nature and hence the broadening is dominated by the 

Lorentzian function whereas the poor crystalline film shows large variation in the 

crystallite sizes, the broadening becomes inhomogeneous and follows Gaussian profile. 
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These observations are in agreement with XRD and Raman measurement, Fig. 3.3 and 

3.5 respectively.  

Pure ZnO film, Fig. 3.15 (a) exhibits two significant peaks centered at 376.7 

(~3.29 eV) nm and 386.1 (~3.21 eV) nm in the UV range and a broad peak centered at 

553.3 (~2.24 eV) nm in the visible region. These two peaks are associated with exciton 

and exciton complexes. The first peak centered at 376.7 nm (3.29 eV) is due to the free 

excition recombination and the second peak at 386.1 (3.21 eV) is due to the donor-

acceptor pair which is more favorable at room temperature. The peak centered at 553.3 

nm could be due to the combined effect of the radiative recombination of the free 

electrons excited to the conduction band and the photo generated free holes trapped at 

various oxygen vacancies associated point defects (VO
+
 and VO

++
) because of the lower 

formation energy of the VO among all the intrinsic defects in Zn rich environment [30, 

31].  

The PL spectra of samples (x>0.00) are comprized of 4 main emission range, UV 

region (350-385 nm), the violet region (385-455 nm), the blue region (455-490 nm) and 

the green-yellow region (495-590 nm). The PL intensity in the Zn1-xAlxO film is highly 

influenced due to the presence of Al and consequently the defect related peaks (green and 

yellow bands) are observed to be eliminated gradually as the Al content is increased in 

the Zn1-xAlxO films. The quenching of broad defect band in Al doped ZnO thin film is 

also reported by some other research groups [32-34]. The reduction in the green band of 

PL spectra with increasing Al concentration in Zn1-xAlxO samples signifies the reduction 

in the intrinsic defects in the films [34, 35].  
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The enhancements of the UV signal in Al doped ZnO thin film is attributed to the 

increased absorption with the increase in Al concentration, Table 3.3. The higher 

absorption enables more population in the excited state which undergoes a radiative 

transition and consequently, the NBE emission is enhanced. However, the excess amount 

of Al in ZnO causes deterioration in the UV band which could be due to the involvement 

of more deep level defects (interstitial as well as vacancy defects) in the film.       

The de-convoluted PL spectra, Fig. 3.15 (b-g), reveals additional significant peaks 

in the violet-blue region positioned at 410 nm (~3.024 eV), 435 nm (~2.850 eV), 450 nm 

(~2.755 eV) and 470 nm (~2.63) in all the AZO films. The integrated intensity of these 

three major peaks, coming due to the various defects at 410 nm, 435 nm and 450 nm is 

plotted as a function of Al concentration and is shown in Fig. 3.16. The various probable 

shallow and deep level defects associated with these peaks, arising under the presence of 

Al, are also labeled along with the peak position in Fig. 3.16.   

 

Fig. 3.16 Variation of defect concentration with Al concentration. 

TH-1937_11612117



 

Chapter 3: Fabrication and characterization of pulsed laser deposited Zn1-xAlxO 
(0≤x≤0.10) thin films. 

75 | P a g e  
 

The emission line near to 410 nm (~3.024 eV) is observed in all the Al doped ZnO 

films which is believed to be originating from the radiative transition from zinc interstitial 

(Zni) to the valence band (VB) [36]. The integrated intensity of this emission peak is 

enhanced in the higher Al doped ZnO films (x≥0.05) which could be due to the excessive 

substitution of Al
3+

 ions confining the Zn
2+

 ions within the interstitial positions resulting 

the increase in the density of the Zni defect. As shown in Fig. 3.16, the Zni defect density 

increases with increasing Al content up-to x=0.05 only and for higher x values (x>0.05) it 

reduces slightly. This could be due to the fact that with the increase in Al concentration, 

the density of mutually substituted Al
3+

 ions by Zn
2+

 ions increases which accumulates 

Zni defects in the system. For higher Al concentration, there might be emergence of other 

kinds of defect centers such as VZn and OZn which leads to reduction of the Zni associated 

emission. The emission peak around 435 nm (~2.85 eV) also appearing in all the films 

(x>0.00) is due to the recombination between the Zni energy level to zinc vacancy (VZn) 

[37]. It is commonly believed that the Zni level exists at ~0.22 eV below the conduction 

band and the VZn level is at ~3.06 eV below the conduction band minima. Hence, a 

radiative recombination of photo excited electrons trapped at Zni level to the holes at VZn 

level, may lead to the photoluminescence at ~435 nm [37]. The integrated intensity of this 

emission peak is slightly lower as compared to that of the peak centered at ~410 nm. This 

suggests the low concentration of Zni/VZn defect in Al doped films which actually 

contribute towards the emission of former band. However, in higher Al content, the film 

behaves as oxygen efficient system which can result in the increment in the density of VZn 

defect and consequently the emission peak at 435 nm is enhanced for x>0.05 samples. 

This has also been represented in Fig. 3.16. The photoluminescence component centered 

at ~450 nm is thought to be originated from the recombination of electrons trapped at the 
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various extended Zni states to the holes in the valence band [37]. At higher wavelength 

side, in the range of 460-470 nm, a peak is visible which is associated with the oxygen 

antisite (OZn) defect [36]. This peak arises at the trailing edge of the PL band and is of 

relatively low intensity, suggesting the low concentration of OZn. This defect shows a 

non-monotonic behavior in the Al doped ZnO thin films, Fig. 3.16. Initially, it slightly 

decreases up-to x=0.03, shows maximum at x=0.05 and then reduces for further values of 

x. This mixed characteristic of OZn defect in the case of impurity, Al, could be mainly due 

to its high formation energy and unstable nature. This defect is more favored in oxygen 

rich condition under irradiation or ion implantation. For higher Al concentration, the 

probably formation of non-conducting layer of Al2O3 reduces the Oxygen concentration 

hence, OZn defect is also reduced.             

There is a clear indication of the shift of the DLE band towards blue region from 

the green region and is the evidence of the reduction of the oxygen associated vacancies 

in the samples for x>0.00. This is more likely to be originated from the Zinc associated 

defects or oxygen antisite defects. The Al doped ZnO system can act as an oxygen rich 

system and therefore, the green-yellow band, 495-590 nm, which is predominantly 

associated with VO related defects, is suppressed significantly. The samples x=0.07 and 

x=0.10 exhibit a broad emission in violet-blue emission range along with reduction in the 

green band. This is more likely to be due to the excessive disordering in the samples due 

to relatively large concentration of Al. 

3.7 Conclusion 

The Zn1-xAlxO (0≤x≤0.10) thin films were deposited onto fused silica substrate via 

PLD technique. The XRD and Raman measurement revealed the c-axis oriented 
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hexagonal wurtzite phase for all the films. The best crystallinity was observed for x=0.05. 

The optical band gap was observed to be tunable with the aluminum content (x) from 3.26 

eV to 3.64 eV. The largest band gap was observed in the thin film having Al content of 

5wt%. For the higher value of x, the estimated band gap energy was observed to be 

decreased slightly. The blue shift in the optical band gap with Al content (x) from x=0.00 

to x=0.05 was mainly due to the Burstein moss effect arising due to the high n-type 

doping effect while a slight red shift for higher x value was due to the band gap 

renormalization effect associated with many body interaction effect. The variation in the 

linear refractive index with x was marginal in these films. The films exhibited UV and 

blue emission dominated photoluminescence signal in RTPL spectra. Also, the green 

emission in the Al doped film was observed to be reduced with the Al concentration in 

the film due to the reduction in the oxygen defects.  
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Chapter 4 

Fabrication and characterization of 
pulsed laser deposited Zn1-xTixO 

(0≤x≤0.050) thin films 

 

 
Titanium as an impurity in host ZnO possesses more than one charge valence state 

thereby enhances the n-type conductivity more than group III dopants [1-3]. Therefore, 

ZnO-TiO2 composite offers good optical transparency along with high free carrier density 

and is being viewed as an excellent choice towards transparent conducting oxide (TCO) 

applications [4]. The overlapping of the positions of absorption and emission spectra of 

TiO2 and ZnO respectively can control the defect level emission and consequently the 

near band edge emission can be significantly enhanced [5]. TiO2 has relatively higher 

refractive index as compared to that of ZnO thus making it feasible to tailor the refractive 

index of host ZnO infused with Ti and is useful for optical communication, data storage 

devices and optical switching etc. [6]. The large difference in the ionization states of Zn 

and Ti in the ZnO and TiO2 respectively, causes excessive free electrons in the ZnO-TiO2 

system which controls the band gap energy, conductivity etc. [1, 7]. Besides these 

aforementioned applications, the Ti doped ZnO has also been reported in optoelectronics, 

thin film transistors, photo detector etc. [4, 8-10].  However, due to the difference in the 

crystal structures of these two species, the excess amount of TiO2 into host ZnO can cause 

serious structural disorder and limits its application. Therefore, it is essential to study the 

systematic variation of the Ti content to get an optimum concentration useful for diverse 

applications. 

The Zn1-xTixO (0≤x≤0.050) thin films fabricated via pulsed laser deposition 

technique onto fused silica substrate, is reported in this chapter. The deposition 

parameters for TZO film are same as that of the AZO films and are listed in Table 2.3, 
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Chap. 2. Similar to AZO thin films as described in the previous chapter, Chap. 3, PLD 

TZO films were also subjected to structural, optical and photoluminescence 

characterization. In addition, these were also subjected to field emission scanning electron 

microscope (FESEM) for surface morphology and particle size distribution.    

4.1 Energy dispersive X-rays spectra of Zn1-xTixO (0≤x≤0.050) thin films 

 Figure 4.1 shows the energy dispersive X-rays (EDX) spectra of pulsed laser 

deposited Zn1-xTixO (0≤x≤0.050) thin films.  

 

Fig. 4.1 EDX spectra of Zn1-xTixO (0≤x≤0.050) thin films (a) x=0.000, (b) x=0.005, (c) 

x=0.010, (d) x=0.020, (e) x=0.030 and (f) x=0.050. 
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The estimated amount of Ti (wt%) from EDX measurement in the Zn1-xTixO 

(0≤x≤0.050) thin films is plotted against the amount of Ti (wt%) in corresponding TZO 

powder (bulk) form and is shown in Fig. 4.2. All the data points are the average over 3 

distinct places of respective thin film samples.  

 

         Fig. 4.2 Plot of Ti content in thin film vs. bulk sample. 

 The reasonable matching of the Ti content indicates the nearly stoichiometric 

transfer from the target to the PLD films of TZO.  

4.2 XRD spectra of Zn1-xTixO (0≤x≤0.050) thin films 

Figure 4.3 shows the XRD spectra of the Zn1-xTixO (0≤x≤0.050) thin film 

deposited onto fused silica substrate. Similar to the XRD spectra of AZO thin films, Fig. 

3.3, Chap. 3, the TZO films also exhibit various diffraction peaks (hkl) indexed as (100), 

(002), (101), (102) and (110). All the samples exhibit polycrystalline nature in general but 

for x=0.020 it shows the preferential c-axis orientation along (002) plane. It is also 
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observed that the preferred orientation along (002) plane is improved in the Zn1-xTixO 

(TZO) thin films with the addition of Ti content till x=0.020. At higher values of x, 

(>0.020), the (002) peak is distorted and the other phases; (100) and (101) are appearing 

to be more prominent. 

 

     Fig. 4.3 XRD spectra of Zn1-xTixO (0≤x≤0.050) thin films. 

The distortion in the (002) peak could be due to the excess free electrons which 

occupy the vacant space between the lattice positions and void formation due to the 

addition of relatively large amount of Ti. Since the substitution of Ti for Zn atom employs 

a mutual replacement of Zn
2+

 ions by Ti
4+

 ions, hence additional 2 free electrons 

contribute towards the free carrier density. These free carriers can accommodate within 

the interstitial positions and thus can cause the deterioration in the c-axis oriented 002 

peak. Jeng-Lin Chung et. al. [11] has reported that the excess of TiO2 in ZnO makes the 

ZnO-TiO2 composite, more amorphous in nature due to the segregation of excess Ti 

atoms at the grain boundaries. For 002 plane, crystallite size (D), and the lattice 
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parameters (a and c) were estimated by using eqn. 3.1-3.3, Chap. 3 and are listed in table 

4.1.  

Table 4.1 Variation of crystallite size and lattice parameter of Zn1-xTixO (0≤x≤0.050) thin 

films. 

Sample 

(x) 

002 peak position 

(degree) 

D (nm) a (Å) c (Å) c/a 

0.000 34.46 17.01.5 3.240 5.204 1.603 

0.005 34.42 11.90.6 3.241 5.207 1.607 

0.010 34.42 11.40.7 3.243 5.209 1.606 

0.020 34.37 7.80.2 3.244 5.214 1.607 

0.030 34.53 26.00.6 3.239 5.192 1.603 

0.050 34.52 25.90.7 3.239 5.192 1.602 

 

The average crystallite size (D) in the (002) plane in TZO thin films shows a large 

variation in the range of 7.8-26 nm. From table 4.1, initially there was a decrease in the 

average crystallite size with the increase in x value till x=0.020 where it attains the 

minimum value of 7.8 nm. The decrease in the grain size in Ti doped ZnO thin film is 

mainly due to the minor mismatch in the ionic radii of the Ti
4+

 and Zn
2+

 ions. Since the 

estimated lattice constants (a, c) are observed to be less than that of the stress free lattice 

constants of pure ZnO hence, films undergo a compressive stress which results in the 

decrease in the grain size. A decrease in average crystalline size in Ti doped ZnO 

nanoparticles is also reported by Milton et. al [12]. A further increment in x leads to an 

increase in D values. This could be due to the abnormally large thickness of the samples 
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for x>0.020 as depicted in Table 4.2. With the increase in the film thickness, the carrier 

concentration increases [13]. Therefore, the surface energy or grain boundary energy will 

be lowered due to its interaction with dopants. This will favor the adsorption of the 

impinging atoms and results in the larger crystallite size. It is observed that x=0.020 is a 

transition point where the substitution of Ti
4+

 ion at Zn
2+

 ion is most appropriate for the 

crystalline quality of the film. A small deviation of the lattice parameters in the Zn1-xTixO 

film from the pure ZnO could be due to the difference in ionic radii of the participating 

species (r(Zn
2+

)=60 pm, r(Ti
4+

)=60.5 pm) [14]. Tsay et. al. have also reported quite 

similar variation in the lattice parameter (c) in sol-gel derived Zn1-xTixO thin films [15]. 

The ratio of lattice parameters (c/a) is estimated to be ~1.60 which is closed to the 

hexagonal crystal structure. However, this ratio shows a deviation from the ideal c/a ratio 

( 8 / 3 1.63 ) of the wurtzite hexagonal ZnO structure [16]. The estimated lattice 

constants in the present case are smaller than that of the lattice constants of stress free 

bulk ZnO crystal (a0=3.253Å and c0=5.209Å) [JCPDS data files] indicating the 

compressive stress in the films.  

4.3 Raman spectra of Zn1-xTixO (0≤x≤0.050) thin films 

Figure 4.4 shows the Raman spectra of Zn1-xTixO (0≤x≤0.050) thin films 

deposited onto fused silica substrate. The absence of any signature of Raman peaks 

related to TiO2 in the Zn1-xTixO (0≤x≤0.050) thin films is in consistence with the XRD 

result, Fig. 4.3. This also implies the uniform substitution and mutual replacement of Ti
4+

 

ions with the Zn
2+

 ions in the thin film samples. The differences in the ionic radii of the 

two constituents (Ti
4+

 and Zn
2+

) are quiet small therefore; the substitution of Ti
4+

 ions 

with Zn
2+

 ions doesn’t affect the wurtzite crystal structure. The observed Raman modes in 
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the films positioned at 99 cm
-1

, 438 cm
-1

 and 577 cm
-1

 correspond to E2 (low), E2 (high) 

and A1 (LO) respectively. The suppression of A1(LO) peak in TZO films suggests the 

reduction of defect density in the system. 

 

Fig. 4.4 Raman spectra of Zn1-xTixO (0≤x≤0.050) thin films. 

The clear emergence of E2(low) and E2(high) peak in presence of Ti ions indicates 

the wurtzite crystal structure. These peaks are very narrow and its intensity is maximum 

for x=0.020 which is in consensus with XRD observation. Similar to the observation of 

Zn1-xAlxO thin films, Fig. 3.5, Chap. 3, the Zn1-xTixO thin films also exhibit a weak 

signature of silent B1 Raman mode.   

4.4 UV-VIS-NIR spectra of Zn1-xTixO (0≤x≤0.050) thin films 

Figure 4.5 depicts the absorption spectra of Zn1-xTixO (0≤x≤0.050) thin films 

recorded in the spectral range of 200-1000 nm. From this, absorption coefficient, , is 
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calculated by using the equations 3.4-3.5, Chap. 3. The thickness of the thin film required 

for the calculation of  was measured via stylus profilometer and is listed in table 4.2. It 

is observed that with increasing Ti content, the thin film thickness increases despite of 

keeping all the other experimental conditions same. This increase in thickness is more 

pronounced for x>0.020. The inclusion of Ti into ZnO induces the free carrier 

concentration which results in increasing the absorption of the incident laser energy. 

Higher laser absorption lowers the ablation threshold resulting in increased ablation rate 

from the material [17] thereby increasing the deposition rate and hence higher thickness. 

Apart from this, the composite ZnO-TiO2 has lower melting point as compared to that of 

pure ZnO (ZnOmp=1975 
0
C, TiO2mp=1843 

0
C) which also favors relatively higher ablation 

rate as compared to that of pure ZnO [16-18]. 

 

Fig. 4.5 Absorption spectra of Zn1-xTixO (0≤x≤0.050) thin films. 
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The absorption edge is observed to be slightly shifted towards the lower 

wavelength with the addition of Ti in ZnO. This blue shift of the absorption edge is 

continued till x=0.020 and retraced to the red shift for higher values of x (x≥0.030). The 

band gap energy of the TZO thin films was estimated using Tauc’s plot [19].  

 

        Fig. 4.6 Tauc’s plot of Zn1-xTixO (0≤x≤0.050) thin films. 

The band gap estimated from the tauc′s plot (equation 3.4-3.5, Chap. 3) is also 

listed in the table 4.2.  

A marginal increase in the band gap energy is observed in the TZO thin films with 

x till x=0.020 while it reduces slightly for the higher Ti content (x>0.020). The increase 

in the optical band gap energy for the TZO film is due to the quantum confinement effect 
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as the crystallite size of the films is decreased as the Ti content is increased in the TZO 

samples, table 4.3 [20]. 

Table 4.2 Thin film thickness (L), linear absorption coefficients () and band gap energy 

(Eg) with Ti concentration (x).  

Sample (x) Thickness 

(nm) 
Abs. Coeff. (cm

-1
)10

4
 at 

=633 nm 

Band gap energy 

(eV) 

0.000 520 0.677 3.26±0.11 

0.005 680 0.640 3.29±0.06 

0.010 690 0.985 3.30±0.06 

0.020 650 1.527 3.40±0.05 

0.030 1000 2.247 3.25±0.08 

0.050 1200 2.669 3.12±0.11 

Since the exciton Bohr radius (aB) of ZnO is 2.34 nm and the estimated crystallite 

sizes for the lower content of Ti as impurity in ZnO film is in the range of 7.8-11.8 nm, 

therefore, a weak quantum size effect could be possible [21]. At higher Ti concentration 

(x>0.02), the carrier concentration is increased enormously in the conduction and valence 

band which leads to the shrinkage of band gap as a result of enhanced carrier-carrier and 

carrier-impurity interaction [22].  

The UV-Vis-NIR transmission spectra of the Zn1-xTixO (0≤x≤0.050) thin film 

fabricated via PLD technique are shown in Fig 4.7 in the spectral range of 200-2000 nm.  
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Fig. 4.7 Transmission spectra of Zn1-xTixO (0≤x≤0.050) thin films. 

It is very obvious that the transmittance of the TZO thin films decreases with the 

increase in the Ti concentration. Furthermore, the interference fringes start diminishing at 

higher Ti concentration and disappear completely beyond x=0.020. The low optical 

transmittance at higher Ti concentration in ZnO thin film could be due to the strong 

absorption in thin films including linear absorption and free carrier absorption. At higher 

Ti concentration (x>0.020), the complete absence of interference fringes in the spectrum 

indicates the deterioration of the film quality which is also indicated by the XRD and 

Raman measurements, Fig 4.3 & 4.4. Therefore, the linear refractive indices (n) could be 

estimated in the TZO thin films using Swanepoel envelope method, eqn. 3.8-3.10, Chap. 

3 only up-to 0≤x≤0.020. 

 Figure 4.8 shows the plot of refractive indices vs. wavelength and the variation in 

the value of n at =633 nm with Ti concentration is displayed in the inset.  
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Fig. 4.8 Variation of linear refractive indices in Zn1-xTixO (0≤x≤0.050) thin films and the 

variation of n (at =633 nm) with Ti content along with error bar (inset).   

The estimated linear refractive index decreases with the increase in wavelength 

which signifies the normal dispersion. The linear refractive indices in Zn1-xTixO thin films 

increase for 0≤x≤0.02 as shown by the Fig. 4.8 (inset). The sample x=0.005 shows 

slightly lower value of n as compared to that of pure ZnO, which is within the error bar. 

The increase in refractive indices with x may be due to the increased carrier concentration 

and is in accordance with that of documented in literature [23]. The linear refractive index 

of TiO2 is higher as compared to ZnO hence the refractive index of ZnO can be tailored 

with the infusion of low concentration of Ti ions.  

4.5 Surface microstructure study of Zn1-xTixO (0≤x≤0.050) thin films  

The particle size distribution in the TZO films can be obtained via field emission 

scanning electron microscope (FESEM). Figure 4.9 shows the FESEM micrographs of 

Zn1-xTixO (0≤x≤0.050) thin films. The surface of pure ZnO, Fig 4.9 (a), displays mixed 
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shapes of nano clusters of spherical as well as diamond shaped particles. The average 

particle size of the structure was estimated to be ~196 nm. 

 

Fig. 4.9 FESEM images of Zn1-xTixO (0≤x≤0.050) thin films (a) x=0.000, (b) x=0.005, (c) 

x=0.010, (d) x=0.020, (e) x=0.030 and (f) x=0.050. 

On incorporation of Ti in the film, the morphology of the ZnO, the shapes of the 

particles is nearly spherical and finally become marigold flower like structure for x=0.020 

film as shown in the inset of Fig 4.9 (d). At the higher concentration of Ti, the clusters are 

relatively densely packed texture. With the increase in Ti, the ablation threshold reduces 
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resulting in the enhancement in the particle flux arising at the substrate and hence 

facilitating the formation of bigger densely packed clusters. This formation of densely 

packed structure in TZO films at high Ti concentration have also been reported via 

sputtering technique [24].  

  The distribution of the grain size in Zn1-xTixO (0≤x≤0.050) thin films is displyaed 

in Fig. 4.10. 

 

Fig. 4.10 Particle size distribution of Zn1-xTixO (0≤x≤0.050) thin films (a) x=0.000, (b) 

x=0.005, (c) x=0.010, (d) x=0.020, (e) x=0.030 and (f) x=0.050. 
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The average particle size estimated by fitting the particle size distribution in the 

Zn1-xTixO (0≤x≤0.050) films is listed in table 4.3.  

Table 4.3 Variation of average particle size in Zn1-xTixO (0≤x≤0.050) thin films. 

Sr. No. Sample  

(x) 

Distribution Average Particle 

size (nm) 

1. 0.000 Gaussian 196 

2. 0.005 Lorentzian 200 

3. 0.010 Lorentzian 174 

4. 0.020 Lorentzian 160 

5. 0.030 Gaussian 221 

6. 0.050 Gaussian 260 

 

It is observed that the distribution of the nanostructured particles are of Gaussian 

nature for pure ZnO (x=0.000) and Zn1-xTixO (x>0.020) films while that of 

0.005≤x≤0.020, distribution is well fitted with Lorentzian function. This observation is in 

accordance with the observed XRD result, Fig. 4.3. For the good crystalline films, the 

particle size follows the homogeneous size distribution and thus Lorentzian but for 

inhomogeneous and random growth it follows Gaussian distribution [25]. 

4.6 Photoluminescence spectra of PLD Zn1-xTixO (0≤x≤0.050) thin films 

Figure 4.11 shows the room temperature photoluminescence spectra of Zn1-xTixO 

(0≤x≤0.050) thin films recorded in the range of 350-730 nm. Similar to the PL spectra 
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shown in Zn1-xAlxO (0≤x≤0.10) thin film, Fig. 3.14, Chap. 3, the Zn1-xTixO (0≤x≤0.050) 

thin films also show NBE as well as DLE emission bands.   

 

Fig. 4.11 Photoluminescence spectra of Zn1-xTixO (0≤x≤0.050) thin films and variation of 

NBE peak position with Ti concentration (Inset). 

From Fig 4.11, it is observed that the NBE peak intensities of the films containing 

low concentration of Ti (x≤0.010) are comparable to that of pure ZnO (x=0.000) film. In 

the case of higher Ti concentration (x>0.010), there is a rapid enhancement in the NBE 

emission. The NBE peak intensity is maximum for x=0.020 thin film sample. At higher 

values of x (>0.020), there is not much variation in the intensity of NBE band and is 

observed to be comparable to that of x=0.020. Although there is remarkable deterioration 

in the crystalline quality for x=0.030 and 0.050 yet comparatively strong NBE emissions 

is attributed to the large thickness of these samples [26]. However, the defect related 

emission band is observed to be enhanced along with the NBE band for x>0.020 samples. 
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This could be probably again due to poor surface quality as well as crystallinity of these 

films. 

The UV emission peak as shown in Fig. 4.11 (Inset), shifts towards the shorter 

wavelength side with the increase in the x values (0≤x≤0.020) while with further increase 

in x (>0.020), it leads to a red shift. It is also worthwhile to mention that the UV emission 

peak follows one to one correspondence with the corresponding band gap energy of Zn1-

xTixO films, indicating the band to band recombination during the photoluminescence 

process.  

For the details, NBE band in the range of 360 to 460 nm are de-convoluted and 

are shown in Fig. 4.12.  

 

Fig. 4.12 De-convoluted NBE PL spectra of Zn1-xTixO (0≤x≤0.05) thin films.  

The de-convoluted spectra depict the three separate peaks, namely a, b and c 

positioned around 380 nm (3.26 eV), 394 nm (3.14 eV) and 410 nm (3.02 eV) 
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respectively. The first peak, (a), which lies at 3.26 eV corresponds to the emission of free 

exciton (FX) [27, 28]. The second peak (b) positioned at 3.14 eV is usually considered to 

be originated from the donor bound excitons [29, 30]. The third component, peak c, at 

3.02 eV having least intensity, could be due to the radiative recombination of electrons 

captured at zinc interstitial (Zni) to the holes residing at zinc vacancy (VZn) sites [31]. 

Figure 4.13 depicts the variation of integrated intensity of individual peak as a 

function of Ti concentration (x). 

 

Fig. 4.13 Variation of integrated intensity of Zn1-xTixO (0≤x≤0.05) thin films for NBE 

peak. 

 The most intense peak, peak a, for the thin film sample at x=0.020 exhibits a 

maximum intensity which is nearly six times as compared to that of x=0.00 sample. The 

average crystallite size estimated from the XRD measurement is gradually decreased 

from 17 nm to 7.8 nm for 0≤x≤0.020) and thereafter increased to 26 nm for x>0.020. 

Therefore, a weak quantum size effect could be possible for the x=0.020 thin film sample 
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resulting into the enhancement in the NBE emission along with suppression of DLE band 

[21].  

The DLE emission is strongly influenced by the presence of Ti in ZnO. Since, the 

origin of DLE band is due to the various point and surface defects hence the addition of 

Ti in ZnO makes a remarkable impact on these defects. The DLE peak is completely 

extinguished in x=0.020 sample. The nominal reduction in the DLE peak occurs due to 

the improvement in the crystalline quality while the quenching of the DLE peak might be 

due to the quantum confinement effect. To get in-depth information about the possible 

defects associated with the visible emission in the range of 450-730 nm, the DLE bands 

are fitted with Gaussian function into 4 distinct peaks assigned as p, q, r and s positioned 

at 510 nm (~2.43 eV), 570 nm (~2.17 eV),  635 nm(~1.95 eV) and 690 nm (~1.79 eV) 

respectively. Figure 4.14 show these de-convoluted spectra of DLE bands in Zn1-xTixO 

(0≤x≤0.05) thin films.  

 

Fig. 4.14 De-convoluted DLE bands in Zn1-xTixO (0≤x≤0.050) thin films. 
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Generally, the broad visible emission in ZnO is considered to be from the various 

intrinsic native defects; VO, Oi, VZn, Zni, OZn etc [32]. As no direct evidence of the 

presence of an impurity atom is found in either XRD or Raman measurement so, the 

possibility of the contribution of the direct impurity element in the visible emission is 

ruled out.  

The energy level diagram depicting the possible recombination mechanism during the 

photoluminescence in TZO thin films is illustrated in Fig. 4.15. 

 

      Fig. 4.15 Energy level diagram of Zn1-xTixO (0≤x≤0.050) thin films. 

The peak p, at 510 nm (2.43 eV) falling in green region, is originated from the 

radiative recombination of intrinsic oxygen vacancy (VO) or singly ionized oxygen 

vacancy (VO
+
) defect [33-35]. However, there are controversies among researchers for the 

assignment of exact locations of VO defect within the band gap of ZnO and accordingly 

the origin of green band as well as its position is reported to be varying in literatures [35-

37]. The second peak, q positioned at 570 nm (2.17 eV), in the yellow region, is 
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originated from oxygen interstitial (Oi) defect which are more favorable in oxygen rich 

environment [34, 38]. The red emission at 635 nm (1.95 eV), peak r, involves Zni and Oi 

defects. The energy separation between Oi to CB is ~2.28 eV and Zni defect is ~0.22 eV 

below the conduction band minima, hence, a radiative recombination of these two may 

result in a red emission [34, 38, 39]. The peak, s, in deep red region, is the result of 

recombination of photo excited electrons with holes at oxygen antisite (OZn) position [40]. 

A plot of integrated intensities of all these four peaks (p, q, r and s) as a function of Ti 

concentration (x) is shown in Fig. 4.16. 

 

Fig. 4.16 Variation of integrated intensity of de-convoluted DLE peak with Ti 

concentration. 

From Fig. 4.16, it is observed that the intensity of these peaks decreases with 

increasing Ti concentration up-to x=0.010. At x=0.020, the defect related emission is 

completely quenched and then for x=0.030, it increases and then at x=0.050, it falls down 
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for p and q but for peaks r and s, the changes are marginal. In pure ZnO film (x=0.00), the 

prominent appearance of all the four peaks suggests the Zn-rich stoichiometry of the film. 

The major defect states (VO, VZn, Oi and OZn) are observed to be influenced in presence of 

Ti. The mutual replacement of Zn
2+

 by Ti
4+

 ions leads to formation of Zn deficient system 

hence the oxygen vacancy, VO, is expected to be reduced with the increase in Ti 

concentration. In addition, it may also assist in creating the interstitial oxygen defect (Oi), 

zinc vacancy (VZn) and oxygen antisite (OZn) defects in the system. As it is seen that the 

maximum contribution of the component (peak p and q) in the DLE band is associated 

with the Oi and VZn defects therefore, the inclusion of Ti in ZnO helps in the formation of 

interstitial oxygen and zinc vacancy more as compared to that of the reduction in oxygen 

vacancy despite of the low formation energy of VO defect. It has been reported that the 

addition of Ti in ZnO enhanced the O/Zn ratio in Ti doped ZnO thin films [41-43]. 

Therefore, the densities of optically active defects (VO, VZn, Oi, Zni and OZn) are altered 

with the concentration of Ti in the ZnO thin films.  

The ratio of visible peak intensity (IDLE) to the UV peak intensity (INBE) is a 

measure of the optical quality of the films. Lower value of the IDLE/INBE ratio indicates 

reduction in the defect levels. In the present case, all the samples exhibit IDLE/INBE value 

less than unity. The ratio, IDLE/INBE, as a function of Ti concentration is shown in Fig. 

4.17. As shown in Fig. 4.17, the IDLE/INBE ratio in the pure ZnO thin film is observed to be 

~0.45 and it gradually decreases with the Ti concentrations for 0<x≤0.010 and for 

x>0.020. For the Ti concentration of x=0.020, the ratio of IDLE/INBE is not applicable since 

the DLE band is completely suppressed, Fig. 4.14 as there is no clear appearance of 

visible DLE peak at this particular Ti concentration. This is the ‘PL Quenching Effect’ of 

the visible emission in the film. This effect arises due to various factors such as 
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      Fig. 4.17 Plot of IDLE/INBE ratio with Ti concentration. 

crystalline quality, quantum size effect and fluorescence resonance energy transfer 

(FRET) effect [5]. The suppression of visible emission and enhancement in UV emission 

in ZnO-TiO2 nano composite is explained on the basis of fluorescence resonance energy 

transfer effect [5, 44]. In the present case, no clear signature of TiO2 phase is observed in 

XRD spectra, Fig. 4.1. So, the possibility of FRET effect in the present case is quite low. 

However, the contribution from this effect cannot be completely ruled out since both the 

species (TiO2 and ZnO) form a donor-acceptor pair suitable for FRET effect. The other 

two possibilities (quantum size effect and crystalline quality) can play significant role on 

the quenching effect. The Zn1-xTixO films shows a weak quantum confinement effect for 

x=0.020, since the estimated crystallite size (7.8 nm) is found to be in close proximity to 

the exciton bohr radius (2.34 nm) of ZnO [21]. This may lead to the band gap widening 

effect as well as dominant excitonic recombination and as a result, the DLE emission is 

TH-1937_11612117



 

Chapter 4: Fabrication and characterization of pulsed laser deposited Zn1-xTixO 
(0≤x≤0.050) thin films. 

104 | P a g e  
 

completely quenched. The crystalline quality also influence the PL emission in ZnO [45]. 

Since, the preferred orientation of the film is confined along (002) direction for x=0.020 

sample so, crystal quality of the film is improved which in turn reduces the density of 

defects and results in the suppression of DLE emission. 

4.7 Conclusion 

The crystalline and phase identification of the PLD Zn1-xTixO (0≤x≤0.050) films were 

carried out via XRD and Raman measurement. The estimated axial ratio (c/a) confirmed 

the wurtzite hexagonal crystal structure in the deposited thin films. The best crystallinity 

was observed at x=0.02. The optical band gap energy in the thin films was observed to be 

increased initially from 3.26 eV to 3.40 eV for 0≤x≤0.020 and thereafter it was decreased 

to 3.12 eV for higher Ti content (x>0.020). The refractive index could be tuned in the 

range of 2.087-2.380 by controlling the Ti as impurity in these films. The films showed 

photoluminescence signal covering UV-Visible region. An enhancement in the UV 

photoluminescence and complete quenching of the visible emission in the Zn1-xTixO 

(x=0.020) film was observed. 
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Chapter 5 

Low temperature 
photoluminescence in pulsed laser 

deposited Zn1-xAlxO (x=0.00 and 
x=0.05) and Zn1-xTixO (0≤x≤0.050) 

thin films 

 

 

The excitonic structure in room temperature photoluminescence spectra of AZO and TZO 

thin films, Chap. 3 and 4, were not well resolved. The near band edge (NBE) in ZnO is 

dominated by purely free exciton recombination at room temperature but at lower 

temperature, a coupling between exciton-donors, exciton-acceptor, exciton-phonon 

dominates since the rate of dissociation of excitons decreases with the decrease in 

temperature. This results into the evolution of sharp PL lines in the UV range because of 

the lower bound exciton binding energy [1, 2]. The visible PL in ZnO, which is mainly 

associated with various defects states, also exhibits some interesting features in low 

temperature region. Depending upon the formation energies of the defects, the radiative 

recombination of the carriers trapped at various defect states, is altered with the 

temperature [2]. The low temperature not only suppresses the DLE emission but also 

shifts its spectral range. Generally, the band gap energy of the semiconducting materials 

is increased with the decrease in the sample temperature and is governed by a well-

established varshni‟s equation [3].  

In this chapter, the low temperature photoluminescence in Zn1-xAlxO (x=0.00 and 

x=0.05) and Zn1-xTixO (0≤x≤0.050) thin films deposited via pulsed laser deposition 

technique is described. In all the sets of samples, AZO and TZO, the photoluminescence 

signals were recorded by varying the sample temperature from 10K to 300K in an interval 

of 10K as described in Chap. 2, Sec. 2.7, Fig. 2.5. The evolution of some of the distinct 
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excitons lines in UV spectral range as well as defects associated lines in the low 

temperature is reported.     

5.1 Low temperature photoluminescence spectra of Zn1-xAlxO (x=0.00 and x=0.05) 

thin films 

Figure 5.1 (a-b) shows the photoluminescence spectra of pulsed laser deposited 

(PLD) pure ZnO and 5wt% Al doped ZnO (AZO) thin films recorded in the temperature 

range of 10K to 300K. At room temperature (RT) the photoluminescence (PL) spectra of 

ZnO, as discussed in Sec. 3.6, Chap. 3, comprised of mainly two emission bands; one 

narrow band near the ultraviolet region which is the result of radiative recombination of 

carriers within the band edge and is known as near band edge (NBE) emission and 

another quite broad band covering the whole visible spectral region, is designated as 

defect level emission (DLE) band [2].  

 

Fig. 5.1 Photoluminescence spectra with temperature (a) x=0.00 and (b) x=0.05 thin films  

Unlike room temperature, DLE emission, at low temperature, there is a prominent 

one additional band, appearing in the blue spectral range which is also related to the 

defects states.   
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5.1.1 NBE band in ZnO and AZO films    

  Figure 5.2 shows the expanded view of NBE band within the range of 340 nm to 

400 nm as a function of sample temperature in PLD ZnO thin films. To distinguish the 

contribution of individual distinct transitions, the spectra were de-convoluted and as an 

example shown in Fig. 5.2 (b) at a temperature of 10K. The Gaussian fitting of peaks 4 

and 5 are displayed separately in inset, Fig. 5.2 (b) for clarity.       

 

Fig. 5.2 Variation of NBE peak with temperature for (a) pure ZnO film and (b) 

de-convoluted spectra at 10 K. 

At RT, the NBE band in ZnO, Fig. 5.2 (a) is observed to be positioned at 378 nm. 

This band is the result of the dominating FX transition due to its high exciton binding 

energy along with overlapping of emission lines due to free exciton (FX),  bound excitons 

(donor bound as well as acceptor bound), exciton complexes etc [4]. As the temperature is 

lowered upto 180K, the emissions for all these excitons start appearing distinctly because 

of the lower binding energies [5]. At 10K, Fig. 5.2 (b), the distinct spectral lines were 

observed to be positioned at 368 nm (3.370 eV), 369.4 nm (3.356 eV), 373.6 (3.319 eV), 

377.3 nm (3.286 eV), and 385.6 nm (3.215 eV) assigned as peak 1, 2, 3, 4 and 5 
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respectively. The peak 1 having highest energy is the signature peak of free exciton (FX) 

line of ZnO [2, 6]. The most intense peak, peak 2, is the result of the exciton bound to 

neutral donor and is designated as D
0
X line [2, 6]. At the shoulder of trailing edge of D

0
X 

line, peak 3, the first longitudinal optical (LO) phonon replica of FX line is observed and 

assigned as FX-1LO line [6]. The other two peaks at lower energy positions, 3.286 eV 

and 3.215 eV, inset in Fig. 5.2 (b), are due to the longitudinal optical (LO) phonon 

replicas of D
0
X line and are designated as D

0
X-1LO and D

0
X-2LO respectively having 

energy separation of 70.7 meV among them [2]. Because of the polar nature of ZnO, the 

coupling between the LO phonons and exciton/bound excitons are very prominent and so, 

these lines are well resolved at low temperature measurement only [7].  

The temperature dependence of all the five peaks of NBE emission lines in ZnO 

film are shown in Fig. 5.3.  The temperature variation of peak positions of FX and D
0
X 

lines clearly shows the decrease in energy with the increase in temperature indicating the  

          Fig. 5.3 Temperature dependence of NBE lines in ZnO thin film. 
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excitonic origin of these lines. It is also observed that above 180K, the D
0
X line 

disappears completely. This is due to the dissociation of neutral bound excitons into the 

free exciton owing to the lower binding energy of later as compared to that of FX [8, 9]. 

The binding energy of D
0
X line can be estimated from the difference of the energy 

positions of FX and D
0
X lines [10]. In the present case, for ZnO thin film, the binding 

energy of D
0
X line is found to be 15 meV which corresponds to an equivalent 

temperature of 174.1K. This value is close to the observed value of 180K corresponding 

to thermal dissociation of D
0
X line.      

The low temperature photoluminescence (LTPL) spectra of AZO, Fig. 5.1 (b), 

show a remarkable difference as compared to that of pure ZnO film. The expanded low 

temperature PL spectra in UV range of 360 to 400 nm for Zn0.95Al0.05O PLD thin film 

along with a de-convoluted spectrum for 10K temperature (inset) are shown in Fig. 5.4.  

 

Fig. 5.4 Expanded view of NBE band in Zn0.95Al0.05O thin film. 
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Unlike bare ZnO thin film, it displays D
0
X line as the dominating line. The de-

convoluted spectrum, inset Fig. 5.4, depicts three other peaks of very low intensity as 

compared to that of D
0
X line. The peak 2, and 3 positioned at 373.1 nm (3.323 eV) and 

381.7 nm (3.248 eV) are due to two electron satellite (TES) and donor acceptor pair 

(DAP) transitions respectively [2, 11]. At the trailing edge of the spectrum, a weak peak 

at 395 nm (3.139 eV) is due to the radiative recombination of carriers involving Zni and 

valence band (VB) [12]. These peaks are observed at only very low temperature but at 

higher temperature this distinct appearance diminishes and as a result broadens the violet-

blue band for higher temperature.     

The temperature dependent peak position of the excitonic lines is governed by the 

empirical Varshni‟s equation given by the equation 5.1 [3]:  

2

( ) (0)g g

aT
E T E

b T
 


                                                       (5.1)  

where Eg(0) is the band gap energy at 0K and a and b are the Varshni‟s thermal 

coefficients. The coefficient, a, gives the limiting value of 
( )gdE T

dT
  as T0 K and b is 

related to the Debye temperature [13].   

Figure 5.5 shows the FX line of pure ZnO and D
0
X line of AZO, fitted with 

equation 5.1. The Varshni‟s thermal coefficients (a and b) and Eg(0) were estimated by 

fitting the NBE transitions (FX, D
0
X, FX-1LO, D

0
X-1LO), for ZnO, to Eqn. 5.1 and are 

listed in table 5.1. The D
0
X-2LO line was showing some anomalous behavior and did not 

follow the equation 5.1 and hence the associated thermal coefficients could not be 

evaluated. 
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Fig. 5.5 Varshni‟s equation fitted (a) FX lines in ZnO film and (b) D
0
X line in AZO film 

Table 5.1 Varshni‟s thermal coefficients in ZnO thin film.   

Sr. No. Transition Eg(0) (eV) a (eV/K) b (K) 

1. FX 3.372 0.00085 400 

2. D
0
X 3.358 0.00053 398 

3. FX-1LO 3.317 0.00060 382 

4. D
0
X-1LO 3.287 0.00011 7 

 

The estimated Varshni‟s thermal coefficients (a and b) for FX, D
0
X, FX-1LO and D

0
X-

1LO are found to be consistent with the earlier reported values [10, 14].  

The peak intensities of free FX and D
0
X lines follow the Arrhenius equation given 

below [15]: 

0( )
exp( / )a B

I
I T

A B E k T


 
                                   (5.2) 

where, I0 represents the peak intensity at 0K, A and B are constants, Ea is the activation 
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energy and kB is the Boltzman‟s constant.  

 

Fig. 5.6 Arrhenius plot of D
0
X line in pure ZnO and AZO films. 

Figure 5.6 shows the Arrhenius plot for D
0
X line for ZnO and AZO (x=0.05) thin 

film. The estimated Varshni‟s thermal coefficients and activation energies for dominating 

D
0
X lines in pure ZnO and 5wt% Al doped ZnO are listed in Table 5.2 for comparison.    

Table 5.2 Varshni‟s thermal coefficients and activation energy in ZnO and AZO thin film 

Sample (x) a (eV/K) b (K) Ea (meV) 

ZnO 0.00053±1.8×10
-5

 398 12.69±0.50 

AZO (x=0.05) 0.00060±9.8×10
-6

 455 11.34±0.22 

The estimated Ea values for D
0
X lines in ZnO and AZO thin films are in good 

agreement with the reported values [15, 16]. The value of Ea for AZO thin film is found 

to be lower as compared to that of pure ZnO. The lower value of Ea for D
0
X line in AZO 

suggests the strong coupling of neutral donor to exciton at low temperature in comparison 
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to that of ZnO [16]. Hence, confirming the complete dominance of D
0
X line over all the 

other lines in AZO.     

5.1.2 DLE band in ZnO and AZO films 

The low temperature DLE spectra of ZnO as well as AZO films, as shown in 

Fig.5.1,  comprised of two distinct spectral range: blue range (390 to 450 nm) and an 

extended range of green to red (475 to 720 nm). The enlarge view of PL spectra in the 

blue spectral range, 380-450 nm, are shown in Fig. 5.7 (a, b).  

 

Fig. 5.7 Blue band in (a) ZnO and (b) AZO thin film. 

The first defect broad band centered at 411.9 nm (3.010 eV) in ZnO is associated 

with the radiative recombination involving Zn interstitial (Zni) and Zn vacancy (VZn) 

within the band gap of ZnO. This band is assigned as „Blue band‟. Intensity of „Blue 

band‟ is comprehensively enhanced in the case of AZO film as compared to that of ZnO 

film, Fig. 5.7 (b). The position of Zni defect is ~0.22 eV below the conduction band and 

that of VZn defect is ~3.06 eV [12]. The possible transitions for this band could be through 

two radiative recombination channels comprising Zni to VB and CB to VZn [12, 17].  In 

AZO thin film, the excess Al may force the Zn ions to reside at the interstitial positions 
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and simultaneously creating the zinc vacancy sites [17]. Therefore, the transition 

involving Zni and VZn defect is increased and results in the enhancement in the Blue band 

in AZO thin film as compared to that of pure ZnO thin film. It also shows the multiple 

peaks due to the various closely spaced Zni defect levels.  

Figure 5.8 (a, b) shows the variation of green-red DLE band and the ratio of peak 

intensities of DLE to NBE band as a function of sample temperature in pure ZnO thin 

film respectively. The film shows a gradual red shift with the decrease in the sample 

temperature.  

 

Fig. 5.8 (a) Blue to red and (b) Ratio of intensity of DLE and NBE in pure ZnO thin film. 

The variation of the DLE to NBE ratio with temperature in pure ZnO film, Fig. 

5.8 (b), exhibits two different regimes. In the temperature range of T<210K, the ratio 

increases almost linearly with temperature. This normal behavior in the observed 

variation is due to the thermal quenching of bound excitons and simultaneous 

involvement of defect states in the film such as VO, where with increase in temperature, 

the oxygen vacancies are expected to be increased. In the second region, T>210K, the  
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anomalous behavior could be due to the negative thermal quenching effect [18].    

Figure 5.9 shows the variation of the DLE peak position and Peak intensity in 

ZnO and AZO thin film with temperature. Both the films showed a gradual red-shift in 

the DLE peak position with lowering of the sample temperature. Pure ZnO film exhibits a 

red shift from 545 nm (2.275 eV) to 607 nm (2.043 eV) while AZO thin film shows a red 

shift from 505 nm (2.455 eV) to 600 nm (2.067 eV) with the reduction in the sample 

 

Fig. 5.9 Variation of DLE peak position and intensity in (a) x=0.00 and (b) x=0.05 thin 

film.  
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temperature from 300K to 10K. The red shift with the temperature in the visible PL band 

in the film is linked to confinement of carriers at defect centers [19]. The peak intensities 

are observed to be gradually increased with the decrease in the sample temperature. This 

could be due to the reduction in the non-radiative recombination with the decrease in the 

temperature.  

 The green DLE emission involving VO states can be divided into three different 

range of temperature, Fig. 5.9, and can be explained with the help of energy level diagram 

describing all the transitions associated with the ZnO and AZO thin film displayed in Fig. 

5.10. At low temperature, region I, the radiative recombination channel is from the 

bottom of the extended Zni states to VO. Since at very low temperature (10-130K), all the 

excited electrons can relax to lowest of Zni states so, a radiative recombination of e-h pair 

results in low energy emission. In the region II, temperature range of 120K-210K, the 

trapped electrons at the Zni site get sufficient thermal energy and occupy the higher 

extended Zni states. Hence, a recombination from these excited states of Zni to holes at 

the VO state, results in the emission of photons of relatively higher energy. In the higher 

temperature range of 210K-300K, region III, the electrons trapped in the higher excited 

states of Zni can further move to conduction band minima. Therefore, the radiative 

recombination of conduction band electrons to the holes at the VO site, results in higher 

energy emission (lower wavelength). There is also the possibility of alternative route to 

the green band emission involving VO as shown in Fig. 4.15, Chap. 4, and also reported in 

literatures particularly at room temperature [20-22] via radiative recombination involving 

intrinsic VO and VB. This will happen if VO is lying more close to CB rather than VB. 

The actual position of VO defect is still under controversy and has a large span within the 

band gap of ZnO [23-26].      

TH-1937_11612117



 

Chapter 5: Low temperature photoluminescence in pulsed laser deposited Zn1-

xAlxO (x=0.00 and x=0.05) and Zn1-xTixO (0≤x≤0.050) thin films 

121 | P a g e  
 

The AZO thin film shows slightly different temperature dependence of the DLE 

band in all the three regions as compared to that of pure ZnO film, Fig. 5.9 (a, b). In 

region I and III, the rate of change of DLE peak position with Temperature is more in 

ZnO as compared to AZO thin film while in region II, the AZO film shows relatively 

faster change as compared to that of ZnO. These transitions involve VO defects and as 

described in Sec. 3.6, Chap. 3, the VO defect are reduced in AZO compared to ZnO 

therefore radiative recombination is terminated to VB rather than VO.  

 

Fig. 5.10 Energy level diagram of NBE and DLE bands in the films. 

5.2 Low temperature photoluminescence spectra of Zn1-xTixO (0≤x≤0.050) thin films  

 The low temperature photoluminescence spectra of Zn1-xTixO (0.010≤x≤0.050) 

thin films are shown in Fig. 5.11 along with pure ZnO (repeated) for comparison. Similar 

to the pure ZnO as well as AZO, the Zn1-xTixO (TZO) thin films also exhibit both NBE as 

well as DLE emission bands at low temperature.  
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Fig. 5.11 Low temperature PL spectra of Zn1-xTixO (a) x=0.000, (b) x=0.005, (c) x=0.010, 

(d) x=0.020, (e) x=0.030 and (f) x=0.050 thin films.  
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5.2.1 NBE band in TZO thin films 

The expanded spectra of NBE bands in TZO thin films in the spectral range of 

350 to 400 nm, are shown in Fig. 5.12 (a-e).   

 

Fig. 5.12 NBE band in Zn1-xTixO (a) x=0.005, (b) x=0.010, (c) x=0.020, (d) x=0.030, (e) 

x=0.050 and (f) de-convoluted spectra for x=0.020 thin film. 
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These spectra are comprised of dominating D
0
X lines in all the samples. Unlike 

AZO thin film, the TZO films exhibit additional line at 375.6 nm (3.301 eV) which is at a 

separation of ~70 meV from the position of FX line and assigned as FX-1LO line [6]. 

Additionally, at an energy separation of ~140 meV from the D
0
X line, a very faint line 

was observed corresponding to D
0
X-2LO line. Unlike pure ZnO, the first longitudinal 

optical phonon replica of D
0
X, D

0
X-1LO, line was not observed in TZO thin films. As the 

Ti concentration is increased beyond x=0.010, the D
0
X-2LO line was completely 

disappeared and the NBE spectra were dominated by D
0
X and FX-1LO only.  

 The dominating D
0
X line as observed in TZO samples were subjected to the 

equation 5.1 for estimation of Varshni thermal coefficients (a, b). The estimated values of 

a and b were plotted as a function of Ti concentration and is shown in Fig. 5.13.  

 

Fig. 5.13 Variation of Varshni‟s thermal coefficients (a and b) with Ti concentration. 

Both the Varshni‟s thermal coefficients, a and b, are observed to be increased with 

Ti concentration till x=0.020 thereafter there is a slight decrease in these values. The 
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larger „a‟ value signifies the greater rate of change of peak position with temperature 

which consequently affects the thermal dissociation structure of D
0
X [16].  

The activation energy of D
0
X line in TZO thin films was obtained by fitting the 

plot of D
0
X intensity vs 100/T using eqn 5.2. Figure 5.14 depicts the variation of the 

estimated activation energies with Ti concentration. The low activation energy in TZO 

thin film as compared to pure ZnO signifies the existence of D
0
X emission at low 

temperature in much more pronounced way as compared to that of pure ZnO.   

 

          Fig. 5.14 Variation of Ea with Ti concentration.  

5.2.2 DLE band in TZO thin films 

The blue band in TZO thin films behaves differently as compared to AZO film. At 

low Ti content, there is hardly any signature of blue emission, Fig. 5.11. In contrast, the 

NBE emission gets broadened because of the increase in the point defects responsible for 

blue emission.  At the maximum Ti concentration (x=0.050), there is an evolution of three 

distinct bands in the spectral range of 400-485 nm, Fig. 5.11 (f). These lines in 5wt% 
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TZO thin film could be due to the structural defects. As seen in the spectrum, Fig 4.1, 

Chap. 4, the crystalline quality of this particular film was worst (polycrystalline) thus,  

 

Fig. 5.15 DLE band in Zn1-xTixO (a) x=0.000, (b) x=0.050, (c) x=0.010, (d) x=0.020, (e) 

x=0.030 and (f) x=0.05 thin films. 
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possibility of structural defects is quite obvious in the film. The second DLE band in TZO 

thin film in the spectral range of 450 nm to 720 nm, is shown in Fig. 5.15 along with that 

of pure ZnO (represented for comparison).  

 

   Fig. 5.16 Variation of DLE peak position with temperature in TZO thin films. 

Figure 5.16 displays the variation of DLE peak position as a function of sample 

temperate in TZO thin films. At room temperature and slightly below till ~100K, TZO 
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samples exhibit the similar trend of red shift with the decrease in temperature as that of 

ZnO. But at low temperature range (T=10K to 100K), it is primarily due to the 

incorporation of Ti in the system which may favor additional non-radiative channels, 

prevents the usual variation and exhibit the blue shift (but for x=0.05) with the decrease in 

temperature. In TZO thin films, the rate of change of variation of DLE peak with T is 

observed to be lower as compared to that of pure ZnO film.  

 

   Fig. 5.17 Plot of ratio of DLE to NBE peak intensities in x=0.02 thin film. 

The plot of ratio of DLE and NBE peak intensity in the case of x=0.02 sample is 

shown in Fig. 5.17. There are two temperature windows similar to ZnO, where the 

variation in the DLE/NBE ratio is different. In the temperature regime, T<220K, the ratio 

shows nearly a linear increase with the temperature which is due to the increase in the rate 

of radiative recombination at lower temperatures while beyond T>220K, this trend gests 

reversed. At a temperature of T=220K, this ratio is maximum signifying the dominance of 

defect associated emission around this temperature. Hence, temperature has a significant 

role in transfer of the energy from CB to defects states in the films. In both, the low 
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temperature (10K) as well as high temperature (300K), the lower values of DLE/NBE 

suggest the complete dominance of NBE emission over DLE emission. The complete 

quenching of DLE emission at room temperature in TZO thin film at x=0.02 has also 

been discussed, Fig. 4.11, Sec. 4.7, Chap. 4 where the sample was excited with 320 nm of 

Xenon lamp and thus comparison with Fig. 5.8 (b) and 5.17 (with a different excitation 

wavelength of 325 nm) further confirms this behavior.  

5.3 Conclusion 

The temperature dependent photoluminescence spectra of pulsed laser deposited Zn1-

xAlxO (x=0.00 and x=0.05) and Zn1-xTixO (0≤x≤0.050) thin films are presented in this 

chapter. The pure ZnO film showed well separated FX, D
0
X, FX-1LO, D

0
X-1LO, D

0
X-

2LO lines in the NBE band (360-400 nm) within low temperature range, 10K-180K. In 

the temperature range of 180K to 300K all the individual lines were merged together and 

broadened the NBE emission and finally at RT, the band was observed to be completely 

dominated by FX recombination. On contrary, the NBE bands of AZO as well as TZO 

thin films were observed to be dominated by D
0
X line. The AZO film showed weak 

signature of TES as well as DAP transitions while TZO film showed LO phonon replicas 

of FX and D
0
X lines along with dominating D

0
X line. No clear signature of FX line in 

low temperature range was observed in the presence of impurities. The AZO films 

showed a broad blue emission band which was due to the presence of Zni and VZn defects 

in the film. Unlike AZO, the blue band was absent in TZO film for low Ti concentration 

(upto x=0.030). The higher Ti content (x=0.050), this band was observed to be appearing 

distinctly. The estimated „a‟ and „b‟ values in TZO thin films from Varshni‟s equation for 

dominating D
0
X line were observed to be increased in presence of TZO as compared to 
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that of pure ZnO film. The activation energies for thermal dissociation were estimated 

using single channel Arrhenius equation and were found to be decreased in AZO as well 

as TZO thin film as compared to that of pure ZnO film. 
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Chapter 6 

Nonlinear absorption and refractive 
index coefficients and multiphoton 

absorption induced 
photoluminescence in Zn1-xAlxO 

(0≤x≤0.10) and Zn1-xTixO 
(0≤x≤0.050) thin films 

 

 

Nonlinear optics is the interaction of light with the mater under high intense optical field. 

It plays a key role in visualizing some of the spectacular optical phenomenon such as 

optical phase conjugation, optical parametric oscillation, optical harmonic generation, 

optical switching, optical limiting etc. [1-3]. The efficiency of these phenomenon depends 

on the strength of the nonlinear optical (NLO) coefficients; nonlinear absorption 

coefficient, nonlinear refractive index and nonlinear optical susceptibility. The NLO 

coefficients are measured via various measurement techniques such as nonlinear 

interferometry, ellipse rotation, degenerate waves mixing, harmonic generation, z-scan 

etc [4-9]. Among these, the z-scan technique is relatively simple and sensitive technique 

for estimation of NLO coefficients. This technique is based on the beam distortion 

imposed by the optical nonlinearity within the sample.  

ZnO, being of hexagonal wurtzite crystal structure, is seen as an excellent 

candidate towards nonlinear optical (NLO) response. The NLO coefficient in ZnO can be 

comprehensively enhanced with impurity because of the increase in oscillator strength 

and de-localized electron cloud in the composite system. The n-type doped 

semiconductors have shown a remarkable improvement in the NLO coefficients of ZnO. 

The common impurity elements reported in host ZnO enhancing the NLO coefficients are 

Mn, Mg, Er, Ni etc [10-13]. Aluminum (Al) and titanium (Ti) are also suitable dopants in 

ZnO for improvement in the third order NLO coefficients because of the enhanced 
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conductivity as a result of increased free carrier concentration [8]. In majority of the 

reports, the NLO coefficients measured in doped ZnO is under pulsed laser illumination. 

ZnO. However, under continuous wave (cw) illumination, there are very limited numbers 

of reports in doped ZnO. Therefore, for the measurement of NLO coefficients in pure 

ZnO as well as Al and Ti doped ZnO thin films were performed by z-scan measurement 

under cw He:Ne laser illumination.  

 In this chapter, measurements on third order nonlinear optical coefficients in the 

pulsed laser deposited (PLD) thin films of Zn1-xAlxO (0≤x≤0.10) and Zn1-xTixO 

(0≤x≤0.050) by modified Z-scan technique are reported. The modified Z-scan 

experimental setup has been briefly discussed in Sec. 2.5, Chap. 2. The experimental 

parameters used for the estimation of NLO coefficients are also detailed in section 2.5, 

chapter 2. The thin films were also subjected to multiphoton absorption induced 

photoluminescence characterization under cw He:Ne laser excitation. The experimental 

setup employed for this has been described in section 2.6, chapter 2.  

6.1 Nonlinear absorption and refractive index coefficients for Zn1-xAlxO 

(0≤x≤0.10) PLD thin films 

Figure 6.1 shows the normalized open aperture z-scan plot for Zn1-xAlxO 

(0≤x≤0.10) thin films along with the data fitted to Eqn. 2.1, Chap. 2. The error bars in the 

data points are the standard deviations calculated over 10 images for each location of z. 

All the films exhibit a transmittance minima at z=0 in the spectra, suggesting the reverse 

saturation absorption (RSA) behavior.   In the present z-scan experiment, under the cw 

laser illumination (=632.8 nm), the dominant process for the nonlinear absorption could 
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Fig. 6.1 Open aperture z-scan curves for Zn1-xAlxO (0≤x≤0.10) thin films. 

be due to FCA which depends on wavelength as factor p
, where p>1. The value of p lies 

in the range of 1.5≤p≤3.5 [14]. However, a contribution from the two photon absorption 

process (TPA) cannot be neglected as the pump photon energy (hv=1.92 eV) is more than 

half of the band gap energy of AZO films [15, 16].  
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Figure 6.2 shows the closed aperture (CA) z-scan graphs of Zn1-xAlxO (0≤x≤0.10) 

thin films along with data fitted to Eqn. 2.2, Chap. 2.  A pre-focal transmittance maxima 

followed by a post focal minima in the CA graphs indicate the negative nonlinear (∆zp-v) 

 

Fig. 6.2 Closed aperture z-scan curves of Zn1-xAlxO (0≤x≤0.10) thin films. 
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refraction (self-defocusing) in all these films. Additionally, the peak and valley separation 

in these turns out to be in the range of (1.69-1.8)z0 which satisfies the condition for third 

order NLO process [9].  

The nonlinear absorption coefficient (β) and nonlinear refractive index (n2) of the 

PLD Zn1-xAlxO (0≤x≤0.10) thin films were estimated from their respective open and 

closed aperture data points from Eqns. 2.1-2.2, Chap. 2. The variation of β and n2 as a 

function of Al concentration is shown in Fig. 6.3  

 

Fig. 6.3 Variation of β and n2 with Al concentration.  

Both NLO coefficients are observed to be increased with the increase in the Al 

content in the films till x=0.05 and thereafter decreased. The increasing behavior can be 

explained in terms of the improvement in crystallinity towards preferred c-axis 

orientation with the Al doping concentration, Fig. 3.3, Chap. 3 along with the increase in 
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the carrier concentration and hence the nonlinearity is increased [8]. The decrease in 

optical nonlinearity at higher impurity level, x=0.10, is accounted due to the loss of 

carrier concentration as shown in Fig. 3.10, Chap. 3. 

The real as well as imaginary parts of the third order NLO susceptibilities (χ
(3)

 ׳

and χ
(3)

 were estimated by using the equations 2.7 and 2.8 respectively, Chap. 2. The (׳׳

estimated third order NLO coefficients (β, n2, χ
(3)

and χ ׳
(3)

  .are listed in table. 6.1 (׳׳

Table 6.1 Nonlinear optical coefficients (β, n2, χ
(3)ʹ

 and χ
(3)

 of Zn1-xAlxO (0x0.10) (׳׳

thin films. 

Sr. No. Al Content 

(x) 

β 

(cm/W) 

n2 

(cm
2
/W) ×10

-4
 

χ
 (3) 

 (esu) 

×10
-3

 

χ
 (3)

  

(esu) ×10
-3

 

1. 0.00 3.40.3 1.00.1 5.451.04 1.020.19 

2. 0.01 5.10.4 3.10.4 15.533.36 1.780.38 

3. 0.02 6.30.4 3.20.4 15.222.98 2.190.43 

4. 0.03 8.90.7 4.50.5 23.175.60 3.210.77 

5. 0.05 10.10.7 5.20.5 26.745.64 3.750.79 

6. 0.07 5.80.4 3.40.3 17.333.37 2.140.41 

7. 0.10 8.00.6 0.890.09 4.900.77 2.430.38 

 

     From table 6.1, it is shown that the numerical values of NLO coefficients (β and 

n2) along with the nonlinear optical susceptibilities (
(3)  

׳ and 
׳׳ (3) 

), are fairly large as 
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compared to that of observed under short pulsed laser illumination [17, 18]. This is due to 

the thermal origin of the nonlinearity in the films illuminated via continuous wave (cw) 

laser. Under cw laser, the thermally induced optical nonlinearity plays a vital role in the 

semiconductor due to its large response time () for the thermally induced refractive 

index change, falling within the range of 1sec<<100 s [1].  

The highly absorbing media can induce a change in linear refractive index and the 

thermally induced nonlinear refractive index (n2
th

) related to this change is given by: 

                                                    
2

2

th dn R
n

dT





 
  
 

                                                  (6.1) 

where (dn/dT) is the refractive index variation with temperature. An estimation of n2
th

, 

using the various parameters (dn/dT=0.13×10
-4

 / 
0
C and =0.30 W/cm 

0
C) from the 

literature [19] for pure ZnO and keeping into account the present geometrical parameters 

for z-scan experimental setup, comes out to be ~10
-3

 cm
2
/W indicating that the thermal 

nonlinearity over rules over the other factors in the present case.  

6.2 Effect of Ti concentration on nonlinear absorption and refractive 

index coefficients on Zn1-xTixO (0≤x≤0.050) thin films  

Figure 6.4 shows the OA z-scan spectra for the Zn1-xTixO thin films along with error 

bars. Similar to the OA spectra of Zn1-xAlxO thin films, the Zn1-xTixO thin films also 

exhibit a transmittance minima at focus (z=0), indicating the feature of RSA in all the 

samples. The closed aperture z-scan graph of the Zn1-xTixO (0≤x≤0.050) thin films is 

shown in Fig. 6.5. These are similar to that of AZO films; peak followed by valley 
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Fig. 6.4 Open aperture z-scan graph of Zn1-xTixO thin films (a) x=0.000, (b) x=0.005, (c) 

x=0.010, (d) x=0.020, (e) x=0.030 and (f) x=0.050. 

configuration in the neighborhood of focal plane indicating self-defocusing in these films 

too. 
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Fig. 6.5 Closed aperture z-scan graph of Zn1-xTixO thin films (a) x=0.000, (b) x=0.005, 

(c) x=0.010, (d) x=0.020, (e) x=0.030 and (f) x=0.050. 

Figure 6.6 shows the variation of absorption coefficient (), nonlinear absorption 

coefficient (β) and nonlinear refractive index (n2) with Ti concentration, x obtained from 

the z-scan measurement. The value of nonlinear absorption coefficients (β) in the Z1-
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xTixO thin film is found to be maximum for x=0.020 and thereafter it drops down with 

further increase in the value of x. Since the observed nonlinear absorption in the films is 

dominated by FCA hence the NLA is increased in the TZO thin films as compared to that 

of pure ZnO film. This is also supported by the fact that the conductivity of TZO thin 

films is enhanced as a result of large free carrier density as compared to that of pure ZnO 

which in turn enhances the optical nonlinearity [8, 20, 21]. 

 

Fig. 6.6 Variation of (a) nonlinear absorption coefficient (β) and (b) nonlinear refractive 

index (n2) with linear absorption coefficient in Zn1-xTixO (0≤x≤0.05) thin films. 

 The other reason for the enhancement in NLA coefficient in TZO thin films could 

be due to the enormous photoluminescence signal (Sec. 4.7, Chap. 4) as a result of 

fluorescence resonance energy transfer (FRET) effect [22]. This effect is more prominent 

in a set of materials whose absorption and emission bands are close enough. In this 

process the photo generated electron hole pair of the donor atom undergo a non-radiative 

energy transfer to the acceptor atom resulting into the huge enhancement of band edge 

emission from the acceptor.  

It is remarkable to note that the n2
th

 is proportional to  (Eqn. 6.2) which supports  
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the increasing behavior of n2 with the increasing Ti concentration till x=0.020 since the 

magnitude of  increases with x as shown in Fig. 6.6. This further justifies the thermally 

induced optical nonlinearity in the films. Similar values have also been reported earlier 

for thermally induced nonlinearity in ZnO and other materials [2, 10, 23, 24]. The 

observed values of β and n2 do not follow the linear relationship with  for x>0.020. This 

discrepancy arises due to the deterioration of the crystalline quality of the films for 

x>0.020 as indicated by XRD and Raman observation, Fig. 4.3 and 4.4, Chap. 4. 

The values of third order nonlinear optical constants (β, n2, 
(3) 

 ,׳
(3)

 obtained in (׳׳

the present case are summarized in the table 6.2. Similar to AZO, in TZO also, the NLO 

coefficients are significantly large compared to that of measured with short pulsed laser. 

Table 6.2 Nonlinear optical coefficients (β, n2, 
(3) 

and  ׳
(3)

 of Zn1-xTixO (0≤x≤0.050) (׳׳

thin films. 

Sr. No. Sample (x) β (cm/W) n2 (cm
2
/W) 10

-4
 

׳ (3)
 (esu) 

10
-3

 


׳׳ (3)

 (esu) 

10
-3

 

1. 0.000 3.40.2 1.00.1 5.451.04 1.020.19 

2. 0.005 3.10.4 0.40.1 2.050.44 0.840.12 

3. 0.010 4.00.3 2.80.6 15.163.64 1.440.13 

4. 0.020 6.00.3 4.10.5 24.633.17 2.620.15 

5. 0.030 4.50.5 1.60.3 ------- ------- 

6. 0.050 1.10.2 1.90.4 ------- ------- 

TH-1937_11612117



 

Chapter 6: Nonlinear absorption and refractive index coefficients and 
multiphoton absorption induced photoluminescence in Zn1-xAlxO (0≤x≤0.10) and 

Zn1-xTixO (0≤x≤0.050) thin films. 

144 | P a g e  
 

6.3  Two photon absorption induced photoluminescence in Zn1-xAlxO 

(0≤x≤0.10) thin films 

Multiphoton absorption is a nonlinear process which is highly sensitive to the 

crystalline structure of the material and the excitation laser intensity hence it depends on 

the impurity content in the sample which tailors this property. The addition of an impurity 

introduces various defects related states and consequently modifies the band edge 

luminescent centers. Figure 6.7 (a) shows multiphoton absorption induced UV-PL (MPA-

PL) emission spectra recorded at room temperature by using the experimental setup, 

Fig.2.4 detailed in section 2.4, Chap. 2 employing a cw He:Ne laser at 632.8 nm as a 

pump beam. All the samples exhibit UV emission in the spectral range of 340-370 nm. 

Figure 6.7 (b) shows the enlarged view of MPA-PL for x=0.00 thin film sample. The 

position of the UV emission in the multi photon absorption is observed to be slightly blue 

shifted w. r. t. that of UV emission under single photon excitation, Fig 3.14, Chap 3. This 

shift may be due to either band to band recombination or recombination due to hot 

 

Fig. 6.7 Multiphoton PL spectra of (a) Zn1-xAlxO (0≤x≤0.10) and (b) x=0.00 thin film 

under an optical excitation of 632.8 nm wavelength. 
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 carriers as excess heat is generated in laser irradiation process while using cw laser [25]. 

This can be explained by considering possible recombination processes in direct band gap 

semiconductor (ZnO) as illustrated in Fig. 6.8 [25]. Band structure of ZnO is formed from 

p-type valence band and s-type conduction band near the  point of the Brillouin zone. 

Under the influence of crystal field and spin orbit interaction, valence band near the  

point splits into three sub-bands having 9, 7, and 7 symmetries which are assigned as 

A, B and C in the order of increasing energies [26]. In direct band gap semiconductors, 

 

Fig. 6.8 Recombination processes in semiconductors. 
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various recombination processes occur. The band to band recombination process where 

recombination takes place between free electrons in the conduction band and holes in the 

valance band resulting in the emission of photons having energy equal to or slightly lower 

than the band gap of semiconductor. The other kind of radiative recombination process in 

which emitted photon energy is greater than the band gap energy, is the recombination 

due to hot electrons. Hot electrons are the free carriers in the semiconductor which are 

generated under the influence of thermal agitation. The process which governs the hot 

electrons is also known as free carrier absorption (FCA). Free carrier absorption is a 

nonlinear absorption process which depends on the free carrier density as well as the 

excitation wavelength. The hot electrons which are pushed deeper into the conduction 

band undergo a radiative transition before thermalizing to the bottom of the conduction 

band minima. Thus, the emission wavelength under multiphoton absorption induced 

photoluminescence is blue shifted as compared to that of the single photon absorption 

induced photoluminescence.  

 Figure 6.9 shows the variation of peak position (Xc) of MPA-PL and free carrier 

concentration, n, as a function of x (Al concentration) [27]. A gradual blue shift in the 

MPA-PL spectra is observed in the films with the increase in the Al concentration upto 

x=0.05 but it displays the red shift for x>0.05. This trend is similar to that of the band gap 

energy, Fig. 3.9, Chap. 3. The FWHM of MPA-PL emission is relatively narrower than 

that of single photon excitation, Fig. 3.14, Chap. 3. This could be due to the relatively 

lower decay time of the excited states in multi photon excitation scheme compared to that 

of the single photon absorption case.  
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Fig. 6.9 Variation of MPA-PL peak position and free carrier concentration in Zn1-xAlxO 

(0≤x≤0.10) thin films. 

 

Fig. 6.10 Plot of FWHM and IPL vs. Al content. 

The dependence of the FWHM and peak intensity of the MPA-PL on the Al 

concentration (x) is shown in Fig. 6.10. It displays the increase in MPA-PL intensity and 
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decrease in the FWHM with x till x=0.05 and thereafter, the trend is reversed. The 

relative narrowing of FWHM with increasing the Al concentration can be due to the 

increase in the free carrier concentration in the Zn1-xAlxO films as shown in Fig. 6.9, 

which tends to reduce the carrier life time.  

The MPA-PL for x=0.05 sample as a function of pump laser intensity in the range 

of 330-390 nm is shown in Fig. 6.11.  

 

Fig. 6.11 Plot of MPA-PL spectra with the excitation pump intensity. 

The relation between pump intensity and the emitted PL intensity for multi-photon 

absorption process is given by [28].  

( ) ( )PL EXCLog I C mLog I                                                     (6.2) 

where IPL being the PL intensity, IEXC is the pump (excitation) intensity, C is a constant 

and m determines the multi-photon absorption process. 
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The Log(Log) plot of photoluminescence intensity (IPL) vs. excitation intensity 

(IEXC) for the Al doped ZnO thin films is shown in Fig. 6.12. From Fig. 6.12, the slope, m, 

obtained using the equation 6.3, lies within 1 and 2, suggesting two photon absorption 

(TPA), being the dominating process for photoluminescence. Since the samples under 

MPA-PL study is irradiated with cw He:Ne laser having photon energy (hv=1.96 eV) 

which is greater than the half of the band gap energy of the sample (Eg/2=1.63 eV), the 

absorption process in the MPA-PL is dominated by the two photon absorption [15]. 

 

Fig. 6.12 Log(Log) plot of photoluminescence intensity (IPL) vs. excitation intensity 

(IEXC). 

The value of slope, m, is maximum (1.64) for x=0.05 indicating the conversion of the 

two photon process is most efficient in the case of 5wt% Al doping. As the Al 

concentration is increased, the free carrier concentration is increased resulting in the  
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electrical conductivity of the Zn1-xAlxO composite [29]. The increased electrical 

conductivity can cause the significant enhancement in the optical nonlinearity [8]. Hence 

the TPA conversion efficiency is observed to be enhanced with the increase in the Al 

concentration. At higher Al doping (x>0.05), an insulating layer of Al2O3 might be 

formed which prohibits the charge movement resulting in the decrease in the electrical 

conductivity and hence making multiphoton conversion efficiency poor [30].  

6.4  Two photon absorption induced photoluminescence in Zn1-xTixO 

(0≤x≤0.050) thin films 

 Figure 6.13 depicts the multiphoton absorption induced PL (MPA-PL) spectra of 

Zn1-xTixO (0≤x≤0.050) thin films under cw He:Ne laser (=632.8 nm) excitation.  

 

Fig. 6.13 MPA-PL graphs of Zn1-xTixO (0≤x≤0.050) thin films.  
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All the samples show a strong photoluminescence signal in the UV range of 349.5-353 

nm. There is a clear modification in the peak positions as well as peak intensities as a 

function of Ti content in the films. Figure 6.14 shows the variation of MPA-PL peak 

position (XC) as well as peak intensity as a function of Ti content (x). The MPA-PL 

position shifts from 352.8 nm to 349.5 nm (3.514 to 3.55) eV for the thin film samples, 

0.000≤x≤0.020 while it is slightly red shifted from 349.5 nm to 353 nm (3.55 to 3.51) eV 

for higher Ti content (x>0.020). The shift in MPA-PL peak position towards the higher 

energy value is primarily due to the combined effect of optical band gap widening caused 

by the quantum size effect and higher free carrier concentration in the Zn1-xTixO 

(0.000≤x≤0.020) thin films. The dominant MPA-PL emission for x=0.020 sample is the 

consequence of better crystallinity among all the samples.  

 

Fig. 6.14 Variation of MPA-PL peak position with Ti concentration. 
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The integrated intensity of the MPA-PL peak also follows the similar trend as that 

of the single photon absorption PL with the Ti content despite of the difference in the PL 

mechanism in both the cases. The similarity in the observation of the two results could be 

due to the strong influence of the crystalline quality and microstructures in the films. 

Similar to the MPA-PL spectra observed in Zn1-xAlxO thin films, the MPA-PL 

peak position (XC) undergoes a blue shift as compared to their respective UV-PL under 

single photon excitation, Fig. 4.11, Chap. 4. This shift could be again associated with the 

radiative recombination of hot carriers in the conduction band. The pure electronic MPA-

PL process is associated with the intermediate virtual state and has been reported under 

ultra-short pulsed lasers [31-33]. The present case of multiphoton absorption induced 

photoluminescence in TZO can be thought of the absorption of optical photons initiated 

via intermediate defects states within the band gap, Fig. 4.5, Chap. 4. Since the optical 

photon energy from pump He:Ne laser is ~1.96 eV so it is capable of excitation of 

intermediate states.  The lifetime of hot carriers above the conduction band is very short 

so, before relaxing to the conduction band minima, a radiative recombination of hot 

electrons and the holes in the valence band results into the optical emission at slightly 

higher photon energy than that of optical band gap energy of ZnO. 

Figure 6.15 shows the plot of MPA-PL spectra as a function of excitation pump 

intensity for all the TZO thin films. These spectra are recorded by varying the excitation 

pump intensity in the range of 0.24-2.49 W/cm
2
. It is noted that there is hardly any shift in 

peak position with the variation in excitation pump intensity similar to that of AZO which 

is again attributed to the stability of the Nano crystallites in the films. 
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Fig. 6.15 Variation of the MPA-PL graph as a function of excitation pump intensity in 

Zn1-xTixO (0≤x≤0.05) thin films.   
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The log-log plot of excitation intensity and MPA-PL intensity along with linear fit 

is shown in Fig. 6.16.  

 

Fig. 6.16 log-log plot of IPL vs IEXC in Zn1-xTixO thin films. 

The slope, m obtained from the linear fitting of the graph using the equation 1, lies 

within 1 and 2, suggesting TPA, being the dominating process for photoluminescence.  

In ZnO, AZO and TZO thin films, there are various mid gap levels formed due to 

the supply of donor atoms. The position of these defects states lie either near the bottom 

of conduction band minima, near the mid band gap or near the valence band maxima. 

Therefore, these defect states can also contribute in the up-conversion of optical photons 

via multiphoton absorption process. The incident photon energy creates charge carriers 

and these charge carriers can be captured by the defect states. Now, before, radiative 
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decays of these intermediate states via spontaneous emission, the continuous supply of 

input photons may lead the further excitation of charge carriers to higher into the 

conduction band which in turn gives rise to the relatively higher energy emission after 

decay. Chen et al. [34] has shown that the involvement of intermediate defect states can 

significantly improve the efficiency of upconversion process.  

6.5 Conclusions 

The pulsed laser deposited Zn1-xAlxO (0≤x≤0.10) and Zn1-xTixO (0≤x≤0.05) thin 

films were characterized for third order optical nonlinearity and tested for multiphoton 

absorption induced photoluminescence. The thin films in both the cases possessed 

absorptive as well as refractive nonlinearity as confirmed by z-scan measurement 

performed by cw laser. The films exhibited reverse saturation absorption. The values of, 

the third order nonlinear optical coefficients (β, n2, χR
(3)

, χI
(3)

) in the Zn1-xAlxO (0≤x≤0.10) 

thin films were found to be 3.4-10.1 cm/W, (1.0-5.2)×10
-4

 cm
2
/W, (5.45-26.74)×10

-3
 esu 

and (1.02-3.75)×10
-3

 esu respectively while that of for Zn1-xTixO (0≤x≤0.050) were 

obtained to be 1.1-6.0 cm/W, (0.4-4.1)×10
-4

 cm
2
/W, (2.05-24.63)×10

-3
 esu and (0.84-

2.62)×10
-3

 esu respectively. The slight lower value of NLO coefficients for TZO is due to 

the relatively poor crystallinity as compared to that of AZO. The Zn1-xAlxO thin films 

grown at x=0.05 configuration showed the enhanced values of NLO coefficients and that 

of for Zn1-xTixO thin films, the maximum values were observed at x=0.020 sample. The 

thin films showed a good response towards multiphoton absorption induced 

photoluminescence. The MPA signal was found to be dependent on impurity (Al as well 

as Ti) content. All the thin film samples showed MPA-PL signal peaking around 349-353 
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nm. The slopes in the log-log plot of the UV-PL intensity vs pump intensity were found 

to be in the range of 1.19-1.64 and 1.01-1.46 for AZO and TZO films respectively. The 

studies indicated that a suitable selection of Al and Ti concentration in Zn1-xAlxO and Zn1-

xTixO thin films respectively can find its applications in nonlinear photonic devices as 

well as for upconversion.  
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Chapter 7 

Random lasing action in pulsed 
laser deposited Zn1-xAlxO 

(0≤x≤0.10) thin films 

 

 
In the random laser, photons are confined via multiple scattering within the 

nanoparticles of the gain medium unlike the conventional laser cavity where a repeated 

back and forth passage of radiation traces its path via reflections from the two mirrors of 

the cavity [1, 2]. Thus, the gain medium for the random laser can be in the form of thin 

films or pellets. The change in the surface morphology may drastically affect the quality 

factor of such laser system. If the shape of the particles are of the form of hexagonal or 

polygon then the reflection from its parallel facets may evolve a Fabry Perot like cavity 

[3, 4]. Additionally, the formation of nano rods in these films will evolve whispering 

gallery mode (WGM) [5, 6]. The schematic of these three possible types of cavity 

formation in the nanostructured material is shown in Fig. 7.1. 

 

Fig. 7.1 Schematic of different types of mirror less cavity formation. 

Among the various hosts for random lasing e.g. Dyes, GaAsN, ZnS, ZnSe, TiO2 

etc. [7-11], ZnO may be a favorable choice due to its emission in ultraviolet spectral 

range. Its properties can be easily tailored by infusion of impurities along with change in 
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the surface morphology as well as electronic cloud in the system. It can be grown in the 

form of nano-micro rods and thus the dwell time of the photon within the medium can be 

increased and consequently the lasing intensity as well as Q-factor of the laser can be 

enhanced. However, the excessive amount of impurity may cause loss in the signal and 

reduces the quality factor and needs to be optimized.   

In this chapter, the random lasing emission from the pure ZnO pellet and pulsed 

laser deposited thin films of Zn1-xAlxO (0≤x≤0.10) pumped by 3
rd

 harmonic of a Q-

switched Nd:YAG laser, is presented. The experimental setup is described in section 2.8, 

Chap. 2. The thin films were subjected to field emission scanning electron microscope 

measurement to unveil the surface morphology of the thin films so as to get an idea about 

the possible formation of cavity.  

7.1 Field emission scanning electron microscope of ZnO pellet and Zn1-xAlxO 

(0≤x≤0.10) PLD thin films 

Figure 7.2 (a) displays the field emission scanning electron microscope image of 

pure ZnO pellet and corresponding particle size distribution in Fig. 7.2 (b). 

 

Fig. 7.2 (a) FESEM image of pure ZnO pellet and (b) particle size distribution. 
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Figure 7.2 (a) clearly depicts the formation of nearly spherical shaped closely 

packed granular structures on the pellet surface. The average grain size obtained by fitting 

the Gaussian profile, Fig. 7.2 (b), is found to be ~0.9 m. 

Figure 7.3 shows the FESEM images of Zn1-xAlxO (0≤x≤0.10) thin films 

deposited onto fused silica substrate.  

 

Fig. 7.3 FESEM images of Zn1-xAlxO thin films (a) x=0.00, (b) x=0.01, (c) x=0.02, 

(d) x=0.03, (e) x=0.05 and (f) x=0.10.  
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Pure ZnO thin film, Fig. 7.3 (a), shows smaller and widely spread nearly spherical 

shaped nanostructures against uniform background. With the increasing Al concentration 

up-to x=0.03, the particle size as well as their compactness are increasing with x. For 

x=0.05, there is clear formation of 2D nano rods as well as 1D nano wires within the 

background of spherical shaped nano clusters. The inset of Fig. 7.3 (e) shows the enlarged 

view of nearly hexagonal cross section of nano rods. For the film having x=0.10, there is 

hardly any signature of distribution of spherical particles. The cross section of nano rod 

for this thin film, shown in inset, Fig. 7.3 (f), similar to that of x=0.05, is of hexagonal 

shape but there is also an indication of coalescing of the several nano rods. The size 

distribution of spherical shaped nanostructures for x=0.00 to 0.05 is shown in Fig. 7.4.  

The average particle size estimated from these is listed in table 7.1.   

 

Fig. 7.4 Histogram of particle size distribution in Zn1-xAlxO thin fims (a) x=0.00, (b) 

x=0.01, (c) x=0.02, (d) x=0.03, and (e) x=0.05. 
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The average particle size increases from 177 nm to 419 nm from pure ZnO to Al 

infused ZnO, up-to x=0.05.This result follows the similar trend as the variation of average 

crystallite sizes estimated from the XRD measurement [12]. However, the estimated 

average particle size is found to be substantially larger as compared to that of the average 

crystallite size, Table 3.1, Chap. 3. This could be due to the fact that the large numbers of 

nanocrsytallites agglomerate to form nearly spherical shaped nano particles. 

Table 7.1 Average particle size in Zn1-xAlxO (0≤x≤0.05) thin films. 

Sr. No. Sample 

(x) 

Distribution function Average particle size 

(nm)  

1. 0.00 Gaussian 177 

2. 0.01 Lorentz 312 

3. 0.02 Lorentz 343 

4. 0.03 Lorentz 414 

5. 0.05 Lorentz 419 

 For the higher Al content (x≥0.05), the transition from the surface nanostructures 

from 3-D spherical particulates to low dimensional nanorods and nanowires could be 

linked to the thermodynamically favored environment created in the presence of higher 

Al concentration. At very high Al concentration (x=0.10), the surface structure of the film 

indicates the diffused structures, coalescenced nanorod and nanowires. Furthermore, from 

fig. 7.3 (e-f), it is observed that the 5wt% Al doped ZnO thin film contains more compact 

distinct nanorods as compared to that of 10wt% Al doped film. The average length and 
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diameter of the nanowires and nanorods like structures in Zn1-xAlxO for x=0.05 and 0.10 

thin films, is tabulated in table 7.2. 

Table 7.2 Estimation of average length and diameter of 2-dimensional nanostructures in 

Zn1-xAlxO (x≥0.05) thin films. 

Sample 

(x) 

Av. length 

(m) for 

nanowire 

Av. dia. 

(nm) for 

nanowire 

Av. length 

(m) for 

nanorod 

Av. facet 

size (nm) for 

nanorod 

0.05 2.9 90 3.1 348 

0.10 2.2 127 4.5 448 

The average length of nanowires in the 5wt% Al doped ZnO film is found to be ~2.9 

m which is slightly larger (2.2 m) than that of in 10 wt% Al doped ZnO film. However, 

the average diameter of the nanowire in 10wt% Al doped ZnO film is quite large as 

compared to 5wt% Al doped film and same holds for facet size of nano rods, 348 nm and 

448 nm for x=0.05 and 0.10 respectively.         

7.2 Random lasing in ZnO pellet   

The presence of nearly uniformly distributed granular like structure of an average 

size of ~0.9 μm on the surface of bare ZnO pellet, Fig. 7.2, indicates that it could be a 

good active medium, for the UV random laser and so it was subjected to lasing set-up of 

Fig. 2.8, Chap. 2.  Figure 7.5 shows the emission due to the random lasing (RL) action in 

pure ZnO pellet along with the reference signal recorded by blocking the pump laser. The 

reference signal is quite low and free from any obvious fluctuations. The signal to noise 

ratio (SNR) is observed to be quite high (~50). Such a large SNR value is favorable for 
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observing distinct longitudinal modes with clarity in any lasing system. The RL spectrum 

shown in Fig. 7.5, exhibits nearly equispaced (~3 nm) narrow spikes covering the UV-

blue emission range of pure ZnO centered around 381.7 nm. The full width at half 

maximum (FWHM) of the central mode is estimated to be ~1.38 nm. 

 

Fig. 7.5 Random lasing spectrum of pure ZnO pellet. 

The cavity length (LC) of the arbitrary cavity formed inside this gain media of 

ZnO random laser is estimated by using the equation 7.1 [13]:  

2

0

02
CL

dn
n

d



 



 

  
 

                                                (7.1) 

where, 0 is the wavelength of central mode, ∆ is the longitudinal mode separation, n is 

the linear refractive index and dn/d is the dispersion in the refractive index.  
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The estimated cavity length in the ZnO pellet from eqn 7.1 is found to be ~10.5 

m. The quality factor (Q-factor) for any mode is linked to its wavelength, , and its full 

width at half maxima, FWHM (δ), according to the following relation [5]: 

0Q



                                                           (7.2) 

The Q value corresponding to the central mode at 0 (381.7 nm), for the ZnO pellet, 

eqn. 7.2, is found to be 277.  

There are two types of RL cavities; diffusive cavity and ballistic cavity, formed in 

a disordered media depending upon the sample length (L) under optical excitation and the 

mean free path (Ɩ) of the photons inside the gain region [14]. The diffusive cavity is 

formed for L>> Ɩ and the quasi-ballistic cavity for L~Ɩ. In the present experiment, the 

sample size (focal spot of the pump laser) is enormously large (L~125m) as compared to 

that of mean free path (cavity length, LC=10.5 μm), indicating the formation of diffusive 

cavity.  

7.3 Effect of Al concentration (x) on Random lasing signal in Zn1-xAlxO (0≤x≤0.10) 

thin films 

Figure 7.6 (a) depicts the distinct lasing emission in pure ZnO PLD film. Each 

mode of RL spectra of thin film consists of closely separated narrow spikes. In this RL, 

the cavity can be formed via more than one way and therefore, simultaneously the large 

number of micro cavities are being formed which may have nearly similar length and 

hence the spacing between the longitudinal modes is nearly same ~3 nm. However, the 

peak position of each longitudinal mode will be the combination of individual cavity but 
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will be slightly shifted in wavelength appearing in the form of spikes in the each 

longitudinal mode. Therefore, in order to access the width of the longitudinal mode, the 

central mode (0=380.2 nm) is de-convoluted and shown in the Fig. 7.6 (b). The average 

FWHM corresponding to the most intense mode (Fig. 7.6 (b)) is ~0.56 nm and that of the 

average separation between the longitudinal modes is ~3.13 nm.  

 

Fig. 7.6 (a) RL emission in ZnO thin film and (b) de-convolution of central mode.  

The threshold pump intensity (Ith) of pure ZnO thin film was estimated from the 

plot of RL intensity (IRL) vs. pump intensity. The excitation pump intensity was varied 

from 2.0-10.9×10
2
 MW/cm

2
. In order to avoid the damage of the thin film sample, the 

upper limit of the input pump intensity was limited to a maximum ~10.9×10
2
 W/cm

2
. A 

plot of the excitation pump intensity and RL intensity is shown in Fig. 7.7. The sudden 

change in the RL output beyond the pump intensity of 3.2×10
2
 W/cm

2
 ascertains it as the 

threshold pump, Ith.  Similar values of threshold has also been reported in highly facet 

ZnO rod [15].   
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Fig. 7.7 Variation of Random lasing intensity with pump intensity. 

  Figure 7.8 depicts the RL signal of Zn1-xAlxO (0.01≤x≤0.03) thin films entirely 

covered with the nearly spherical shaped particles. All these spectra are recorded at the 

maximum pump intensity of ~10.9×10
2
 MW/cm

2
 which is sufficiently above the 

threshold (Fig. 7.7). All these samples exhibit distinct longitudinal modes similar to that 

of x=0 thin film sample. The average spacing of the longitudinal modes in these samples 

are observed to be quite similar, 3.09 nm, 3.12 nm and 3.10 nm for x=0.01, 0.02 and 0.03 

thin films respectively. The resonance lasing modes in the films are observed to be close 

to the near band edge emission of pure ZnO within the spectral range of 375-385 nm. The 

line width for the longitudinal mode having maximum intensity for samples 

(0.01≤x≤0.03) was estimated from the de-convoluted spectra, shown in Fig. 7.8 (b, d and 

f).       

TH-1937_11612117



 

Chapter 7: Random lasing action in pulsed laser deposited Zn1-xAlxO (0≤x≤0.10) 
thin films 

171 | P a g e  
 

 

Fig. 7.8 Random lasing spectra of Zn1-xAlxO (0.01≤x≤0.03) thin film samples and their 

corresponding de-convoluted spectra of most intense longitudinal mode.  

  The lasing intensity is observed to be gradually increased with Al content which 

is due to the increasing average particle size and more compact distribution, favoring the 

tight coupling of scattered radiation from one particle to the another one.  The FWHM of 

the resonance mode is found to be 0.48 nm, 0.46 and 0.45 respectively.  
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The plot of lasing spectra of x=0.05 and x=0.10 samples is shown in Fig. 7.9 (a 

and c) and corresponding de-convoluted spectra for central most intense mode in Fig. 7.9 

(b and d) respectively. The line width of most intense mode is marked in de-convoluted 

spectrum. The values of cavity length and quality factor for all the six films of AZO as a 

function of x, is listed in table 7.3.  

 

Fig. 7.9 Lasing emission in Zn1-xAlxO for x=0.05 and x=0.10 thin film samples and their 

corresponding de-convoluted spectra of the central most intense mode. 

The stimulated emission in the nanostructured thin films is linked with three 

different types of nano-micro cavity formation; the closed loop RL cavity, the FP cavity 

and the WGM cavity, Fig. 7.1 [1, 5, 16]. In the thin film samples, at lower Al content, 
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0≤x≤0.03, the lasing emission is originated from the spherical shaped nanostructures; 

hence there is strong possibility of formation of closed loop random lasing cavity only in 

these samples. The random laser depends only on the density of the scattering elements of 

the material and does not require any specific geometrical nano-micro structure for onset 

of laser emission. Cao et al. [16] has also demonstrated the lasing action due to the self-

formed closed loop RL cavity in polycrystalline ZnO thin film containing nano particles 

having grain sizes of 50-150 nm. In the thin film samples for x=0.05 and x=0.10, the 

lasing could be due to the combined formation of FP, WGM as well as random lasing 

cavity because of the clear emergence of the formation of nanorods and nanowires having 

facets in hexagonal geometry against the background of spherical particles, Fig. 7.3 (e).   

Table 7.3 Estimation of cavity length (LC) and Q-factor in Zn1-xAlxO (0≤x≤0.10) thin 

films. 

Sr. No Sample (x) Cavity length (LC) 

(m) 

Q-factor 

1. 0.00 7.6 691 

2. 0.01 7.7 777 

3. 0.02 8.1 812 

4. 0.03 7.7 842 

5. 0.05 7.5 1004 

6. 0.10 7.3 954 

The length of the optical cavities in these thin film samples are observed to be 

within a narrow span of 7.3 m to 8.1m. The cavity length for pure ZnO thin film, 
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estimated from the central wavelength (0=380.2 nm) and average mode separation 

(Δ=3.13 nm), is found to be 7.6 m. Moreover, it shows an extension from 7.6 m to 

8.1 m for x=0.00 to 0.02 samples respectively. The increase in cavity length with the 

increase in the Al content was attributed to the increase in the particle size as well as 

reduction in the linear refractive indices of the thin film samples as shown in table, 3.4, 

Chap. 3. However, for higher Al content, x>0.02, there was a marginal variation in the 

estimated cavity lengths. The estimated cavity length in all the thin films samples is 

smaller than the diameter (~125 m) of the pump area, indicating the nearly uniform 

illumination of the gain region and thus formation of diffusive cavity.  

With the increase in Al concentration, from x=0.01 to x=0.05, the Q values are 

found to increase from 691 to 1004 and then at x=0.10 it decreases slightly to 954. The 

observed Q-values in Table 7.3 can be correlated with the estimated nanostructured sizes 

(Table 7.2). A plot of nanostructured sizes and Q-factors as a function of Al concentration 

is shown in Fig. 7.10. For the last two samples in the plot, the size of the nano structure is 

that of the 2D nano rods facets.  

For spherical shaped nanostructures, the Q-factor is defined in terms of the size of 

the nano sphere [17].  

2

2 22

D
Q

B



 
                                                  (7.3) 

where, D is the diameter of microsphere, σ is the rms size and B is correlation length. 
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Fig. 7.10 Variation of Q-values and sizes of nanostructures in Zn1-xAlxO (0≤x≤0.10) 

thin films. 

For the thin film samples for lower x values, 0.01≤x≤0.03, the particles are of 

nearly spherical shaped, Fig. 7.3 (b-d), and hence the quality factors in these samples can 

be correlated with eqn. 7.3 suggesting the linear dependence of Q-value over particle size 

(D). Therefore, the Q-factor increases with the Al concentration, table 7.3.     

For x=0.05 and 0.10, the facets are nearly hexagonal and or polygon, Fig. 7.3 (e 

and f). Therefore, the Q-factor is expressed as [5, 18]:  

3/2

3

3 3

2 (1 )

DnR
Q

R







                                                   (7.4) 

In this case, D is the diameter of the circle circumscribing the hexagonal structure, 

n is the linear refractive index of the material and R is the reflectivity of the side facets. 
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This equation can hold good for x≥0.05 thin film samples where hexagonal facets 

are quite visible. In case of sample x=0.10, due to coalescing of large number of 

hexagonal facets/rods, the confinement of optical photons inside the structure becomes 

week and results into reduction in quality factor slightly. Since in both the films, the 

lasing emission is due to formation of FP and WGM cavity hence, the Q-values are 

observed to be quite large as compared to other samples where the lasing is due to the RL 

cavity. It is shown that the WGM cavity exhibits maximum Q-value compared to those of 

RL and FP cavity because of the ease of confinement of photons due to total internal 

reflection [6].  

7.4 Conclusion 

The lasing action in pure ZnO pellet and PLD Zn1-xAlxO (0≤x≤0.10) thin films has 

been demonstrated. The longitudinal lasing modes were observed to be well apart and of 

nearly equidistant separation of ~3 nm. The average inter-mode separation was observed 

to be independent of Al concentration in the films. The line widths of the RL spectra in 

the films were in the range of 0.38-0.56 nm. The lower Al concentration in the films, 

exhibited nearly spherical shaped nano particles giving rise to formation of random lasing 

cavity due to strong scattering of optical photons among the particles. The thin films 

having higher Al content (x≥0.05) exhibited a mixture of nanorod and nanowire 

microstructures and exhibited higher laser signal as compared to that of x≤0.03. In 

addition, the spikes in each of the longitudinal modes of thin film are observed to be more 

pronounced as compared to that of bulk sample. The thin film samples for 0≤x≤0.03, the 

lasing emission was observed to be dominated by closed loop random lasing cavity and 

showed relatively low quality factor as compared to the rest of the thin film samples 
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having Al content, x≥0.05, where the lasing was due to the formation of FP and WGM 

cavity. The lasing threshold in pure ZnO thin film was estimated to be ~3.2×10
2
 MW/cm

2
 

which is reasonably comparable with some of the earlier reports. 
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Chapter 8 

Conclusions 

 
The work contained in the present thesis is devoted towards the linear and non linear 

optical characterization of pulsed laser deposited thin films of Zn1-xAlxO (0≤x≤0.10) and 

Zn1-xTixO (0≤x≤0.050). The Crystalline features of both types of films, AZO and TZO, 

were detected by XRD and Raman spectra. The surface quality of these films was 

obtained by field emission scanning electron microscope (FESEM). The linear refractive 

index, n, absorption coefficient, , and the band gap of the film was measured via UV-

VIS-NIR spectroscopy. In order to study the effect of temperature on the near band edge 

emission in UV range and the defect level emission in blue- red spectral range, 

photoluminescence spectra were recorded from room temperature to down to 10K.  The 

non linear refractive index, n2, non linear absorption coefficient, , and the third order 

susceptibility, 
3
 were measured via modified z-scan set-up. The two photon absorption 

induced photoluminescence in the AZO as well as TZO films were observed by exciting 

with He: Ne laser at 632.8nm. Finally the Zn1-xAlxO (0≤x≤0.10) thin films were subjected 

to Random lasing experiment to study the influence of Al content on the quality factor of 

the UV laser. 

All the thin films of Zn1-xAlxO (0≤x≤0.10) and Zn1-xTixO (0≤x≤0.050) were 

fabricated onto fused silica as well as Si substrates via pulsed laser deposition technique 

at optimum deposition parameters obtained from the literature. 

Both sets of the films, AZO and TZO displayed the polycrystalline nature as 

confirmed by the appearance of (100), (002), (101), (102) and (110) planes in XRD. 

Moreover, the c-axis oriented (002) diffraction peak was observed to be gradually 

enhanced with the increase in the impurity content, x, up-to x=0.05 for Al and that of Ti 
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up-to x=0.02. The higher impurity content (for Al, x>0.05 and Ti, x>0.02) resulted into 

the lowering of the preferred c-axis orientation. The similar observation was also deduced 

from the Laser Raman measurements where the dominating E2(high) mode, 

corresponding to the wurtzite hexagonal crystal structure, was observed to be significant 

in AZO as well as TZO film thin films as compared to that of pure ZnO film. The AZO 

thin films showed tunable optical band gap energy from 3.26 eV to 3.64 eV with the 

largest band gap obtained for 5wt% Al doped film.  Similar trend was observed for TZO 

film but the maximum band gap was observed for Ti content of 2% by wt. The blue shift 

in the band gap energy with Al concentration was mainly due to the high carrier density 

associated Burstein Moss effect. The variation in the estimated linear refractive indices in 

the AZO thin films was marginal. In case of Ti infused ZnO film, the refractive index was 

found to increase with the Ti content which is due to the excessive carrier density 

imparted in the presence of Ti. 

The room temperature photoluminescence spectra of AZO and TZO thin films 

were recorded by exciting the samples with 320 nm line of Xenon lamp. The Zn1-xAlxO 

(0≤x≤0.10) thin films showed both near band edge (NBE) band ( 365-400nm), associated 

with free exciton (FX) and bound excitons, as well as defect level emission (DLE) bands 

due to shallow and deep level defects. The AZO films showed an enhancement in the 

NBE emission and a simultaneously reduction in the DLE emission as compared to that 

of pure ZnO film. The linear variation of the UV PL peak with the band gap energy was 

observed in the AZO films.  The defect level emission (DLE) spectra of the AZO films 

(x>0.00) could be deconvoluted into four main peaks in violet-blue region positioned 

around 410 nm (~3.024 eV), 435 nm (~2.850 eV), 450 nm (~2.755 eV) and 470 nm 

(~2.63) which were attributed to Zni to valence band (VB), Zni to VZn, extended Zni to 
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VB and conduction band (CB) to OZn transitions respectively. The increase/decrease in 

the integrated intensity of 410 nm and 435 nm components with Al concentration in the 

film suggested the increased/decreased concentration of Zni/VZn defects in the films. The 

Al doped ZnO system resulted into an oxygen rich system therefore; the PL components 

associated with oxygen deficient defects (VO, VZn) were decreased. 

Similar to the RT PL spectra in AZO thin films, the TZO films showed both NBE 

as well as DLE bands. The film grown at x=0.020 Ti composition demonstrated complete 

quenching of the visible emission which could be due to the improved crystalline quality 

and weak quantum confinement effect. The higher Ti concentration (x=0.030, 0.050) 

leads to the enhanced photoluminescence signals in both, NBE as well as DLE. This was 

due to relatively larger film thickness of these particular samples which was due to 

excessive electron concentration resulting in lowering the ablation threshold. 

The one of the novelty of present thesis was the studies on temperature dependent 

photoluminescence spectra of the AZO and TZO PLD thin films. The low temperature 

measurements for PLD thin films of Zn1-xAlxO (x=0 and x=0.05) and Zn1-xTixO 

(0≤x≤0.050) were carried out by lowering the sample temperature up-to 10K in the 

interval of 10K. All the thin film samples exhibited temperature dependent blue shift in 

NBE band. The pure ZnO thin film showed dominating neutral donor bound  exciton 

(D
0
X) line along with longitudinal optical phonon replicas of D

0
X (D

0
X-1LO and D

0
X-

2LO) in the low temperature, T<160K, region. There was a faint appearance of free 

exciton (FX) line at the edge of D
0
X line at low temperature but it completely dominated 

in the temperature range of T=180K to RT. However, the 5wt% Al doped ZnO film 

exhibited only dominating D
0
X line and no clear signature of FX line was observed. A 

weak signature of an additional line of two electron satellite (TES) transition was also 
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observed at low temperature in AZO film. The Varshni’s thermal coefficients (a and b) 

were estimated to be 7.4×10
-4

 eV/K and 390K respectively for pure ZnO thin film. The 

‘a’ and ‘b’ coefficients in the AZO thin films were estimated to be observed to be 4.0×10
-

4
 eV/K and 450K respectively. The thermal activation energies (Ea) of the dominating 

D
0
X lines estimated from the Arrhenius equation were found to be 12.69 meV and 11.34 

meV for ZnO and AZO thin films respectively. Slightly low value of Ea in AZO thin film 

as compared to that of ZnO signifies the strong coupling of donor with free exciton at low 

temperature in the former case. The visible PL in both the films showed a red shift in the 

peak position with decrease in the sample temperature. In the case of TZO thin films, PL 

spectra displayed strong coupling of donor bound exciton and phonons as compared to 

that of pure ZnO thin film at low temperature. As a consequence, the TZO thin film 

samples exhibited strong D
0
X line and absence of FX line as compared to AZO thin film. 

The activation energies of the neutral donor bound exciton (D
0
X) were observed to be 

within the range of 12.69-5.18 meV with the minimum value (5.18 meV) for x=0.05 thin 

film sample. This further supported the dominant coupling of donor bound exciton over 

FX line in Ti doped film as compared to pure ZnO film. The Varshni’s coefficients (a and 

b) were observed to be increased from 7.4×10
-4

 eV/K to 1.39×10
-3

 and 390K to 822K 

respectively.  

The non linear absorption coefficient, and nonlinear refractive index of all the 

PLD thin films of AZO and TZO were measured by modified Z-scan. The films were 

showing reverse saturation behavior suggesting its potential application in optical 

limiting. In addition, the thin film samples exhibited negative refractive nonlinearity 

which may find application in optical switching. The nonlinear absorption coefficient (β), 

was found to be in the range of 3.4-10.0 cm/W in the Zn1-xAlxO (0≤x≤0.10) films and the 
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maximum β (10 cm/W) was achieved in x=0.05 thin film. The nonlinear refractive index 

coefficients (n2) of these samples were observed to be in the range of (1.0-5.8)×10
-4

 

cm
2
/W having the maximum value of 5.8×10

-4
 cm

2
/W of n2 for x=0.05 thin film. The 

corresponding third order nonlinear optical susceptibilities (χ
(3)

) in the films were 

estimated to be (5.47-27.46)×10
-3

 esu and followed the similar variation as β and n2 with 

Al content. The increased values of third order nonlinear optical constants (β, n2 and χ
(3)

) 

in the x=0.05 thin film sample were in accordance with the improved crystalinity and 

increased free carrier concentration of the film with the infusion  of Al as an impurity in 

ZnO. The third order nonlinear optical coefficients β and n2, of TZO thin films were 

estimated to be 3.4-6.0 cm/W and (1.0-4.1)×10
-4

 cm
2
/W respectively. The estimated (χ

(3)
) 

values in the films were found to be (2.2-24.76)×10
-3

 esu. The maximum values of these 

constants (β =6.0 cm/W, n2=4.1 cm
2
/W and χ

(3)
=24.76×10

-3
 esu) were corresponding to 

x=0.020 thin film sample. The estimated third order nonlinear optical coefficients (β and 

n2) in both cases, Zn1-xAlxO (0≤x≤0.10) and Zn1-xTixO (0≤x≤0.050), were observed to be 

linearly dependent on the linear absorption coefficient (). Therefore, the observed 

nonlinear optical constants in the films were of predominating thermal in nature. 

The multiphoton absorption induced photoluminescence (MPA-PL) spectra of 

Zn1-xAlxO (0≤x≤0.10) and Zn1-xTixO (0≤x≤0.050) thin films, recorded at room 

temperature by exciting the thin film samples with cw He:Ne laser, was observed to be in 

the spectral range of 340-370 nm. A slight blue shift in the peak position w.r.t. the 

corresponding UV-PL spectra under single photon excitation, was due to the generation 

of hot carriers. The peak positions of MPA-PL spectra in Zn1-xAlxO (0≤x≤0.10) were 

shifted towards lower wavelength up-to x=0.05 and thereafter slightly towards higher 

wavelength for higher x values. The slopes of the linear fit to the logarithmic plot of the 
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excitation pump intensity and MPA-PL intensity were in the range of 1.30-1.68 

conveying the two photon absorption (TPA) process in these films. The maximum value 

of m, was obtained for x=0.05 thin film sample indicating most efficient TPA conversion 

process. Similar to the AZO thin films, the Zn1-xTixO (0≤x≤0.05) thin films also showed 

MPA-PL signal. The values of the slopes of Log(IPL) vs. Log(IEXC) graph in TZO thin 

films were in the range of 1.01-1.46. The minimum value of m (1.01) and maximum 

value of m (1.46) was obtained for x=0.05 and x=0.02 thin film samples respectively. 

Therefore, it was concluded that the AZO films exhibited better two photon absorption 

response as compared to that of TZO thin films. 

The surface of the film displayed the formation of spherical particles up-to an Al 

content of x=0.03 and for higher content, it showed the formation of nano wires and nano 

rods having hexagonal facets and thus indicated that it could be considered as a medium 

for random lasing. The random lasing emission in PLD AZO thin films was studied by 

pumping it with 3
rd

 harmonic (355 nm) of Q-switched Nd:YAG laser at room 

temperature. Narrow and closely spaced longitudinal lasing modes, covering the near 

band edge emission curve of ZnO, were observed in all the films. The mode separations 

in the films were of ~3 nm while the spectral widths were estimated to be 0.38 nm to 0.56 

nm. There was marginal change in the length of the cavity which is due to the variation in 

the refractive index with x. The optical cavity length in these samples was in the range of 

7.3-8.1 μm. The lasing emission in the films having spherical particulates was due to the 

pure random lasing where as that of containing the nano rods and nano wire was due to 

the formation Fabry-Perot (FP) cavity and whispering gallery mode (WGM) cavity. The 

quality factors (Q-factor) estimated for the RL was in the range of 691-1004. A high 

quality factor of 1004 was obtained for the thin film grown at x=0.05 composition 
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containing of nanorods in the background of the spherical particles. The RL threshold for 

pure ZnO film was estimated to be ~3.2×10
2 

MW/cm
2
.    

Future scope of the work 

The multiphoton absorption induced photoluminescence in the AZO as well as 

TZO films was studied in the present thesis by pumping with a cw laser  in which the sub-

band gap absorption was accompanied via hot carriers. The study can be further 

undertaken under short pulsed laser beam for frequency up conversion. The process of 

multiphoton absorption under pulsed wave pumping is initiated via virtual state which has 

very short life time (~ns). Therefore, the actual picture about the interaction of optical 

photon with the material i.e. multiphoton absorption and emission mechanism can be 

revealed. Furthermore, the presence of donor atoms (Al and Ti) in the form of impurities 

forming shallow as well as deep donor levels within the gap can modify the lifetime of 

these states. This may alter the transition probability and consequently the recombination 

dynamics will be changed.  

The random lasing study of AZO thin films showed variable optical cavity and quality 

factor which was mainly due to the modification in the shape and size of nanostructures 

in these films. The lasing threshold for the pure ZnO film was observed at ~3.2×10
2
 

MW/cm
2
. The lasing threshold in the presence of external impurity (Al) can be 

significantly changed which may bring a new insight toward efficient and cost effective 

way to generate lasing emission. The fabrication of coherent feedback single mode 

random laser is a challenge. So, it will be of great interest to work towards visualization 

of single mode random laser. 
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