Journal Of Electronics Information Technology Science And Management ISSN NO : 0258-7982

Effect of film thickness on the structural, electrical and optical

properties of sol-gel derived scandium doped zinc oxide films

Ruchika (Sharma) Joshi', R. M. Mehra® " and Ajay Kumar®

'Department of Physics, Deshbandhu College (University of Delhi), Kalkaji, New Delhi-
110019, India.

’Professor Emeritus, School of Engineering and Technology, Sharda University, Greater
Noida-201306, India.

Department of Physics, Dharma Samaj College (Dr. B. R. A. University, Agra), Aligarh,
India-202001,

We report the structural, electrical and optical properties of scandium doped zinc oxide
(Zn0:Sc) thin films prepared by sol-gel technique and deposited on Corning (7059) glass
substrates. The characteristics electrical and optical properties of the prepared ZnO:Sc films
are found to strongly depend on both, the doping concentration (of scandium) and the
thickness of the film. On increasing the film thickness, the improvement in the c-axis
orientation and increase in the grain size has been observed and confirmed by increased
intensity of the (0 0 2) peak and the decreased FWHM of the peak. The electrical resistivity of
ZnO:Sc films has been decreased considerably (from 1.23x10? to 3.52x10™* Q-cm) on
increasing the film thickness from 89 to 456 nm. In the visible region, the figure of merit was
observed higher for 456 nm thick ZnO:Sc film which may be attributed to the low sheet
resistance (771 Q / square) and high average visible transmission ~ 94%. The surface

morphology of the film up to the thickness 349 nm indicated the formation of nanorods.
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Highlight:

e Significant thickness dependent structural, electrical and optical properties of scandium
doped zinc oxide thin films have been observed.

e The electrical resistivity of Sc doped ZnO films is found to decrease (from 1.23x107 to
3.52x10™ Q-cm) with increase in thickness from 89 to 456 nm.

e The experimental outcomes based on electrical resistivity, optical transmittance and Hall
mobility measurements indicated that the Sc doped ZnO films with 416 nm thickness

exhibit optimal characteristics.
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1. Introduction

The excellent features such as its abundance in nature, relatively low cost, easy fabrication,
low electrical resistivity, non-toxicity, good optical transparency (in the visible region), direct
energy band gap, high chemical and mechanic stability etc., have been the key characteristics
that attracted the researchers to utilize zinc oxide (ZnO) in variety of applications [1] [2] [3]
[4]. ZnO, in the form of its thin films, has been extensively utilized in optoelectronic,
photovoltaic, and piezoelectric devices [4]. Various investigations on the electro-optical
properties have revealed ZnO thin films as a potential candidate to be used as transparent
conducting material (having significant chemical and mechanical stability) in electronic and
display devices [5] [6] [7] [8]. The tunable electrical and optical properties have further
extended the utility of ZnO thin films in photo sensors, photodetectors, light-emitting diodes,
gas sensors, varistors thin film solar cells, liquid crystal displays [9] [10] [11] [12]. Due to the
lack of stoichiometry ZnO is generally a wide-gap semiconductor resulting mainly from
oxygen vacancies [13].]. Such vacancies cause the formation of deep trap levels in the energy
band [14]. To effectively tailor the physical and chemical characteristics such as
crystallographic, morphological, optical, electrical, and magnetic etc., the researchers have
been doping ZnO with M* elements (M = Sc, In, Ga, Y, Al, B, TI) [15] [16]. In a recent
report, experimental investigations exploring the effect of concentration, aging, and annealing
time on the optical and structural properties of pure and Al doped ZnO thin films have been
presented [17]. The modification in the characteristic properties is known to depend strongly
on differences in the ionic radii of host ZnO and the impurity atoms [18]. The doping of
yttrium, boron, gallium, indium, aluminum, and thallium etc., may introduce lattice strain

because of difference in their radius (Y** =0.0900 nm, B** =0.0970 nm, In®* =0.0800 nm, AI**
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= 0.0535 nm, Ga** =0.0620 nm, TI** = 0.0885 nm and Zn** =0.0740 nm) [19] [20] [21] [22]
[23]. Among the discussed doping impurities, the scandium possesses the comparable ionic
radius to that of host zinc atom (Sc** =0.0745 nm, and hence Sc could be a suitable doping
element for ZnO to observe improved properties of the ZnO:Sc structure [19] [21] [22] [23].
As Sc** ion exactly fits in the size of Zn**, the conductivity of epitaxial Sc-doped ZnO thin
films is dominated by a degenerated interface layer with pronounced Sc accumulation in the
concentration depth profile and hence, scandium could be doped with higher concentrations
without causing any remarkable lattice strain in the resulting ZnO:Sc structure [23]. The
substation/placement of Sc®* ions at Zn®* lattice sites or on interstitial lattice positions in
Zn0:Sc films could bring about an improvement in electrical and optical characteristics of
ZnO. Moreover, the electrical conductivity of ZnO thin films has further been modified either
by non-stoichiometry of pure ZnO films or by doping a suitable impurity [24] [25] [26] [27]
[28] [29]. Although, the ionic radius of Sc* (0.0745 nm) is very close to that of Zn®* (0.0740
nm), the investigations on Sc doped ZnO thin films have rarely been reported. In 2000,
Minami et al. first reported Sc and Y doped ZnO films prepared by DC magnetron sputtering
using a target made up of a mixture of ZnO and Sc,03 (or ZnO and Y,03) powder [15]. C.-
Xing et al., have used RF magnetron sputtering to grow Sc doped ZnO films [30]. They
varied the annealing temperature from 250-300°C and observed optical transparency > 90% in
400-800 nm regime. In a couple of studies, Sharma et al., have deposited ZnO:Sc films
(derived by using sol-gel technique) on the corning (7059) glass substrates and investigated
their structural, electrical and optical properties [31] [5]. The authors varied the doping
concentration of scandium as well as the annealing temperature and observed 0.5 wt.% Sc

doping (annealing temp. 400°C) as the optimal concentration to achieve stable and better
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properties of ZnO:Sc films. The resistivities of the ZnO:Sc thin films were observed lower
than that of ZnO:Y thin films; the lowest resistivity (3.1 x10™ V cm) was obtained in the
Zn0O:Sc thin films for Sc,03 content of 2 wt.%. by Mehra et al. [32] [33]. Lin et al., [34-36]
reported Al-Sc co-doped ZnO films by RF- and DC-sputtering of the ZnO and Al-xSc
targets, respectively. Yumak et al., have obtained Sc doped ZnO films using sol-gel technique
by varying the dopant concentration from 1 to 7 wt. % [37]. The authors showed 1 wt.% Sc
doping as the optimal value to observe strong hybridization of Sc and O atoms. Recently,
Bosak et al, have used high frequency pulse-periodic laser action to grow Sc doped (0.9 wt.
%) ZnO films and have investigated the electro-physical properties. They proposed that the

main conduction mechanism in such films is current limited by space charge with deep trap.

The thickness of the deposited layer could play a crucial role in determine the crystalline
quality, preferred orientation and hence the electrical and optical properties of the grown
films. So, it becomes essential to investigate the effect of the film thickness on the structural,
electrical and optical properties of pure as well as Sc doped ZnO thin films. In this paper, we
have presented the experimental results based on pure and scandium doped ZnO (ZnO:Sc)
films deposited using spin coating technique of sol-gel process and demonstrated the

thickness dependence of the structural and electrical properties of Sc doped ZnO films.
2. Materials and Methods
2.1 Preparation of pure and scandium doped (ZnO:Sc) films

Sol—gel technique offers many advantages for the fabrication of coatings, including excellent
control of the stoichiometry of precursor solutions, ease of compositional modifications,

customizable microstructure, relatively low annealing temperatures, the possibility of coating
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deposition on large-area substrates, and inexpensive equipment. Sol-gel preparations are
therefore ideal for exploratory studies for a large number of materials, compositions or
preparatory conditions that require screening. So, in present study, we have used sol-gel
technique to obtain pure and Sc doped ZnO films. For that, the precursor solution was
prepared from zinc acetate dihydrate [Zn (CH3COOQ),+2H,0] (99.95%), (GR, Hayashi Pure
Chemical Ind. Ltd, Japan), anhydrous 2-methoxyethanol (AR, Ajax Chemicals, Australia) and
monoethanolamine [MEA] (CP, Bio-Lab, London). The solution containing MEA/Zn with
molar ratio of 0.2 was stirred for 5 min. An appropriate amount (0-1.5wt %) of scandium
nitrate hexahydrate [(ScNO3.6H,0), purity 99.9%] was introduced as a dopant. This mixture
was sonicated for about two hours. The resultant clear, transparent and homogenous solution
was used after 48 hours for film deposition. Microscopic corning glass (7059) slide substrates
were cleaned ultrasonically, first in acetone and then subsequently in methanol for ten
minutes each. They were further cleaned with deionized water for 20 minutes and finally
dried in the nitrogen atmosphere. The spinning speed and time were optimized to 3200 rpm
and 30s to ensure that each spun layer is thin enough to ensure the simultaneous evaporation
of all solvent, thus preventing the cracking of the films. The wet films were kept to hydrolyze
in air at room temperature for 5 minutes, then dried at 200 °C for next 10 minutes and finally
heated at 280 °C for 20 minutes in the air atmosphere with a heating rate of about 10 °C/min.
Thus, the drying process removed the residual organic solvents and organic groups in the
deposited gel film and converted the organic precursor film into a dense inorganic film. An
approximate thickness of 0.02 um was obtained for each spin. The above process of coating
and drying was repeated several times to increase the film thickness. In the present work, the

thickness of the films was in the range of 450-500 nm. Finally, the deposited films were
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annealed in air in the temperature range of 300-500 °C for 1 hr. A slow cooling rate was

maintained to avoid the possibility of stress in the films as expected in rapid cooling.

2.2 Characterization of pure and scandium doped ZnO films

Crystallite phase and orientation were evaluated by the X-ray diffraction method (XRD,
Philips PW 1830 Geiger counter diffractometer, PW 1830) using a monochromatized X-ray
beam with nickel-filtered Cuka radiation (A= 1.5418 A). A continuous scan mode was used to
collect 2(0) data from 30 to 40 degrees, with a 0.02 sample pitch and 4 deg/min scan rate.
Microstructure was investigated by the scanning electron microscope (SEM, JEOL JSM-
6300). Average surface roughness of the films was obtained by an atomic force microscope
(AFM, Burleigh- SPI 3700) with a scanned area of 5x5 um. The thickness of the films was
determined by DEKTECKS3-ST surface profilometer. Optical transmittance was obtained in
the wavelength range of 200-800 nm using the Shimadzu UV-3150 spectro-photometer. The
electrical resistivity (p) and the Hall coefficient (Ry) were measured by the van der Pauw
technique [38]. The sign of the Hall coefficient confirmed the n-type conduction of the films.
The composition of scandium doped ZnO films was determined by the Elemental Dispersion

Analysis using X-rays (EDAX) measurements.

3. Results and discussion

The pure as well as Sc doped ZnO films grown on Corning glass substrates were first
characterized for their structural properties using technique and then, the measurements for
electrical resistivity and optical transmission have been carried out. We have discussed these

results for pure ZnO films followed by Sc doped ZnO films.

3.1 X-ray diffraction studies of pure ZnO films

7
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The pure ZnO films of different thicknesses were deposited on corning glass (7059) slide
substrates using controlled spin coating. The variation in the film thickness was observed
almost proportional to the number of deposition cycles performed [Figure 1 (a)]. The linear
variation of film thickness with the number of cycles is representing a typical characteristic of
the sol-gel technique. Figure 2 (b) shows the X-ray diffractograms of ZnO films of different
thickness annealed at 400°C. A single peak corresponding to the c-axis orientation (002) of
very weak intensity was observed for the thinnest film (92 nm) [Fig. 2 (b). For the film of
thickness 163 nm, two other orientations corresponding to (101) and (100) were appeared
along with the (002) peak. On further increasing the thickness up to 642 nm, the intensity as
well as sharpness of (002) peak has been increased with the thickness of the film. This
indicates that the crystalline quality of the films improved on increasing the thickness of the

films.
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Figure 1: (a) Thickness of ZnO films as a function of number of deposition cycles, (b) X-ray
diffractograms of ZnO films with varying thickness annealed at 400-C, and (c) Variation of

film thickness on grain size and full width at half maximum (FWHM) of ZnO film.

The grain size of the films, initially, increased with film thickness (up to 416 nm) and get
almost saturated for more thicker films [Figure 2 (c)]. As the film thickness is increased, the
value of FWHM is decreased till its minimum at ~0.22 ° for film of thickness 416 nm [Figure
2 (¢)]. On further increasing the film thickness, the intensity of (002) peak did not show a

significant change whereas the FWHM showed a slight increase. The grain size as determined
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from the value of FWHM using Scherer’s relation [15] is found to increase from 9 to 26 nm

with an increase in film thickness.

As the sample thickness increased from 92 nm to 342 nm, the width of (002) peak narrows,
and its position has shifted to a higher 20 angle; closer to the corresponding (002) peak
position of powder standard (i.e., 34.44 in 20). This shift of larger angle indicated that the ‘d’
spacing of the (002) plane is decreasing, suggesting that thinner films contain residual
compressive macro strain. The decrease in the intensity of (002) peak with the increase in
thickness more than 416 nm, may be due to the degradation of film quality. This degradation
may be due to the loose structure of the films results in the FWHM and grain size changed
their behavior after 416 nm. It may be concluded from figure 2 that the film of thickness 416

nm exhibited the better intensity and FWHM values.

3.2 Optical properties of pure ZnO films

Transmittance measurements were carried out in the 300-800 nm range of spectrum to study
the effect of film thickness on the optical properties such as transmittance and band gap of
pure ZnO films [Figure 3]. The films of different thicknesses showed higher and constant
optical transparency (>84%), along with the interference fringe pattern, throughout the entire
visible range. However, the ZnO film of 416 nm exhibited the maximum transmittance
(~94%) for 416 nm thick film and the minimum transmittance was observed to be ~85% for
642 nm thick film. The average transmittance remains constant for all the samples for the

whole range of spectra recorded.

10
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Figure 3: Variation of percent transmission as a function of film thickness for ZnO films. The

increase in optical transmittance intensity can be understood with the help of the relation;

Il =1 e <d

o

where 1, is the intensity of transmitted light, I, is the intensity of incident light and d is the
thickness of film. The optical absorption co-efficient ‘o’ is measured as

1 100
o =—In
d T

where T is the transmittance which is also related to reflection as given in the equation below

T=(1-R Fe“

where R is the reflectance.

In a direct transition semiconductor, o and optical band gap Eq are given by
11
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n
ahv :A(hv - E, )2
where h is the Planck’s constant and v is the frequency of incident photon. The photon energy

at which o is zero is the band gap ‘Ey’ and is determined by the extrapolation of o? versus hv

(Tauc’s plot) graph on the x-axis.The dependence of Eg on carrier concentration is analyzed

EBM

considering the Burstein Moss (BM) model for the absorption edge shift A in an n-type

semiconductor which is given by

AEBM =(37’l: 2N)2/3 .2

2m*
where m* is the effective mass of the electron and N is the carrier concentration. Shift of the
optical absorption edge has been observed on increasing in the film thickness. This feature is
commonly observed for highly conducting films and is known as BM shift [39]. In the near-
infrared range, thickness affects the transmittance and a sharp decrease in the transmittance is
exhibited by all the samples. Figure 4 (a) shows the Tauc’s plot for optical band gap as a
function of film thickness for the ZnO films. It can be seen from the figure that the band gap
of ZnO films was observed to increase from 3.22 to 3.28 eV as the film thickness increased.
The increase in Eg with thickness may be attributed to the increase in the grain size and the
stress relieving process in ZnO films. The decrease in the transmittance for the films with
thicknesses > 416 nm may be due to the degradation in the films’ quality caused by the
reduction in the adhesion coefficient for source elements arriving at the substrate. So, the
decrease in the transmittance may be due to (i) the increase in the film thickness or in the film
roughness (i) the degradation in the films’ quality. This is supported by our XRD data as
shown in figure 1(b) and (c). The variation of sheet resistance with film thickness of the ZnO

films is shown in Figure 4 (b). The sheet resistance is observed to decrease with thickness up

12
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to 416 nm film thickness and, then started slightly increasing [Figure 4 (b)]. The minimum
sheet resistance of ~ 1071Q/o is obtained for a 416 nm thick ZnO film. The average optical
transmittance of the ZnO films was observed to increase with the film thickness since the
thickness 416 nm and, it decreased on further increasing the film thickness [Figure 4 (b)]. It is
clear that the sheet resistance can be brought down to a desired value by increasing the film
thickness but beyond 416 nm, the sheet resistance increases and hence, the 416 nm thick film

is found optimal with lowest sheet resistance and good optical transmittance.
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Figure 4: (a) Band gap calculation for ZnO films as a function of film thickness using Tauc’s
plot, (b) Average Transmittance and Sheet resistance of ZnO films as a function of film

thickness
3.3 Electrical properties of undoped ZnO films

Figure 5 shows the behavior of electrical resistivity (p), carrier concentration (n) and Hall
mobility (uy) of pure ZnO films as a function of film thickness. As can be seen, the resistivity
of the films was observed to decrease monotonically from ~ 1.2 x 10 ©Q-cm to 3.87 x 10° Q-

cm as the film thickness increases from 93 nm to 416 nm [Figure 5]. This behavior can be

13
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explained by examining the dependence of carrier concentration and Hall mobility as a
function of film thickness. The carrier concentration of the film was steadily increased on
increasing the film thickness up to ~ 416 nm. A maximum carrier concentration of 3.2 x10 %
cm™ is measured at this thickness. On further increasing the film thickness, a slight decrease
in the carrier concentration was observed. However, noticeable change in resistivity with

further increase in film thickness is observed.
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Figure 5: Resistivity (p), Carrier concentration (n) and Hall mobility (uy) of ZnO films as a

function of film thickness.

The Hall mobility of the films was increased initially from 12.76 to 153.7 cm?/Vs (as the film
thickness increases from 89 to 416 nm) and then, it decreased slightly to 86.45 cm?/Vs, on
further increasing the film thickness. The initial increase in the mobility with the film
thickness is likely due to the reduction of surface and grain boundary scattering [40]. The
decrease in the Hall mobility for films with thickness > 416 nm may be due to the degradation

of film quality as seen in the XRD analysis (increased values of FWHM). The lowering of the

14
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mobility has suggested the fact that the surface and grain boundary scattering are no longer
dominant scattering mechanisms. Other mechanisms such as ionized impurity scattering could

have limited the mobility of the films.

3.4 Characteristics of scandium doped ZnO films

3.4.1 X-ray diffraction studies of scandium doped ZnO films

The XRD patterns of the fabricated thin films have indicated the growth of Sc doped ZnO
film to prefer (002) crystalline orientation on plane of zinc oxide polycrystalline with
hexagonal wurtzite structure [Figure 6]. This (002) crystalline orientation of ZnO:Sc films
was earlier observed by Sharma et al. [31]. Figure 6 (a) indicates no change in ZnO hexagonal
wurtzite structure and no peak of Sc for homogenous scattering scandium atoms in ZnO
lattice [10]. Besides strong (002) peak, the (103) orientation can also be seen in Sc doped ZnO
films indicating a polycrystalline nature with preferential orientation along the c- axis. The
lowering of the crystalline quality of ZnO films on doping with Sc was observed, too, by
Chen et al. [21]. It can be seen from figure 6 (b) that the intensity and FWHM values of the
(002) orientation have been increased/decreased with the film thickness up to 456 nm. The
intensity of (002) peak is found to diminish (with a broadened FWHM) for thicker films. This
has clearly indicated the deterioration in crystalline quality of the films of thickness greater

than 456 nm.
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Figure 6: (a) X-ray diffraction patterns for ZnO:Sc films with different thickness and, (b)

FWHM of (002) XRD peak and the grain size for ZnO:Sc films with different thickness

According to the kinetics of crystal growth [41], the growing faces of a crystal are part of the
free surface of the film. These crystal faces correspond to the crystal shape at equilibrium and
are determined by the orientation of the crystal. A growth competition can start among the
neighboring crystals according to their growth types (i.e., to their orientation). The faster
growing crystals will grow over the slower growing ones. This competition is terminated
when only crystals exhibiting the same type of crystal faces proceed to the free surface. This
competitive crystal growth represents an orientation selection among the crystals resulting in
the competitive growth texture. This was probably why the crystallinity was increased when
ZnO:Sc film was thicker. The grain size of ZnO:Sc films with different thickness were
calculated using Scherrer’s formula [42] [43]. As depicted in figure 6 (b), the grain size

increased with increase in the film thickness up to 456 nm and then decreased. Also, the value
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of FWHM s decreased with thickness up to 456 nm and then showed an increase in
conformity with the variation of grain size.

3.4.2 Surface morphology of Sc doped ZnO films

The effect of Sc doping in ZnO on the morphological appearance was analyzed using
scanning electron microscopy (SEM) and atomic force microscopy (AFM) techniques. The
planar and cross-sectional SEM micrographs of Sc doped (0.5 wt. %) ZnO films of varying
thicknesses is shown in figure 7. Cheng et al. [44] demonstrated the synthesis of ZnO
colloidal spheres by the sol-gel method. The formation of uniform tightly packed grains can
be clearly seen in the micrographs. The size of the grains is found to increase with an increase
in thickness of the film. The cross-sectional image clearly indicated a columnar growth of the
grains perpendicular to the surface of the substrate. It can be seen that, for the film thicknesses
of 349 nm and above, it took place the formation of nanorods. Also, the height of the
nanorods is increased and the tip of the rods became dominant at 456 nm thickness. However,
on further increasing the thickness, the textures indicated the disappearance of nanorods with
clear grain boundaries. As the thickness is further increased to 613 nm, the nanorods have
disappeared and junk of wires appears, hinting at degradation of film surfaces. We found that
the optimum ZnO:Sc layer thickness condition of 456 nm, the Zn*? can effectively decrease
the probability of bimolecular recombination either at the Sc** interface or within the active
layer itself. [46]. It is worth to mention here that the SEM analysis has, too, showed better

morphology for the films of thickness 456 nm.
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Figure 7: SEM images of Sc doped ZnO films of different thicknesses (164 nm, 349 nm, 456

nm, 534 nm, and 613 nm).

X 1.000 pw

Figure 8: The 3D AFM images of Sc doped ZnO films of different thicknesses.
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Figure 8 (a-e) shows the 3D AFM images of Sc doped ZnO films (0.5 wt% and annealed at
400-C) of varying thicknesses. It can be seen easily from the AFM images that the grown
films consist of homogeneous distribution of nanosized particles on the surface of the film.
The AFM images indicated that the sizes of nanoparticles have initially increased with the
film thickness from 164 nm to 456 nm and then it decreased for thicker films. This could

happen due to the increased surface roughness of the films having thickness > 456 nm.
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Figure 9: The variation in crystal size with thickness of Sc doped ZnO films as obtained by

AFM measurements.

Figure 9 shows the variation in the crystal size with the thickness of the films. As can be seen

from the figure that the variation in the crystal size is supportive to the results obtained by

19

VOLUME 12, ISSUE 11, 2022 PAGE NO: 82



Journal Of Electronics Information Technology Science And Management ISSN NO : 0258-7982

AFM analysis. Clearly, the films of thickness 456 nm are found to have better morphology

with biggest grain size.
3.4.3 Optical properties of Sc doped ZnO films

Figure 10 shows the variation of transmittance measurements and Tauc’s plot for varying
thickness of 0.5 wt. % Sc doped ZnO films recorded in the 300— 800 nm range of spectrum.
As can be seen from the figure, the films exhibited higher values of optical transmission
(>84%) with interference fringe pattern in the visible region. The optical transmission was,
however, decreased substantially at short wavelengths near the ultraviolet range for all the
films. It is worth to notice that the film of thickness 456 nm showed maximum transmission

>90% in the visible region.
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Figure 10: (a) Variation of T % as a function of film thickness and (b)Tauc’s plots of ZnO:Sc

films as a function of film thickness.

The spectroscopic data in the UV region has showed a shoulder for thinner films (164-349 nm)

[Figure 10 (a)]. This could occur due to the larger surface-to-volume ratio for such films and
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larger number of defects resulted in distortion of crystallites. Therefore, the Zn*? with the ‘d’

electron energy level could be split by the effect of crystal field, resulting in the shoulder at

short wavelengths. Figure 10 (b) shows the plot of (ahv)? vs photon energy (hv) for 0.5 wt. %

scandium doped ZnO films annealed at different thicknesses. The band gap has increased from

3.272 ev to 3.31 eV on increasing the film thickness from 64 nm to 613 nm due to the

improvement in crystallinity. The absorption edge was observed at a slightly lower wavelength

range for thinner ZnO:Sc film due to the variation in grain size [46] and/or carrier

concentration [47] [48]. The results of XRD [Figure (6)], too, showed that the thinner ZnO:Sc

films (164-349 nm) contained relatively small grain size and due to the same, the blue shift has

occurred.

Table 1: The sheet resistance, average visible transmission and figure of merit of scandium

doped ZnO films with different thickness.

ZnO:Sc film Transmission T Sheet Figure of merit @
Thickness (Visible region) resistance Rgp, @
(nm) (Q /square) (A = 300-800 nm)
164 0.881 737x10° 119x10°"
349 0.913 810.8x10 1126x10”
456 0.946 771 1226x10°
534 0.904 107.1x10 844x107
613 0.882 46x10° 1917x10°"
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Table 1 summarizes the figure of merit vs. deposition thickness for the ZnO:Sc films. A figure
of merit (@ = T*%/Rsh, where T is the optical transmittance and R, is the sheet resistance) was
defined by Haacke et al. [49] and it provides a criterion for the performance of a film. In the
visible region, the figure of merit was higher for 456 nm film than the others. It is because the
Zn0O:Sc films with 456 nm in thickness simultaneously had low sheet resistance (771 Q /

square) and high average visible transmission ~ 94% [Fig 10 (a) and (b)].
3.4.4 Electrical properties of scandium doped ZnO films

The influence of film thickness on resistivity (p), carrier concentration (n) and Hall mobility
(un) of ZnO:Sc films is shown in figure 11. It is observed that, when the film thickness is less
than 164 nm, resistivity is >10° Q-cm. However, as the film thickness increases, the
resistivity has decreased rapidly from ~ 1.23x10%'Q-cm (at 89 nm thick) to 2.8x10° Q-cm (at
349 nm thick). On increasing the thickness further, the resistivity has decreased slowly to the
lowest value of ~3.52x10™* ‘Q-cm. The lowest resistivity was found to be for the film having
thickness 456 nm. With further increase in the film thickness up to 613 nm slight increases in
the resistivity was observed. Resistivity increases from 5.72 x 10 Q-cm (at a thickness of
534 nm) to 2.8 x 10° Q-cm (at a thickness of 613 nm). Jeong et al [50] reported the increase
in the resistivity with increase in film thickness. This behavior can be explained by examining
the dependence of carrier concentration and Hall mobility as a function of film thickness.
Carrier concentration was increased rapidly with the increase in film thickness up to ~ 456 nm
and there after it decreased slowly. A maximum carrier concentration of 3.27x10% cm? is
measured at a film thickness of 456 nm. On further increasing the film thickness the carrier
concentration was observed to decrease. The carrier concentration is found to decrease from

3.27x10%%m™ to 4.6 x 10*° c¢cm™ with the increase in thickness from 546 nm to 613 nm.
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Mobility decreases initially from 132.5 to 40.28 cm?/Vs (as the film thickness increases from
89 to 456 nm) and it decreases linearly from 31.86 to 12.76 cm?/Vs with further increase in
the film thickness up to 613 nm [51]. Both the mobility and carrier concentration increased
with the increase of film thickness up to 456 nm and then decreased. The decrease in the
mobility is likely due to the reduction of surface and grain boundary scattering, which
decrease with the increase of film thickness. The increase in the resistivity and decrease in
carrier concentration and Hall mobility may be due to the degradation of film quality (546 nm
to 613 nm). Observance of higher resistivity values for thinner films could be attributed to
poor crystallinity of the films (Figure 11). These films consisted of a few atomic layers of
disordered atoms [52] as observed from SEM and AFM images [Figure 7 and 8]. Since the
atoms in the poorly crystallized area were disordered, there could be a large number of defects
due to incomplete atomic bonding. The surface-to-volume ratio was large for the thinner
films, and more defects acting as scattering centers in the thinner films. This resulted in the
formation of trapping states which are capable of trapping carriers thereby immobilizing
them. This has reduced the number of free carriers available for electrical conduction. After
trapping the mobile carriers, the traps become electrically charged, creating a potential energy
barrier which impedes the motion of carriers from one crystallite to another, thereby reducing
their mobility [53]. Not many carriers were probably released from the poor crystallized area

[54].
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Figure 11: The resistivity (p), carrier concentration (n) and Hall mobility (uy) as a function of

thickness of scandium doped ZnO films.

The poor crystallinity resulted in lower carrier concentration and hence, the conductivity was
affected by carrier concentration and mobility in this study. The resistivity p is proportional to

the reciprocal of the product of carrier concentration n and mobility py [55].

4. Conclusion

High quality transparent and conducting pure and Scandium doped (0.5 wt. %) ZnO films
were obtained by spin coating using sol—gel technique. The effect of thickness of the grown
films on its structural, electrical and optical properties has been experimentally investigated.
The electrical resistivity of Sc doped ZnO films was found to decrease considerably (from
1.23x1072 to 3.52x10™* ‘Q-cm) on increasing the film thickness from 89 to 456 nm. The figure
of merit was found higher for 456 nm thick Sc doped ZnO film in the visible region. It could
be attributed to the low sheet resistance (771 Q / square) and high average visible

transmission ~ 94%. It has been found that characteristics of the films is highly dependent on
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its thickness and, the film of thickness 456 nm was observed to exhibit the better morphology
as well as electrical properties. Such films would find application as solar cell window
material. The ZnO doped with Sc (I11) ions considered as a low-cost and environment-friendly
antibacterial material with highly synergistic antimicrobial activity. The successful growth of
conducting and epitaxial ZnO:Sc films on sapphire without using buffer layer demonstrates
the feasibility of utilizing these films for optoelectronic devices applications at low cost and

on large area substrate.
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