Indonesian Physical Review

Volume 6 Issue 3, September 2023
P-ISSN: 2615-1278, E-ISSN: 2614-7904

Structure And Morphology Analysis Of Annealing Post-
Treatment Thin Film Titanium And Copper-Doped Zinc Oxide

Budi Astutil”, Niswatul Abidah?, Egy Awalia Fatiha!, Krisna Ardi Nugraha!
Department of Physics, Faculty of Mathematics and Natural Sciences, Universitas Negeri Semarang

Corresponding Authors E-mail: b_astuti79@mail.unnes.ac.id

Article Info

Abstract

Article info:

Received: 27-03-2023
Revised: 30-06-2023
Accepted: 08-08-2023

Keywords:

Thin film; Annealing
temperature; Spin coating;
Ti-Cu doped ZnO

How To Cite:

B. Astuti, N. Abidah, E. A.

Fatiha, and K. A. Nugraha
"Structure and
Morphology Analysis Of
Annealing Post-Treatment
Thin Film Titanium And
Copper Doped Zinc
Oxide," Indonesian
Physical Review, vol. 6,
no. 3, p 334-345, 2023.

DOI:
https://doi.org/10.29303/ip
r.v6i3.235

Ti-Cu doped ZnO thin film has been successfully deposited on a
preparate glass substrate using the spin coating method with post-
treatment annealing temperatures of 350°C - 550°C. This research
analyzes the structure and morphology of Ti-Cu doped ZnO thin films
on DSSC performance. The crystal structure of Ti-Cu doped ZnO thin
film was characterized using X-Ray diffraction (XRD) to determine
the effect of annealing temperature on the quality of its crystal
structure. XRD results show that the crystal structure is dominant in
the (101) plane, with lattice parameters in the crystal tending to be
constant at a =b = 5.21 and c = 3.25 so that the crystal volume tends
to be constant at 47.77 A. Furthermore, the FWHM value tends to
decrease from 0.4419° to 0.2523¢, crystal size tends to increase from
19.76 nm to 34.60 nm, dislocation density decreases from 0.0025 nm-
2 to 0.0008 nm2, stress decreases from 0.58% to 0.33%, and strain
tends to increase from -1.364 GPa to -0.782 GPa. This indicates an
improvement in crystal structure along with the addition of an
annealing temperature of 350°C - 550°C. The SEM results showed that
an annealing temperature of 450°C is a good temperature compared to
other film variations, as evidenced by the agglomeration's narrowing
and the grain size decrease.

Copyright © 2023 Authors. All rights reserved.

Introduction

Thin films have been widely applied in the industrial sector, among others, such as transistors
[1], dye-sensitized solar cell [2], windows layer [3], sensors [4], display devices [5], TCO
(Transparent Conducting Oxide) [6], and photoanodes [7]. Dye-sensitized solar cell (DSSC) has
four main components: conducting glass substrate, photoanode, counter electrode, and
electrolyte [8]. The semiconductor material used as the base material of DSSC must have high
chemical stability, morphology structure with good homogeneity, and high electron mobility

[°].
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Researchers generally use semiconductor materials as hosts, such as Mn3;O4 [10],5SnO: [11], TiO2
[12], VO [13], and ZnO (Astuti et al., 2021). Semiconductor material ZnO is widely chosen as
a host or buffer for thin film layers because ZnO has a wide band gap energy (3.37 eV), higher
electron mobility than TiO, (115 — 155 cm?V-1s-1), a large enough excitation energy of 60 meV,
stable against photo corrosion, cheap and easily available [15], [16]. This indicates that ZnO is
suitable for DSSC. However, pure ZnO thin films still have the potential to experience
conductance changes caused by oxygen adsorption and chemisorption [17]. Therefore, it is
necessary to dope the ZnO thin film layer to overcome this issue.

Some metals that can be doped with ZnO are Fe [18], Al [19], Mg (Astuti et al., 2021), Cu [20],
Ti [21]. When ZnO is doped with Ti-Cu, the thin film increases absorbance, has a high
refractive index (2.09), and has a smaller band gap energy than pure ZnO thin film [22].
However, few studies have identified the structure and morphology properties of Ti-Cu doped
Zn0O thin film with varying annealing temperatures. Annealing temperature variation can
significantly affect the crystal structure and morphology of DSSC. Annealing temperature
variation can increase the diffraction peak and better crystallinity quality of the film at higher
annealing temperatures [23], [24] show that the optimum annealing temperature can improve
the quality of the crystal structure. In addition, varying the annealing temperature can affect
the size and distribution of photosensitive particles, affecting the efficiency of light absorption
and electron transfer [25]. Increasing the annealing temperature can cause changes in the
crystal structure of the thin film. The atoms can obtain enough energy to move and reach a
more stable position, reducing crystal defects and increasing the crystal order in the thin film
[26].

The growth of Ti-Cu doped ZnO thin film can be grown through several methods, such as sol-
gel spin coating [27], spray pyrolysis [28], hydrothermal [29], and sputtering [30]. The sol-gel
spin coating method is a method that utilizes sol-gel (precursor solution) to coat the substrate
surface with a fast deposition process, a thickness that can be controlled by adjusting the speed
of the centrifugal spinner, more even distribution of material on the substrate surface,
controllable film composition, high homogeneity, reproducibility, and low production costs
[31], [32].

The obtained Ti-Cu doped ZnO thin films can bed characterized by several techniques. Some
characterization techniques are UV-Vis light measurement, electron microscope, and X-Ray.
X-Ray measurements are important because these techniques are used to determine the
characteristics of thin film materials by identifying the crystal phases of a material [33]. One is
the X-Ray measurements, namely X-Ray Diffraction (XRD). XRD measurements are important
for Ti-Cu doped ZnO thin film to determine the crystal phases, crystal plane, crystal size,
crystal orientation, and crystal quality obtained [34]. The sample characterization results
obtained are based on crystallinity, such as JCPS, to ensure the suitability of the sample to be
achieved.

Based on the above description, this study synthesizes and characterizes the Ti-Cu doped ZnO
thin film layer as a Dye-Sensitized Solar Cell (DSSC) application. The Ti-Cu doped ZnO thin
film layer has been deposited and annealed with different annealing temperatures to improve
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the quality of the thin film crystal structure based on XRD characterization results such as
lattice parameters crystal structure based on hexagonal systems, dislocation lines, strains, and
stress.

Theory and Calculation

A thin film is a thin semiconductor material layer that measures nanometers to no more than
10 pm [35]. Thin film coating on solar cells is made based on oxide semiconductors, such as
Zn0O, TiO,, and CuO. TiO, and CuO double-doped ZnO thin films have previously been grown
by Mehmood et al. (2021) with post-treatment variations in CuO concentration (0%; 0.5%; 1%;
1.5%) using the dip coating method. The results showed that TiO, and CuO-doped ZnO thin
films have a hexagonal wurtzite crystal structure. The structure of the thin film can be
calculated using the XRD test results and analyzed, which are then used to determine peak
intensity, 26 peak location, texture coefficient (TC), lattice parameters (a = b, c), volume (V),
FWHM, crystallite size (D), grain size (), strain (¢), and stress (0).

TC calculation determines the most dominant crystal plane among other crystal planes. The
dominant crystal plane has a TC value > 1. TC can be determined by equation (1).
I(hkl)
___Io(hkD)
TC =1 (1)
n “I0(hkl)

TC represents the texture of the coefficient, I(hkl) is the intensity of XRD measurement, Io(hkI)
is the reference intensity of X-ray scattering, and n is the number of reflections of the XRD
diffraction pattern. Based on TC calculations, the dominant structure of the thin film can be
known, which will then become the focus of discussion to determine lattice parameters,
volume, and others. Lattice constants parameters of Ti-Cu doped ZnO are calculated by
equation (2)

(2)

1 4 ((h2+hk+k)) " 1?
dz 3 a? c?
Here (h, k, 1) are Miller indices, and "d" is d-spacing and of hexagonal structure. The obtained
lattice parameter values are used to determine the hexagonal structure unit cell volume with

equation (3).
V=0868xa’xc )

With V being the unit cell volume of the hexagonal structure, 2 = b and c being the lattice
parameters of the hexagonal structure. The quality of the crystal structure can further be
identified from the crystallite size using Scherrer's equation (4).

092
- Lcoscos 0

(4)

With D as the crystallite size, A as the X-ray wavelength (A = 0.15046 nm, 0 as the diffraction
angle, and f as the FWHM (Full Width at Half Maximum). The results of the crystallite size
calculation can determine the magnitude of the dislocation line as shown in the equation (5).

8§ =1/D? (5)
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Where 0 is the dislocation density and D is the crystal size. Equation (5) shows that the
dislocation density is inversely proportional to the crystal size. Furthermore, The quality of
the crystal structure can then be known by the strain value on the crystal. The strain value can
be known using the Calculation of equation (6).

f = 4¢ tanb (6)

where f is the FWHM value, ¢ is the amount of strain on the crystal structure, and 0 is the
diffraction angle (hkl). The strain value obtained is used to determine the stress value with the
formula equation (7) [27].

o= —233¢ )

Where o0 is the stress value on the thin film and ¢ is the magnitude of the strain on the crystal
structure. The small value of strain indicates crystals that are not easily dislocated.

Experimental Method

Materials prepared as Ti-Cu double-doped ZnO precursors were Zinc acetate dehydrate
(Merck, 99.5%), Copper (II) acetate monohydrate (Merck, 99.5%), Thiourea (Loba Chemie,
99%). The solvent used 2-Propanol (Merck, 99.8%) and monoethanolamine (99%). The
substrate used preparate glass (Sail Brand) cut into 1 cm x 1 cm size, washed using methanol
and acetone in an ultrasonic bath for 15 minutes, and dried using nitrogen. Sol solution was
prepared by dissolving 1.632 grams of zinc acetate dehydrate (Zn(CH>COO)2.2H20) into
isopropanol solvent (15 mL), then stirred using a magnetic stirrer at 60°C for 15 minutes. In
the same way, add 1% copper (II) acetate monohydrate (Cu(CH;COO)2.HO) (0.0149 gram).
Once homogenized, add 1% titanium oxide (TiO) and stir for 60 minutes. The homogeneous
solution was added to ethanolamine stabilizer and stirred for 60 minutes. Next, the solution
was allowed to stand for 24 hours at room temperature for the aging process. Ti-Cu doped
ZnO precursor solution (0.01 mL) was deposited on a substrate previously heated on a hot
plate at 120° C for 10 minutes. The Ti-Cu doped ZnO thin film was grown using the sol-gel
spin coating method at 3.400 rpm for 15 seconds. Next, the Ti-Cu doped ZnO thin film was
annealed with a preheating temperature of 300° C for 15 minutes. Preheating aims to evaporate
solvents and organic components in the thin film. To get a good thin film, then holding for 120
minutes in the annealing process for temperature variations of 350° C, 400° C, 4500 C, 500 C,
and 550° C. Ti-Cu doped ZnO thin films obtained, characterized using X-Ray diffraction (XRD)
from D8 Advanced.

Result and Discussion
Structure

The crystal structure of Ti-Cu doped ZnO thin films has been obtained from XRD
characterization displayed in Figure 1. The results of XRD analysis show data on texture
coefficient (TC), lattice parameters (a = b, c), volume (V), FWHM, crystallite size (D), grain size
(0), strain (¢), and stress (0). The diffraction peaks of Ti-Cu doped ZnO thin film are dominant
at three diffraction peaks, namely 20 = 31.8; 34.5; and 36.4 corresponding to planes (100), (002),
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and (101), respectively. In addition, other diffraction peaks are visible in Figure 1, namely (110)
and (013). The diffraction peak (110) with 260 = 56.9 for an annealing temperature variation of
350°C and 26 = 56.7 for an annealing temperature variation of 550 °C, while the diffraction
peak (013) at 20 = 63.0 with annealing temperature variation of 550 °C. The data obtained
confirms that the crystal structure of Ti-Cu doped ZnO thin film is hexagonal wurtzite
polycrystal type and is following JCPDS No.96-901-1663 [36].
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Figure 1 Spectrum analysis XRD Ti-Cu doped ZnO thin film.

{(100)Ho2)H(01)H
I . 350°C

Based on Figure 1. shows the diffraction peaks of the crystal planes (001), (002), and (101) have
almost uniform intensity. This is due to the thickness of the film, which is quite thin. Therefore,
it is necessary to calculate the texture coefficient (TC). The TC calculation results are shown in
Table 1. Shows that the crystal plane structure (101) has a TC value > 1 for all annealing
temperature variations. This is because the (101) crystal plane structure is required for DSSC
applications. For further discussion will be focused on the crystal plane (101).

The quality of the characteristics structure is can be known from lattice parameters (a = b, c).
The values of lattice parameters 4, b, and c in the crystal structure didn't change the structure
of the crystal plane. This can be seen in Table 2. which shows that the lattice parameter values
have fixed values at all annealing temperature variations, which are around a =b =5.21 A and
¢ =3.25 A. The constant lattice parameter values indicate the incorporation of Ti and Cu into
the ZnO lattice does not produce a new phase. The lattice parameter values of Ti-Cu doped
ZnO thin films follow JCPDS No.36-1451 [36]. The constant lattice parameters indicate that the
interatomic distance and bond angle are constant so that they can cause a change in DSSC
efficiency.
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Table 1. Structure and lattice parameters of Ti-Cu doped ZnO thin
films with varying annealing temperatures (350° C-550° C)

T(°C) hkl
100 002 101
0 0 0.2182 0
350 0.9993 0.7903 1.2103
400 11182 1.0615 1.2103
450 0.9993 0.7903 1.2103
500 1.1182 1.0615 1.2103
550 0.9993 0.7903 1.2103

This is because the crystal structure, electrical conductivity, and electron transfer efficiency of
the thin film can be affected by changes in temperature. As the temperature increases, the
atoms in the thin layer oscillate faster, altering the crystal structure. As a result, efficiency
varies with temperature while lattice parameters remain constant [37]. Besides the lattice
parameter, the unit cell volume obtained also has a value that tends to be constant at all
annealing temperature variations of 47.77 A3, This shows that the annealing temperature does
not affect the volume of the crystal plane structure.

Table 2. Resume of structure and lattice parameters Ti-Cu doped ZnO thin film with various
annealing temperatures annealing (350 °C-550 °C)

350 °C 400 °C 450 °C 500 °C 550 °C

a=b,c(A) a=b=521 a=b=521 a=b=521 a=b=521 a=b=521
c=325 c=325 c=325 c=325 c=325

\Y 47,77 47,77 47,77 47,77 47,77

(A)?

FWHM (°) 0,4419 0,2232 0,2838 0,2664 0,2523

D (nm) 19,76 39,12 30,77 32,78 34,60

8 (nm?) 0,0025 0,0006 0,001 0,0009 0,0008

e (%) 0,58 0,29 0,37 0,35 0,33

o (GPa) 1,364 -0,690 -0,878 -0,823 -0,782

Table 2. also shows that the FWHM value is affected by the different annealing temperatures.
The addition of annealing temperature resulted in the thin film tending to narrow the FWHM
from 1.7187¢ to 0.7077¢. The smaller FWHM value indicates better crystal quality because the
smaller the FWHM,; the easier it is for the atoms to set the bond length and direction [38]. The
FWHM value is inversely proportional to the crystal size. The smaller the FWHM value, the
larger the crystal size, which means the higher the DSSC efficiency, and otherwise. it is shown
in Figure 2.
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Figure 2. Relationship between FWHM value and crystallite size

The crystal size obtained at each annealing temperature variation is 29.76 nm; 39.12 nm; 30.77
nm; 32.78 nm; and 34.60 nm. The increase was quite drastic at 400°C, which was influenced by
the decrease in FWHM value. The decrease in FWHM value may occur due to strains. Strain
can occur due to differences in the radius of Zn?* ions (r = 0.074 nm), the radius of Ti** ions (r
= 0.068 nm), and the radius of Cu?* ions (r = 0.096 nm) [39], [40]. After that, the crystal size
decreased when the temperature was 450°C. The smaller crystal size can increase the light
absorption efficiency because it increases the contact surface area with the electrolyte.

The quality of characteristics of thin film structure further on dislocation line. Dislocation line
density is inversely proportional to the crystal size. The larger the crystal size, the smaller the
dislocation density. A large dislocation density indicates many defects in the crystal structure,
causing lattice distortion, while a small dislocation density indicates an improved crystal
structure. A high dislocation density indicates many defects in the crystal structure, leading to
lattice distortion, while a low dislocation density indicates a better crystal structure. High
dislocation density can lead to higher electron-hole recombination and reduce energy
conversion efficiency. [41]. Table 2 shows a decrease in dislocation density in the sample from
0.0025 nm to 0.0008 nm-2. This means that the Ti-Cu doped ZnO thin film has an improved
crystal structure and the addition of annealing temperature. The decrease in dislocation line
density in the crystal structure occurs due to the addition of annealing temperature giving
more space for atoms, so they can shift and shift to form perfect crystals [42].

Furthermore, the quality of the crystal structure can then be known by the strain value on the
crystal. The small value of strain indicates crystals that are not easily dislocated, while the
small value of stress indicates the weak binding force of the atoms that make up the crystal. It
is known that the addition of annealing temperature increases stress value. It can be assumed
that the addition of annealing temperature triggers the strength of the binding force between
atoms so that the arrangement of the atomic configuration becomes more stable.
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Morphology

SEM images of ZnO doped Ti-Cu with post-treatment annealing 0 °C, 350 °C, 400 °C, 450 °C,
500 °C, 550 °C are shown in Figure 3a to Figure 3f.
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Figure 3. Mophology of Ti-Cu double-doped ZnO thin films with varying
annealing a.) 0 °C, b.) 350 °C, c.) 400 °C, d.) 450 °C, e.) 500 °C, e.) 550 °C at 15,000 times
magnification

Figure 3a. The pure ZnO thin film sample without annealing shows a cloudy surface [43].
Furthermore, the surface is cloudy after the ZnO thin film is doped with Ti-Cu and post-
treated. After doping the ZnO thin film with Ti-Cu and post-treating with different annealing
temperatures, the surface of the thin film is granular. The granular shape is a of grain and
crystal growth [44]. When the thin film is subjected to different annealing temperature
treatments, the atoms in the sample have enough energy to vibrate. have enough energy to
vibrate to occupy a more stable position. The addition of annealing temperature results in heat
vibrational energy, affecting the speed of atomic fusion to cross grain boundaries and join
between grains into large structures. Figure 3b. to Figure 3f. also shows the agglomeration or
clumping of the thin film surface morphology, such as the thin film surface's sample size and
grain size, which becomes narrower as the annealing temperature increases. Agglomeration is
a condition where small grains combine to form larger structures due to an increase in physical
properties such as temperature.

Furthermore, Figure 3b to Figure 3f also confirms the XRD data that the 450°C annealing
temperature is a thin film layer with uniformity. It is the thin film layer with the most optimal
uniformity among the other thin film samples. This is evidenced by the appearance of
agglomerated grains in Figure 3a to Figure 3b. The figure shows that when the sample is
annealed at a temperature of 350°C, the sample experiences a large amount of agglomeration.
Then, after increasing the annealing temperature (400 °C-450 °C), the agglomeration narrowed.
It widened when the sample was annealed at a temperature of 500°C.
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Conclusion

The spin coating method deposited ti-Cu doped ZnO thin films on the prepared glass
substrate. This study aims to determine the effect of annealing temperature on the structure
and morphology of Ti-Cu doped ZnO thin films. XRD analysis results show that all annealing
temperature variations have a hexagonal wurtzite-shaped crystal structure with an increase in
crystal size, a decrease in dislocation density, a decrease in strain, and an increase in stress in
the crystal structure of Ti-Cu doped ZnO thin films with increasing annealing temperature.
Meanwhile, the SEM results show a change in the surface morphology characterized by a
change in the surface shape from cloudy to granular and a change in the degree of
agglomeration with the addition of annealing temperature, as for the agglomeration
narrowing when the annealing temperature is 450°C.
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