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Abstract

Zn0O thin film deposited on the glass substrate at various substrate temperature by spray
technique using perfume atomizer. The deposited ZnO thin films are annealed at 450°C. The
deposited films are highly transparent and adhered to the substrate. The structure and
microstructural, morphological, compositional, optical and luminescent characteristics were
studied by X-ray diffraction (XRD), Raman, Field emission scanning electron microscope (FE-
SEM with EDX), Atomic force microscope (AFM), Ultra violet visible spectrophotometer (UV -
Vis) and photoluminescence spectroscopic techniques. The crystalline nature of annealed film
were confirmed from XRD and the shows preferred orientation along (1 O 1) plane. At higher
substrate temperature, reorientation of planes was seen. The spherical shaped grains are observed
from morphological studies. The roughness of ZnO film, one of the key parameter obtained from
AFM, increases with substrate temperature. The high transparency of about 80% in visible
region are obtained for ZnO film with band gap ranging from 3.24 — 3.19 eV. The presence of
defects in ZnO films are identified from PL bands. The electronic vibrations in ZnO film were

understood from Raman spectra. The weak ferromagnetic behavior at room temperature is



observed and exchange interactions stemming from oxygen vacancy produce BMP and subject to

RTFM in ZnO.

Keywords: ZnO thin film, substrate temperature, highly transparent, weak ferromagnetic

behavior.
1.1 Introduction

Zn0 belonging to II — VI element, is a compound semiconductor. Its energy band gap is 3.37 eV
and it possesses large exciton binding energy. The ZnO crystallizes in three forms a. zinc blende,
b. rock salt, and c. wurtzite. The stable ZnO phase (hexagonal wurtzite) is obtained
thermodynamically at room temperature, where each Zn** ions are surrounded by four O* at the
corners of the tetragon. The ZnO based TCO film is known for its exceptional performance, so it
is used in variety of industrial and medicare applications such as piezoelectric and pyroelectric
properties [1], surface acoustive wave devices (SAW), biosensors, drug delivery, anti microbial
and antifungal activity, spintronics and optoelectronic devices [2], solar cells [3], photodetector
and photovoltaics, photoelectrochemical water splitting [4], photocatalytic [5], gas sensor [6].
The ZnO films were grown from inorganic and organic precursors such as nitrates, chlorides,
perchlorates, acetates and acetylacetonates respectively were reported by number of authors [7].
The ripple like morphology is obtained for spin coated ZnO film, cubic like structures is noticed
for the spin coated ZnO by solution growth at various time interval and flakes like formation is
seen for ZnO film doped with Al is reported [8]. T. Srinivasulu et.al, investigated the influence
of Fe doped ZnO film by spray pyrolysis. No structural deformation is observed for the Fe doped
Zn0 film. Also, ZnO film shows the paramagnetic behavior in pure form and ferromagnetic for

Fe doped film [9]. The microstructures of ZnO thin film such as spindle like, rod, hexagonal



plate like morphologies at different molar concentration are investigated [10]. The ZnO film
obtained with ¢ / /n and a //n orientation reported by L.Znaidi.et.al [11]. Ahamed et al.
investigated the optical and structural properties of B doped ZnO nanostructures by sol gel
technique. The preferred orientation of (002) plane vanished for B doped ZnO. The grain size
increased with the dopant concentration and the irregularity in film’s morphology. The ZnO film
achieved 90% transmittance in visible region decreases with dopant concentration. The Eg of
Zn0 film decreases as the grain size increases [12]. Alsaad et al, fabricated transparent ZnO thin
film whose transmittance (A > 70%) in the visible region and the transmittance of (B, Al, Ga,
In) doped ZnO thin film is in close proximity with undoped ZnO film. The decrease in the
optical energy gap of the doped ZnO thin film is due to the variation in crystallite size. The XRD
patterns demonstrate a large difference in angular positions between the undoped and group III
elements doped ZnO thin films [13]. Mn doped ZnO thin film coated on glass substrate by spray
pyrolysis technique. The stoichiometry of the film at 450°C was confirmed by RBS spectra and
found to depend on the substrate temperature. By doping Mn in ZnO, the wurtzite hexagonal
structure remains unchanged. The maximum transmittance 100% was obtained for ZnO thin film
at 500°C, resulting in decrease in optical scattering. The bandgap energy values are 3.22eV,
3.24eV and 3.27eV respectively for the films at 400°C, 450°C and 500°C. The doping of Mn has
no effects on the resistivity ZnO and Mn doped ZnO thin film [14]. Here we present the impact
of substrate temperature on the structural, morphological, optical and magnetic properties of

perfume spray deposited ZnO thin film.



2 Experimental details

Zn0 thin films were fabricated by spray technique using a perfume atomizer as reported [15,16].
The commercially available glass substrates (75 x 25 mm) (Blue star Micro glass slides) were
used for film deposition. The glass substrate was cleaned and degreased using distilled.water,
HCL and acetone and dried. 0.1 M of Zinc acetate dihydrate, AR grade (SRL chemicals) is
diluted with deionized water and ethanol in proportion 2:1. The solution is dispersed
ultrasonically for its homogeneity and transparency for about 30 minutes. The solution was then
sprayed onto the preheated glass substrate glass substrate maintained at 300°C, 350°C, 400°C and
450°C and is dried. Finally all the deposited films were annealed in a muffle furnace at 450°C for
2 hrs under air atmosphere. The resultant ZnO thin films are well adherent to the substrate.

2.1 Characterization techniques

The crystallographic structure of ZnO thin film was studied by PANalytical/ Xpert3 powder X-
ray diffraction (XRD) instrument. The surface morphology of ZnO films were studied by FE-
SEM (zeiss, Bruker instrument) and Atomic force microscope (Agilent 5500). Ultra-violet visible
(UV-Vis) absorbance and transmittance measurements were conducted on UV-visible
spectrophotometer (Thermofisher 220 instrument). Photoluminescence (PL) measurements were
performed by Varian Cary Eclipse PL analyser. Room temperature Raman studies were
conducted by micro Raman spectrometer SEKI, Japan. The magnetization (M) against applied
field (H) at room temperature was evaluated using Lake Shore, vibrating sample magnetometer

(VSM).

3 Results and Discussion

3.1 Structural characterization



The XRD patterns of ZnO thin film deposited at various substrate temperatures and annealed at
450 °C were recorded over the 20 range from 10° — 80°. Fig.1 displayed the polycrystalline
nature of the film, showing multiple peaks and indexed to the standard JCPDS card 89-1397,
corresponding to hexagonal wurtzite structure. It belongs to P6s3mc space group. The high
crystallinity of ZnO thin film is indexed by the presence of narrow and sharp reflection peaks
[17]. The peaks at angle 20 around 31.7°, 34.24°, 36.19°, 47°, 56°, 62°, 66°, 67° corresponds to
(100), (002), (101), (102), (110), (103), (200), and (112) reflection planes. There are three
prominent planes (100), (002), (101) at 26, 31.7°, 34.24°, 36.19° and the weak reflection planes
(102), (110), (103), (200), (112) and (201) at 20 around 47°, 56°, 62°, 66°, 67° are observed. No
peak other than ZnO is observed within the detection limit. The as deposited and annealed ZnO
thin films shown similar XRD pattern with intensity variation. The analogous results were
reported by researchers [18, 19]. The annealing resulted in better crystallinity and the oxidation of
ZnO thin film fabricated at 300°C [20]. The observed variation in the peak intensity with the
substrate temperature is due to different film thickness [21]. Further at 450°C, the degree of
crystallinity is deteriorated and the reflection of (002) plane is more pronounced confirmed the
orientation along ¢ - axis perpendicular to the substrate [22, 23] and this may lead to the granular
structure of the film [24]. Hence, the reorientation of planes at 450°C is due to the lowest surface
energy of the plane and internal stress at this temperature [25, 26]. Nitu kumara et al, reported the
decrease in the intensity of ZnO thin film at higher substrate temperature. The decreasing trend

was due to the incomplete conversion of Zinc precursor to ZnO [27]

The XRD parameter such as crystallite size (D), lattice strain (¢) and dislocation density (9) is

found to decrease with substrate temperature. The decrease in the value of dislocation density (J)



implies the film has few lattice defects. The structural parameters, crystallite size (D), d-spacing,

stress and strain, dislocation density (8), volume of unit cell (V), SSA are summarized in table 1.
The lattice parameters are evaluated using the following relation
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Fig 1. XRD patterns of annealed ZnO thin film at different substrate temperature



The lattice strain (€) and the stress (o) in the film is calculated using the expression

€= C;JXIOO%

0
o= —45x101 x¢

The unit cell volume (V) was estimated from

The crystallite size of (101) plane at substrate temperature 300°C, 350°C, and 400°C are estimated
as 48.96 nm, 40.61 nm and 35.66 nm respectively and the crystallite size of (002) plane at 450°C
is 24.14 nm expressing the microstructural character of deposited ZnO film. The crystallite size
(D) of intense (101) plane is found to decrease with substrate temperature. Likewise the full width
half maximum () decreases with substrate temperature. The higher the crystallite size (D), lower
the dislocation density (8) [28]. The negative sign in stress values represents the compressive

stress in ZnO thin films. The variation in lattice parameter ‘a’ and ‘c’ are related to ap and co [29].



Table:1 XRD parameters FWHM, crystallite size (D), strain , stress , d-spacing, lattice constant a and ¢ and volume of unit cell,

specific surface area.

Substrate Crvstallite Dislocation Stress d a C Vv SSA
20 | k| density | Strain | x10'° . A) A) (A)?
temperature (deg) lane | SizeD 5 x 104 N2 | SPacing
(deg) P (nm) ) A)
I/m
300 3625 | 101 48.96 4171 | 00491 | 2200 | 2476 | 2.858 | 4950 | 35.014 | 21.663
350 36.08 | 101 40.61 6.063 | -0.0449 | 2020 | 2479 | 2871 | 4972 | 35490 | 26.117
400 36.08 | 101 35.66 7863 | -0.0449 | 2020 | 2483 | 2871 | 4972 | 35.490 | 29.742
450 3436 | 002 24.14 17.160 | 0.0013 | -0.058 | 2.608 | 3.010 | 5213 | 40901 | 43.936




3.2 FESEM analysis

The surface microstructures of ZnO thin films at different magnifications are displayed in Fig 2
(a-h). The increase in substrate temperature and annealing has influenced ZnO thin film. The ZnO
film showing different morphology at various substrate temperatures and random orientation are
obtained [30]. Fig.2 (a,c,e) showed the wrinkled shaped fibrous structure with porous, spherical
granules are randomly distributed over uniformly layer of ZnO thin film deposited at 300°C,
350°C and 400°C which is due to the influence of temperature between first layer and the other
layer of the ZnO [22]. The fibrous structure formation is due to slow cooling. During cooling, the
ions may have sufficient time to aggregate along crystal planes with similar lattice match. This
fibrous like morphologies have large surface area shown in Table:1, that it may be used for
optoelectronic devices and photovoltaic devices application [24]. Some voids are observed in
between the nanostructures through which oxygen and water molecule propagates into the ZnO
thin film [31-33]. The energy gained due to annealing merge the grain boundaries with each other
forming larger grains [34].The fiber like morphology switched to the surface having spherical
shaped grains with high inter grain spacing at higher substrate temperature 450°C [15, 35]. The
uniform distribution of spherical grains can be obtained using acetate precursor as reported by

Harish Bahadur et.al. [36].
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Fig. 2 FE-SEM images of ZnO thin films at substrate temperature (a,b) 300°C, (c,d) 350°C,

(e,f) 400°C and (g,h) 450°C

3.3 EDS micro elemental analysis

Fig. 3(b,d,f,h) shows EDS spectra of ZnO thin film at different substrate temperatures and the
presence of Zn and O is confirmed. The EDS results depicts that none of the samples are well
stoichiometric. The Zn distribution (%) in the grown structure decreases with substrate
temperature might be due to the lower density of nucleated ZnO. And as a result increasing trend

in O (%) is ascribed to the oxygen incorporation during spray deposition [37, 38].
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Fig. 3 EDS spectra of ZnO film at substrate temperatures

3.4 AFM Analysis

The surface microstructure of ZnO film deposited on glass substrate at various substrate
temperatures are analyzed from AFM measurements. The Fig. 4 (a — h), depicts the 2D and 3D
profile images of ZnO thin film. The micro structural images are on par with the FE-SEM
morphologies. The surface roughness is minimum and maximum for the film at lower (300°C)
and higher substrate temperature (450°C). At temperatures between 300°C and 450°C, the

different surface morphologies like wrinkle shaped and spherical grains are obtained. Fig. 4(c)

12



illustrates columnar shaped grains perpendicular to the substrate surface showing wrinked

appearance [39].
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Fig. 4 (a - h), 2D and 3D AFM image of ZnO thin film at different substrate temperatures.

3.5 Optical characterization

The UV-Vis absorbance and transmittance spectra of ZnO film deposited at different substrate
temperature were recorded over wavelength range 200 — 1100 nm, is displayed in Fig.5. The
presence of two absorption peaks at around 316 nm and 360 nm for all the film are identified.
The absorption peak around 316 nm refers to the excitonic absorption. This excitonic absorption

peak lies significantly below the 360 nm i.e, the band gap of ZnO, is associated with the quality
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of nanoparticle distribution [40]. The strong absorption peak around 360 nm is the characteristic
of ZnO film. All the films shows high optical transparency of > 80% in visible region, which is
one of the prime requirement for device applications such as optoelectronic and solar cell
application and low transparency in the UV region. The high transmittance of ZnO thin film
emphasize that the film is neither absorbed nor scattered the light [41]. The absence of
interference fringes in the transmittance spectra is correlated to diffusion phenomena and small

grain size of the deposited films [9, 42].

Energy (eV)

4.0 3.5 3.0 2.5 2.0
1.6 — . : . : . : . : . 100

Absorbance (a.u)
(%) ddueprusues],

T T T T T T T T
300 400 500 600 700 800
Wavelength (nm)

Fig.5 UV Vis absorbance and transmittance spectra of ZnQO thin film

The transmittance drops appreciably around 370 nm in UV region and it is the intrinsic band gap
of ZnO film (3.3 eV). The shift in absorption edge towards lower wavelength regime for the film
deposited at various substrate temperatures is displayed. It is observed for all the film, the

transmittance decreases below 400 nm, is due to the fundamental absorption edge attributed to
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the electron, that makes cross over from valance band to conduction band. The change in optical
transmittance of the film is related to surface roughness and the virtue of crystallinity of ZnO
film [9]. The blue shift is identified for the ZnO film deposited at 450°C and hence the particle is
confined to the quantum level. Generally, the quantum size effect occurs for the particles upto 8
nm [43, 44] and in our case, the crystallite size of the ZnO film is above the expected quantum

confined size.

The relation used for manipulating the absorption coefficient is given by the formula,

2.303 1 1
a=——2~A= —In
t t T

where d is the thickness of the film, A and T are the absorbance and transmittance of the film
deposited. The absorption coefficient of ZnO film is displayed in the Fig: 6. The absorption
coefficient varies exponentially with incident photon energy near absorption edge and obeys

urbach relation [41].

Wavelength (nm)
800 700 600 500 400 300

Energy (eV)
Fig 6. Absorption coefficient Vs Wavelength plot of ZnO film
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The band gap for ZnO film estimated from the Tauc’s plot is displayed in Fig 7.

The optical band gap E; was estimated from the relation
(ahv)? = A(hv — E;)
where ‘A’ is the proportionality constant, ‘E,’ is the direct band gap, ‘hv’ is the incident photon

energy and ‘o’ is the absorption coefficient.
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Fig 7. Tauc plot of ZnO film at substrate temperature (a) 300°C (b) 350°C, (¢) 400°C and
(d) 450°C.
A graph plotted between (ahv)? and hv and the optical band gap is derived by extrapolating the

linear portion of (ahv)? tohv. The linearity noticed from the graph represents the direct
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transition of band gap of the semiconductor. The band gap of ZnO thin film ranged from 3.24 -

3.19 eV. The film deposited at substrate temperature 450 °C was 3.19 eV. And this trend in band

gap may be due to the appearance of band tail from defects and surface roughness [28]. The

decrease in the optical band gap as the function of annealing temperature is associated with the

interatomic distance [45]. The observed band gap value is in good agreement with the earlier

reports [46, 47].

The refractive index (n) was calculated using following equation.

1+R

n

4R

“1-r"

(1-R)?

The extinction coefficient is evaluated using the relation

The spectral variation in extinction coefficient as a function of wavelength is displayed in the Fig
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The extinction coefficient (k) shows decreasing trend with increase in deposition temperature,
whereas the ZnO thin film deposited at 400 °C have increasing behavior [34]. From Fig. 8 & 9,
the refractive index (n) and extinction coefficient (k) decreases with increase in wavelength is
observed, is associated with light scattering. The value of refractive index (n) and extinction
coefficient (k) in visible region is low with that of the theoretical value, accumulating that the

Zn0O thin film has low dielectric loss [48].

3.6 Photoluminescence Characterization

The room temperature photoluminescence spectra of ZnO film deposited at different substrate

temperature is recorded and presented in Fig. 10.

Energy (eV)
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Fig: 10 Room temperature PL spectra of ZnO thin film

The PL spectra of ZnO film were recorded in the wavelength range 300 — 600 nm with excitation
wavelength of 320 nm. The different forms of ZnO, such as nano particle, thin film, nano rod,

nano sheet etc, manifests two luminescence band, (i) short wavelength band, near the absorption
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edge and (i) long wavelength band, usually in visible green region [49]. As seen from the
spectra, ZnO thin film consists of five luminescence peaks at wavelength 360, 390, 411, 494 and
520 nm. The strong peak at 359 nm is due to free exciton (FE) [50] and the 390 nm peak (3.17
eV) corresponds to excitonic emission from near band edge transition of wide band gap of ZnO,
i.e, the recombination of excitons through exciton — exciton collision process [51]. The strong
band edge transition found to be red shifted compared to the bulk ZnO. This shift is referred to
the change in optical band gap of ZnO film [52]. For pure ZnO, defects such as zinc interstitials
(Zni) and oxygen vacancies (Vo) contributes to PL emission. Also, the emission around 400 —
560 nm wavelength region contains distinct peaks at 411 nm (3.01 eV), 494 nm (2.51 eV) and
520 nm (2.38 eV) originates single/double ionized oxygen vacancy which activate bound
magnetic polarons in dilute magnetic semiconductors (DMS) [53, 54]. The violet emission at 411
nm is related to Zn vacancies. The luminescence centered at 494 nm is assigned to as deep level
emission (DLE), that arises due to recombination of a photogenerated hole with electron which is
the native defects in the surface and sub surface such as oxygen vacancies, Zn interstitials, lattice
defects etc., of ZnO [55]. The emission peak 520 nm is due to the transition from conduction
band to oxygen antisite level [56]. The strong emission in blue — green region indicates that it

could be used in LED application [57].

3.7 Raman characterization

Raman spectroscopy is a powerful non destructive characterization technique for the study of
structural properties of oxides. Raman spectra arise from the inelastic scattering of light, mostly
in visible region. The ZnO belongs to wurzite structure with CZ, symmetry. The representation

of brillouin zone is as follows,

20



I—'Op = 2A1 + 2B1 + 2E1 + 2E2

Where A and B modes presents one fold degeneracy, E modes are twofold degeneracy. For ZnO,
there are 12 phonon branches, of which 9 optical and 3 acoustical phonon modes [57]. The

Raman spectra of ZnO film is shown in Fig.11.
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Fig 11. RT Raman Spectra of ZnO thin film

The frequency below 500 cm™ is assigned for transverse acoustical vibrations mode is and the

frequency region between 500 and 1300 cm™ related to longitudinal optical modes. For ZnO, B,
modes are silent and are Raman inactive. The high frequency E;l M mode at 438 cmr! s

associated to oxygen atoms, is the characteristics of wurtzite phase [58]. The shift in E;l 'gh peak

is observed for the film deposited at 400 °C and 450 °C which account for the intrinsic defect
present in the film [59]. The A broad hump around 564 cm™ corresponds to multiple phonon (M)
vibration. It is observed that E1 mode does not appear for ZnO thin film, favoring the growth of

ZnO thin film along c- axis. The peak observed at 1110 cm™ and 2890 cm™ corresponds to Al
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(2LO) mode and organic residue (CH3 stretching), (does not decompose completely) respectively

[60].
3.8 Magnetic Characterization

The magnetic properties of perfume sprayed ZnO thin film at different substrate temperature
300°C, 350°C, 400°C and 450°C were measure at room temperature by vibrating sample

magnetometer (VSM), Lake shore. The magnetization (M) versus applied magnetic field (H) is

displayed in Fig:12
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The presence of weak magnetic signal is observed from the Fig and it may be rooted from
defects induced in the film [62]. The coercivity (H) increases with substrate temperature and then

decreases, while the saturation and remnant magnetization (Ms) decreases. The decrease in

saturation magnetization resulted in an increase in coercivity is observed [63]. The ratio [j] is
N

the measure of squareness (i.e,) square of hysteresis loop. The squareness ratio is relatively close

to zero [64,65] and are tabulated in Table:3 .

Table:3 Magnetic properties of ZnO thin film

Samples | Retentivity Coercivity | Saturation Squareness ratio | Exchange bias
(emu) (Oc) magnetization M; He
M 2
(Ms)
7300 6.98 x 10° | 518 220.6 x 10°® 0.031 259
7350 426x 10° | 1274 196.8 x 10°® 0.021 637
7400 0.39x 10° | 1934 89.5x 10°¢ 0.004 967
7450 3.99x10° 414 85.1x10° 0.046 207

The bulk ZnO is diamagnetic [66] and in our case the magnetization in ZnO thin film arises due
to defects such as cation (Zn) vacancies, preparation methods and microstructure [67,68].
Ferromagnetic behavior observed in metal oxides (pure) is been reported by many researchers
[69, 70]. Also, the oxide thin film does not require magnetic cations or oxygen vacancy to
become magnetic but the presence of some structural inhomogeneity proceeds to so called
intrinsic diluted magnetic semiconductor [61]. The RTFM arises from the intrinsic defects

(oxygen vacancy (Vo), zinc vacancies (Vz), Zn clusters), in ZnO that promotes interaction
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between localized spins and bound magnetic polarons (BMP) (two polarons separated by small
distance is smaller than the diameter of the polaron) [71] which may lead to application in
spintronic and high density magnetic storage devices. The observed RTFM behavior in DMS is
attributed to the oxygen vacancies. As the substrate temperature increases, the unconventional
shape in magnetic loop is observed in Fig.12 (¢ & d), i.e, changed from ferromagnetic to

diamagnetic state [72].

4. Conclusion

The wurtzite ZnO thin film deposited on glass substrate using perfume atomizer. The structural
and micro structural, morphological, optical and photoluminescence property of ZnO thin film
were studied. The XRD patterns reveal preferred orientation along (1 0 1) plane upto 400°C and
above 400°C reorientation of planes are observed. Well defined grains with boundaries and
wrinkle shaped nanofibers are examined from FESEM as well as roughness of ZnO thin film
revealed from AFM. The low and high surface roughness is observed for the film at 300°C and
450°C respectively. The ZnO film at 450°C could be used as gas sensors owing to its roughness.
The ZnO thin film exhibits transmittance of > 80% which is preferred for optoelectronic and
solar cell devices. The optical bandgap energy ranges from 3.24 to 3.19eV. The green emission
peak of ZnO thin film is adaptable for LED applications. Different phonon modes are obtained
from Raman analysis. The intrinsic exchange interaction arising from defects such as oxygen
vacancies, zinc vacancy assists BMP and is responsible for room temperature ferromagnetism in

ZnO thin film.
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Figure 1

XRD patterns of annealed ZnO thin film at different substrate temperature
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Figure 2

FE-SEM images of ZnO thin films at substrate temperature (a,b) 300°C, (c,d) 350°C, (e,f) 400°C and (g,h)
450°C
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Figure 3

EDS spectra of ZnO film at substrate temperatures
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Figure 4

(a-h), 2D and 3D AFM image of ZnO thin film at different substrate temperatures.
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Figure 5

UV Vis absorbance and transmittance spectra of ZnO thin film
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Figure 6

Absorption coefficient Vs Wavelength plot of ZnO film
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Tauc plot of ZnO film at substrate temperature (a) 300°C (b) 350°C, (c) 400°C and (d) 450°C.
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Figure 9

Room temperature PL spectra of ZnO thin film
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RT Raman Spectra of ZnO thin film
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Figure 11
M - H plot for ZnO thin film at (a) 300°C, (b) 350°C, (c) 400°C and (d) 450°C




