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Abstract: In this article, an in-depth optical investigation of Zn(Al)O-mixed metal oxide (MMO) film
using Zn/Al-layered double hydroxide (LDH) was elucidated through co-precipitation and spin
coating techniques. The field emission scanning electron microscopy (FE-SEM) analysis revealed the
occurrence of a vertically aligned sheet-like structure with a thickness of 60 nm for pristine LDH,
which further reduced to 45 nm after calcination at 300 ◦C. Additionally, pristine LDH showed
multiple optical bandgaps of 5.18, 3.6, and 3.2 eV. Moreover, a good agreement of the obtained
optical bandgaps was attained between both utilized methods, ultraviolet-visible light (UV-Vis),
and photoluminescence (PL) spectroscopies. The optical bandgap decreased at higher calcination
temperatures, which indicates the active role of the applied post-fabrication process on the optical
profile of the deposited MMO film/s. The demonstrated transmittance spectra of the deposited MMO
films exhibited a transparency between 85% and 95%; this indicates the usefulness and consistency of
the proposed film for transparent conductive oxide (TCO) based optoelectronic applications.

Keywords: mixed metal oxide; layered double hydroxide; TCO; transmittance; optical bandgap

1. Introduction

To date, TCO films have been extensively applied in a number of applications such
as solar cells, diodes, photodetectors, etc. owing to their attractive optical and electrical
behavior [1–4]. Several TCO films containing impurities such as ZnO, In2O3, and SnO2 have
been investigated [5–8]. ZnO film, in particular, is widely accepted as the most protuberant
material in TCO applications due to its wide optical band gap (3.3 eV), high exciton binding
energy, and electron mobility and intrinsic electrical conductivity (∼10 ×10−7 S/cm) [9].
ZnO film, however, repeatedly demands improvements in terms of the aforementioned
features, which in turn are achieved through doping; this can be attained through the
creation of electronic defects as well as impurities. As such, numerous efforts have been
conducted to overcome the addressed ZnO enhancement demands, wherein ZnO film is
doped with more than a few elements; for instance, Ce, B, Al, Ga, In, etc. [10–15]. Among
these, ZnO doped with Al has exhibited thought provoking features in optoelectronic
applications [16]. Furthermore, Al-doped ZnO, other materials, and film also revealed high
dependence on the utilized preparation/deposition method [2,3,17]. This is particularly due
to the occurrence of undesirable contaminations and uncontrolled defects, which in turn
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result in a lack of reproducibility and robustness of the target TCO application. Furthermore,
the introduction of a rapid, cost-effective, highly controlled, and environmentally friendly
approach is of importance.

LDH nanoparticles, known as inorganic anionic clays, are a class of 2D nano-layers
with the chemical formula [M2+

1−x M3+
x (OH)2]Am−

x/m·nH2O. The M2+ and M3+ are the diva-
lent and trivalent ions, respectively [18]; Zn2+ and Al3+ in our case. Herein, the discussed
contamination and defects can be controlled through Zn2+ to Al3+ molar ratio alteration
within the LDH structure [19]. In addition, thermal calcination of LDH results in the 2D
layers’ diminishment and the continuous formation of MMO structure, which consists of
metal oxide and spinel phases [20]. The MMO formation has demonstrated a great attrac-
tion within research societies in many applications such as dye-sensitized solar cell [21],
photodetector [22,23], and gas sensor [24,25], etc. The calcination temperature has great
influence on the acquired MMO’s properties, wherein its optical behavior was found to be
potentially affected [26].

In conjunction, this manuscript aims to present an in-depth investigation of the optical
and electrical analysis of Zn(Al)O-MMO derived from Zn/Al-LDH precursor as a function
of a calcination temperature (200, 300, 400, and 500 ◦C). It was found that the alteration in the
calcination temperature could influence the optical and electrical properties of MMO films,
evidencing a primary potential of MMO film based TCO for optoelectronic applications.

2. Materials and Methods

Materials used in this study, including Al (NO3)3·9H2O (99.4%, CAS no. 7784-27-2),
Zn (NO3)2·6H2O (98.1%, CAS no. 10196-18-6), and NaOH (99%, CAS no. 1310-73-2)
were supplied by Sigma-Aldrich (Selangor, Malaysia). Polyethylene glycol 400 (PEG, CAS
no. 25322-68-3) and fluorine-doped tin oxide (FTO) were obtained from LGC Scientific
(Selangor, Malaysia) and Solaronix (Aubonne, Switzerland), respectively. Deionized water
was utilized in the synthesis of Zn/Al-LDH as a solvent.

In a typical procedure, Zn (NO3)2·6H2O was mixed with Al (NO3)3·9H2O in 150 mL
of deionized water using a co-precipitation approach, considering a molar ratio of 6:1 (Zn2+

to Al3+). This was exhibited under a constant stirring rate of 700 rpm for almost 30 min at
room temperature. A homogeneous crystal growth of Zn/Al-LDH (pH 7.5) was sustained
via NaOH (1.25 M) dropwise addition during the experimental procedure. The attained
white slurry precipitate was subsequently retained in an air oven at 60 ◦C overnight. The
final product was then continuously multi-washed, centrifuged, and later dried at 75 ◦C.

In order to provide Zn(Al)O-MMO material, 1 gm of the obtained LDH product
was liquefied in PEG-400, 0.1 gm, and few drops of ethanol; the latter was applied to
attain a desirable viscosity control. The resultant mixture was deposited onto a clean FTO
substrate using multi-cycle spin coating technique (3 cycles) to form a 1 cm2 multilayer
film. Subsequent to each cycle, the obtained layer was washed and then dried at 65 ◦C.
Hereinafter, the fabricated LDH films were calcined at different calcination temperatures
(200, 300, 400, and 500 ◦C) with a heating rate of 5 ◦C/min in air. The obtained products
were denoted as T-200, T-300, T-400, and T-500.

The X-ray diffraction was recorded on an XRD diffractometer (AXS D8, Bruker, Beijing,
China) under 40 kV and CuKα radiation. The surface morphology investigation was
accomplished via FE-SEM (SU8030, Hitachi, Tokyo, Japan) at an acceleration voltage of
1.20 kV. The deposited films’ thicknesses (~500 nm) were recorded on profile-meter P10-
TENCOR (Milpitas, CA, USA). In the meantime, the optical analyses were conducted using
a UV-Vis-NIR spectrophotometer (UV-3600, Shimadzu, Kyoto, Japan). Further optical
bandgap investigation was achieved via a room temperature PL spectrometer (LS-50B,
Kansas City, MO, USA). Finally, the electrical behavior of the deposited layers was tested
using a 4-point probe technique (Jandel, Leighton Buzzard, UK).
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3. Results and Discussion

Figure 1 shows the XRD patterns of the synthesized Zn/Al-LDH, in which three pro-
nounced peaks were obtained: (003), (006), and (009). This exhibition confirms the attain-
ment of LDH structure in accordance with the JCPDS data report (38-0486). An additional
peak was perceived at 2θ 34◦, which can be indexed to the existence of ZnO phase. Figure 1
also shows the XRD patterns of calcined Zn(Al)O film based MMO structure, through
which the diminishment of LDH structure had occurred. Specifically, trinary crystal growth
(patterns) was observed subsequent to the calcination process of LDH; this can be indexed
independently to the hexagonal ZnO structure (05-0669, JCPDS data report). The existence
of comparatively weak peaks such as (102), (103), (104), and (004) indicate that Al3+ did
not result in structural changes in the MMO matrix [27]. Further, there is no appearance
of Al and/or Al oxide, which confirms that ions of Al3+ substituted Zn2+ ions within the
MMO matrix.
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Figure 1. XRD patterns of pristine LDH and the MMO at different calcination temperatures. 

Figure 2 depicts the obtained FE-SEM micrographs of pristine LDH and the calcine 
product at 400 °C; inset in the figure is the related EDX. The deposited LDH layer proved 
the occurrence of a vertically aligned sheet-like structure, which is compacted onto the 
employed FTO substrate with an average thickness of 60 nm (Figure 2a). In the meantime, 
Figure 2b revealed that the vertically aligned sheet-like structure was preserved after the 
calcination process at 300°C; the latter demonstrated a sheet-like thickness of 45 nm. 

Figure 1. XRD patterns of pristine LDH and the MMO at different calcination temperatures.

Figure 2 depicts the obtained FE-SEM micrographs of pristine LDH and the calcine
product at 400 ◦C; inset in the figure is the related EDX. The deposited LDH layer proved
the occurrence of a vertically aligned sheet-like structure, which is compacted onto the
employed FTO substrate with an average thickness of 60 nm (Figure 2a). In the meantime,
Figure 2b revealed that the vertically aligned sheet-like structure was preserved after the
calcination process at 300 ◦C; the latter demonstrated a sheet-like thickness of 45 nm.
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Figure 3a elucidates the absorbance and transmittance spectra of pristine LDH. The
absorbance spectrum showed clear multiple absorbance trends at around 240, 290, and
385 nm. Specifically, obtained peaks at around 240 and 290 nm are attributed to the CO3
existence within the pristine LDH interlayers, whereas the peak at around 385 nm is mainly
due to the direct transition between np or ns orbitals and 2p orbital (n = 4 for Zn) [28].
The transmittance spectrum, on the other hand, demonstrated a similar phenomenon yet
an opposite trend to the aforementioned absorbance spectrum; an average transparency
of 80% in the visible region. Moreover, the energy bandgap of the addressed film was
calculated according to the Tauc relation [29]:

(αhv) = A(hv − Eg)
1/2 (1)

herein, α is the absorption coefficient, A is the constant value while hv denotes the energy
of the photon, and Eg is the energy bandgap. Three energy bandgaps (5.18, 3.6, and 3.2 eV)
were noticed (Figure 3b), which can be attributed to the formation of multiple phases, as
demonstrated in the XRD analysis. This is reflected throughout the absorbance spectra
findings. The refractive index, which is a measure of spectral dispersion and the extinction
coefficient, is calculated according to Equations (2) and (3), respectively [9,30]:

n =
1
T
+ (

1
Ts

− 1)
1/2

(2)

k =
αλ

4π
(3)

where T is the transmittance while Ts is given by (10−A) × 100, in which A is the absorbance.
In the meantime, the optical conductivity, which represents the electronic state of the
deposited film, is obtained using the following relation, where c represents the speed
of light:

σ(opt.) =
αnc
4π

(4)

Synchronically, Figure 3c shows the attained variation of n and k for pristine LDH.
The n values exhibited a dramatic decrease profile before being further increased in the
UV region, which indicates a desirable optical performance in the mentioned region. This
behavior was not observed in the visible light region. The wavelength dependency for
the acquired k values revealed quite an opposite profile to that obtained for n. In detail,
a noticeable decrease was observed at a low wavelength followed by increments in the UV
region; the latter was found to be in good agreement with the demonstrated n profile. The
optical conductivity in Figure 3d tended to continuously increase alongside the photon
energy increment; this can be explained through the demonstrated n profile in relation to
Equation (4). Consequently, the basic electron excitation spectra of the deposited materials
can be elaborated using the complex electronic dielectric constant, ε(ω) as a function of
frequency dependence. The ε consists of two parts; namely, real (ε1(ω)) and imaginary
(iε2(ω)) dielectric constants. The ε1 and ε2 are calculated using Equations (5) and (6),
respectively [31].

ε1 = n2 − k2 (5)

ε2 = 2nk (6)
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Figure 3. Variation of LDH parameters; (a) absorbance and transmittance, (b) energy band gap,
(c) refractive index and extinction coefficient, (d) dielectric constant, and (e) optical conductivity.

Hereinafter, Figure 3e illustrates the attained ε1 and ε2 values as a function of wave-
length. Values of ε1 and ε2 tended to have a high value in the UV region compared to
the visible region. This was noticed alongside the higher value of the real part than the
imaginary part. The demonstrated profile was found to be similar to previous reports
concerning the deposition of bare ZnO film [9].

Figure 4 presents an optical validation of the deposited films at different calcination
temperatures. A noticeable cut-off phenomenon for all films, in the optical absorbance spec-
tra, was preserved at around 380 nm (Figure 4a). However, there is a slight bathochromic
shift (redshift) in the presented absorbance curves, as indicated in the figure. This was
noticed alongside a hyperchromic shift throughout the UV region. All deposited films
continuously revealed transmittance spectra with almost similar behavior throughout the
scanned wavelength (Figure 4b). A pronounced alteration in the transmittance amount
ranging between 85–95% was acquired, with respect to the calcination temperature; this
in turn responds well to a considerable TCO criteria [32]. A digital photograph is demon-
strated in Figure 5, which indicates a sizeable transparency of the deposited T-400 film; the
lowest transmittance value. The fabricated films demonstrate considerable anode materials
property for optoelectronic applications through the obtained transparency, which in turn
may result in enhanced photon energy absorption onto the active layer in the addressed
application. The optical bandgaps of the deposited films are elucidated in Figure 4c,d using
UV-Vis and PL techniques, respectively; the former was estimated using the Tauc rela-
tion [29] while the latter was evaluated directly from the PL spectra. In detail, a reduction
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in the optical bandgap values was observed, inset in Figure 4c, as the calcination temper-
ature increased, before being further increased at T-500. Similar behavior was noticed in
Figure 4d, with respect to the optical bandgap values. Further, the attained calcined layers
demonstrated lower optical band gap values compared to those observed in the pristine
sample (Figure 3b).
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The skin depth (the so-called optical penetration depth) provides information about
the length through which electromagnetic radiation may penetrate into a material layer.
The optical penetration depth can be obtained through the equation (δ = 1/α), where α
is the absorption coefficient. Figure 6 elucidates variation of the transmittance, optical
conductivity, and skin depth of the deposited films as a function of calcination temperature.
It can be clearly observed that the obtained transmission and skin depth exhibited an exact
behavior, which validates the applicability of the fabricated film/s as TCO criteria. It can
also be noticed that the highest transparency was attained at a calcination temperature
of 300 ◦C. The optical conductivity showed an opposite behavior to those obtained in the
transmittance and skin depth profiles.
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385 nm as a function of calcination temperature.

Figure 7a represents the attained n of the deposited films at various calcination temper-
atures, which reveals similar findings to the ones obtained in the optical band gap analysis.
Similarly, Figure 7b demonstrates the estimated k. Both values of n and k demonstrated
higher performance of the layer calcined at 400 ◦C. It can be observed from Figure 7a,b that
the relationship between n and k values tended to be proportional, while both mentioned
factors seemed to generally increase at a higher hv value. Additionally, the demonstrated
samples revealed higher performance in the visible light than the one obtained for the
pristine LDH sample (Figure 3c). The ε1 and ε2 are demonstrated in Figure 7 throughout
the scanned wavelength. Values of ε1 and ε2 presented similar behavior, in which they in-
creased in the UV region and later decreased in the visible light region (400 nm and above).
In terms of the applied calcination temperature, increasing the calcination temperature to
400 ◦C resulted in a noticeable increment in the dielectric constant profile, while at 500 ◦C,
a reduction was noticed.
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Figure 8 depicts the electrical properties of the deposited films at different calcination
temperatures. In this particular investigation, the electrical conductivity of the deposited
layers was evaluated as follows [33]:

σ = 1/ρ (7)

ρ = 2πS × t × R (8)

Herein, σ denotes the electrical conductivity (S/cm), while the resistivity (Ω/sq) is repre-
sented by the symbol ρ. In the meantime, S represents the spacing between probes (0.5 mm)
whereas t and R are the layer thickness and measured resistance (Ω), respectively.
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In general, the demonstrated conductivity trend (Figure 8) shows a total dependency of
the estimated electrical conductivity of the deposited layers on the utilized frequency range.
As the calcination temperature increased from 200 to 400 ◦C, a higher conductivity profile of
the deposited film was observed. The conductivity outcomes, to a certain extent, agree well
with the ones obtained in the optical band gap analysis. This in turn could be understood
through the demonstrated optical band gap alignment, wherein higher photoexcitation
is attained at a lower optical band gap value. The latter was proven via the conductivity
enhancement at a higher calcination temperature. Continuously, Table 1 represents the
average resistance, resistivity, and conductivity of the deposited MMO films. It can be
clearly seen from the mentioned table that increasing the annealing temperature led to
higher conductivity. In comparison to the reported electrical conductivity of nanocrystal
ZnO (7.3 × 10−7 S cm−1), the addition of Al+3 in our proposed matrix revealed substantial
improvement in the electrical behavior (2.37 × 10−2 S cm−1) of MMO films [9]. In the
meantime, the highest sheet resistance obtained was found to be 7.43 × 104 Ω/sq for T-400
film. It was reported that the optimum sheet resistance was found to be 2.4 × 106 Ω/sq for
a similar matrix using the sol–combustion technique [34]. Meanwhile, the resistivity for
TCO ZnO was found to be 2.8 × 103 Ω/sq using the atomic layer deposition approach [35].
Using the sol–gel method, the optimum sheet resistance of Al-doped ZnO was reported to
be 156 Ω/sq [36].

Table 1. In-depth electrical characteristics of the fabricated MMO films.

Sample Resistance (Ω) Resistivity (Ω/sq) Conductivity (S cm−1)

T-200 2.37 × 105 7.43 × 104 4.24 × 10−3

T-300 3.81 × 103 1.20 × 103 1.87 × 10−2

T-400 6.39 × 104 2.01 × 104 2.37 × 10−2

T-500 1.11 × 105 3.47 × 104 1.35 × 10−3
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4. Conclusions

Zn(Al)O-MMO film based Zn/Al-LDH was successfully fabricated on FTO glass sub-
strate using a combination of co-precipitation and spin coating approaches. Subsequently,
the effect of post-processing temperature was thoroughly demonstrated via a number
of characterization techniques. FE-SEM analysis in particular showed the attainment of
vertically aligned sheet-like morphology with an estimated thickness of 45 nm at an an-
nealing temperature of 300 ◦C. In the optical bandgap analysis, pristine LDH exhibited
multi-oriented optical bandgaps, whereas the post-processing effect resulted in a single
average optical bandgap of 3.26 eV in the MMO matrix. The perceived optical transmittance
of the post-processed MMO films revealed a considerable transparency, in which transmit-
tance values ranging between 85% to 95% were attained. This in turn indicates a potential
application of the deposited MMO film for TCO based optoelectronic applications.
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