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Abstract

Zinc cadmium oxide (ZnCdO) synthesis of zinc-oxide-based nanomaterials with specific
properties is a great challenge due to its excellent industrial applications. We report the
production of zinc cadmium oxide thin films as a first step for developing a n-ZnCdO/p-Si
heterojunction.
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1. Introduction

Over the past decades, the advancement in the field of thin films technology
paved the road for development of various semiconductor-based devices [1-3]. In
this context, zinc oxide (ZnCdO) thin films and nanostructures attracted a great in-
terest, owing to their unique properties such as large exciton binding energy (60
meV), direct wide-bang gap of about 3.37 eV at room temperature, high optical
transparency in the visible region, low electrical resistivity, as well as high electro-
chemical stability, high electron mobility, nontoxicity, and abundance in nature,
therefore being used in a wide range of application in the UV region of optoelec-
tronic devices [4-6].

Moreover, ZnCdO-based nanomaterials can be considered as promising candi-
dates for solar cells, gas sensors, laser diodes, and so on. ZnCdO films can be grown
by several physical and chemical methods such as sputtering, chemical vapor dep-
osition, sol-gel method, molecular beam epitaxy, and pulsed laser deposition on a
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wide range of substrates [7-9]. Taking into consideration all these approaches, in
the present context of using green technologies, not all techniques are considered
clean, especially wet-chemical methods for which the chemical residues involved
proved to be harmful. Thus, new approaches should be considered and refined.
Laser ablation has been a well-studied techniques since its early days and it has
been showing the premises to be implemented to produce n-type ZnCdO thin films.

Pulsed laser deposition (PLD) has been studied and employed as a relatively sim-
ple and reliable technique for depositing a wide range of materials for novel appli-
cations [10-12]. Due to its versatility, flexibility, and process speed, the technique
has emerged as a suitable production method for almost any material, ranging from
simple materials (metals, oxides, semiconductors) to complex multilayer and mul-
ticomponent compounds and even biological materials with stoichiometric transfer
of materials from the target [13]. Being a physical vapor deposition process that
can be carried out in high vacuum, atmosphere, and even in liquids, the technique
has attracted high interest in many fields. Among other advantages, the PLD tech-
nique offers the possibility of producing good quality transparent films [14].

It is well established that pure undoped ZnCdO films generally indicate n-type
conduction. Silicon is a suitable material for integration in optoelectronic devices
due to its low cost. Our final aim is to create a heterojunction of n-ZnCdO/p-Si that
has the potential of being integrated in a wide range of applications such as gas
sensors, solar cells, photodiodes, and many others [15]. As an initial step towards
our goal, in this study we focus on the preparation of highly oriented ZnCdO thin
films by pulsed laser deposition at relatively low substrate temperatures. We take
advantage of the PLD technique, namely, by the possibility of controlling the ele-
mental composition of the deposited thin films much better than using other meth-
ods. The structure, morphology, composition, and optical properties of the ob-
tained films are characterized by means of X-ray diffraction (XRD), scanning elec-
tron microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDS) UV-VIS
measurements.

2. Materials and Methods

The ZnCdO thin films were deposited on commercially available silicon wafers
(cut 55 mm) using an ArF laser with a wavelength of 193 nm (Coherent COMPex
Pro 205F) by ablating a sintered Zn,Cd target in high purity NaOH solution. The laser
repetition rate can be varied from 1 to 50 Hz, and the energy per pulse can be set
in the range of 10 to 400 mJ. For this study, the laser was operated at a frequency
of 10 Hz with a constant power of 300 mJ.

The surface of the target is repolished after each deposition to keep it flat. In all
cases, the distance between target and substrate was kept constant at 5 cm. The
schematic diagram of the experimental setup is depicted in Figure 1.
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Fig. 1. Schematic representation of the automated pulsed laser deposition system.

The crystallographic structure of the deposited thin films was characterized by
X-ray diffraction (XRD) using a Shimadzu LabX XRD 6000 Diffractometer system with
a CuKq (A = 1.5406 A) source. The surface morphology was investigated using scan-
ning electron microscopy (SEM) (Quanta 450, FEl,). The samples were analyzed as
they were, the system being able to image conductive and non-conductive samples
as well without any prior preparation. The elemental composition analysis was per-
formed with an energy dispersive X-ray spectrometry (EDS) module coupled with
an SEM machine (EDAX,). Absorbance measurements were obtained with a UV-VIS
spectrophotometer (Thermo Scientific Evolution 300,). Each of the above-men-
tioned measurements were performed on at least three of the samples for each
experiment.

3. Results and Discussions

The crystalline phase and orientation of the ZnCdO thin films was determined by

XRD measurements using Scherrer’s formula [28] to calculate the crystalline size:
kA
~ Bcosb’

where the constant k = 0.94 is the shape factor, A is the wavelength of X-rays
1.5406 A for Cu Ko, O is the Bragg’s angle, and 8 is the full width at half maximum.
From the diffraction patterns, a good crystalline behavior is revealed with a prefer-
ential growth of the thin films on the (002) plane, suggesting that there are no sec-
ondary phases, as seen from Figure 2. The inset of the figure depicts the crystalline
phase and orientation of the Si substrate as measured by XRD. The position of the
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(002) is consistent with the values from literature: PDF card no 00-005-0664.
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Fig. 2. XRD pattern for ZnCdO thin films and Si substrate (inset).

Knowing the structure of the (002) diffraction peaks, the crystalline plane dis-
tance d, the lattice constant c, and the strain € of the ZnCdO thin films are calcu-
lated. The crystalline distance d for the index (002) is given by the Bragg formula:

A
= (1)
2sinf
and the lattice constant c is equal to 2 d. The strain € in the films along the c-axis is
calculated by the formula:

c—co
€= ,
- )

where ¢ is the unstrained lattice constant and has a value of 0.5205 nm for bulk
ZnCdO. The positive value for the strain € depicts a very low tensile strain of ZnCdO
thin films approaching an almost stress-free ZnCdO. The intensity of the (002) dif-
fraction peak increases as a function of substrate temperature and is revealing an
improvement of the film’s crystallinity. The film deposited at room temperature
exhibits a lower crystallinity compared with those deposited at about 350°C. The
annealing of different layers induced changes in the crystalline lattice constant of
ZnCdO, which changed the tensile stress in the ZnCdO thin films. A shift toward a
high angle of the XRD peak is observed due to the narrowing of the distance d be-
tween the lattice planes. As a result, preferentially c-plane-oriented, highly crystal-
line ZnCdO thin films are produced.
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Figure 3 shows the surface of the thin films obtained for different substrate tem-
peratures. It is clearly seen that this is a crucial factor that dictates the morphology,
as found for other deposition methods as well such as sputtering—the ratio
between the temperature of the substrate and the melting temperature of the de-
posited material influences the porosity of the deposited films [16].

EDS spectra of the ZnCdO thin films are presented in Figure 4. For each of the
samples, Zn and O are the main constituents, with no trace of impurities (within the
detection limit of EDS) with respect to substrate temperature used during PLD dep-
osition. For the samples deposited at 350°C, the EDS spectrum also shows an in-
crease in the Si signal related with the substrate. In this case, as seen from the SEM
micrographs of the deposited material, the substrate detection indicates an in-
crease in the porosity, thus, the electron beam not only reaches the film but also
the substrate through the formed pores. In the studied conditions, all the films have
approximately the same thickness, the deposition rate being similar. From the spec-
tra presented in Figure 4, a quantification of the elements or oxide ratios can be
performed automatically by the software (TEAMS ver. 4.1, EDAX). For the studied
conditions, the average relative elemental concentrations estimated from the spec-
tra are also shown in Figure 4.
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Fig. 3. SEM images of ZnCdO thin films for Fig. 4. EDS spectra of deposited ZnCdO thin films
different deposition temperatures. with corresponding relative elemental composi-
tion estimated from the spectra.

The optical absorption of the ZnCdO thin films was measured at room tempera-
ture using a UV-visible spectrophotometer within the range of 300 to 1100 nm. In
Figure 5, the absorption spectra for ZnCdO thin films deposited at substrate tem-
peratures of 350°C, 200°C, 100°C, and room temperature are presented. All the
films exhibited a sharp absorption edge in the UV region at about 390 nm. Using
the absorbance data, the direct transition band gap energies (E;) were calculated
based on Tauc’s equation.
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By plotting (ahv)? versus the incident photon energy, the Tauc’s plots are ob-
tained, all the data being presented in Figure 5. By regressing to zero the linear
portion of the (ahv)? from Tauc plot, the energy band gap of the thin films is found.
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Fig. 5. Absorbance spectra of the zinc oxide thin films. Insets show Tauc plots employed for
evaluating optical band gap energies of the thin films.

The values obtained were as follows: 3.32 eV, 3.25 eV, 3.13 eV, and 3.12 eV for
the films deposited at 350°C, 200°C, 100°C, and room temperature, respectively.
Compared to the value of 3.37 eV for bulk ZnCdO, the obtained values of the energy

gap are slightly smaller for the films deposited at temperatures lower than 300°C
as a consequence of various defects and zinc and/or oxygen vacancies present in
the lattice of ZnCdO. As for the higher deposition temperature, it is clearly seen that
the energy band gap is approaching the ideal value for bulk ZnCdO (~3.7 eV) [18].
This conclusion supports the improvement of the crystallinity of the thin films as
seen from the XRD measurements earlier discussed.
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4. Conclusions

Preferentially c-plane-oriented, highly crystalline ZnCdO thin films were ob-
tained using pulsed laser deposition of a ZnCdO target in oxygen atmosphere as a
first step in the development of an n-ZnCdO/p-Si heterojunction for applications.
The dependence of the thin films structure and properties was observed as a func-
tion of the substrate temperature. The crystallinity increased for the thin films with

the increasing temperature from room temperature to 350°C. The same behavior
was observed for the band gap that changed from 3.12 eV at room temperature,
close to the ideal value for the highest substrate temperature studied, with a value
of 3.32 eV.
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