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Avrticle Info Abstract: Undoped ZnO and Sn- and Cu-doped ZnO thin films were fabricated
) on ITO substrates via the SILAR method for this study. The films were then
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Online August 2024 undoped ZnO thin films displayed a spherical surface morphology, while the Sn-

doped ZnO thin films exhibited a nano-flower surface morphology. On the other
DOI:10.53433/yyufbed. 1397221 hand, the Cu-doped ZnO thin films demonstrated a relatively thicker and flat
layer, as well as a fractured surface morphology that resulted in voids. The level

Keywords of crystallization and transmittance values augmented upon doping. With Cu
Cu and Sn doping, doping, n-p heterojunction structure was obtained from ZnO/ITO films. Hence, it
ITO, is inferred that the generated Cu doped ZnO/ITO films can serve as alternative
;' IE)AfRI method, transparent conductive films (TCO) due to their low resistivity.
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Giines Pili icin Fotoanot Olarak ZnO/ITO, Sn ve Cu Katkii ZnO/ITO Filmleri: Uretim
ve Karakterizasyonu

Makale Bilgileri Oz: Bu ¢alisma icin katkisiz ZnO ve Sn- ve Cu katkili ZnO ince filmler ITO
alttaglar {izerinde SILAR yo6ntemi ile tretilmistir. Filmler daha sonra yapisal,
yiizeysel, optik ve elektriksel karakterizasyona tabi tutulmustur. Katkisiz ZnO
ince filmler kiiresel bir yiizey morfolojisi sergilerken, Sn katkili ZnO ince filmler
nano-cigek yiizey morfolojisi sergilemistir. Ote yandan, Cu katkili ZnO ince
DOI:10.53433/yyufbed. 1397221 filmler pispeten daha kahll.l ve diiz bir. ta.bakan.ln yant sira bo§1uk.larla songglana_n

kirik bir yiizey morfolojisi gostermistir. Kristallesme seviyesi ve gegirgenlik
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Anahtar Kelimeler degerleri katkilamayla birlikte artmistir. Cu katkisi ile ZnO/ITO filmlerinden n-p
Cu ve Sn katkis, heteroeklem yapisi elde edildi. Bu nedenle, iiretilen Cu katkili ZnO/ITO ince
ITO, filmlerin diisiik direngleri nedeniyle alternatif seffaf iletken filmler (TCO) olarak
SILAR yontemi, hizmet edebilecegi sonucuna varilmistir.

ZnO filmler

¥ This study is produced from Master thesis "The Growth of Doped ZnO Thin Films by The SILAR Method and Investigation
of Structural, Optical and Electrical Properties™ prepared by Dheyaaldain Mohammed Hussein ALHASANI in 2023 under the
supervision of Assoc. Prof. Dr. Ilker KARA.
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1. Introduction

Zinc oxide (ZnO) thin films are important 11-VI semiconductors due to their significant exciton
binding energy (60 meV) and wide band gap (approximately 3.3 eV) (Alwadai et al., 2021). The crystal
structure of ZnO thin films is typically wurtzite (Devi et al., 2020). They have wide applications in
various fields such as solar cells, gas sensors, light-emitting diodes (LEDSs), laser systems, and
transparent conductors due to their good structural, optical, and electrical qualities (Kaphle & Hari,
2018; Wang et al., 2018; Saini et al., 2020; Zhang et al., 2022; Saravanan et al., 2023; Rashid et al.,
2024; Xiao et al., 2024). ZnO films have been extensively studied in recent years, particularly in the
fields of optoelectronic devices and solar cells (Gen¢yilmaz, 2018; Klochko et al., 2018). They can be
produced using various physical and chemical techniques. These techniques include magnetron
sputtering, thermal evaporation, chemical bath deposition and pulsed laser deposition (PLD) (Li et al.,
2024; Gengyilmaz et al., 2024; Alsultany et al., 2016; Thobega et al., 2024; Wang, 2023). Various
techniques have been used for the synthesis of the material, including chemical vapour deposition, spray
pyrolysis, sol-gel, and successive ionic layer adsorption technique (Devi et al., 2020; Li et al., 2024;
Kumar et al., 2018; Saravanan et al., 2023; Cruz et al., 2023; Sahin et al., 2022; Ashith et al., 2018).
Among these techniques, the SILAR technique stands out due to its practicality, economy, and
reproducibility.

However, the physical properties of ZnO films vary depending on the size, orientation, and
surface quality of the grains, as well as the conditions under which the material is prepared and the
processes used. The technique employed in production, the substrate on which the films are deposited,
and the doping process significantly affects the physical properties of the films. In particular, the
structural characteristics of ZnO films are greatly influenced by the substrate used in their formation.
Various studies in the literature have investigated the use of substrates such as silicon, quartz, sapphire,
FTO, and ITO in the production of ZnO (Tang et al., 2024; Solaymani et al., 2021; Chaitra et al., 2021;
Klochko et al., 2019). Recently, metal doping of ZnO films with Ga, Ti, Al, Si, Sn, and Cu has led to
the development of materials with enhanced optical characteristics and high conductivity (Dhamodharan
et al., 2015).

The study employed the SILAR process to produce ZnO films on ITO substrates. The films
were either undoped or doped with Sn and Cu. The impact of Sn and Cu doping on the electrical, surface,
structural, and optical characteristics of ZnO films grown on an ITO substrate was investigated.

2. Material and Methods

The Successive lonic Layer Adsorption and Reaction (SILAR) method is an economical and
flexible technique for creating thin films (Kadem et al., 2017). It has a wide range of applications in
scientific research, materials science, solar cells, sensors, and optoelectronic devices. The SILAR
method enables precise control over the thickness and desired properties of thin films, making it a
straightforward and accessible means of regulating their growth. The study involved the growth of
undoped, Sn-doped and Cu-doped ZnO films using the SILAR method.

2.1. Preparation of substrate materials

Zn0O, Sn and Cu doped ZnO films were grown on an indium tin oxide (ITO) substrate. The ITO
coated glass materials used were TEC8 model, 25 mm x 25 mm, 2 mm thick. Prior to modification, the
ITO coated glasses underwent cleaning. They were first rinsed in soapy water to remove any material,
and then cleaned using an ultrasonic cleaner and acetone for ten minutes. Finally, they were washed
using an ultrasonic cleaner for 10 minutes in a 1:1 ethanol-water solution.

2.2. Production process
([Zn(NH3)4]**) zinc-ammonia complex was used to grow ZnO thin films on ITO substrate. To
prepare the zinc-ammonia solution complex, 0.1 M ZnCl; (pH=5.5) and 25 - 28 % NHs solutions were

mixed in 1 to 10 molar ratio [Zn:NH3=1:10] (Figure 1). The following Equations 1, 2, 3, and 4 explain
the chemical reactions that occur during the growth phase of thin films ( Rajamanickam et al., 2024);
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ZnCl, + 2NH4OH < Zn(OH), + 2NH,* + 2CI- (1)
Zn(OH)2 + 4NH,* <> [Zn(NHg)s]?* + 2H20 + 2H* )
[Zn(NH3)a]?* + 4H,0 — Zn(OH), () + 4NHs* + 20H- (3)
Zn(OH), (s) — ZnO(s) + H,0 (4)

In order to generate films of Sn-doped ZnO and Cu-doped ZnO, the ITO substrate had to be
cleaned. Following the cleaning process, solutions were mixed according to the specified additive ratio.
Then, using the SILAR approach, thin films of zinc oxide (ZnO) doped with Sn and Cu were grown on
an indium tin oxide (ITO) substrate.

When the ZnCl;, SnCl;, CuCl;, and NH; solutions are mixed together, a complex of
[Zn(NH3)4]%, ([Sn(NHs)4]**, and (Cu(NH3)4]** (pH10) is formed. Keeping the Sn concentration fixed at
1% and Cu concentration at 1%, thin films of Sn-doped and Cu-doped ZnO were grown on ITO (Indium
Tin Oxide) substrates by mixing [Zn(NHs)4)** and [Cu(NHs)4** complexes and following the
aforementioned growth stages. Figure 1 and Figure 2 shows a schematic representation of the SILAR
technique used in ZnO films on ITO substrate and Schematic representation of the application of the
two-point probe technique to films, respectively.

T

[Zn(NH,),]** or
Cu /Sn doped [Cu(NH,),]*'solution

| The SILAR Growth Technique |
v v vy v

Air drying Undoped ZnO or

Cu/ Sn doped ZnO thin film

Hot water Deionized water

Figure 1. ZnO films on ITO substrate using SILAR method growth process.

Figure 2. Schematic representation of the application of the two-point probe technique to films.

Research was conducted on films of ZnO, Sn, and Cu-doped ZnO that were formed on an ITO
substrate to determine their electrical, structural, surface, and optical characteristics. Various imaging
techniques, including X-ray diffractometers, field emission scanning electron microscopy, a UV-VIS
spectrophotometer, and a current-voltage measuring device, were used to characterize the necessary
attributes. Absorbance and transmittance spectra were obtained from UV-vis spectrometer analyses. The
films were analyzed using an APD 2000 PRO XRD device to calculate their spectra, band structure, and
band gap energies. The X-ray results were used to determine the films' crystallization levels, half-peak
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widths, and Miller indices. Additionally, the films' electrical characteristics were examined using the
two-point probe technique. Voltages ranging from -3 to +3 volts were applied by making contact at two
different points on the films. The resulting current values were used to draw |-V graphs and determine
the transmission mechanisms. Additionally, electrical characteristics such as ideality factor and barrier
height were computed for the ZnO sheets. Field emission scanning electron microscopy (FESEM) was
used to examine the films' morphological qualities and determine the effect of the base on their surface
properties. Surface images of the films were obtained and analyzed to understand the substrate's impact
on the surface attributes.

3. Results

X-ray diffraction was used to determine the mode of crystal growth and the phases in which the
produced material was formed. The X-ray diffraction patterns revealed a polycrystalline hexagonal
(wurtzite) structure of the ZnO thin films produced on a glass substrate at room temperature (Figure 3).
These results are consistent with previous findings on ZnO produced using the SILAR method
(Alsuntany et al., 2016; Kadem et al., 2017). Figure 3 shows the XRD analysis results of undoped ZnO,
Sn-doped ZnO, and Cu-doped ZnO thin films. As shown in Figure 3(a), the dominant diffraction peaks
correspond to the ITO substrate, exhibiting the (101), (111), and (002) orientations characteristic of the
tetragonal crystal structure. The Cu-doped ZnO films exhibit the most prominent diffraction peaks at
(101), (111), and (002), while the Sn-doped ZnO films exhibit the most prominent peaks at (101), (111),
and (002). The crystallization levels of the films indicate that the Cu-doped ZnO film is the most
compatible, while the undoped ZnO thin film has an amorphous-like structure.
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Figure 3. XRD analysis of ITO/ZnO, Sn-doped ZnO, Cu-doped ZnO thin films.
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Figure 4 presents FESEM/EDS images of ZnO, Sn and Cu doped ZnO films. The undoped ZnO
films exhibit spherical formations on their surface, which appear as a thin layer on the ITO substrate
with voids in some regions. In contrast, the Sn-doped ZnO thin films exhibit the growth of nanoflower
structures on the ITO substrate, which coalesce in certain regions to form broken layers, while voids are
present in other regions. Cu-doped ZnO films form an even layer on the ITO substrate, which is affected
by the surface shape. However, this layer may exhibit fractures that create voids in certain areas. These
fractures are caused by surface tension during the film growth process.

EDS measurements were performed to understand the elemental composition and compositional
ratios of the grown undoped ZnO, Sn-doped ZnO and Cu-doped ZnO samples. The relevant images are
given in Figure 4. The EDS spectra of the samples indicate the presence of Al, Si, O, C, and Mg. The
presence of Si in the EDS spectrum is attributed to the precursor materials used in the synthesis process
and the glass substrate. The presence of magnesium indicates an undesirable impurity during the film
synthesis stage. For SEM/EDS analysis of the samples, aluminum studs were used, which explains the
presence of the element Al in the studied EDS spectra.
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Figure 4. FESEM and EDS analyzes of ITO/ZnO, Sn doped ITO/ZnO, Cu doped ZnO thin films.
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The absorbance and transmittance spectra, obtained by measuring the absorption at room
temperature, of the undoped ZnO, Sn-doped ZnO, and Cu-doped ZnO thin film samples grown using
the SILAR technique, are presented in Figure 5. Sharp and clear band edge formation was observed in
all films at wavelengths of less than 300 nm. Figure 5 (b) indicates that the permeability values of ZnO

films grown on ITO substrate with Sn and Cu doping increased. Furthermore, the absorption band edges
of the films became smoother with the doping of Sn and Cu.
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Figure 5. Absorbance and transmittance spectra of (a) ZnO/ITO, (b) Sn doped ZnO/ITO, (c) Cu doped
ZnO/1TO films.

Using absorption measurements, the graph of (a4v)? (eV.cm™)? as a function of energy was also
plotted and the band gap energy (Eg) of the films was calculated, as shown in Figure 6. The bandgap
energy values were observed to increase for Sn-doped ZnO thin films, while they decreased for Cu-
doped ZnO thin films. These values are consistent with the literature (Kadem et al., 2017).
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Figure 6. (ahv)? (eVem™)? plots of (a) ZnO/ITO, (b) Sn doped ZnO/ITO, (c) Cu doped ZnO/ITO films.

The current-voltage variation was recorded for all samples at room temperature and light
between -3V and +3V, as shown in Figure 7 after contact with Ag. ZnO films exhibit behavior that is
more similar to that of metals when studying the properties (Current - VVoltage) in the dark and the effect
of doping on the electrical resistance of ZnO films. All the ZnO thin film exhibits n-type conductivity
in this study. However, it does sometimes show semi-conductive properties because it behaves in a
manner that is between metals and semiconductors. The log I-V plots of heterostructure are shown in
Figure 7. The electrical parameters are given in Table 1. The following relations were used (Sze, 1981);

=1, [(erf—kvr) - 1] (5)

where lg is reverse saturation current, q is electronic charge, V is applied voltage, k is Boltzman constant,
n is ideality factor and T is temperature (in Kelvin).

Iy = AA*TZe(%)

(6)
where A is contact area, A* is Richardson constant and ¢g is barrier height at zero bias. The slope
obtained from the I-V graph was used to find the n value and it was found with the Equation 7 obtained
from the Equation 6.

q dv
e dmm’ (7)

barrier height was calculated with Equation (8).
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Table 1 gives these calculated electrical parameters. The lowest ideality factor was observed in
the Cu-doped ZnO thin film, while the highest was seen in the undoped ITO/ZnO thin film. The higher
ideality factor value of Sn-doped ZnO films compared to Cu-doped ZnO films can be expalined to the
presence of natural oxide on the ITO layer and/or high oxygen deficiency (Asghar et al., 2013). Besides,
it can be attributed to the improvement in surface morphology and reduction in roughness values with
the increase in thickness of the Cu-doped ZnO thin film on the substrate surface. The ZnO/ITO and Sn-
doped ZnO/ITO films exhibited an ohmic conduction mechanism and lower resistance than the Cu-
doped ZnO/ITO films. The Cu-doped ZnO/ITO films deviated from ohmic behaviour, exhibiting lower
resistance with Cu doping and diode properties. The high resistivity of the ZnO-rich thin film is
attributed to both grain boundary effects and the semiconducting nature of ZnO. The semiconducting
nature of ZnO creates a potential barrier that affects electrical transport, resulting in decreased
conductivity. In addition, the increase in the conductivity of Cu-doped ZnO/ITO films may be due to
the reduction of oxidations in the structure. The logarithmic current-voltage characteristics of the
undoped ZnO/ITO, Sn doped ZnO/ITO and Cu doped ZnO/ITO films are shown in Figure 8. At room
temperature for Cu-doped ZnO films is non-linear, indicating the formation of an p-n junction in Cu-
doped ZnO/ITO films. In terms of electrical properties, Cu-doped ZnO has been shown to be the superior
layer.

Table 1. The electrical parameters of ZnO/ITO, Sn doped ZnO/ITO and Cu doped ZnO/ITO films

Films lo (A) n OB (V)
Undoped ZnO/ITO 1.43x107 4.07 0.789
Sn doped ZnO/ITO 1.01x10° 4.05 0.761
Cu doped ZnO/ITO 7.13x10° 3.65 0.695

undoped-ITO/ZnO *rI(mA) (a) Sn-ITO/ZNnO e 1(mA) (b)
. o V(Volt) an b V(Volt)
Cu-ITO/IZNO = I(mA) (©
4 -‘3//—-:2*"."1’_‘7 o 1 2 3 4
, V(Volt)

Figure 7. I-V plots of (a) ZnO/ITO, (b) Sn doped ZnO/ITO, (c) Cu doped ZnO/ITO films.
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Figure 8. The log I-V plots of (a) ZnO/ITO, (b) Sn doped ZnO/ITO, (c) Cu doped ZnO/ITO films.
4. Discussion

The many desirable optical and electrical properties of ZnO films make it an attractive material
for use in sensor development. Doping processes are widely used by researchers to improve the physical
and electrical properties of metal oxide semiconductors. In recent years, the SILAR (Sequential lonic
Layer Adsorption and Reaction) method has gained significant popularity compared to other methods
in the production of ZnO thin films. This is due to its advantages such as being cost-effective, safe, easy
to apply and easy to control various parameters during the synthesis process.

In this study, ZnO, Sn-doped and Cu-doped thin films were successfully grown on ITO substrate
using the SILAR technique. In the XRD data analysis results, when the crystallization levels of the films
were examined, it was seen that all of the pure ZnO thin films exhibited crystal structure. However, it
was determined that Cu doping was more effective in improving the crystal structure of ZnO films than
Sn doping. This situation can be examined through studies at different contribution rates. EDS spectra
of the produced samples revealed the presence of elements such as Al, Si, O, C and Mg. The presence
of Si in the EDS spectra can be attributed to the glass substrate used as the base material in the synthesis
process. The presence of Mg is probably due to an undesirable impurity in the film synthesis stage. More
suitable production environments can be provided for the removal of such impurities. The band gap
energy (Eg) values of the produced thin films are in agreement with the literature.

It was observed that the band gap energy values increased in Sn-doped ZnO thin films and
decreased in Cu-doped ZnO thin films. When electrical analyzes were examined, it was determined that
Cu doped ZnO/ITO films would be more suitable than other films for solar cells and gas sensor
applications.

5. Conclusion

In this study, ZnO/ITO, Sn-doped ZnO/ITO and Cu-doped ZnO/ITO layered heterostructure
films were successfully produced using the SILAR technique. All films exhibited wurtzite
polycrystalline structure and high crystallization level. Cu doping increased the crystallization level
more than Sn doping. While the surface morphology showed nanoflower-like structures with Sn doping,
the surface morphology completely changed with Cu doping. With the addition of Cu, films with more
homogeneous and fractured surface morphology were obtained. The permeability values of ZnO/ITO
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films were increased by 40% and 20% with the addition of Sn and Cu. While the ZnO/ITO band gap
value was increased to 3.4 eV with Sn doping, films with a narrower band gap of 3.25 eV were obtained
with Cu doping. P-n type conduction feature was imparted to ZnO/ITO films with Cu doping.
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