Chapter 5: Optical  Electrical Characterization

As is well known the transparent conducting oxides (TCOs) have applications in the fields of electrical devices
and displays [1-3]. For these applications, the TCOs should have two important properties i.e. good electrical
conduction and transmittance in visible region. Indium tin oxide (ITO) is the popular choice as TCO material
due to its high electrical conductivity and greater optical transmittance. However due to its scaracity, high

product cost, and environmental pollution problems associated with of ITO, the workers are trying to look for

alternative of I'TO. Among other TCO materials, ZnO and SnO7 are good choices [4, 5]. ZnO is a promising

alternative to ITO, because it is non-toxic, inexpensive, highly abundant, especially stable in hydrogen plasma,
and undergoes crystallization at low decomposition temperature [6]. There are many characteristics of ZnO
that makes it suitable for efficient utilization in various novel devices. ZnO is an n-type semiconductor with a
wide band gap of 3.37 eV with large exciton binding energy (60 meV) [7].

Recent research shows that ZnO nanomaterials are promising piezoelectric nano generators. This fact has trigs
a wide range of subsequent research in searching for new synthetic methods to synthesize ZnO nanomaterials
[2]. Among the various ZnO nanostructures, ZnO nanoparticles are the most frequently studied [3], due to
their relevance in fundamental study and also because their applications in the field of solar energy conversion,
photo catalysis, light-emitting materials [4], transparent UV protection films and chemical sensors [5]. Until
now, a variety of techniques have been employed for the synthesis of ZnO nanoparticles, such as metal organic
chemical vapour deposition (MOCVD), spray pyrolysis, ion beam assisted deposition, laser-ablation, sputter
deposition, template assisted growth and chemical vapor deposition [6—13]. Although the ZnO nanoparticles
fabricated using the above methods have a high-purity and high-crystalline structure, but the growth
temperature is too high to make them compatible with low-temperature endurance substrates such as glass.
Therefore, we need to look for a low-temperature, large-scale, and simple synthetic process for the synthesis of
ZnO nanoparticles, which can subsequently be used for nanoscale devices. In this chapter, we present the

successful synthesis of ZnO nanoparticles on glass substrate using a simple physical vapor condensation
method at a temperature as low as 400°C. The optical and electrical properties of this film containing ZnO
nanoparticles were also studied in the wavelength of 300-900 nm and temperature range of 450-300K
respectively.

5.1  Experimental

Thin film of ZnO is deposited by physical vapour condensation method. In this method, the starting material
is Zn powder (99.999 % pure), which is heated at a temperature of 400°C in presence of oxygen and argon
gases in the chamber. Initially a small quantity of Zn powder was kept in a molybdenum boat and the chamber

was evacuated to a vacuum of the order of 10°0 Torr. After attaining this vacuum, the gases (oxygen and argon)

are purged in to the chamber. The pressure of these gases is kept fixed at 16 mbar and 4 mbar respectively. The

substrate is cooled with liquid nitrogen and this evaporated material is deposited on glass substrate pasted on
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the LN2 cooled substrate. The nanoparticles of ZnO are deposited on the glass substrate and also collected in

the powder form by scratching from the substrate. Powder X-ray diffraction (XRD) is performed using a Philips
X-ray diffractometer with Cu Ko (I 4 1:54178 A) radiation. The morphology and the microstructure of these
nanostructures are studied using a Joel field emission scanning electron microscope (FESEM 7500f) and
transmission electron microscope (TEM) at 100 kV. UV-VIS absorption spectrum is recorded using a V-570
Jasco UV—Vis double-beam spectrophotometer. The scanning wavelength range is 300—900 nm. In this
investigation, we have successfully grown the ZnO nanoparticles at low temperatures, keeping the gases (O2

and Ar) flow fixed at 6 mbar and 4 mbar respectively.

Figure 5.2: (a) TEM image of ZnO nanoparticles Figure 5.2: (b) TEM image of ZnO nanoparticles
5.2  Results and discussion

The field emission scanning electron microscope (FESEM) images of the thin film of ZnO are presented in
Figures 5.1 (a) & (b). FESEM images reveal the typical morphologies of the grown ZnO nanoparticles. These
nanoparticles look like clusters of two or more particles. The size of these nano clusters varies from 30-80 nm.
It is observed from the TEM image (Figures 5.2 (a) & (b)) that the typical diameter of these nanoparticles
obtained is in the range of 5 to 20 nm. The typical X-ray diffraction (XRD) pattern of these nanoparticles is
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presented in Figure 5.3. The XRD spectrum shows that the deposition in the presence of oxygen leads to the
formation of ZnO nanoparticles on the glass substrate. In the process used, the source material is heated at
400°C in the presence of oxygen. During this oxidation process, the starting material (Zn) is converted into
ZnO film with a polycrystalline structure. The peaks at 36.6° and at 32¢ are associated with ZnO (101) and ZnO
(100) crystallographic plane.
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Figure 5.3: XRD pattern of ZnO thin film

The XRD spectrum very clearly demonstrates that the film deposited in oxygen atmosphere has a dominant
(101) orientation. A peak associated with Zn is also observed at 57°. These peaks match with JCPDS data
(JCPDS 36-1451). We have employed a V-570 Jasco UV—Vis double-beam spectrophotometer for recording
the optical absorption of the ZnO film. The scanning wavelength range is 300-900 nm. The absorption is
measured in terms of optical density. Thin film of ZnO deposited glass substrate and reference (glass) is kept

inside the appropriate film holder. The optical absorption is measured as a function of incidence wavelength.

The absorption coefficient (@) is calculated using the following relation;

a =0D/t (5.1)
where OD is the optical density measured at a given film thickness (t).

Figure 5.4 shows the variation of the absorption coefficient (a) as a function of incident photon energy (hv) for
ZnO film. The value of absorption coefficient increases exponentially with the increase in photon energy. In
both crystalline and amorphous materials, the exponential dependence of absorption coefficient on energy may

arise from the random fluctuations of internal fields associated with the structural disorder/intrinsic defects
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such as zinc interstitials and oxygen vacancies [14] The dependence of optical absorption coefficient on photon

energy may arise from electronic transitions between localized states.
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Figure 5.4: Optical absorption (o) Vs wavelength of ZnO thin film in the wavelength range of (400-900 nm)

The density of these states falls off exponentially with energy. This behavior is consistent with the theory of
Tauc [14] The absorption coefficient near fundamental absorption edge is exponentially dependent on the
incident photon energy and obeys the empirical Urbach relation,

where Ina varies as a function of hv. Urbach energy can be calculated by the following relation [15],

a=a, exp (v-EI /Ey) (.2)

where Er and o, are constants and Ey is the Urbach

energy which refers to the width of the exponential
absorption edge. Figure 5.5 shows the variation of In « b
vs. photon energy for the films. The Eu value was
calculated from Urbach plots using the relationship %9
Ev ~[d(Ina)/d(hv)]" (5.3)
~ 15.07
g
The value of Urbach energy (Ev) is also calculated using ;
14.57
the slope of the plot In & vs. photon energy and it is
found to be 805.8 meV. This value of Urbach energy is 14.07
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Figure 5.5: In a Vs hv plot for ZnO thin film
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In case of semiconductors, the fundamental absorption edge follows an exponential law. Above the exponential

tail, the absorption coefficient has been reported [15] to obey the following equation:
@hv)* =B(hv —Eg) (5.4)

where v is the frequency of the incident beam (w=2nv) , B is a constant, E, is optical band gap, n is an exponent
and it can have vatious values e.g. 1/2,3/2, 2 and 3 depending on the nature of electronic transition responsible
for the absorption. For allowed direct transition, n can have a value of either 1/2 or 3/2 and for forbidden
indirect transition, n can have a value of either 2 or 3 [16]. Here, the direct and indirect transitions are optical
transitions that occur in the crystalline semiconductors. It is well known that direct transition across the band
gap is feasible between the valence and the conduction band edges in k space. In the transition process, the
total energy and momentum of the electron—photon system must be conserved.

It is found that our experimental data recorded for ZnO film gives a best fit with n = 1/2 using equation (4).
This suggests that the absorption in ZnO film is due to direct transition. Therefore, the experimental data is re-
plotted as (a.hv)? Vs photon energy (hv) for direct transition. Figure 5.6 presents the variation of (a.hv)? with
photon energy (hv) for ZnO film. The value of direct optical band gap (Ey) is calculated by measuring the
intercept on the X-axis. The calculated value of E, for the present ZnO sample is 3.54 eV. This value is

comparable with the results of various workers for other ZnO nanostructures reported in the literature [17-18].
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Figure 5.6: («hv)¥? Vs hy for ZnO thin film in the wavelength range of (400-900 nm)
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Electrical conductivity in thin film of ZnO can proceed through a variety of mechanisms. Intrinsic defects in
ZnO are notorious for their electrical activity, and along with extrinsic impurities, can give rise to impurity
conduction phenomena and band conduction, near and above room temperature. In addition, the grain
boundaries act as charge-carrier traps, leading to band bending and potential barriers all around the grains, thus
affecting the electrical conductivity of this film [20]. This process may be taken into consideration for explaining

the electrical conduction mechanism in the sample.
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Figure 5.7: Variation of conductivity (o) Vs 1000/T (K~)
Temperature for ZnO thin film for the Figure 5.8: In ¢ Vs 1000/T for ZnO thin film
temperature range of (450-300K) for the temperature range of (450 - 300K)

Temperature dependence of dc conductivity for the temperature range (450-300K) is presented in Figure 5.7.
The dc conductivity varies exponentially with the temperature. For the present sample of ZnO thin film, the
conductivity as a function of temperature shows Atrhenius behavior. The plot of Ino Vs 1000/T for the
temperature range of (450-300K) is presented in Figure 5.8. It is observed that the plot of Ino Vs 1000/T is a
straight line, which suggests that the conduction in this system is through thermally activated process. The
conductivity, can therefore be expressed by the usual relation

o =00 exp(-AE/kgT) (5.5
where AE is the activation energy and kg is Boltzmann constant. The value of E calculated using the slope of

Figure 5.8, is found to be 0.35 eV. As mentioned before, the present sample is grown in oxygen environment.
In such a situation, the carriers are likely to originate in intrinsic defects such as zinc interstitials and oxygen
vacancies. These defects are generally recognized as the source of n-type conductivity commonly observed in
ZnO nanostructures grown in oxygen rich environment, producing defect levels that lie below the conduction
band [21]. Therefore, the present sample exhibits n-type semiconducting behavior originating from native

defects, mainly of Zn interstitials or oxygen vacancies.
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5.3 Conclusion

From the above studies, it is concluded that the thin film of ZnO contains nanoparticles with the diameter
varying from 5-20nm. The XRD spectrum shows the peaks at 36.6° and at 32° which are close to the
characteristic peak of ZnO. In case of optical properties, the absorption mechanism is due to direct transition
and the value of the optical band gap is found to be 3.54 eV. It has been observed that the absorption coefficient
increases exponentially with the increase in photon energy. The value of Urbach energy (Ev) is also calculated
using the slope of the plot In « vs. photon energy and is found to be 805.8 meV. Electrical conduction
mechanism is successfully explained with thermally activated transport for the temperature range of 450-300K.
For thermally activated process, the calculated value of activation energy is 0.35 eV. The present sample exhibits

n-type semiconducting behavior originating from native defects, mainly of Zn interstitials or oxygen vacancies.
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